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The tecB gene, located downstream of tec4 and encoding tetrachlorobenzene dioxygenase, in Ralstonia sp.
strain PS12 was cloned into Escherichia coli DH5«a together with the fec4 gene. The identity of the fecB gene
product as a chlorobenzene dihydrodiol dehydrogenase was verified by transformation into the respective cate-
chols of chlorobenzene, the three isomeric dichlorobenzenes, as well as 1,2,3- and 1,2,4-trichlorobenzenes, all
of which are transformed by TecA into the respective dihydrodihydroxy derivatives. Di- and trichlorotoluenes
were either subject to TecA-mediated dioxygenation (the major or sole reaction observed for the 1,2,4-substi-
tuted 2,4-, 2,5-, and 3,4-dichlorotoluenes), resulting in the formation of the dihydrodihydroxy derivatives, or to
monooxygenation of the methyl substituent (the major or sole reaction observed for 2,3-, 2,6-, and 3,5-dichloro-
and 2,4,5-trichlorotoluenes), resulting in formation of the respective benzyl alcohols. All of the chlorotoluenes
subject to dioxygenation by TecA were transformed, without intermediate accumulation of dihydrodihydroxy
derivatives, into the respective catechols by TecAB, indicating that dehydrogenation is no bottleneck for chloro-
benzene or chlorotoluene degradation. However, only those chlorotoluenes subject to a predominant dioxyge-
nation were growth substrates for PS12, confirming that monooxygenation is an unproductive pathway in PS12.

Chlorotoluenes are important intermediates in many chem-
ical processes and are still produced in large amounts (9, 28).
Dichlorotoluenes, known as moderately toxic chemicals (2, 3,
10), are used as precursors for the production of pesticides,
dyes, and peroxides (9). Their high chemical stability causes
their accumulation in the environment (10).

Only a few reports on the degradation of chlorotoluenes
have appeared. Whereas organisms capable of mineralizing 3-
or 4-chlorotoluene have been described in detail (8, 11), deg-
radation routes for dichlorotoluenes have not been analyzed.
Vandenbergh et al. described a pseudomonad able to utilize
several chloraromatics, including 2,4-dichlorotoluene (24DCT)
and 3,4-dichlorotoluene (34DCT), but no further indications
of the metabolic pathway were given (33). Ralstonia sp. strain
PS12 (formerly Pseudomonas, Burkholderia), capable of min-
eralizing various chlorobenzenes, e.g., 1,2,4,5-tetrachloroben-
zene, was also reported to mineralize various dichlorotoluenes,
again without indication of a metabolic sequence (5, 27).

Two distinct metabolic routes were reported for the miner-
alization of 4-chlorotoluene. Brinkmann et al. (8) constructed
bacterial strains mineralizing 4-chlorotoluene (as well as 3-
chlorotoluene and 3,5-dichlorotoluene [35DCT]) via the cor-
responding chlorinated benzoates and catechols by combining
the TOL plasmid (12) with genes encoding enzymes of the
chlorocatechol pathway (25). However, 2-chloro-substituted
toluenes were no substrates for the TOL plasmid-encoded
xylene monooxygenase; thus, they cannot be degraded by such
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a catabolic route. In Pseudomonas sp. strain JS6, 4-chlorotolu-
ene is subject to dioxygenation and 3-chloro-6-methylcatechol
is formed after dehydrogenation of the intermediate dihydro-
diol (11). Enzymes of the chlorocatechol degradation pathway
are responsible for further metabolism of this compound. Ral-
stonia sp. strain PS12 (27) was shown to be capable of growing
with several chlorinated benzenes and, similar to JS6, to initial-
ize the degradation by dioxygenolytic activation (5). The broad
substrate spectrum tetrachlorobenzene dioxygenase TecA of
PS12, catalyzing this initial step, has been extensively described
(5, 6). The most prominent feature of this enzyme system is its
ability to transform 1,2,4,5-tetrachlorobenzene and thereby to
attack a chloro-substituted carbon atom. Such an attack results
in the formation of an unstable diol intermediate which spon-
taneously rearomatizes with concomitant chloride elimination.
Like the lower substituted chlorobenzenes, 4-chlorotoluene,
which is used as a growth substrate by PS12, is subject to
dioxygenation at two unsubstituted carbon atoms. In contrast,
2- and 3-chlorotoluenes were subject to monooxygenation of
the methyl substituents with 2- and 3-chlorobenzyl alcohols as
the main products (18).

Apparently, TecA can catalyze dioxygenating, dechlorinat-
ing, and monooxygenating reactions. In the present study, we
analyzed which of these three types of reaction was performed
with higher chloro-substituted toluenes and which of those sub-
strates can be transformed by PS12-derived activities into chloro-
catechols as central intermediates of chloroaromatic degradation.

MATERIALS AND METHODS

Organisms and culture conditions. Escherichia coli DH5a(pSTE7), containing
the fecA tetrachlorobenzene dioxygenase gene (5), and E. coli DH5a(pSTE44),
containing the tetrachlorobenzene dioxygenase and dehydrogenase genes tecAB,
were grown at 37°C in Luria broth medium containing ampicillin at 0.1 mg/ml
and 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG).
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Cloning of the fecAB genes. First, the 3’ end of the tecB gene was PCR
amplified from template plasmid pCR12, containing the region located down-
stream of the tecA gene (7), with the primers prSTB86 (5'-CGTTCTCTACAC
CGCGGGC-3") and prSTB68 (5'-GCCTTTGAGAGCTCATGTTGTC-3'), the
latter containing an artificial SacT site (in boldface). For sequence confirmation,
the resulting 0.4-kb fragment was cloned into plasmid pCR2.1 (Invitrogen),
resulting in pCR17. A 0.3-kb BamHI-Sacl fragment of pCR17 was then cloned
into the BamHI-Sacl site of pSTE7 encoding TecA, resulting in pSTE44 carrying
the tecA and tecB genes.

Sequence analysis. Plasmid DNA for sequencing was extracted with the Plas-
mid Maxi kit (Qiagen). Sequencing reactions on both strands were performed
with the Applied Biosystems 373A DNA sequencer in accordance with the
protocol of the manufacturer (Perkin-Elmer, Applied Biosystems) for Taqg cycle
sequencing with fluorescent-dye-labeled dideoxynuleotides, as described previ-
ously (14). The GeneWorks software package V2.45 (IntelliGenetics) was used
for sequence evaluation. Similarity searches of nonredundant databases were
done with the FASTA program. Sequence comparisons and calculations of
evolutionary distances were carried out by using the PILEUP, DISTANCE, and
UPGMA programs of the GCG software (Wisconsin Package, version 8; Genet-
ics Computer Group, Madison, Wis.).

Resting cell assays. Resting cell assays were performed as described by Beil et
al. (5). For kinetic experiments, at each time point, 400-ul aliquots were removed
and shock frozen in liquid nitrogen. The samples were stored at —20°C for
subsequent analyses.

Extraction and derivatization of metabolites. Metabolites were extracted as
described previously (5). For subsequent gas chromatography-mass spectrometry
(GC-MS) analysis, dihydrodiol and catechol intermediates were derivatized with
butylburonic acid whereas benzyl alcohols were derivatized with Me;SOH (5).

Analytical methods. For high-performance liquid chromatography (HPLC)
analyses of metabolites, 10-pl samples were injected after removal of cells by
centrifugation (20°C, 10 min, 15,000 X g). Product formation was analyzed with
a Shimadzu HPLC system (LC-10AD liquid chromatograph, DGU-3A degasser,
SPD-M10A diode array detector, and FCV-10AL solvent mixer) equipped with
an SC125/Lichrospher 5-pm (Bischoff, Leonberg, Germany) column. The aque-
ous solvent system (flow rate, 1 ml/min) contained 0.1% (vol/vol) H;PO, (87%)
and 50 or 58% (vol/vol) methanol for the determination of metabolites or 80%
(vol/vol) methanol for the determination of substrates. The alcohol intermedi-
ates were identified and quantified by comparison with authentic standards.

GC-MS analyses were performed as previously described (5).

For nuclear magnetic resonance (NMR) analyses, the extracted metabolites
(about 2 mg) were dissolved in 1 ml of Dg-acetone. 'H and '>*C NMR spectra
were recorded on a Bruker CXP 300 (Bruker, Rheinstetten, Germany) with
Aspect 2000 software using tetramethylsilane as the internal standard.

Chemicals. 35DCT and 2,4,5-trichlorotoluene (245TCT) were synthesized and
kindly provided by W. Reineke. Butylburonic acid was obtained from Acros
organics (Geel, Belgium), trimethylsulfonium hydroxide was from Machery-Na-
gel (Dueren, Germany), 2,3-dichlorobenzyl alcohol was from TCI, and 3-chloro-,
4-chloro-, 3,4-dichloro-, and 3,4,5-trichlorocatechols were from Helix Biotech
3,5-, 3,6-, and 4,5-Dichlorocatechols were kindly provided by H.-A. Arfmann. All
other chemicals were purchased from Aldrich Chemie (Steinheim, Germany),
Fluka AG (Buchs, Switzerland), or Merck AG (Darmstadt, Germany).

Nucleotide seq; e accessi ber. The nucleotide sequence data of the
TecB cis-chlorobenzene dihydrodiol dehydrogenase have been submitted to the
GenBank sequence data bank and are available under accession number U78099.

RESULTS

The tecB gene encodes a chlorobenzene dihydrodiol dehy-
drogenase. The deduced amino acid sequence of the 0.83-kb
open reading frame downstream of the fecA gene, designated
tecB, shows the greatest similarity (>99%) to the TcbB cis-
chlorobenzene dihydrodiol dehydrogenase from Pseudomonas
sp. strain P51 (34) and shows the typical features of the short-
chain alcohol dehydrogenase family (23), including the short-
chain alcohol dehydrogenase consensus pattern (23) and the
binding site for the ADP moiety of the NAD™ coenzyme (4,
30). To verify that fecB encodes a chlorobenzene dihydrodiol
dehydrogenase, the TecA dioxygenase and the tecB gene prod-
uct were simultaneously produced in E. coli(pSTE44) cells, and
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the transformation of various chlorinated benzenes was ana-
lyzed by HPLC.

All of the chlorobenzenes analyzed and shown to be trans-
formed into the respective dihydrodiols by TecA were convert-
ed by TecA plus TecB into the corresponding aromatic dihy-
droxy compounds (Table 1). The identities of the products
were confirmed by comparison with authentic standards. A sin-
gle catechol product was observed in each case, except for chlo-
robenzene transformation, where 3-chlorocatechol was the ma-
jor product but 4-chlorocatechol was formed in minor amounts
(Table 1). This indicates that TecB is the second enzyme in the
degradative pathway of (chloro)benzenes and encodes a chlo-
robenzene dihydrodiol dehydrogenase. Accumulation of dihy-
drodiols was not detected, except for minute amounts in the
case of 1,4-dichlorobenzene and 1,2,4-trichlorobenzene trans-
formations. Thus, TecB dehydrogenase constitutes no pathway
bottleneck for the transformation of products from TecA ca-
talysis into the corresponding aromatic intermediates.

Transformation of di- and trichlorotoluenes by TecA and
TecB. The potential of TecA tetrachlorobenzene dioxygenase
totransform2,3-dichlorotoluene(23DCT),24DCT,2,5-dichlo-
rotoluene (25DCT), 2,6-dichlorotoluene (26DCT), 34DCT,
35DCT, and 245TCT was analyzed initially by HPLC using
supernatant fluid of resting E. coli cells carrying plasmid
pSTE7 incubated with the respective substrates. HPLC analy-
sis revealed the formation of products from all of the sub-
strates tested (Table 1). Formation of the respective benzyl
alcohols from dichlorotoluenes could be directly verified by
comparison of retention volumes and UV absorption spectra
with those of authentic standards. The corresponding benzyl
alcohol(s) was the only product formed from 23DCT and
35DCT, the apparent major product formed from 26DCT, and
the apparent minor product from 24DCT and 25DCT and was
obviously not produced from 34DCT.

The UV spectra of the other products formed during dichlo-
rotoluene turnover were indicative for the formation of dihy-
drodiols (\,,.x = 275 to 280 nm). The only product formed dur-
ing 245TCT transformation did not exhibit such UV spectrum.

Confirmation of the identities of the intermediates formed
from dichlorotoluenes as the corresponding dihydrodiols was
obtained by GC-MS analysis of the boronated derivatives.
Whereas no such products were detected from 23DCT and
35DCT, prominent signals showing the expected molecular ion
of m/z 260, 262, and 264 (relative intensities, 100:62:9) were
observed from 34DCT, 24DCT, 25DCT, and 26DCT. The
products showed the fragmentation pattern typical for n-butyl-
boronated chlorobenzene or methylbenzene dihydrodiols (5,
16), i.e., loss of C;H, [M-57]", O-B-C,H, [M-84]", as well as
loss of one or two chlorine atoms [M-35]" (Fig. 1).

'H and *C NMR data of the product formed after trans-
formation of 245TCT indicated the formation of 2,4,5-trichlo-
robenzyl alcohol ['H NMR, § = 7.76 ppm (bs, H-6), 7.62 ppm
(bs, H-3), 4.68 ppm (bs, 2 H, CH,); ">C NMR, & = 141.6 ppm
(s, C-1), 131.6 ppm (s, C-4), 131.4 ppm (2xs, C-2/C-5), 131.1
ppm, 129.9 ppm (2+d, C-3/C-6), 61.0 ppm (t, C, CH,)] due to
a monooxygenolytic attack by TecA. GC-MS analysis of the
methylated product confirmed the identity of the product as
2,4,5-trichlorobenzyl alcohol (Fig. 1). Molecular ion signals at
m/z 224, 226, 228, and 230 (relative intensities, 100:98:31:4)
showed the expected mass peak of the benzyl alcohol with its
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TABLE 1. Retention volumes and absorption maxima in HPLC analyses of products formed by E. coli(pSTE7) and
E. coli(pSTE44) cells from chlorobenzenes and di- and trichlorotoluenes
Substrate Proposed product(s) [N(I%c))? ] (i?;" ()r\]';;‘i‘( sﬁ)rs(:yattl;“

Chlorobenzene 3-Chloro-cis-1,2-dihydroxy-1,2-dihydrocyclohexa-3,5-diene” 36 3.4 272 +
4-Chloro-cis-1,2-dihydroxy-1,2-dihydrocyclohexa-3,5-diene® 36 4.4 265
3-Chloro-1,2-dihydroxybenzene’ 58 2.6 210
4-Chloro-1,2-dihydroxybenzene’ 58 29 210

1,2-Dichlorobenzene 3,4-Dichloro-cis-1,2-dihydroxy-1,2-dihydrocyclohexa-3,5-diene® 36 6.8 272 +
3,4-Dichloro-1,2-dihydroxybenzene’ 58 42 210

1,3-Dichlorobenzene ND#
3,5-Dichloro-1,2-dihydroxybenzene” 58 53 210 +

1,4-Dichlorobenzene 3,6-Dichloro-cis-1,2-dihydroxy-1,2-dihydrocyclohexa-3,5 -diene¢” 36 4.1 283 +
3,6-Dichloro-1,2-dihydroxybenzene® 58 4.0 210

1,2,3-Trichlorobenzene 3,4,5-Trichloro-cis-1,2-dihydroxy-1,2-dihydrocyclohexa-3,5-diene® 72 2.3 282 -
3,4,5-Trichloro-1,2-dihydroxybenzene” 58 8.6 210

1,2,4-Trichlorobenzene 3,4,6-Trichloro-cis-1,2-dihydroxy-1,2-dihydrocyclohexa-3,5-diene® 58 3.4 288 +
3,4,6-Trichloro-1,2-dihydroxybenzene’ 58 8.3 210

1,2,4,5-Tetrachlorobenzene 3,4,6-Trichloro-1,2-dihydroxybenzene®’ 58 8.3 210 +

23DCT 2,3-Dichlorobenzylalcohol* 60 5.4 201 -

24DCT 2,4-Dichlorobenzylalcohol* 60 6.2 201 +
4,6-Dichloro-3-methyl-cis-1,2-dihydroxy-1,2-dihydrocyclohexa-3,5-diene® 60 3.7 278
4,6-Dichloro-3-methyl-1,2-dihydroxybenzene” 60 7.5 205

25DCT 2,5-Dichlorobenzylalcohol* 60 6.1 201 +
3,6-Dichloro-4-methyl-cis-1,2-dihydroxy-1,2-dihydrocyclohexa-3,5-diene” 60 2.9 280
3,6-Dichloro-4-methyl-1,2-dihydroxybenzene” 60 6.0 204

26DCT 2,6-Dichlorobenzylalcohol® 60 39 203 -
3,5-Dichloro-4-methyl-cis-1,2-dihydroxy-1,2-dihydrocyclohexa-3,5.diene® 60 3.7 275
3,5-Dichloro-4-methyl-1,2-dihydroxybenzene” 60 6.3 203

34DCT 3,5-Dichloro-6-methyl-cis-1,2-dihydroxy-1,2-dihydrocyclohexa-3,5-diene® 60 3.5 276 +
3,4-Dichloro-6-methyl-1,2-dihydroxybenzene’ 60 6.6 204

35DCT 3,5-Dichlorobenzylalcohol*” 60 7.4 203 -

245DCT 2,4,5-Trichlorobenzylalcohol* 60 12.1 205 -

“ [MeOH], percentage of methanol used in the solvent system.

> RV, retention volume.

€ Amax Wavelength of maximal absorption.

@+, used as a growth substrate; —, not used as a growth substrate (27).

¢ Proposed product derived by transformation of the indicated substrate with E. coli-(pSTE7) producing TecA dioxygenase.
/Proposed product derived by transformation of the indicated substrate by E. coli(pSTE44) simultaneously producing TecA tetrachlorobenzene dioxygenase and

TecB dehydrogenase.
& ND, not done for E. coli(pSTE44).

three chlorines. Intense signals at m1/z 193 or 189 resulted from
the loss of O-CH; [M-31]" or a chlorine atom [M-35]". Anal-
ysis of the boronated extract gave no indication for the forma-
tion of dihydroxylated products. Thus, attack on 245TCT is
clearly different from that on 1,2,4,5-tetrachlorobenzene, where
dioxygenolytic attack on an unsubstituted and a chlorosubsti-
tuted carbon atom leads to an unstable intermediate, which
spontaneously rearranges to form 3,5,6-trichlorocatechol.
The HPLC analyses of TecA-plus-TecB-mediated transfor-
mation of dichlorotoluenes showed, as expected, no difference
in the amounts of benzyl alcohols formed, compared to TecA-
mediated transformation. However, in no case was accumula-
tion of dihydrodiols detected, but new products were observed
to be formed from 34DCT (only product), 24DCT and 25DCT
(major product), and 26DCT (minor product). GC-MS analy-
sis of the boronated derivatives confirmed the hypothesis that
those products are identical to dichloro-substituted methylcat-

echols (Fig. 1). The recorded intensities of molecular ion sig-
nals at m/z 258, 260, and 262 were always in close agreement
with the theoretical pattern for dichloro-substituted catechols.
Intense signals at m/z 202, 204, and 206 result from the loss of
butene [M-C,Hg]", as described for the butylboronates of
3-chlorocatechol, 3,6-dichlorocatechol (16), and 3,4,6-trichlo-
rocatechol (5). To our knowledge, this is the first report about
MS spectra of boronated dichloromethyl dihydrodiols, di-
chloro-substituted methylcatechols, and methylated 2,4,5-tri-
chlorobenzyl alcohol.

Quantification of product ratios and product formation
rates for TecA- and TecB-catalyzed turnover of di- and trichlo-
rotoluenes. Dichlorobenzyl alcohols are available commer-
cially, and their production rate could thus be quantified. No
standards are available for 2,4,5-trichlorobenzyl alcohol, dihy-
drodiols, or dichloromethylcatechols; therefore, neither prod-
uct formation rates nor the ratio in which dioxygenation versus
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FIG. 1. Mass spectra of the boronated (A to H) or methylated (I) products formed by E. coli(pSTE44) (A to D) and E. coli(pSTE7) (E to I)
from di- and trichlorotoluenes. A, 4,6-dichloro-3-methylcatechol; B, 3,6-dichloro-4-methylcatechol; C, 3,5-dichloro-4-methylcatechol; D, 3,4-
dichloro-6-methylcatechol; E, 4,6-dichloro-3-methyl-1,2-dihydroxy-1,2-dihydrocyclohexa-3,5-diene; F, 3,6-dichloro-4-methyl-1,2,-dihydroxy-1,2-di-
hydrocyclohexa-3,5-diene; G, 3,5-dichloro-4-methyl-1,2-dihydroxy-1,2-dihydrocyclohexa-3,5-diene; H, 3,5-dichloro-6-methyl-1,2-dihydroxy-1,2-di-
hydrocyclohexa-3,5-diene; I, 2,4,5-trichlorobenzyl alcohol. Rel. relative.

monooxygenation occurred could be quantified. However, as transformation of 26DCT, 80% = 4% of those formed during
the absorption at A = 210 nm of all dichloro-substituted cat- the transformation of 25DCT, and 90% = 4.5% of those
echols varied by a factor of only 0.05, the absorption of dichlo- formed during the transformation of 24DCT (Fig. 2).

romethylcatechols can be assumed to be similar. Under this To verify the above assumption, the ratio of monooxygen-
assumption, the dichloromethylcatechols can be proposed to ation versus dioxygenation was quantified by '"H NMR analysis
constitute 5% = 0.25% of the products formed during the in the case of TecA- and TecB-catalyzed 25DCT transforma-
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FIG. 2. Proposed transformation of different di- and trichlorotoluenes by tetrachlorobenzene dioxygenase TecA and dehydrogenase TecB.
Substrates: A, 23DCT; B, 24DCT; C, 25DCT; D, 26DCT; E, 34DCT; F, 35DCT; G, 245TCT. O, major reaction catalyzed by TecA; —, minor
reaction catalyzed by TecA; [, reaction catalyzed by TecB.
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TABLE 2. Absolute and relative rates of transformation of
chlorinated toluenes and tetrachlorobenzene catalyzed
by E. coli DH5a(pSTE7) and E. coli DH5a (pSTE44)

Product formation (nM/min)
(relative transformation

Substrate rate [%])

pSTE7 pSTE44
245 TCT 3.7 (100) 1.9 (100)
1,2,4,5-Tetrachlorobenzene® 1.0 (27) ND?
23DCT 1.3 (35) 0.6 (32)
24DCT ND 1.0 (53)
25DCT ND 1.0 (53)
26DCT 1.3 (35) 0.7 (37)
34DCT ND 1.3 (68)
35DCT 1.4 (38) 0.6 (32)

“ The data are from Beil et al. (5). All rates were determined at a cell density
producing an A, of 1.8.
» ND, not done.

tion. Analysis of the product mixture showed the expected
signals for 2,5-dichlorobenzyl alcohol ['"H NMR, § = 7.63 ppm
(dt, H-6, Jirs51.4 2.6 Hz, Jiy 6115 1.3 Hz), 7.39 ppm (d, H-3,
Ji1.3.51.4 8.6 Hz), 7.31 ppm (ddt, H-4, Ji; 4 517 0.6 Hz), 4.70 ppm
(bs, H-7)] and 3,6-dichloro-4-methylcatechol ['"H NMR, § =
8.31 ppm, 8.40 ppm (3-OH, 4-OH), 6.84 ppm (bs, H-6), 2.25
ppm (d, H-7, Jyy_ 1.7 0.7 Hz)]. Comparison of the integrals
of the signals of the respective H-6 protons showed that
these products were present in the mixture at a 1:4 ratio. This
confirms the previous result of 80% formation of 3,6-dichloro-
4-methylcatechol during transformation of 25DCT. For quan-
tification of 2,4,5-trichlorobenzyl alcohol, 245TCT was trans-
formed by TecAB. The product prepared for '"H NMR analysis
was spiked with a defined concentration of 2,3-dichlorobenz-
aldehyde (used as an internal standard); thus, the concentra-
tion of 2,4,5-trichlorobenzyl alcohol in the mixture could be
determined by '"H NMR analysis. This sample served as an
HPLC standard.

The transformation rates, expressed as the amount of prod-
uct formed per time unit, were of the same order of magnitude
as that of 1,2,4,5-tetrachlorobenzene (5) (Table 2). The prod-
uct formation rates of dichlorotoluenes that were mainly sub-
ject to dioxygenation were significantly higher than those of di-
chlorotoluenes that were subject to monooxygenation (Table
2). The transformation rate of 245TCT was about threefold the
rate observed with 1,2,4,5-tetrachlorobenzene and two- to three-
fold the rate observed with dichlorotoluenes. Comparisons of
the product formation rates as catalyzed by E. coli(pSTE7) and
E. coli(pSTE44) showed that the rates of E. coli(pSTE7) ex-
pressing TecA were twofold higher than the rates of E. coli
(pSTE44) expressing TecAB (Table 2).

DISCUSSION

Dioxygenation, as carried out by multicomponent dioxygen-
ases, is the initial step in the degradation of various aromatic
compounds and commonly results in the formation of the
respective cis-dihydrodiols, which are further transformed into
dihydroxy aromatics by the action of cis-dihydrodiol dehydro-
genases (20, 26, 29). Among these dioxygenases, naphthalene
dioxygenase from Pseudomonas sp. strain NCIB 9816-4 and
toluene dioxygenase (TOD) from Pseudomonas putida F1 have
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been extensively studied (17, 31, 35, 36). These enzymes were
reported to have relaxed substrate specificities and, in addition
to a stereospecific cis-dihydroxylation, they catalyze monooxy-
genation, desaturation, dealkylation, and sulfoxidation reac-
tions (21). The TecA tetrachlorobenzene dioxygenase of Ral-
stonia sp. strain PS12 carries out cis-dihydroxylations as well
and has been shown to transform toluene and various chlori-
nated benzenes in a dioxygenolytic manner (5). The enzyme
differs from the TOD of P. putida F1 in its failure to attack
benzene but is superior in its ability to transform 1,2,4,5-tetra-
chlorobenzene. In addition to chlorobenzenes, TecA dioxyge-
nase, like TOD, also transforms 4-chlorotoluene by a dioxy-
genolytic attack, whereas 2- and 3-chlorotoluenes were subject
mainly to monooxygenation of the methyl side chain (18). All
of the dichlorotoluenes recently indicated to be growth sub-
strates for Ralstonia sp. strain PS12, i.e., 24DCT, 25DCT, and
34DCT, were mainly or exclusively subject to dioxygenation
(Fig. 2). It is interesting that obviously all 1,2,4-substituted
dichlorotoluenes are subject to mainly dioxygenation (like 1,4-
disubstituted 4-chlorotoluene), whereas chlorinated toluenes
with substitutions at the 1,2-, 1,3- 1,2,3-, or 1,3,5-positions were
subject to mainly monooxygenation (Fig. 2). As already out-
lined by Sander et al. (27), 1,3,5-trichlorobenzene is not subject
to dioxygenolytic attack by PS12; thus, a dioxygenolytic attack
on 35DCT could be restricted for similar yet unknown reasons.
Surprisingly, 245TCT was also exclusively transformed into the
corresponding benzyl alcohol, even though a dioxygenation
followed by spontaneous chloride elimination, as observed for
the structural analogue 1,2,4,5-tetrachlorobenzene (5, 27), was
expected. As differences in the electrical properties of the
different chlorinated toluenes seem to be negligible for the
specificity of the attack, it is more likely that the reaction
depends on the position of the substrate with respect to the
active site and on the active site’s structure. It has been re-
ported that even small amino acid sequence differences lead to
major differences in enzymatic properties, such as substrate
range and regioselectivity (19). The 2-nitrotoluene dioxygen-
ase from Pseudomonas sp. strain JS42 (1) catalyzes predomi-
nantly a dioxygenation of 2-nitrotoluene, whereas the closely
related 2,4-dinitrotoluene dioxygenase from Burkholderia sp.
strain DNT (32) catalyzes monooxygenation. TOD of P. putida
F1, like dinitrotoluene dioxygenase, catalyzes a monooxygen-
ation of 2-nitrotoluene, whereas 4-nitrotoluene is subject to
dioxygenation. Evidently, regiospecificity depends in a complex
fashion on both the substitution pattern and the active-site
structure. Based on its crystal structure, several amino acids
were identified near the active site of naphthalene dioxygenase
(15) and this information has been used to identify amino acids
that control the regioselectivity and enantioselectivity of naph-
thalene dioxygenase. However, only poor information is avail-
able on the amino acids governing the selectivity of benzyl
alcohol versus cis-dihydrodiol formation (22).

All of the cis-dihydrodiols shown to be formed by TecA
dioxygenase in the present study are obviously transformed at
a high rate by the TecB cis-dihydrodiol dehydrogenase. TecB
evidently does not constitute a bottleneck for chlorobenzene or
chlorotoluene transformation. The fecB gene product, belong-
ing to the family of short-chain alcohol dehydrogenases (23), is
closely related to the TcbB cis-chlorobenzene dihydrodiol de-
hydrogenase from Pseudomonas sp. strain 51 (34), an enzyme
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recently described to be of broad substrate specificity (24). How-
ever, it still remains to be elucidated whether those gene products,
like the respective tchbA and tecA gene products, are specifically
adapted for the metabolism of chloro-substituted derivatives.

Dichlorotoluenes subject to monooxygenation of the methyl
function cannot be used by PS12 as growth substrates (27).
This is similar to the observation that 2- and 3-chlorotoluenes
cannot be mineralized by this strain (18). The growth failure
was attributed to further oxidation of the benzyl alcohols pro-
duced into the corresponding benzoates at rates too low to
support growth and, in the case of 2-chlorobenzoate, to the
restricted substrate range of the probably chromosomally en-
coded benzoate dioxygenase. Like 2-chlorobenzyl alcohol, 2,3-,
2,4-, 2,5-, and 2,6-dichlorobenzyl alcohols are transformed by
PS12 into the corresponding benzoates, which cannot be min-
eralized by PS12 due to, at least, the absence of a broad-
spectrum 2-halobenzoate dioxygenase (data not shown). Thus,
monooxygenation in this strain results in the channeling of all
(in case of 23DCT), the major part (26DCT), or a minor part
of the substrate into an unproductive pathway, explaining the
failure of the strain to grow with 23DCT and 26DCT. Similar-
ly, no effective pathway is present for 35DCT degradation.
Complementation of a degradative pathway for 2-chlorotolu-
ene by recruitment of different pathway modules from various
bacteria has been proposed recently (18), and respective ex-
periments have recently been performed (13). This strategy
can be adapted, at least theoretically, for the mineralization of
dichlorotoluenes. Alternatively, the search for new chloroben-
zene dioxygenases with new substrate specificities and regio-
selectivities of attack, as well as protein engineering strategies,
will lead to the isolation of enzymes with capabilities more
suited to dichlorotoluene mineralization.
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