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Growth of Alcaligenes sp. strain O-1 with 2-aminobenzenesulfonate (ABS;
orthanilate) as sole source of carbon and energy requires expression of the
soluble, multicomponent 2-aminobenzenesulfonate 2,3-dioxygenase system
(deaminating) (ABSDOS) which is plasmid-encoded. ABSDOS was separated by
anion-exchange chromatography to yield a flavin-dependent reductase
component and an iron-dependent oxygenase component. The oxygenase
component was purified to about 98% homogeneity and an !2"2 subunit
structure was deduced from the molecular masses of 134, 45 and 16 kDa for
the native complex, and the ! and " subunits, respectively. Analysis of the
amount of acid labile sulfur and total iron, and the UV spectrum of the purified
oxygenase component indicated one [2Fe–2S] Rieske centre per ! subunit. The
inhibition of activity by the iron-specific chelator o-phenanthroline indicated
the presence of an additional iron-binding site. Recovery of active protein
required strictly anoxic conditions during all purification steps. The FAD-
containing reductase could not be purified. ABSDOS oxygenated nine
sulfonated compounds; no oxygen uptake was detected with carboxylated
aromatic compounds or with aliphatic sulfonated compounds. Km values of 29,
18 and 108 µM and Vmax values of 140, 110 and 72 pkat for ABS,
benzenesulfonate and 4-toluenesulfonate, respectively, were observed. The N-
terminal amino acid sequences of the !- and "-subunits of the oxygenase
component allowed PCR primers to be deduced and the DNA sequence of the !-
subunit was thereafter determined. Both redox centres were detected in the
deduced amino acid sequence. Sequence data and biochemical properties of
the enzyme system indicate a novel member of the class IB ring-hydroxylating
dioxygenases.

Keywords : Alcaligenes sp. strain O-1, characterization of oxygenase,
2-aminobenzenesulfonate dioxygenase system, oxygenase sequence,
oxygenation and deamination

INTRODUCTION

The complete mineralization of sulfonated aromatic
compounds, which, with one known exception (Laskin

.................................................................................................................................................

†Present address: Estacio" n Experimental del Zaidin, Consejo Superior de
Investigaciones Cientificas, E-18008 Granada, Spain.

Abbreviations: ABS, 2-aminobenzenesulfonate; ABSDOS, 2-ABS dioxy-
genase system; BS, benzenesulfonate; 3SCDO, 3-sulfocatechol dioxy-
genase; TS, 4-toluenesulfonate.

The GenBank accession number for the sequence reported in this paper is
AF109074.

& Lechevalier, 1984), are all xenobiotics, is restricted to
aerobic micro-organisms, which use oxygenases to
activate those inert compounds (Cook et al., 1998).
Most organisms studied to date utilize only one or two
sulfonated compounds (Cook et al., 1998) ; Alcaligenes
sp. strain O-1 can utilize three of them, benzenesulfonate
(BS), 4-toluenesulfonate (TS) and 2-aminobenzene-
sulfonate (ABS; orthanilate) (Thurnheer et al., 1986).
Metabolism of these three compounds involves two
independently induced pathways involving either a
BS!TS dioxygenase system or an ABS dioxygenase
system (ABSDOS) (Junker et al., 1994b). The enzymes
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Fig. 1. Initial steps in the degradation of ABS by Alcaligenes sp. strain O-1. The overall reactions of ABSDOS and 3SCDO
are each considered to include spontaneous step(s). Each conversion is stoichiometric (Junker et al., 1994a, b).

for the degradation of ABS are encoded on plasmid
pSAH, one of the two known plasmids in this organism
(Jahnke et al., 1990, 1993).

The degradation of ABS in strain O-1 requires an
undefined transport system (Thurnheer et al., 1990),
ABSDOS and 3-sulfocatechol dioxygenase (3SCDO)
(Fig. 1) (Junker et al., 1994b). The unstable intermediate
in the reaction catalysed by ABSDOS (Fig. 1) indicates
that the overall reaction consists of a specific oxy-
genation followed by a spontaneous loss of the amino
group with concomitant regeneration of the aromatic
ring.Thismeta ring cleavage is also considered to involve
an unstable intermediate (Fig. 1), which is subject to
spontaneous hydrolysis and rearrangement to yield the
standard intermediate in the meta pathway, (Z,E)-2-
hydroxymuconate (Fig. 1) (Junker et al., 1994a;
Whitman et al., 1991). ABSDOS can desulfonate BS and
TS quantitatively (Junker et al., 1994a; Thurnheer et al.,
1990), as well as deaminate ABS (Fig. 1), so we wished to
find out more about this enzyme.

We now confirm that ABSDOS is a two-component
ring-hydroxylation system, whose oxygenase com-
ponent has been characterized and sequenced, and the
enzyme has been attributed to a novel branch of the class
IB oxygenases (cf. Butler & Mason, 1997).

METHODS

Materials. Chemicals were of the highest purity available
commercially and they were purchased from Fluka, Roth,
Merck, Serva or Sigma. Sulfonated aromatic compounds were
from Tokyo Chemical Industries except naphthalene-1-sul-
fonate (Fluka). 3-Sulfocatechol was derived from previous
work and its purity was determined enzymically and photo-
metrically (!

!"#
" 5100 M!$ cm!$ ; Junker et al., 1994a) to be

35%. Commercial columns for enzyme separations, except
the 6 ml Resource Q column (Pharmacia), were described
elsewhere (Junker et al., 1994b; Locher et al., 1991; Schla! fli et
al., 1994).

Organisms, growth, harvesting of cells and preparation of
cell-free extracts. Alcaligenes sp. strain O-1 (DSM 6325) was
isolated and identified as described elsewhere (Busse & Auling,
1992; Busse et al., 1989; Thurnheer et al., 1986). Caution : the
German Central Committee for Biological Safety, ZKBS, has

declared this organism pathogenic, despite the evidence from
three countries, including Germany, that no problem ever
arose in research, advanced or freshman teaching labs.
Containment level L2 was enforced in this work. Strain O-1
harbours plasmid pSAH, and a pSAH-cured strain, Cur30
(DSM 6326), is available (Jahnke et al., 1990) which we also
used.

Strain O-1 was grown at 30 #C in a 12$5 l fermenter with a 9 l
working volume (Biostat V, B. Braun) in 6 mM ABS-salts
medium described previously (Thurnheer et al., 1986), har-
vested at an OD

%&&
of 0$8–0$9 under conditions of optimal

enzyme yield (see Results) in a Pellikon cassette filtration
system (Millipore), washed in 50 mM potassium phosphate
bu!er, pH 7$5, by centrifugation and stored frozen. Cell-free
extracts free of nucleic acids (Junker et al., 1994b) could be
stored for several weeks at %20 #C without significant loss of
activity.

Enzyme assays. Enzyme assays for ABSDOS involving oxygen
uptake in an oxygen electrode have been described elsewhere
(Junker et al., 1994b). The putative reductase component
(AbsB) of ABSDOS was assayed as a cytochrome c reductase
(Locher et al., 1991). ABSDOS assays with separated com-
ponents contained 2 vols DEAE reductase fraction to 1 vol.
oxygenase fraction.

Purification of ABSDOS under an air atmosphere. After
separation of ABSDOS components, oxygenase AbsA was
sensitive to oxygen, so all solutions were sparged with oxygen-
free nitrogen prior to use and protected by a blanket of
nitrogen. Oxygenase- and reductase-containing fractions
tended to precipitate after freezing and thawing, so we added
glycerol to a final concentration of 20% (v!v) to fractions
before freezing.

FPLC was done at room temperature with Pharmacia ap-
paratus. The aerobic protocol was a three-step chromato-
graphic procedure. After every step, fractions containing
significant activity were combined, concentrated and desalted
by membrane filtration (10 kDa exclusion limit, Diaflo,
Amicon) in a stirring cell (model 8050, Amicon).

Step 1. The DEAE column was used as described by Junker et
al. (1994b) ; it yielded active proteins.

Step 2. A commercial anion exchange column (Mono Q, HR
10!10) was routinely equilibrated with 20 mM Tris-sulfate,
pH 7$5, 0$1 mM DTT (bu!er A) at 4 ml min!$. Pooled samples
of AbsA or AbsB from step 1 were loaded on to the column
and 4 ml fractions were collected. After washing with 60 ml
bu!er A, a gradient to 20% bu!er B (20 mM Tris-sulfate, pH
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7$5, 1 M Na
!
SO

'
, 0$1 mM DTT) was applied over the next

200 ml and then ramped to 100% at 320 ml total elution
volume. AbsA-containing fractions were routinely recognized
by their characteristic red colour and their identity was
confirmed in ABSDOS assays with saturating amounts of
crude component AbsB from step 1. AbsB was tentatively
identified as a cytochrome c reductase and its identity was
confirmed in the coupled oxygenase assay. ABSDOS com-
ponents eluted between 64 and 72 mM Na

!
SO

'
for AbsA and

between 72 and 76 mM Na
!
SO

'
for cytochrome c reductase.

Step 3. Hydrophobic interaction chromatography was done
with a phenyl Superose column, which was equilibrated at a
flow rate of 0$15 ml min!$ with 20 mM Tris-sulfate, pH 7$5,
1$7 M (NH

'
)
!
SO

'
, 0$1 mM DTT (bu!er C). Combined frac-

tions of AbsA were brought to 1$7 M (NH
'
)
!
SO

'
by addition

of 3 M (NH
'
)
!
SO

'
. Fractions of 0$75 ml were collected. After

6 ml bu!er C was added to remove unbound protein from the
column, a linear gradient to 0 M (NH

'
)
!
SO

'
over 15 ml was

applied by ramping bu!er A. Bu!er A was rinsed through the
column for another 5 ml to clear the column of remaining
proteins. AbsA eluted between 200 and 0 mM (NH

'
)
!
SO

'
but

showed no ABSDOS activity. Cytochrome c reductase did not
bind to the column.

Purification of ABSDOS under strictly anoxic conditions.
Losses of activity caused by exposure to air, and to freezing
and thawing, led us to modify the protocol to complete the
procedure in an anoxic glove box (N

!
!H

!
, 90 :10, by vol.) in

1 d without freezing steps.

Step 1a. The Mono Q column was equilibrated with bu!er D
(50 mM Tris!HCl, pH 7$5, 0$1 mM DTT) at a flow rate of
3 ml min!$. Cell-free extract was applied to the column and
after rinsing unbound protein from the column (7$5 ml of
bu!er), proteins were eluted by starting a linear gradient to
60% bu!er E (1 M Tris!HCl, pH 7$5, 0$1 mM DTT) (at
52$5 ml eluate). Residual proteins were removed by increasing
bu!er E to 100%. Fractions of 1$5 ml were collected. We
observed the same elution profile as with DEAE Sepharose.
The oxygenase component eluted at 140–180 mM Tris!HCl,
cytochrome c reductase at 240–295 mM.

Step 2a. Hydrophobic interaction chromatography of con-
centrated AbsA from step 1a was done as in step 3 (above).

Step 2b. The AbsB fractions from step 1a were combined,
concentrated and subjected to chromatography on a Resource
Q column equilibrated with bu!er F (20 mM MES bu!er, pH
6$0, 0$1 mM DTT) at a flow rate of 2 ml min!$ and 1 ml
samples were collected. Bu!er F was then pumped for 5 min
and proteins were eluted by ramping bu!er G (20 mM MES,
pH 6$0, 1 M Na

!
SO

'
, 0$1 mM DTT) to 20% over 7$5 min.

Bu!er G was brought to 100%, at 40 ml total elution volume,
to remove all proteins from the column. Most proteins eluted
in one region (300–350 mM Na

!
SO

'
).

Analytical methods. Absorbance and OD
%&&

were measured in
a Uvikon 922 spectrophotometer (Kontron). Reverse-phase
HPLC has been described previously (Laue et al., 1996; Locher
et al., 1991; Thurnheer et al., 1986). SDS-PAGE was done as
described by Laemmli (1970) and Locher et al. (1991) to
monitor protein purification and to estimate molecular masses
under protein-denaturing conditions. Values for the molecular
mass of native proteins were assayed by gel filtration
chromatography on a Superose 12 column by using 50 mM
Tris!HCl bu!er, pH 7$5, containing 150 mM NaCl (Locher et
al., 1991) at a flow rate of 0$4 ml min!$.

Flavin cofactors were extracted from protein by boiling
samples for 5 min. The precipitated protein was removed by

centrifugation and the supernatant was analysed by HPLC.
The iron content of purified AbsA (step 3) was determined in
triplicate by atomic absorption spectroscopy (model 3030-B,
Perkin-Elmer) ; acid-washed glassware was used throughout.
Samples were adjusted to 100–200 µg Fe ml!$ with iron-free
50 mM Tris!HCl bu!er, pH 7$5. Samples of protein-free
bu!er were used as negative controls. Inorganic sulfur was
extracted from purified AbsA (step 3) by zinc acetate treatment
and determined by the formation of methylene blue (Beinert,
1983). Ferredoxin from Spinacia oleracea (Fluka) was used as
a reference for e"ciency of extraction. N-terminal amino acid
sequences of blotted proteins (step 3) were determined after
Edman degradation, as indicated previously (Schla! fli et al.,
1994). Protein from whole cells was assayed in a Lowry-type
assay (Kennedy & Fewson, 1968) ; protein in cell-free extracts
and purifications was assayed by the method of Bradford
(1976).

Amplification, nucleotide sequencing and sequence analysis
of the absA! gene. Degenerate primer pairs for PCR ampli-
fication were deduced from the N-terminal amino acid
sequences of AbsA" and AbsA# ; the successful pair was: A",
5&-GARTTYYTIAARCCICARAAYGT-3& and A#, 5&-SWRT-
CRAAYTGYTCYTGRTTIARIARRTC-3&. PCR was done
with total DNA from strain O-1 and from mutant Cur30 (as a
negative control) using the Expand Long Template PCR
System (Boehringer Mannheim). The nucleotide sequence of
the 1$3 kb PCR product was determined by cycle sequencing
and primer walking using the ABI PRISM BigDye Terminator
Cycle Sequencing Ready Reaction Kit and an ABI 377 DNA
sequencer (GATC GmbH). Sequence analysis was done using
the DNASTAR Lasergene program package. The NCBI !"#$%
programs were used to search for similarities to the obtained
sequences (Altschul et al., 1997).Multiple sequence alignments
were carried out using the &"'$%#" method with a pairwise
progress of ()*#"+*, from the DNASTAR Lasergene pro-
gram package.

Preparation of total DNA and Southern blot hybridization.
Total DNA from 100 ml of stationary-phase culture of 6 mM-
ABS-grown strain O-1 or 10 mM-succinate-grown mutant
Cur30 was prepared by the cetyltrimethylammonium bromide
precipitation method (Ausubel et al., 1987). Southern blot
hybridization was done against total DNA blotted on a nylon
membrane (Hybond-N; Amersham). The gene probe, an
801 bp DNA fragment, was generated by PCR using the
following primer pair : 5&-GGTGAGCTCACCGGAGCACC-
3& (second quarter of absA") and 5&-CCCACTCTCGATA-
GAACGTTCTC-3& (absA", 3& end). The probe was labelled
with digoxigenin, hybridized at 68 #C and detected by
luminescence according to the manufacturer’s protocols (DIG
DNA labelling Kit, DIG DNA Luminescent Detection
Kit ; Boehringer Mannheim).

RESULTS

Specific activity of ABSDOS as a function of the
growth phase

Strain O-1 grew exponentially in ABS-salts medium in
the fermenter (Fig. 2). Growth was concomitant with
substrate utilization and product formation (ammonia
and sulfur oxyanions; data not shown), and the growth
rate (µ " 0$09 h!$) and growth yield [6$5 g protein (mol
C)!$] resembled those in the initial report [µ " 0$1 h!$

and 5$6 g protein (mol C)!$ in shake flasks; Thurnheer et
al., 1986]. We could detect no ABSDOS activity in whole
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Fig. 2. Growth of Alcaligenes sp. strain O-1 in 6 mM ABS-salts
medium and the ABS-dependent uptake of oxygen by whole
cells. The culture was inoculated with exponentially growing
cells. Samples were taken at intervals to assay turbidity to
determine the concentrations of protein, substrate and
products, and to measure the oxygen uptake of whole cells.
The samples (1–10 ml) for oxygen uptake were centrifuged
(10000 g, 1 min, about 20 #C) and the supernatant fluid was
discarded; the cells were resuspended immediately in 0$5 ml of
50 mM Tris/HCl buffer, pH 7$5, and washed (10000 g, 1 min,
about 20 #C). The cells were resuspended in fresh Tris/HCl
buffer and examined immediately for ABS-dependent oxygen
uptake. !, Growth (OD500) ; ", specific oxygen uptake rate.

cells at the start of growth, but after about 12 h activity
was detected and the specific activity rose to a maximum
which was maintained for about 2 h at an OD

%&&
of 0$96

shortly before the end of growth (Fig. 2). The specific
activity decreased by about 50% within 1 h and con-
tinued to decrease further (Fig. 2). We chose to harvest
at an OD

%&&
of 0$96; this represented 260 mg protein l!$.

ABSDOS in cell-free extracts

The specific activity of ABSDOS in crude extract was
observed to be a linear function of the protein con-
centration (Thurnheer et al., 1990), but, after showing
that two fractions were necessary for activity (Junker et
al., 1994b), we have now found that the addition of
separated reductase to the crude extract gives a specific
activity [about 0$24 mkat (kg protein)!$] of the oxy-
genase component independent of protein concentra-
tion. The specific activity of the reductase fraction
[4$3 kat (kg protein)!$ with cytochrome c] was in-
dependent of protein concentration.

The oxygenase component had a sharp pH optimum at
pH 7$5, whereas the reductase had a broad optimum
from pH 7$0 to 9$0; the temperature optima were 35 and
40 #C, respectively. Cell extracts on ice su!ered a 50%
loss in activity of ABSDOS under air in 24 h, which was
attributed to the oxygenase component, because the
reductase was stable in the cell-free extract. The loss was
reduced to 15% under an atmosphere of nitrogen.
Active proteins could be purified, if at all, only under
anoxic conditions.

Nine compounds were determined to be substrates for
oxygenation by cell-free extracts of ABS-grown cells,
because substrate disappearance and oxygen uptake
were observed; there was no reaction with extracts from
succinate-grown cells. The compounds were ABS, BS,
TS, 2-nitrobenzenesulfonate, 3- and 4-aminobenzene-
sulfonates, 4-chloro- and 4-hydroxybenzenesulfonates
and pyridine-3-sulfonate. K

m
values (29, 18 and 108 µM)

and V
max

values (140, 118 and 72 pkat) were measured
for ABS, BS and TS, respectively, based on Lineweaver-
Burke plots ; the a"nities for the other six compounds
were lower than that for TS and the activity was low.
Naphthalene-1-sulfonate was not attacked but caused
oxygen uptake. Many other compounds (21 in total),
such as the carboxy analogues of the substrates, other
naphthalenesulfonates and aliphatic sulfonates, caused
no oxygen uptake. When examined stoichiometrically,
each substrate caused consumption of about 2 mol O

!mol!$, which suggested 1 mol for the attack by ABSDOS
and 1 mol for ring cleavage. Ring cleavage after oxy-
genation of at least BS, TS (as previously observed by
Thurnheer et al., 1990) and 4-chlorobenzenesulfonate
was confirmed by observing a yellow ring-cleavage
product ; the ring cleavage product of 3-sulfocatechol (2-
hydroxymuconate, Fig. 1) is colourless (Junker et al.,
1994a).

Purification and physical properties of the oxygenase
component (AbsA!A") of ABSDOS

The DEAE-Sepharose anion exchanger column sepa-
rates ABSDOS into two fractions, which were identified
as the red!brown-coloured oxygenase component A
(AbsA) and the yellow-coloured reductase fraction B
(AbsB) (Junker et al., 1994b). AbsA was purified to near
homogeneity (Fig. 3) in two additional chromatographic
steps, a second anion exchanger (Mono Q) and a
hydrophobic interaction column (see Methods). This
preparation was catalytically inactive, but was reason-
ably easily available and was confirmed to be the correct
protein (see below). Some 10% of the original protein
was present in the purified protein, so we presume that
AbsA comprises about 10% of the soluble cell protein,
in agreement with SDS-PAGE gels (Fig. 3).

Under denaturing conditions, AbsA was seen to com-
prise two major bands, which we presumed to be
subunits, termed " (45'0$7 kDa) and # (16'1 kDa); we
attributed two minor bands to impurities (Fig. 3) rather
than degradation products, which were detected at
38 kDa if samples were not worked up immediately.
The native protein was examined by gel filtration
chromatography and data from the single symmetrical
peak (not shown), interpolated in a standard curve,
indicated a molecular mass of 134'12 kDa. Given the
unique microprotein sequences for each subunit (see
below), we presume the native enzyme to have an "

!
#
!structure.

The N-terminal amino acid sequence of each subunit of
the oxygenase component was determined. Each yielded
a unique sequence. The first 13 aa in AbsA" were

3258



Orthanilate dioxygenase system (deaminating)

1 2 3 4 5 kDa

66

45

31

21

14

6 7 8 kDa

97
66

45

31

21

14

.....................................................................................................

Fig. 3. SDS-PAGE of fractions of proteins
from Alcaligenes sp. strain O-1 during
purification of AbsA. Proteins (12–15 µg per
lane) were stained with Coomassie blue in
12% gels. Lanes: 1–4, aerobic purification
(1, crude extract ; 2, DEAE fractions; 3, Mono
Q fractions; 4, hydrophobic interaction
fractions) ; 6–7, anaerobic purification (6,
MonoQ fractions; 7, hydrophobic interaction
fractions) ; 5 and 8, standard protein
markers.
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Fig. 4. Absorption spectra of the oxygenase component of
ABSDOS. Purified AbsA (2$3 mg ml!1) in (A) oxic 20 mM Tris-
sulfate buffer, pH 7$5, and (B) after reduction with 43 µmol ml!1

sodium dithionite in the presence of 0$42 mg ml!1 of reductase
and 0$28 mM NADH, all of which were necessary.

determined as Ser-Arg-Ser-Ala-Ala-Glu-Phe-Leu-Lys-
Pro-Gln-Asn-Val- ; the first 28 aa in AbsA# were Met-
Asp-Thr-Val-Ser-Ile-Ala-Glu-Phe-Leu-Trp-Thr-Asn-
Ala-Asp-Leu-Leu-Asn-Gln-Glu-Gln-Phe-Asp-Ser-Gly-
Leu-Glu-Gln-.

The UV–visible spectrum of AbsA (Fig. 4) gave ab-
sorption maxima which resembled those of the oxy-

genase component of the benzoate dioxygenase system
[maxima in the oxidized form at 464 and 560 nm
(shoulder), and in the reduced state at 518 nm] (Yama-
guchi & Fujisawa, 1982). We thus had preliminary
evidence for a Rieske [2Fe–2S] centre. The iron content
of AbsA was 1$9 mol Fe per "-subunit and the acid-labile
sulfur, corrected for extraction e"ciency, was also
1$9 mol per "-subunit ; these values are the means of two
independent experiments. These data support the pres-
ence of a Rieske centre.

AbsA!A" with catalytic activity

A rapid, two-step purification under anoxic conditions
yielded preparations of about 90% purity (Fig. 3) which
retained some activity when coupled with the reductase
fraction (Table 1). This confirmed that the inactive
material examined above represented the oxygenase
component.

All compounds which were substrates in crude extract
(see above) caused oxygen uptake in these preparations.
Naphthalene-1-sulfonate, which caused uncoupling of
oxygen consumption and oxygenation in the crude
extract, showed the same behaviour with the purified
oxygenase. Uncoupling in oxygenases has been known
for some time (Hayaishi, 1974) and has been observed in
several multicomponent systems since 1973 (e.g. Bern-
hardt et al., 1973; Bu! nz & Cook, 1993; Schla! fli et al.,
1994).

The purified enzyme was active without added iron.
This activity su!ered an 82% inhibition if the enzyme
was preincubated in the presence of 2 mM o-phenan-
throline, an iron-specific chelator, but the inhibition was
partly relieved on the addition of 2$5 mM FeCl

(
. We

interpret these data as indicating the presence of a
binding site for mononuclear iron, the site of oxygen
activation (Butler & Mason, 1997). The iron is pre-
sumably only loosely bound because it is not seen in the
total iron analysis ; the mononuclear iron in many
purified multicomponent oxygenases is known to be
weakly bound and can be readily replaced by other
cations for spectral studies (e.g. Bertini et al., 1996).
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Table 1. Separation of the oxygenase component, AbsA, of ABSDOS under strictly anoxic
conditions

Purification step Oxygenase AbsA

Total
activity
(nkat)

Total
protein

(mg)

Specific
activity

[mkat (kg
protein)!1]

Yield
(%)

Purification
(-fold)

Cell-free extract 120 600 0$2 100 1$0
Mono Q 30 20 1$5 25 7$0
HIC 2 5 0$4 2 2$2

Table 2. Separation of the reductase component, AbsB, of ABSDOS under strictly anoxic
conditions

Purification step Reductase AbsB

Total
activity
(mkat)

Total
protein

(mg)

Specific
activity
[kat (kg

protein)!1]

Yield
(%)

Purification
(-fold)

Cell-free extract 5$3 880 6 100 1
Mono Q 0$7 22 32 13 5
Resource Q 0$3 4$2 71 6 11

Properties of the reductase fraction

The protein(s) responsible for the reductase activity
could be separated easily (Table 2), but with high loss of
activity in fractions which contained many proteins.
None of these could be attributed to the reductase,
whose activity was lost on further separation. We never
observed any small proteins ((12 kDa) in SDS-PAGE
gels of these fractions (cf. Butler & Mason, 1997), so we
presumed that we were dealing with a single-component
reductase which we termed AbsB. The only cytochrome
c reductase activity in the extract co-eluted with AbsB
(measured in the coupled oxygenase test) and this
activity was tentatively considered to represent AbsB.
All active fractions of AbsB were yellow, more so in the
anoxic separations (Table 2). We extracted this yellow
colour, which co-eluted from an HPLC column with
FAD, and whose UV-visible spectrum was identical with
that of FAD. The FAD was released from the protein by
boiling, so it was presumably non-covalently bound to
the enzyme, and we tended to separate flavin from
protein in some columns, e.g. Mono Q.

Sequence of the absA! gene and identification of
conserved motifs

Degenerate primer pairs for PCR were deduced to give
an amplified DNA fragment comprising the absA" gene
and some bases of the 5& end of the absA# gene, assuming
the latter gene is located not far downstream of absA".

We obtained a PCR fragment of about 1$3 kb, which
corresponded to the molecular mass of the AbsA"
subunit of about 45 kDa (Fig. 3) and which indicated
contiguous absA"A# genes. The DNA sequence of the
PCR fragment was determined for both strands by cycle
sequencing. The sequence showed the third base of the
codon for the 13th known N-terminal amino acid of
AbsA" to be a cytosine, contiguous with the primer
sequence, and cycle sequencing gave a specific sequence
for a region initially represented by the degenerate
primer. Thus the newly determined, specific sequence
started within the N-terminal primer sequence and
continued through the absA" stop codon to the first 14
codons of absA#, the first of which was located 15 bp
downstream of absA". We thus had an overlap with the
N-terminal amino acid sequences of both AbsA" and
AbsA#. The sequence of 393 aa of AbsA" is thus known,
though an N-terminal methionine or methionyl peptide
has presumably been cleaved o!. The calculated mol-
ecular mass (45$5 kDa) of the known sequence corre-
sponded with the observed value (Fig. 3).

We could identify two motifs in the deduced amino acid
sequence, a Rieske [2Fe–2S] centre (Fig. 5a; cf. Fig. 4)
and a mononuclear Fe(II)-binding site (Fig. 5b).

Localization of the absA! gene

We generated a gene probe for absA" by PCR: it
comprised a fragment of 801 bp representing 75% of the
gene towards the 3& end. Samples of total DNA from
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Fig. 5. Alignments of conserved Rieske [2Fe–2S] (a) and
mononuclear Fe(II) (b) binding domains of aromatic oxygenase
components ("-subunit) of enzymes in EC 1"14"12"-, and an
unbalanced dendrogram (c) of 16 "-subunits. (a, b) Regions of
AbsA", XylX, BenA and CbdA were aligned using the CLUSTAL
method of the DNASTAR program MEGALIGN. Identical amino
acids are shown in bold letters, the iron-binding amino acids
are marked with an asterisk and a dash indicates a gap
introduced into the alignment. (c) Complete amino acid
sequences were aligned prior to drawing the phylogenetic tree.
The lengths of the branches indicate the relative phylogenetic
distances between the amino acid sequences, so related
oxygenases are clustered. Each (sub)cluster bears the
appropriate nomenclature from Batie et al. (1992). AbsA, ABS
dioxygenase (AF109074); AntA, anthranilate dioxygenase
(AF071556; Bundy et al., 1998); BenA, benzoate dioxygenase
(P07769; Neidle et al., 1991); BnzA, benzene dioxygenase
(M17904; Irie et al., 1987); BphA1, biphenyl dioxygenase
(M83673; Taira et al., 1992); CbaA, chlorobenzoate dioxygenase
(U00692; Nakatsu et al., 1995); CbdA, 2-halobenzoate
dioxygenase (X79076; Haak et al., 1995); DntAc, 2,4-
dinitrotoluene dioxygenase (U62430; Suen et al., 1996);
NahAcPp, naphthalene dioxygenase Fe–S large subunit
(M83949; Simon et al., 1993); NdoB, naphthalene dioxygenase
(M23914; Kurkela et al., 1988); Pht3, phthalate dioxygenase
(D13229; Nomura et al., 1992); PobA, phenoxybenzoate
dioxygenase (X78823; Dehmel et al., 1995); TodC1, toluene
dioxygenase (J04996; Zylstra & Gibson, 1989); TsaM, 4-
tolylsulfonate monooxygenase (U32622; Junker et al., 1997);
VanA, vanillate demethylase (Y14759; Venturi et al., 1998);
XylX, benzoate dioxygenase (PIR A41659; Harayama et al.,
1991). All sequences are from GenBank, unless otherwise
indicated.

Alcaligenes sp. strain O-1 and from mutant Cur30,
which lacks plasmid pSAH and the ABS-mineralization
phenotype, were transferred by a slot-blot device in
increasing amounts in parallel rows to a nylon mem-
brane. Southern hybridization with the DNA probe (not

shown) showed a strong signal for DNA from strain O-
1 even at the lowest concentration of genomic DNA, but
no signal for Cur30 DNA. This confirms the earlier
observation that ABSDOS is plasmid-encoded (Jahnke
et al., 1990).

DISCUSSION

We have confirmed our earlier observations (Junker et
al., 1994b; Thurnheer et al., 1986) that ABSDOS is an
inducible enzyme system whose specific activity in
growing cells is about 0$63 mkat (kg protein)!$ [µ "
0$09 h!$, Y" 6$5 g protein (mol C)!$]. The specific
activity we assayed in crude extracts [0$24 mkat (kg
protein)!$], is some 38% of the value required by
growing cells and the separated oxygenase has the
catalytic properties attributed to the enzyme, so we are
convinced that we have worked on the correct proteins.
The gene (absA) encoding one of these proteins has been
confirmed by Southern blot analyses to be present in
wild-type Alcaligenes sp. strain O-1 but absent in the
cured strain Cur30. This corresponds to published
genetic data (Jahnke et al., 1990), so our new data
support established work and allow us to expand on
earlier data.

We consider ABSDOS to be a two-component oxy-
genase system, comprising reductase AbsB, which we
failed to purify, and oxygenase AbsA"A#, which we
have characterized biochemically together with the
sequence of the absA" gene. We attribute this enzyme
system to class IB in the classification of Batie et al.
(1992). Our data for the reductase show (i) a single
protein, because specific activity is independent of the
amount of protein in the assay, in which cytochrome c is
reduced with high activity, which implies (ii) that a
plant-type ferredoxin module is present in the protein
(cf. Locher et al., 1991), and (iii) the only flavin
chromophore which co-elutes with the cytochome c
reduction activity is FAD. These properties are rep-
resentative of class IB reductases (Batie et al., 1992). The
oxygenase component with its "

!
#
!

structure, a Rieske
[2Fe–2S] centre (Fig. 4, Fig. 5a) and a mononuclear-iron-
binding site (Fig. 5b), in that order in the "-subunit, is
also representative of class IB (Batie et al., 1992).
ABSDOS thus belongs to EC 1"14"12"- (e.g. Butler &
Mason, 1997) with the trivial name 2-aminobenzene-
sulfonate 2,3-dioxygenase system and the systematic
name 2-aminobenzenesulfonate,NADH:oxygen oxido-
reductase (2,3-hydroxylating, ammonia-forming). The
system can be further defined as follows: iron-sulfur
flavoprotein (FAD) reductase ; no independent ferre-
doxin; heteromultimeric iron-sulfur oxygenase.

The sequence of absA indicates that this enzyme is not a
typical class IB enzyme. This is initially visible in the
structure of the mononuclear-iron-binding site (Fig. 5b),
where the two iron-binding histidines are separated by
only three amino acids, whereas the proteins used in
alignments have four, as do most others (Butler &
Mason, 1997), including the crystallized naphthalene
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dioxygenase oxygenase (Kauppi et al., 1998). However,
mononuclear-iron-binding sites with three amino acids
in this position can be found in the databases, e.g. ORF
H1 in Sphingomonas sp. strain RW1 (accession no.
AJ223220; Armengaud et al., 1998) and msmA encoding
methanesulfonate monooxygenase (large subunit) in
Methylosulfonomonas methylovora (accession no. AF-
091716; de Marco et al., 1999), but only AF091716
encodes a protein of known function (de Marco et al.,
1999). This unusual mononuclear-iron-binding site,
together with the divergence round the [2Fe–2S] centre
(Fig. 5a), led us to compare AbsA" with other oxygenase
"-subunit proteins (Fig. 5c). The well-represented classes
(IA, IB, IIB, III), suggested by Batie et al. (1992) for the
reductase component(s), are readily visible (there are
very few characterized class IIA systems). However,
although there is a clear division between class IA
(FMN-reductases, two-component) and the other three
classes, there is as much divergence within class IA,
between the monooxygenases (e.g. TsaM) and the
dioxygenases (e.g. PobA), as there is in the other groups
between class IB (FAD reductases, two-component) and
the combined classes IIB and III (three-component
systems). We have attributed AbsA to class IB and find
a larger divergence between the AbsA branch and the
AntA branch of this group than between classes IIB
(four redox centres in system) and III (five redox centres).
de Marco et al. (1999) point out that inclusion of their
sequence (msmA from M. methylovora) in dendrograms
causes significant changes in groupings and we chose to
remain within the enzymes of aromatic metabolism for
our comparisons (Fig. 5c).

Attribution of ABSDOS to class IB can also be deduced
from the non-catalytic #-subunit. The N-terminal amino
acid sequence of AbsA# has highest levels of homology
to class IB systems, e.g. 50% with BenB (not shown).
The biochemical properties of ABSDOS and the se-
quence data for absA"A# all fit class IB, but this need not
be the case, as illustrated in the oxodihydroquinoline
monooxygenase system, where the oxygenase is a class
IA enzyme while the reductase is class IB (Rosche et al.,
1995).

AbsA di!ers from the longer known members of class IB
in having an apparent "

!
#
!
structure, whereas the others

have an "
(
#
(

structure (e.g. Yamaguchi & Fujisawa,
1982). The weight to put on this deduction is limited,
because the older data are based on cross-linking
experiments, whereas ours are based on gel filtration,
which is known to deviate from the theoretical when the
protein concerned is not spherical (e.g. le Maire et al.,
1996). Indeed, naphthalene dioxygenase oxygenase was
long considered to have an "

!
#
!
structure and was shown

to be "
(
#
(

only when the crystal structure became
available (Kauppi et al., 1998) ; the oxygenase was found
not to be spherical but mushroom-shaped.

We presume the apparently unusual structure of the
mononuclear-iron-binding site (Fig. 5b) to be integral
with its function in dioxygenation. The consequence of
dioxygenation, however, can be very di!erent, depend-

ing on the substrate. 2-Aminobenzenesulfonate is de-
aminated, whereas benzenesulfonate is desulfonated
(Junker et al., 1994a, b). The di!erence presumably
depends on the amino acids in the active site and it is odd
that ABSDOS is a better BSDOS (K

m
" 18 µM, V

max
"

118 pkat) than it is an ABSDOS (K
m

" 29 µM, V
max

"
140 pkat). The regulation of enzyme induction is what
gives the bacterium its specificity (Junker et al., 1994b).
While there would be no apparent problem for the
organism to degrade catechol via the 3-sulfocatechol
meta cleavage (Fig. 1), the benzenesulfonate dioxygenase
system has to be prevented from misrouting ABS by
desulfonating it to the unstable aminocatechol. One
wonders why the organism has developed such a fine
regulatory system, which we are exploring, instead of
routing BS down the ABSDOS pathway. This unusual
enzyme seems to be worthy of crystallizing, but its
tendency to clump and precipitate, as for example when
being prepared for electron paramagnetic resonance
(EPR) studies (J. Mampel, unpublished data) and its
instability in Konstanz (compared with its stability in
another lab; cf. Thurnheer et al., 1990) make it
unsuitable at present.
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