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A 2,3-dihydroxybiphenyl 1,2-dioxygenase from the naphthalenesulfonate-degrading bacterium Sphingomonas
sp. strain BN6 oxidized 3-chlorocatechol to a yellow product with a strongly pH-dependent absorption maxi-
mum at 378 nm. A titration curve suggested (de)protonation of an ionizable group with a pK, of 4.4. The pro-
duct was isolated, purified, and converted, by treatment with diazomethane, to a dimethyl derivative and, by
incubation with ammonium chloride, to a picolinic acid derivative. Mass spectra and 'H and *C nuclear mag-
netic resonance (NMR) data for these two derivatives prove a 3-chloro-2-hydroxymuconic semialdehyde
structure for the metabolite, resulting from distal (1,6) cleavage of 3-chlorocatechol. 3-Methylcatechol and
2,3-dihydroxybiphenyl are oxidized by this enzyme, in contrast, via proximal (2,3) cleavage.

Aerobic bacterial degradation of aromatic substrates very
often proceeds via intermediate formation of vicinal dihydroxy
arenes such as substituted 1,2-dihydroxybenzenes (catechols)
or 1,2-dihydroxynaphthalenes. Further down the catabolic
pathway, substituted catechols are oxidized by cleavage of the
aromatic ring either between the two hydroxy groups (intradiol
or ortho cleavage) or at a bond adjacent to the two hydroxy
groups (extradiol or meta cleavage). As a rule, which mode of
ring fission predominates depends on the other substituents on
the aromatic ring. Chlorocatechols generally are mineralized
via the ortho-cleavage pathway. Degradation of methylcate-
chols, in contrast, generally proceeds via meta cleavage (12,
13). 1,2-Dioxygenation (ortho cleavage) of methyl-substituted
catechols often results in the formation of dead-end metabo-
lites such as methylmuconolactones (30, 33). Conversion of
chlorocatechols by extradiol dioxygenases (meta cleavage), on
the other hand, frequently leads to ill-defined compounds
which do not allow for productive degradation (16). In the
proximal (2,3) extradiol cleavage of 3-chlorocatechol by certain
extradiol dioxygenases, for instance, the enzymes are rapidly
inactivated, presumably by chelation of the catalytically active
ferrous ion or suicide inhibition by an acylchloride (6, 22).

Degradation of polycyclic chlorinated arenes, e.g., polychlo-
rinated biphenyls or naphthalenes, usually requires extradiol
cleavage of one of the aromatic rings followed by intradiol
cleavage of the chlorinated catechol formed intermediately in
this process. There is a continuous search, therefore, for a
productive extradiol cleavage of chlorinated catechols, or at
least for extradiol dioxygenases which are not inactivated in the
course of the degradative process (3, 8). Some evidence has
recently been presented for productive extradiol cleavage of
chlorocatechols. Pseudomonas putida GJ31, which grows on
both toluene and chlorobenzene, effects a proximal cleavage of
3-chlorocatechol and instant hydrolysis of the resulting acyl-
chloride yielding 2-hydroxymuconic acid (compound VI [Fig.
1]). The enzyme involved in this process appears not to be
subject to suicide inactivation (21, 25). There is also some evi-
dence for productive degradation of 4-chlorophenol, 3-methyl-
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4-chlorocatechol, or 2,4-dichlorophenol by extradiol degrada-
tive pathways (18, 19, 23).

In the course of our studies on the naphthalenesulfonate-
degrading strain Sphingomonas sp. strain BN6, we have recent-
ly cloned the genes for two extradiol dioxygenases (14, 15).
One of the encoded enzymes is the smallest extradiol dioxy-
genase characterized so far. It oxidizes 3-chlorocatechol to a
metabolite which, on the basis of its characteristic yellow color,
was tentatively assigned as the product of distal (1,6) extradiol
oxidation of 3-chlorocatechol. We have now isolated and struc-
turally characterized this metabolite and attempted to assess
the possibility of a further conversion of the ring cleavage pro-
duct which could represent the first step of a novel metabolic
pathway for the degradation of 3-chlorocatechol.

MATERIALS AND METHODS

Bacterial strains. The 2,3-dihydroxybiphenyl 1,2-dioxygenase (BphC) was pro-
duced by using Escherichia coli IM108(pGHS118). Plasmid pGHS118 contained
bphC under the control of the lac promoter. The plasmid was constructed by
transferring a 507-bp Ndel-BamHI fragment containing the bphC gene from
pGHS117 (15) to plasmid pJOE 2783.1. This plasmid was constructed from the
pBR322 derivative pBTacl (Amp") (9), in which the tac promoter was replaced
by a lac wild-type promoter (1). Catechol 2,3-dioxygenase (XylE) was expressed
from the pBR322 derivative pJF150 (Amp") and 2-hydroxymuconic semialde-
hyde hydrolase was expressed from E. coli C600(pGP1-2)(pJH102), which con-
tained the xy/E and xylF genes, respectively, under the control of the T7 promoter
(10, 11). P. putida mt-2 was grown with 3-methylbenzoate (29).

Preparation of cell extracts. Frozen cells were suspended in 50 mM sodium
potassium phosphate buffer (pH 7.5) and disrupted by using a French press
(Aminco, Silver Spring, Md.) at 80 MPa. Cell debris was removed by centrifu-
gation (100,000 X g, 45 min, 4°C). In the case of the cell extract of E. coli
C600(pGP1-2)(pJH102), the buffer additionally contained 2-mercaptoethanol (5
mM) (10). Protein concentration was determined as described by Bradford (7),
with bovine serum albumin as the standard.

Enzyme assays. The assays contained the ring fission products of catechol,
3-chlorocatechol, or 3-methylcatechol (60 uM each, in a total volume of 1 ml).
Enzyme activities were determined at 25°C in 50 mM Na-K phosphate buffer (pH
7.5) by measuring the decrease of absorbance at 375, 378, or 388 nm (10, 32). In
certain experiments the cell extracts were treated with NAD™ glycohydrolase
(NADase) for 15 min at 30°C. For the assay of the 2-hydroxymuconic semialde-
hyde dehydrogenase, NAD™ (0.5 mM) was added (32). One unit of enzyme
activity was defined as the amount of enzyme that converts 1 wmol of substrate
per min, using the extinction coefficients reported previously (15).

HPLC. Formation of ring cleavage products from 3-chloro- and 3-methylcat-
echol was monitored by high-pressure liquid chromatography (HPLC) (HPLC
Millenium Chromatography Manager 2.0, equipped with the programmable mul-
tiwavelength detector model 486 and the HPLC pump 510; Waters Associates,
Milford, Mass.). Two different solvent systems were used: water-methanol (88/12
[vol/vol]) plus tetrabutylammonium hydrogen sulfate as ion-pair reagent (PicA;
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FIG. 1. Possible directions for extradiol ring cleavage of 3-chlorocatechol and conversion of the ring fission products. Compounds: I, 3-chloro-2-hydroxymuconic
semialdehyde; II, 3-chloro-2-methoxymuconic semialdehyde methyl ester; III, 3-chloropicolinic acid; IV, 2-hydroxymuconic acid chloride; V, 6-chloropicolinic acid; VI,

2-hydroxymuconic acid.

Waters); and water-methanol (70.0/29.7 [vol/vol]) plus 0.3% (vol/vol) H;PO,.
For all analyses, a reversed-phase column (150 by 4 mm; Grom-Sil Cg; Grom,
Herrenberg, Germany) was used, with a flow rate of 0.7 ml min~', and the
detection wavelength was set at 210 or 380 nm.

Spectroscopy. Mass spectrometry (MS) data were obtained on a Finnigan
MAT 95 mass spectrometer. The nuclear magnetic resonance (NMR) spectra
were recorded with a Bruker AC250 or a ARX500 spectrometer in CDCl; so-
lution. Chemical shifts (3) are given in parts per million relative to tetramethyl-
silane as the internal standard.

Oxidation of 3-chlorocatechol by resting cells. E. coli JM108(pGHS118) was
grown overnight in 3-liter Erlenmeyer flasks (600 ml of culture volume) in
Luria-Bertani broth (LB) plus 100 p.g of ampicillin ml ™! to an optical density at
546 nm of about 4. Cells were harvested by centrifugation, washed in Na-K
phosphate buffer (100 mM, pH 7.5), and resuspended in 1/10 of the original
volume of Na-K phosphate buffer. These resting cells were gently shaken at 27°C,
and 3-chlorocatechol (from a 50 mM stock solution in Na-K phosphate buffer)
was added at constant intervals. Generally, every 30 min an aliquot of 3-chlorocat-
echol (0.5 mM each; total, 5 mM) was added. Finally, cells were removed by
centrifugation (20 min, 12,000 X g), and the supernatant was kept at 4°C.

Purification of the metabolite. The supernatant containing the oxidation prod-
uct was applied to a Q-Sepharose fast-flow column (15 by 1.6 cm), using a fast
protein liquid chromatography apparatus (24). The sample was washed with 80
ml of Na-K phosphate buffer (50 mM, pH 7.5), and the metabolite was eluted, at
a flow rate of 4 ml min~', with a linear gradient of the same Na-K phosphate
buffer plus 1.2 M NaCl. The yellow ring cleavage product was eluted at an NaCl
concentration of about 0.4 M. Fractions (8 ml each) containing the product were
collected and combined. The resulting pool (approximately 80 ml) was separated
from residual macromolecular contaminations by ultrafiltration (Diaflo PM10
membrane with 10,000-molecular-weight cutoff; Amicon), and the filtrate was
used for subsequent chemical derivatization.

Preparation of a picolinic acid derivative. The purified aqueous solution of the
ring cleavage product was incubated with NH,CI (1.2 M) overnight (4, 26). The
reaction mixture was adjusted to pH 2 with 2 N HCl and extracted five times with
15 ml each of ethyl acetate, and the extract was dried with anhydrous Na,SO,.

Evaporation (40°C) of the solvent yielded colorless crystals (for NMR and MS
data, see Tables 1 and 2).

Derivatization of the metabolite with diazomethane. The purified aqueous
solution of the ring cleavage product was acidified with 2 N HCI to pH 2.0 and
extracted three times with ethyl acetate (25 ml each). The extract was treated
with diazomethane, dried with anhydrous Na,SO,, and evaporated to dryness.
The yellow solid residue was purified by column chromatography on silica gel
with hexane-ethylacetate (70/30 [vol/vol]). Fractions containing the methylated
ring fission product, with an absorption maximum at A = 297 nm, were combined
and evaporated to dryness, yielding a colorless powder (for NMR and MS data,
see Tables 1 and 2).

Determination of the pH dependence of the absorption spectrum of 3-chloro-
2-hydroxymuconic semialdehyde. An aqueous solution of the ring cleavage prod-
uct, prepared as described above, was diluted (1:200 [vol/vol]) with the following
buffers (100 mM each): citric acid-HCI (pH 1 to 2), citric acid-NaOH (pH 3 to
5), Na-K phosphate (pH 5.5 to 7.5), Tris-HCI (pH 8 to 9.5), and glycine-NaOH
(pH 10 to 13). Absorbance at N = 378 nm was determined immediately after
mixing and corrected for the absorbance of the buffer solution used.

Chemicals. 3-Chlorocatechol was purchased from TCI (Tokyo, Japan). NAD
and NADase were obtained from Sigma (Deisenhofen, Germany). The sources
of all other chemicals have been described before (14, 15).

RESULTS

Characterization and purification of the 3-chlorocatechol
oxidation product. The 2,3-dihydroxybiphenyl 1,2-dioxygenase
(BphC) from strain BN6 oxidized 3-chlorocatechol to a prod-
uct with an absorption maximum (pH 7.5) at A = 378 nm,
which suggested distal extradiol cleavage of 3-chlorocatechol
to a chlorinated muconic semialdehyde (15). A plasmid-free
strain of E. coli JM108, in contrast, showed no reaction with
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FIG. 2. Absorption of the ring cleavage product of 3-chlorocatechol at 378
nm depends on the pH value. The inset shows the absorption spectra at pH 8.0
(—), at pH 4.5 (e o ¢), and at pH 2.0 (- --).
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3-chlorocatechol. The oxidation product was fairly stable at
4°C: after 40 h in aqueous solution (pH 7.5 or 13.0), loss in
absorbance at A = 378 nm was less than 10%. At pH 2, the
half-life was 15 h. The absorption of the ring cleavage product
was shown to be strongly pH dependent, the titration curve
indicating (de)protonation of an ionizable group with a pK,
of 4.4 (Fig. 2). The corresponding pK, values for the extra-
diol (proximal) cleavage products of catechol and 4-chlorocat-
echol are 6.7 and 5.2 or 5.8, respectively (27, 37). To obtain the
ring cleavage product in sufficient amount for structural anal-
ysis, 3-chlorocatechol was converted by resting cells of E. coli
JM108(pGHS118); the transformation and the work-up were
carried out as described in Materials and Methods.
Identification of the ring cleavage product. The purified ring
cleavage product was transformed, by incubation with NH,Cl,
into the appropriate picolinic acid derivative. Formation of a
chloropicolinic acid is proven by the chemical ionization (CH,-
CI) mass spectrum (Table 1), which displays the quasimolecu-
lar ion at m/z = 158/160 and fragment ions at m/z = 140/142
and 124, corresponding to the loss of H,O and HCI, respec-
tively. The electron impact (EI) mass spectrum is dominated
by a fragment at m/z = 113/115; loss of CO, from M™*" is
characteristic for pyridine-2-carboxylic acids. The overall frag-

TABLE 1. MS data for 3-chloropicolinic acid (compound III
[Fig. 1]) and 3-chloro-2-methoxymuconic semialdehyde
methyl ester (compound II [Fig. 1])*

Tonization Relative

Compound method mfz intensity Assignment
I Chemical 158/160  100/32 [MH]*
ionization  140/142  72/24 [MH - H,0]"
124 24
EI 157/159  4.7/1.6 M*
113/115  100/33 M* - CO,
78 50 M* - CO,, CI'
I Chemical 205/207 17.4/5.8 [MH]*"
ionization  173/175  100/34 [MH — HOCH,]*
145/147  43/14 [MH - CH,;0H, COJ]*
EI 204/206  8.5/2.7 M*
175/177  10.7/3.4 M*™ — CHO
145/147  100/32 M* — CHjy, CO,

“ The picolinic acid and the muconic semialdehyde derivative were prepared as
described in Materials and Methods.

DISTAL EXTRADIOL CLEAVAGE OF 3-CHLOROCATECHOL 2851

TABLE 2. '"H NMR and '>C NMR data for 3-chloropicolinic acid
(compound III [Fig. 1]) and 3-chloro-2-methoxymuconic
semialdehyde methyl ester (compound II [Fig. 1])

- 3 (ppm)
Compound Position ﬁ J (Hz)
II1 COOH 162.04
2 142.67
3 134.31
4 141.76 7.96 3 (4-H, 5-H) = 8.2
5 128.80 7.57 37 (5-H, 6-H) = 4.6
6 146.24 8.58 4 (4-H, 6-H) = 14
II 1 162.04
1-OCH; 60.16 3.96
2 149.09
2-OCHj4 53.10 3.86
3 126.49
4 143.79 7.96 3] (4-H, 5-H) = 14.9
5 133.22 6.65 37 (5-H, 6-H) = 7.8
6 192.52 9.68

mentation pattern closely resembles that reported for 6-chlo-
ropyridine-2-carboxylic acid (28).

The 'H NMR spectrum of this derivative (Table 2) shows a
set of three aryl protons which, from the coupling pattern, are
in adjacent positions of the heterocyclic ring. One resonance
must be assigned, due to its pronounced downfield shift (8.58
ppm), to a proton « to the aza nitrogen (17), and the two other
aryl hydrogens thence must be in B and +y positions. The *C
NMR spectrum shows, besides the carboxylate resonance, five
signals in the aromatic carbon region. Typical for a pyridine,
these are differentiated into two resonances at higher field
(C-3/5, meta position) and three at low field (C-2/6, ortho
position; C-4, para position) where the electron-withdrawing
effect of the aza nitrogen is effective (36). The assignments of
C-3 and C-5 are straightforward since only one of these two
carbons still bears a hydrogen (as demonstrated by the pro-
nounced nuclear Overhauser enhancement effect [NOE]). The
downfield shift of C-5 (+5 ppm relative to pyridine) is consis-
tent only with a carboxylic group at C-2. The 134.31-ppm shift
for the quaternary carbon C-3 likewise requires the Cl sub-
stituent to be in this position (20).

MS and NMR data thus unequivocally prove the 3-chloropi-
colinic acid structure (compound III [Fig. 1]) for the NH,CI
incubation product and thence the 3-chloro-2-hydroxymuconic
semialdehyde (compound I, [Fig. 1]), formed by distal cleavage
of 3-chlorocatechol, as the ring cleavage precursor. Proximal
cleavage of 3-chlorocatechol (Fig. 1) would result in formation
of 2-hydroxymuconic acid (compound VI) (25). Theoretically,
the ring cleavage product (compound IV) could be converted
by incubation with NH,Cl to 6-chloropicolinic acid (compound
V). Both 'H and "*C NMR data for this compound (5, 31) are
clearly different from those of the product obtained here.

The purified ring cleavage product was also reacted with
diazomethane. The 'H and '>C NMR spectra of the derivative
clearly show the presence of two methoxy groups, one of which
is incorporated in an ester function (8 = 3.96 and 60.16 ppm,
respectively). The proton signal at 9.68 ppm and the corre-
sponding '*C resonance at 192.52 ppm unequivocally establish
the presence of an aldehyde functionality linked, as proven
by the "H coupling pattern, to a trans olefinic moiety (°>J = 14.9
Hz) (2). The (quasi)molecular ion signals in the CH,-CI and
EI mass spectra (Table 1) are consistent with a chlorinated
methoxymuconic semialdehyde methyl ester structure (com-
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TABLE 3. Conversion of 3-chloro-2-hydroxymuconic semialdehyde
by cell extracts from P. putida mt-2*

Sp act
(rmol min~! mg of protein™!)

Substrate
(initial concn, 60 pM) R
No supple- | NApase  +NAD*
ments

2-Hydroxymuconic semialdehyde 0.27 0.22 0.49

(ring fission product of catechol)
2-Hydroxy-6-oxo-hepta-2,4-dienoate 2.24 2.24 2.24

(ring fission product of 3-methylcat-

echol)
3-Chloro-2-hydroxymuconic semial- 0.0007 0.0006 0.0007

dehyde (ring fission product of
3-chlorocatechol)

¢ Cells were grown with 3-methylbenzoate at 30°C. Experimental details are
given in Materials and Methods.

pound II [Fig. 1]). Moreover, the EI fragmentation pattern
closely resembles that observed for the cleavage product from
4-chlorocatechol (37). Once again, the spectroscopic data de-
finitively establish the 3-chloro-2-hydroxymuconic semialdehyde
structure (compound I [Fig. 1]) for the ring cleavage product
and thus prove the distal extradiol cleavage of 3-chlorocatechol.

Proximal cleavage of 3-methylcatechol by BphC. All extra-
diol dioxygenases described so far converted the structurally
analogous substrate 3-methylcatechol by a proximal ring cleav-
age mechanism. Oxidation of 3-methylcatechol by BphC was
therefore analyzed in detail and compared to cleavage of this
compound by the archetypal catechol 2,3-dioxygenase encoded
by the TOL plasmid. No differences were observed when the
reaction products were analyzed by UV/visible light spectros-
copy or HPLC. Furthermore, the respective reaction products
(from BphC or catechol 2,3-dioxygenase with 3-methylcatechol
as the substrate) were converted by cell extracts from P. putida
mt-2 with the same activity. 3-Methylcatechol may hence be
concluded to be oxidized by BphC via a proximal ring cleavage
mechanism.

Conversion of 3-chloro-2-hydroxymuconic semialdehyde by
2-hydroxymuconic semialdehyde hydrolase. The ring fission
products of both 3- and 4-methylcatechol are further metabo-
lized by the TOL plasmid-encoded enzyme 2-hydroxymuconic
semialdehyde hydrolase or 2-hydroxymuconic semialdehyde de-
hydrogenase (29). Cell extracts from 3-methylbenzoate-grown
cells of P. putida mt-2 also converted 3-chloro-2-hydroxymu-
conic semialdehyde. Experiments with or without NAD™ and
NADase indicated the 2-hydroxymuconic semialdehyde hydro-
lase to be responsible for this reaction (Table 3). The relative
activity for the conversion of 3-chloro-2-hydroxymuconic semi-
aldehyde was low, but the reaction rate did not change for
more than 30 min. Cell extracts, prepared from P. putida mt-2
grown on succinate, showed only about 5% of the activity
found after growth on 3-methylbenzoate. This result proved
that an inducible enzyme was responsible for the conversion of
3-chloro-2-hydroxymuconic semialdehyde. The data were con-
firmed by using the recombinant E. coli strain C600(pGP1-2)
(pJH102), expression host for the 2-hydroxymuconic semialde-
hyde hydrolase from the TOL plasmid. The relative activities
observed for the turnover of the ring fission products were
almost the same as for the assay with an NADase-treated cell
extract of P. putida mt-2.

DISCUSSION

The results reported above unequivocally prove distal cleav-
age of 3-chlorocatechol by BphC from strain BN6. 3-Methylcat-
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echol and 2,3-dihydroxybiphenyl, in contrast, are transformed
by this enzyme via proximal cleavage of the aromatic nucleus.
The steric demand of the substituent in the 3 position thus
appears not to be decisive in directing the regiochemistry of
the ring cleavage. The amino acid sequence of BphC shows a
very small degree of homology with the main group of extra-
diol dioxygenases. Nevertheless, the residues involved in che-
lation of the catalytically active Fe(II) ion are conserved
among BphC from strain BN6 and the well-studied catechol
2,3-dioxygenases and 2,3-dihydroxybiphenyl dioxygenases (15).
The same catalytic mechanism thus probably operates with all
these enzymes.

For the catechol 2,3-dioxygenase from P. putida mt-2, the
catalytic cycle is supposed to involve complexation of the cat-
alytically active Fe(II) ion by a monoanionic catecholate as
bidentate ligand (35). The different regiochemistry of the ring
fission between 3-chloro- and 3-methylcatechol thus may be
due to the difference in relative acidity of the two hydroxy
groups in the presence of a further methyl or chloro substitu-
ent on the aromatic ring. The inductive effect of a chloro sub-
stituent should favor formation of a phenolate anion in the
ortho position; a methyl group, in contrast, should destabilize
an ortho phenolate anion. As ring cleavage by the catechol
2,3-dioxygenase is proposed to proceed via an attack of the
activated oxygen species on the (nonhydroxylated) position
vicinal to the carbon atom bearing the phenolate anion (35),
the higher stability of an ortho- relative to a meta-substituted
chlorophenolate anion should favor proximal cleavage of 3-
chlorocatechol if the inductive effect argument is valid. The
opposite is observed, though, with BphC from strain BN6.

If the different inductive and/or resonance effects of a chloro
compared to an alkyl substituent indeed were responsible for
the different directions of ring fission between chloro- and
methylcatechol, and if the basic biochemistry of ring fission
between BphC from strain BN6 and the well-characterized ex-
tradiol dioxygenases was in fact conserved, it still remains un-
clear why most extradiol dioxygenases appear to oxidize chloro-
and methylcatechol by a proximal mechanism and suffer sui-
cide inhibition in the attempted conversion of 3-chlorocate-
chol. The simplest explanation for this may be that in most
extradiol dioxygenases, steric hindrance prevents substrate
binding in a position in the active site which would allow a
distal cleavage of the substrate. This interpretation is support-
ed in some way by modeling experiments with the 2,3-dihydroxy-
biphenyl dioxygenase from Pseudomonas sp. strain KKS102
(34). These modeling experiments suggested that the enzyme
may also accept 4-chloro-2,3-dihydroxybiphenyl as a substrate,
but with a slight conformational change in several amino acid
side chains.

Evidence for productive conversion of 3-chlorocatechol via
proximal extradiol ring cleavage was recently presented (21,
25). The distal cleavage of 3-chlorocatechol seems to be an
almost unique feature of BphC from strain BN6. Only a cate-
chol 2,3-dioxygenase from Azotobacter vinelandii 206 has pre-
viously been reported to likewise oxidize 3-chlorocatechol to a
yellow product and thus presumably performs the same reac-
tion (32). Because BphC oxidized 3,5-dichlorocatechol also by
the distal cleavage mechanism (14), this enzyme seems to have
the capacity for oxidizing various meta-substituted halogenated
catechols by a distal cleavage mechanism without suffering sui-
cide inhibition. Since this enzyme also oxidizes 2,3-dihydroxy-
biphenyl, it offers a potential for constructing bacteria with the
ability to degrade chlorinated biphenyls.
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