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The anaerobic metabolism of indoleacetate (indole-3-acetic acid [IAA]) in the denitrifying betaproteobacterium Azoarcus evan-
sii was studied. The strain oxidized IAA completely and grew with a generation time of 10 h. Enzyme activities that transformed
IAA were present in the soluble cell fraction of IAA-grown cells but were 10-fold downregulated in cells grown on 2-aminoben-
zoate or benzoate. The transformation of IAA did not require molecular oxygen but required electron acceptors like NAD* or
artificial dyes. The first products identified were the enol and keto forms of 2-oxo-IAA. Later, polar products were observed,
which could not yet be identified. The first steps likely consist of the anaerobic hydroxylation of the N-heterocyclic pyrrole ring
to the enol form of 2-oxo0-IAA, which is catalyzed by a molybdenum cofactor-containing dehydrogenase. This step is probably
followed by the hydrolytic ring opening of the keto form, which is catalyzed by a hydantoinase-like enzyme. A comparison of the
proteome of IAA- and benzoate-grown cells identified IAA-induced proteins. Owing to the high similarity of A. evansii with
strain EbN1, whose genome is known, we identified a cluster of 14 genes that code for IAA-induced proteins involved in the early
steps of IAA metabolism. These genes include a molybdenum cofactor-dependent dehydrogenase of the xanthine oxidase/alde-
hyde dehydrogenase family, a hydantoinase, a coenzyme A (CoA) ligase, a CoA transferase, a coenzyme B, ,-dependent mutase,
an acyl-CoA dehydrogenase, a fusion protein of an enoyl-CoA hydratase and a 3-hydroxyacyl-CoA dehydrogenase, a beta-keto-
thiolase, and a periplasmic substrate binding protein for ABC transport as well as a transcriptional regulator of the GntR family.

Five predicted enzymes form or act on CoA thioesters, indicating that soon after the initial oxidation of IAA and possibly ring
opening, CoA thioesters are formed, and the carbon skeleton is rearranged, followed by a CoA-dependent thiolytic release of
another CoA thioester. We propose a scheme of an anaerobic IAA metabolic pathway that ultimately leads to 2-aminobenzoyl-

CoA or benzoyl-CoA.

wo-thirds of all known organic compounds contain heterocy-

clic structures. Tryptophan, indole, and derivatives containing
a pyrrole ring are abundant N-heterocyclic aromatic compounds
in nature. The indole ring of tryptophan can be released by beta-
elimination; this reaction is catalyzed by tryptophan-indole lyase
and is used in bacterial diagnostics. Tryptophan can also be oxi-
dized via indolylpyruvate to indole-3-acetate (IAA) and CO,. IAA
is known as the plant hormone auxin. The neurotransmitter sero-
tonin, the blue dye indigo, and indole alkaloids are further natural
products containing an indole ring. The aerobic metabolism of
these and similar compounds has been fairly well studied (17). For
instance, tryptophan 2,3-dioxygenase cleaves the N-heterocyclic
ring with molecular oxygen and forms N-formylkynurenine. This
discovery was the starting point of oxygenase research (21). Fur-
ther metabolism proceeds via the chinoline pathway or via 2-ami-
nobenzoate. All of these pathways involve oxygenases and require
molecular oxygen (17, 29, 31).

In contrast, very little is known about the anaerobic metabo-
lism of N-heterocyclic aromatic compounds like tryptophan or
IAA. The incomplete metabolism of tryptophan can lead to in-
dolepropionate, IAA, and indole, and the decarboxylation of IAA
yields skatole (3-methylindole) (5, 27). Tryptophan or IAA can be
oxidized completely by various anaerobic bacteria, which can use
such compounds as the sole carbon and electron sources for
growth. Early studies with sewage sludge indicated a methano-
genic degradation of tryptophan via IAA, indole, 2-aminobenzo-
ate, and benzoate (4). The anaerobic transformation of indole to
oxindole was demonstrated previously by others (6, 7, 20, 36, 37,
47). Indole was transformed most likely via 3-oxindole, isatin/
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dioxindole, and 2-aminobenzoate. To our knowledge, no studies
with pure cultures exist, although various bacteria are known to
metabolize tryptophan, indole, or IAA under anaerobic condi-
tions (1, 3, 32).

In this work, we investigated the anaerobic metabolism of IAA by
the denitrifying betaproteobacterium Azoarcus evansii (formerly
Pseudomonas sp. strain KB740) (1, 11). According to the results ob-
tained with sewage sludge or enrichment cultures (4, 6, 7, 20, 36, 37,
47), indole and IAA are probably first oxidized at the N-heterocyclic
pyrrole ring, implying water as the oxygen donor and probably a
molybdenum cofactor-containing dehydrogenase (anaerobic hy-
droxylase). These enzymes are very common in the metabolism of
heterocyclic compounds, both in aerobic and in anaerobic metabo-
lisms (17); one example is xanthine dehydrogenase. Fortunately, the
genome of a related species, strain EbN1 (now referred to as “Aroma-
toleum aromaticum’”), is known (40; for taxonomic relationships, see
reference 42). This enabled us to identify a gene cluster for anaerobic
TAA metabolism that codes for a set of seven enzymes, one periplas-
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mic binding protein of an ABC transporter, and one transcription
regulator.

We propose a metabolic pathway of IAA that ultimately leads
to 2-aminobenzoyl-coenzyme A (CoA) or benzoyl-CoA plus
products derived from three of the four carbons of the pyrrole ring
and the side chain. Benzoyl-CoA and 2-aminobenzoyl-CoA are
both substrates of ring-reducing benzoyl-CoA reductase (8), and
their further metabolism leads to three molecules of acetyl-CoA
and one molecule of CO, (24). After having elucidated the anaer-
obic metabolism of phenylalanine and tyrosine (see reference 24
and literature cited therein), we finally provide a work plan for
studying the individual enzymes/steps of anaerobic tryptophan
metabolism.

MATERIALS AND METHODS

Materials. Chemicals were obtained from Fluka (Neu-Ulm, Germany),
Sigma-Aldrich (Deisenhofen, Germany), Merck (Darmstadt, Ger-
many), Serva (Heidelberg, Germany), or Roth (Karlsruhe, Germany).
Biochemicals were obtained from Roche Diagnostics (Mannheim,
Germany), Applichem (Darmstadt, Germany), or Gerbu (Craiberg,
Germany). [Phenyl-'*C(U)]tryptophan was obtained from Hartmann
Analytic (Braunschweig, Germany), and indole-[1-'*CJacetic acid was
obtained from Biotrend (Kéln, Germany) and Hartmann Analytic.
Gases and gas mixtures (Formiergas [5% H,, 95% N,]) were obtained
from Sauerstoffwerke Friedrichshafen (Friedrichshafen, Germany).

Syntheses. [Phenyl-'*C(U)]TAA was synthesized enzymatically from
[phenyl-'*C(U)]tryptophan. Reaction mixtures containing 0.1 M potas-
sium phosphate (pH 6.5), 0.4 mg [phenyl-'*C(U)]tryptophan (183 kBq),
and 0.1 mg (0.03 U) r-amino acid oxidase (Sigma-Aldrich) in a total
volume of 0.6 ml were incubated at 37°C for 3 h. Afterwards, a solution
(0.12 ml) containing 1% H,0, in 6 M NaOH was added. After 5 min at
room temperature, the pH was adjusted to 3.0 by the addition of HCI, and
the mixture was extracted three times with equal volumes of ethyl acetate.
The solvent was evaporated under reduced pressure. The yield was 50%.
For purification, samples were separated by use of thin-layer chromatog-
raphy (TLC) plates (see below). We also used corresponding 100-fold-
larger assay volumes (60 ml). For the purification of labeled indoleacetate
from large-scale assays, we used a 120 ODS HE Grom-Sil column (11 pm,
250 mm by 2 mm; Grom, Herrenberg-Kayh, Germany) at a flow rate of 8
ml min~'. The column was equilibrated at room temperature with 4%
(vol/vol) acetonitrile in 0.01% (vol/vol) acetic acid. After the application
of 2 ml of sample, the column was washed with 80 ml of this solvent. IAA
was eluted with a 20-min linear gradient of 4 to 20% acetonitrile in 0.01%
acetic acid, followed by a 5-min isocratic 20% acetonitrile elution. IAA
eluted after 160 ml of the linear gradient. The fraction was freeze-dried,
and the dry residue was dissolved in 0.5 ml ethanol.

Growth conditions. Azoarcus evansii strain KB740 (DSMZ6898) (1,
11) was grown anaerobically at 30°C on a small scale and up to a 200-liter-
fermentor scale on mineral medium (pH 7.6 to 7.8) (14). The growth
medium was thoroughly gassed with nitrogen gas before inoculation, and
no redox indicator and no reducing agent were added. The medium con-
tained TAA or other organic compounds (routinely 4 mM) as the sole
carbon source and nitrate (16 mM) as the electron acceptor. After growth
in the 200-liter fermentor had started, the fermentor was operated in a
continuous fed-batch mode (14), using a stock solution of 0.4 M indoleac-
etate and 2.6 M KNO;. A. evansii produces nitrite first and consumes this
intermediate only if the nitrate is completely used up. Care was taken to
have a slight excess of IAA to avoid incomplete denitrification and accu-
mulation of toxic nitrite. Growth was monitored by measuring the optical
density (OD) at 578 nm (ODs,) (light path, 1 cm). Cells grew initially
with a generation time of 11 h, and from an OD of 0.35 on, they grew with
ageneration time of 21 h, owing to a growth-limiting feeding rate (average
generation time of 15.5 h). Cells were harvested while they were still in the
exponential growth phase at an OD5,4 of 1.3. The culture was cooled
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down to 16°C before centrifugation, and the cell paste was kept frozen in
liquid nitrogen until use. A. aromaticum strain EbN1 (DSMZ9506) was
grown at 30°C under denitrifying conditions (10 mM nitrate) with 2 mM
TAA as the sole substrate in anoxic 2-liter bottles as described previously
(41). Nitrate and IAA were refed several times when the previous portions
were exhausted.

Preparation of cell extracts. Frozen cells of A. evansii were suspended
in the same volume of 20 mM 3-(N-morpholino)propanesulfonic acid
(MOPS)-K* buffer (pH 7.8) with 0.1 mg DNase I ml~". The cell suspen-
sions were passed through a chilled French pressure cell at 137 MPa. The
cell lysate was ultracentrifuged (1 h at 100,000 X g at 4°C), and the super-
natant was used immediately or stored frozen at —20°C. Some extracts
were prepared under anaerobic conditions under an N, headspace and
using an anaerobic glove box under 95% N,—5% H,. The protein concen-
tration was determined by use of the Bradford method (10).

Experiments with cell extracts. The transformation of IAA was tested
at 30°C routinely by monitoring the formation of radiolabeled products
from indole-[1-'*CJacetate- or [phenyl-'*C(U)]-labeled IAA, either by
TLC or by high-performance liquid chromatography (HPLC). The stan-
dard assay mixture (total volume, 0.2 ml) contained approximately 7 mg
protein, 60 mM MOPS-K* (pH 7.8), and 0.2 or 4 mM '*C-labeled TAA
(2.7 kBq). In addition, 10 mM pyruvate, 2 mM NAD™, and 50 units of
lactate dehydrogenase were added to immediately regenerate NAD * from
NADH. When a series of artificial electron acceptors was tested, the
NAD *-regenerating system was omitted. Instead, the artificial electron
acceptor (5 mM) was added. The reaction was started by the addition of
the cell extract to the mixture. Samples (24 pl) were taken at intervals,
added to 30 pl cold methanol, and kept frozen. After a centrifugation of
the thawed sample, it was applied onto TLC plates. For HPLC analysis, a
larger assay mixture volume was used, and 200- ] samples were added to
12 pl of 20% (vol/vol) formic acid. An aliquot was analyzed by HPLC. If
products were to be analyzed by mass spectrometry (MS), an extract was
prepared by using 10 mM ammonium bicarbonate buffer (pH 7.8), and
the MOPS in the assay mixture was replaced with 60 mM ammonium
bicarbonate (pH 7.8). Benzoyl-CoA reductase activity was tested as de-
scribed previously, using [ring-'*C]benzoate as the substrate (30). The
assay mixture included 7 mM MgATP, 1 mM CoA, and 1 mM sodium
dithionite, and endogenous benzoate-CoA ligase produced [ring-
'“C]benzoyl-CoA. CoA ligase activities were tested by a coupled spectro-
photometric assay (35, 49).

Gel electrophoresis. Standard sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE) gels (8 to 12.5%) were used (33).
Protein was stained with Coomassie R 250. Two-dimensional gels were
run according to methods described previously (18), using isoelectric fo-
cusing at pH 3 to 10 in the first dimension and SDS-PAGE (11%) in the
second.

Spectroscopic methods. UV-visible spectra were recorded by using a
Lambda 2S UV/VIS spectrophotometer (Perkin-Elmer, Norwalk, CT).
Samples for mass spectrometry were prepared by extracting the acidified
samples for 5 h with diethyl ether by using a Kutscher-Steudel apparatus.
For analysis by mass spectrometry (MS), fractions of product peaks from
reverse-phase HPLC (RP-HPLC) runs were transferred by a syringe pump
into the electrospray ionization (ESI) source of a Finnigan LTQ-FT mass
spectrometer (Thermo Electron Corporation, Waltham, MA) for online
mass detection assembled from a linear ion trap and an ion cyclotron (7-T
magnet) with Fourier transform (FT) analysis. MS spectra (from #/z 250
to 1,000) were acquired in the FT-ion cyclotron resonance (ICR) with
high resolution in the full-scan and secondary ion mass (SIM) scan modus
with a mass accuracy of <2 ppm. The detected masses were then frag-
mented in the linear ion trap with the tandem MS (MS/MS) scan modus
manually. The IAA-induced protein spots were excised from Coomassie
brilliant blue R-stained gels, digested with trypsin, and identified by pep-
tide mass fingerprinting using matrix-assisted laser desorption ioniza-
tion—time of flight (MALDI-TOF) MS.
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Chromatographic methods. For TLC, samples were applied onto Sil-
ica Gel 60 F,5,-aluminum plates (20 by 20 cm, 0.2 mm; Merck) at room
temperature, using 80% isobutanol-5% methanol-15% water (vol/vol/
vol) as the solvent (46). The staining of indole derivatives and of organic
acids was done according to methods described in a Merck brochure (38).
For preparative purposes, we used 1-mm plates, 2-ml samples, and a 5-h
developing time. The detection of the substrate and products was per-
formed by staining or UV detection at 254 nm, and radiodetection was
done by phosphorimaging. For isolation, the product bands were scraped
off, and the material was eluted three times each with a double volume of
ethanol and with centrifugation after each elution step. The sample vol-
ume was reduced to 0.1 ml by rotavaporation, and the sample was freeze-
dried. For HPLC, different systems were used. For system 1 (product
analysis), an analytical C,g column 5 pm, (125 mm by 4 mm)
(LiChrospher 100; Merck) was used. The pumping rate was 1 ml min ™',
Solvent A contained 100% acetonitrile, and solvent B contained 0.01%
(vol/vol) aqueous acetic acid. Equilibration was done with 4% solvent A
and 96% solvent B, followed by 10 min of 4% solvent A and rest with
solvent B. A linear gradient was run for 20 min from 4% to 20% solvent A
with rest with solvent B and for 5 min with 20% solvent A and rest with
solvent B. Washing was done with 40% solvent A and rest with solvent B.
The sample size was 50 to 100 wl. For system 2 (product analysis), an
analytical C,;4 column (EC 125/4 Nucleosil 120-5; Macherey-Nagel,
Diiren, Germany) was used. Solvent A consisted of 40 mM formic acid,
and solvent B consisted of 90% methanol and 40 mM formic acid. Equil-
ibration was done with 95% solvent A and 5% solvent B, followed by 10
min with 95% solvent A and 5% solvent B, with a 25-min linear gradient
to 60% solvent A and 40% solvent B. Washing was done with 100% sol-
vent B. For system 3 (analysis of CoA thioesters), the column was the same
as that used for system 2. Solvent A contained 100% acetonitrile, and
solvent B contained 40 mM ammonium acetate (pH 4.5). Equilibration
was done with 0.5% solvent A and 99.5% solvent B, with a 0- to 30-min
linear gradient from 0.5% to 10% solvent A and rest with solvent B, fol-
lowed by a 10-min linear gradient from 10% solvent A to 45% solvent A
and rest with solvent B. Washing was done with 60% solvent A and rest
with solvent B. Detection was performed by use of a photodiode array
detector and/or by solid scintillation detection of radioactivity.

Radioisotope methods. Liquid scintillation counting of 0.1-ml sam-
ples was performed by use of 3 ml of the scintillation cocktail Rotiscint
2200 (Roth, Karlsruhe, Germany) and scintillation counting with the
channel ratio method to determine the counting efficiency. Phosphorim-
aging was done by use of Fuji BAS/MS 20-by-40 plates (Fuji, Osaka, Ja-
pan). The *C in the HPLC runs was detected by using a Ramona 2000
yttrium-silicate solid scintillation system (Raytest, Straubenhardt, Ger-
many).

Further methods. The concentration of IAA in the culture medium
was routinely determined by spectrophotometry at 280 nm (€,5, = 5,460
M~ 'cm ™). Concentrations of nitrate and nitrite were semiquantitatively
determined by using Quantofix tests (Macherey-Nagel, Diiren, Ger-
many).

Database analyses. DNA and amino acid sequences were analyzed
with the BLAST network service at the National Center for Biotechnology
Information (Bethesda, MD). BLAST searches were performed by using
the genome sequence of Aromatoleum aromaticum, which was formerly
called Azoarcus sp. strain EbN1 and is closely related to A. evansii
(GenBank accession number NC_006513) (40, 42). BLAST searches were
performed with maximum target settings of up to 1,000 and at an expect
threshold of 10 and a word size of 3. The tree of large subunits of B, ,-
dependent mutases was generated by the distance tree program provided
in BLAST from 1,000 sequences, which all showed query coverages of
>90% and E values lower than e—110.

RESULTS AND DISCUSSION

Anaerobic growth on indoleacetate, 2-aminobenzoate, and ben-
zoate. A. evansii was grown under anaerobic conditions with ni-
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trate as the electron acceptor and indoleacetate (IAA) as the car-
bon source. For comparison, cells were also grown with
2-aminobenzoate and benzoate, because we expected 2-amino-
benzoate (or 2-aminobenzoyl-CoA) and benzoyl-CoA to be pos-
sible intermediates in the metabolic pathway. Normally, cells were
grown with 4 mM organic substrate and 15 mM nitrate. In a large-
scale 200-liter fermentor, we started with lower substrate concen-
trations and continuously fed the culture with the two substrates.
The culture produced 234 g cell mass (wet mass) while consuming
1.52 mol TAA and 9.93 mol nitrate. The yield of 234 g fresh cells
corresponds to approximately 70 g cell dry mass, assuming a 30%
dry mass content of fresh cell paste. Seventy grams cell dry mass
corresponds to 35 g cell carbon (50% of cell dry mass is carbon),
which is equivalent to 2.9 mol carbon or 0.29 mol IAA assimilated
as the sole carbon source (because IAA contains 10 carbon atoms,
and no other carbon source was added). The molar ratio of IAA to
nitrate consumed was 1:6.5. A molar growth yield of 46 g cell dry
mass formed per mol IAA consumed was calculated.

The closely related bacterium A. aromaticum strain EbN1 was
also tested for growth on IAA as the sole substrate under denitri-
fying conditions. It reached an ODy, of 1.2 while metabolizing 10
mM TAA and 50 mM nitrate, indicating highly similar IAA meta-
bolic capacities for the two bacteria.

Growth stoichiometry and indoleacetate transformation
rate. The complete oxidation of 1 mol IAA follows the equation
C,0HoNO, + 18 H,0—10 CO, + NH; + 42 [H]. Denitrification
follows the equation 42 [H] + 8.4 HNO,;—4.2 N, + 25.2 H,0.
The cell growth of A. evansii (formerly Pseudomonas strain
KB740) under anaerobic denitrifying conditions consumed some
28% of the organic substrate for biosynthesis (49), corresponding
to 0.42 mol IAA out of a total 1.52 mol IAA consumed. The ob-
served stoichiometry (9.93 mol nitrate consumed per 1 mol IAA
consumed) corresponds well with the expectation of 9.2 mol ni-
trate consumed, when 1.52 minus 0.42 mol IAA is completely
oxidized. The specific substrate consumption rate, dS/dt, can be
calculated as 32 nmol TAA consumed min~"' mg protein~". This
calculation is based on the equation dS/dt = (u/Y) X, with a spe-
cific growth rate, w, of 0.00075 min~"' (corresponding to an aver-
age generation time of 15.5 h); a dry mass cell yield, Y, of 46 g cell
dry mass formed per mol IAA consumed; and a cell mass, X, of 1 g
cell dry mass (corresponding to 500 mg protein). Under optimal
growth conditions (30°C at pH 7.7), the doubling times were 10 h
with TAA, 9 h with 2-aminobenzoate, and 4 to 6 h with benzoate.

Transformation of indoleacetate by cell extracts using differ-
ent electron acceptors. It is likely that initial reactions in the an-
aerobic metabolism of TAA are either the anaerobic oxidation of
TAA to 2-oxoindoleacetate (2-0x0-IAA) or, alternatively, the acti-
vation of the carboxy group of the side chain to the CoA thioester.
We therefore studied the transformation of IAA by extracts of
IAA-grown cells using different electron acceptors, both in the
presence and in the absence of MgATP and coenzyme A. Under
strict anaerobic conditions, NAD ™ (2 mM) worked best but could
be replaced by methylene blue or cytochrome ¢ from beef heart
(each 5 mM), yielding nearly the same activity and the same prod-
uct. The reaction also proceeded in the absence of such electron
acceptors when oxygen was present.

To identify products, we used either commercially available
IAA "C labeled at C, of the acetate side chain or synthesized
phenyl-'*C(U)-labeled IAA starting from [phenyl-'*C(U)]trypto-
phan. In either case, labeled IAA had to be further purified before
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FIG 1 Transformation of indoleacetate by cell extracts of Azoarcus evansii. IAA, indoleacetate; P1, enol form of 2-oxo0-IAA; P2, keto form of 2-oxo-IAA; P3,
unknown product. (A) Thin-layer chromatographic analysis. The assay was performed at 30°C with a total volume of 125 .l containing 0.1 M MOPS-K™ (pH
7.8),0.2 mM [1-'*C]IAA (2.75 kBq), 10 mM pyruvate, 2 mM NAD™, 6 U lactate dehydrogenase, and 75 pul cell extract (5.6 mg protein). Samples (24 jul) were
taken at intervals, and the reaction was stopped by the addition of 30 I of methanol to the mixture. (B) Time course of substrate consumption and formation
of products. The assay was performed at 30°C with a total volume of 1.6 ml containing 0.1 M ammonium bicarbonate (pH 7.8), 4 mM IAA, 10 mM pyruvate, 2
mM NAD™, 60 U lactate dehydrogenase, and 0.96 ml cell extract (75 mg protein). Analysis was done by HPLC and UV detection at 260 nm. Note that the IAA
concentration was 20-fold higher than that for panel A. TAA was quantified by UV detection at 260 nm using a standard. The amounts of the two main products
that were combined in the graph were estimated by using the same absorption coefficient as that for IAA. This approximation is probably not exact and apparently
causes a slightly larger amount of the main products formed than IAA consumed. (C) HPLC analysis and UV detection of the main products. Assay conditions
were the same as those described above for panel B except that 146 kBq indole-[1-"*C]Jacetate was added. Data for the 10-min sample (50 pl) are shown. HPLC
system 2 was used. Note that in panels C and D, data for time zero to 22.5 min were omitted. (D) HPLC analysis and radiodetection of the main products. The
sample, HPLC system, and assay conditions were the same as those described above for panel C. (E) HPLC analysis and radiodetection. Assay conditions were
same as those described above for panel B except that 0.5 mM [phenyl-'*C(U)]IAA (19 kBq) was added and the assay mixture volume was 0.5 ml. Data for the
30-min sample (70 pl) are shown. HPLC system 2 was used. (F) HPLC analysis and radiodetection. Assay conditions were same as those described above for panel
B except that 0.5 mM [phenyl-'*C(U)]IAA (20 kBq) was added; the assay mixture additionally contained 2 mM CoA, 2 mM ATP, and 5 mM MgCl,; and the assay

mixture volume was 0.75 ml. Data for the 30-min sample (70 wl) are shown. HPLC system 3 was used for a better separation of CoA thioesters.

use, since both sources contained labeled contaminants. The con-
sumption of IAA and the formation of products were monitored
either by thin-layer chromatography and autoradiography (Fig.
1A), by HPLC coupled to UV detection (Fig. 1B), or by different
HPLC systems coupled to radiodetection using a flowthrough
solid scintillation detector (Fig. 1C to F). The initial IAA con-
sumption rate was 6 to 7 nmol min~' mg ™' (Fig. 1B), and several
relatively apolar early intermediates were detected (Fig. 1C to F).
Polar products that may be CoA thioesters were observed in sig-
nificantly increased amounts when MgATP and CoA were added
(Fig. 1F). The addition of MgATP and CoA hardly stimulated the
initial TAA transformation process, but it must be taken into ac-
count that these cofactors were possibly supplied by the large
amounts of cell extract used. However, CoA thioester formation is
clearly not involved in the first few steps of anaerobic IAA metab-
olism.

Effect of oxygen and inhibitors. The transformation of IAA in
the presence of methylene blue (5 mM) or NAD™ (2 mM) was
equally effective when oxygen was present or excluded; at most,
oxygen slightly stimulated the process. Also, no difference was
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observed between strictly anaerobic assay mixtures and the cell
extract preparation and tests in the presence of oxygen. High con-
centrations of cyanide (5 mM) inhibited the reaction, whereas
nitrite, azide, formate, thiocyanate, sulfite, sulfide, hydroxyl-
amine, methanol, or NO (each 1 mM) had no significant effect.
The TAA transformation activity of the cell extract was slowly lost
during the storage of the extract. Storage with glycerol (10%) or
under anaerobic conditions had no positive effect. Storage for 1
week at —20°C was appropriate and resulted in almost no loss of
activity.

Characterization of the system. The strictly anaerobic trans-
formation of IAA required an electron acceptor. For the standard
assay mixture, we used NAD" (2 mM) in MOPS-K buffer (pH
7.8), and activity was tested with the membrane fraction
(100,000 X g pellet) and the soluble fraction (supernatant). Two
main products were formed by the soluble fraction, but none were
formed with the membrane fraction, indicating that the involved
initial enzymes were soluble. The same products were formed at a
similar rate by the cell extract (40,000 X g supernatant) that con-
tained both soluble and membrane-bound proteins. Optimal
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transformation was obtained at pH values of between 7.3 and 7.8.
For the standard radioactive assay, we used indole- [1-'*C]acetate,
in which the carboxy group was labeled. To test whether volatile
CO, was formed by a decarboxylation event, we determined the
total label in the substrate and products and found that the radio-
isotope balance was still practically at 100% when 80% of the
["*C]IAA was transformed into products. Moreover, the same
pattern of labeled products was seen when the alternatively labeled
[phenyl-'*C(U)]TAA was used. These findings exclude that the C,
side chain or the carboxyl group of IAA is lost early in the formed
products.

Products formed. Two labeled products, product 1 (P1) and
P2 (Fig. 1A to D), were formed early from IAA either labeled at C,
of the side chain or uniformly labeled at the benzene ring. Product
1 was transiently formed and gave rise to product 2. The radioac-
tive products were extracted with diethyl ether and concentrated.
The recovery of '*C-labeled TAA extraction was 95%. HPLC-mass
spectrometric analysis confirmed IAA as the substrate (mass,
176.07 Da) and 2-oxo0-IAA (mass, 192.06 Da) as product 1. Prod-
uct 2 had the same mass as product 1. MS/MS analysis indicated
that product 1 was the enol form and that product 2 was the keto
form of 2-ox0-IAA. These two tautomers characteristically differ
in the relative amounts of the 174- and 146-kDa subfragments
obtained in the second MS procedure. Apparently, the intercon-
version of the two tautomeric forms is rather slow. It remains to be
shown whether this tautomerization occurs spontaneously or is
catalyzed as a side reaction by the hydantoinase-like hydrolase
TaaCE (see below). Product 3 had a mass of 191.9 Da as 2-oxo-IAA
but has a different retention time by HPLC. The postulated prod-
uct of the hydrolytic ring cleavage of 2-ox0-IAA, 2(2’-aminophe-
nyl)succinate (mass, 210.07 Da), could not be detected. A minor
product with a mass of 166.09 Da was observed in HPLC runs,
which would correspond to the decarboxylation product of this
ring cleavage product or of a later intermediate of the suggested
pathway, 2-aminobenzylmalonyl-CoA (more chemically plausi-
ble after thioester hydrolysis). It is known that derivatives of
oxindole are very reactive, giving rise to colored products (indigo
and others). When the product mixture was acidified, the sample
indeed reversibly turned red with an absorption maximum at
505 nm.

HPLC analysis by two different systems revealed that polar
products were formed after prolonged incubation (Fig. 1E). When
MgATP and CoA were added, the amount of polar products in-
creased (Fig. 1F).

Differential regulation. We tested whether extracts of cells
grown on IAA, 2-aminobenzoate, and benzoate transformed IAA
and found that only IAA-grown cells were active, indicating that the
enzymes of the pathway were induced by IAA. The transformation
rates of [AA in extracts of 2-aminobenzoate- and benzoate-grown
cells were less than 10% of those obtained with IAA-grown cells. Ex-
tracts of IAA-grown cells catalyzed the ATP-dependent reduction of
[ring-"*C]benzoyl-CoA with sodium dithionite nearly as effectively
as those of benzoate-grown cells. These findings indicate that the
enzymes of the central anaerobic benzoyl-CoA degradation pathway
are coinduced in IAA-grown cells. However, this coincidence does
not necessarily imply that 2-aminobenzoate and/or benzoate (or the
respective CoA thioesters) is an intermediate of the pathway. Extracts
of IAA-grown cells also contained benzoate-CoA ligase activity (16
nmol min~' mg ™" at 30°C) and 2-aminobenzoate-CoA ligase activ-
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FIG 2 SDS-PAGE of extracts (100,000 X g supernatant) of A. evansii cells
grown anaerobically with nitrate and benzoate (B), indoleacetate (IAA), and
2-aminobenzoate (AB). Thirty micrograms of protein each was applied per
lane (11-cm gel separation length).

ity (24 nmol min~' mg~" at 30°C), but no IAA-CoA ligase activity
was detected.

The differential induction of pathway-specific enzymes was
also seen when SDS-PAGE gels of extracts of cells (100,000 X g
supernatant) grown on these three substrates were compared (Fig.
2). Several IAA-induced bands were visible for IAA-grown cells
that were missing in benzoate- or 2-aminobenzoate-grown cells,
whereas all cells showed a common basic protein pattern. The only
exceptions were a few bands that were present in both IAA- and
2-aminobenzoate-grown cells but that were lacking in benzoate-
grown cells. This difference may be taken as a hint that 2-amino-
benzoyl-CoA may be an intermediate in IAA metabolism. The
clear differences in the protein patterns prompted us to use a
proteomic approach to identify specific enzymes and genes in-
volved in the IAA pathway.

Indoleacetate-induced proteins and identification of a corre-
sponding gene cluster. Two-dimensional gel electrophoresis was
used to identify IAA-induced proteins. Extracts of cells grown on
TAA were compared to extracts of cells grown on benzoate (see Fig.
S1 in the supplemental material) and 2-aminobenzoate (not
shown). A set of more than a dozen proteins was clearly present in
IAA-grown cells which were lacking in benzoate-grown cells. A
few of these spots were also present in 2-aminobenzoate-grown
cells but were lacking in benzoate-grown cells; these spots were
not considered IAA induced but may be specific for 2-aminoben-
zoate metabolism. Again, the presence of these proteins in IAA-
grown cells may indicate that 2-aminobenzoate or its CoA thioes-
ter might be an intermediate in IAA degradation.
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TABLE 1 Gene cluster of Aromatoleum aromaticum strain EbN1 (GenBank accession number NC_006513.1) correlated with identified IAA-induced
protein spots in Azoarcus evansii®

Aromatoleum aromaticum  Corresponding Calculated size  Intergenic distance

Gene  EbNI gene protein spotno.”  Putative annotation (amino acids) to next gene (bp)

iaaP ebA2038 Fusion of enoyl-CoA-hydratase and 3-hydroxyacyl-CoA 671 200
dehydrogenase

iaaQ  ebA2046 TetR family transcriptional regulator 302 247

iaaR  ebA2047 GntR family transcriptional regulator 229 -1

iaaA ebA2049 20, 22 Beta-oxoacyl-CoA thiolase 401 151

iaaB ebA2050 5,6 CoA ligase similar to o-benzoylsuccinyl-CoA synthase 510 2

iaaC  ebA2051 3,4 Hydantoin utilization protein A (HyaA), similar to 707 -1
5-oxoprolinase

iaaD  ebD51 C terminus identical to that of IaaC, possibly from 68 -1
partial gene duplication

iaaE ebA2053 15,16 Hydantoin utilization protein B (hyaB) 564 2

iaaF ebA2055 Acyl-CoA dehydrogenase similar to isovaleryl-CoA 377 -1
dehydrogenase

iaaG ~ ebD52 Methylmalonyl-CoA mutase C-terminal-domain- 139 -1
containing protein

iaaH  ebA2060 Methylmalonyl-CoA mutase subunit A 537 13

iaal ebA2062 11, 14 Medium FAD-binding subunit of molybdenum enzyme 288 —14
(xanthine dehydrogenase family)

iaal ebA2063 Small Fe/S-containing subunit of molybdenum enzyme 157 14

iaaK  ebA2064 1,2 Large molybdenum-containing subunit of molybdenum 803 148
enzyme

iaal ebA2066 7 CoA transferase family I1I 397 220

iaaM  ebA2070 12 Branched-chain-amino-acid ABC transporter, 382 326
periplasmic component, with N-terminal signal
peptide sequence

ebA2073 L-Sorbosone dehydrogenase 752

@ The predicted functions of the proteins are indicated, along with their sizes and the distances of the respective gene to the following gene of the cluster. Negative numbers indicate
overlapping genes (e.g., —1 for ATGA start/stop codon overlaps). Note that iaaQ and iaaR are divergent and that the 247-bp intergenic sequence between them should contain two

promoters. FAD, flavin adenine dinucleotide.

b For spots identified by gel electrophoresis analysis of the A. evansii proteome, see Fig. S1 in the supplemental material.

Mass spectrometric analysis of IAA-induced spots led to the
identification of a gene cluster in the genome of the closely related
strain EbN1 of A. aromaticum (40) that had not been correlated
with a function previously (Table 1). The sequence coverage for
the proteins analyzed from A. evansii and compared to the pre-
dicted gene products from A. aromaticum strain EbN1 was be-
tween 10 and 23%. Because of the extraordinarily well-fitting
masses of the tryptic fragments of the proteins from A. evansii with
the predicted gene products from A. aromaticum, we assume that
both bacteria contain essentially identical gene clusters to provide
both of them with the IAA catabolic module. We indeed verified
the prediction that A. aromaticum grows anaerobically on IAA as
well as A. evansii.

The gene cluster comprises 14 genes that are oriented in the
same direction on the chromosome with only minimal intergenic
regions, indicating that these genes might form an operon. Two
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genes of the cluster have opposite orientations on the left flank,
which may also be involved in the IAA metabolic pathway (see
below). A gene coding for a predicted pyrrolo-quinoline quinone
(PQQ)-dependent sorbosone dehydrogenase is located on the
right flank on the same strand but is separated from the genes of
the apparent operon by a larger intergenic distance (Fig. 3). We
therefore assigned the products of the gene cluster to the TAA
metabolic pathway and propose to name the genes accordingly
(iaa, for indoleacetic acid) (Table 1 and Fig. 3).

Eight of the predicted gene products encoded by the gene clus-
ter of A. aromaticum were unambiguously identified by the tryptic
fragment masses of the IAA-induced proteins of A. evansii. The
genes of the apparent operon without observed matching protein
masses include those coding for the regulators (iaaR), a small
hypothetical protein (iaaD), and the small subunits of the molyb-
denum protein (iaal) and of the mutase (iaaG), which may be
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FIG 3 Gene cluster involved in anaerobic indoleacetate metabolism in Aromatoleum aromaticum strain EbN1. Annotated functions of the genes are indicated.
Ech_adh, enoyl-CoA hydratase-alcohol dehydrogenase fusion; TetR and GntR, regulators of the respective protein families; Xdh, xanthine-dehydrogenase-like

molybdoenzyme; DH, dehydrogenase.
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expected to be missed on two-dimensional gels because of a low
abundance, deviating charges, or small sizes. Thus, only two gene
products of the operon have not been identified as induced pro-
teins without a plausible explanation (acyl-CoA dehydrogenase
and the large mutase subunit, encoded by iaaF and iaaH, respec-
tively).

Possible functions of the genes. The first gene of the apparent
operon, iaak, codes for a member of the GntR family of transcrip-
tional regulators, which may be responsible for the IAA-induced
expression of the genes. The following genes code for at least seven
enzymes potentially involved in IAA metabolism. They comprise
(in the order of the putative operon) a beta-oxoacyl-CoA thiolase
(iaaA), a CoA ligase acting on aromatic acids (iaaB), a hydantoin-
or 5-oxoproline hydrolase (iaaCE), an acyl-CoA dehydrogenase
(iaaF), a coenzyme B,,-dependent mutase (iaaGH), a molybde-
num enzyme of the xanthine dehydrogenase family (iaalJK), and
a CoA transferase of family III (iaaL). All these putative enzymes
appear to be soluble. Finally, a periplasmic binding protein for an
ABC transporter system is encoded by the last gene of the cluster
(iaaM). The iaaD gene spans the gap between iaaC and iaaE, cod-
ing for the two subunits of the hydantoinase-like enzyme with
overlapping start and stop codons, and has a good Shine-Dalgarno
sequence. A closer inspection revealed that its 3’ end is almost
identical to that of iaaC at both the DNA and protein levels, sug-
gesting its origin from a recent partial gene duplication event.
Therefore, iaaD is likely to be expressed, but it needs to be shown
whether its gene product serves any function, e.g., as an additional
subunit or regulatory factor for the hydantoinase-like enzyme. In
addition to the apparent iaaRABCDEFGHIJKLM operon, the two
genes located at the left flank of the apparent operon are also likely
to be involved in the pathway. They code for a transcriptional
regulator of the TetR family (iaaQ) and a fusion protein of an
L-specific enoyl-CoA hydratase and a 3-hydroxyacyl-CoA dehy-
drogenase (iaaP). Both enzymatic functions are required in the
proposed pathway but are not accounted for by genes in the ap-
parent operon. Therefore, we speculate that laaP may take over
this role, although it was not identified as an induced protein. The
regulator TaaQ may be involved in the induction of the iaaQP
operon.

Proposal of a metabolic scheme. The presence of a gene cod-
ing for a periplasmic substrate binding protein in the apparent
IAA catabolic operon suggests that IAA is actively transported into
the cell by an ABC-type transporter. The binding protein probably
takes advantage of the membrane components of another trans-
porter, for example, predicted ABC-type transporters encoded ad-
jacent to the anaerobic benzoate or aerobic phenylacetate cata-
bolic genes in the A. aromaticum genome (40). As indicated by the
identified transformation products of IAA, the initial two reac-
tions of IAA metabolism appear to be the hydroxylation of IAA to
2-ox0-IAA followed by the hydrolytic ring cleavage of the oxin-
dole heterocycle. The enzymes found to be induced proteins in
TAA-metabolizing cells and those encoded by the common iaa
gene cluster can easily be included in a metabolic route starting
with these reactions. We therefore propose the following scheme
for an IAA metabolic pathway as a working hypothesis for future
studies. The proposed IAA pathway ultimately leads to 2-amino-
benzoyl-CoA.

Because initial IAA oxidation occurs both aerobically and an-
aerobically, it is very plausibly catalyzed by a molybdoenzyme of
the xanthine dehydrogenase family, which is encoded by the gene
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FIG 4 Comparison of the postulated hydrolytic ring cleavage reactions of
ATP-dependent hydantoinases. Shown are reactions catalyzed by 5-oxoproli-
nases (A), hydantoinases (B), and the proposed 2-oxoindoleacetate hydrolase
TaaCE (C).

cluster (iaalJK). These enzymes typically catalyze oxygen-inde-
pendent hydroxylation reactions at N-heterocyclic rings (25), and
even the position of the hydroxylated atom in the indole ring is
analogous to that in xanthine hydroxylation. The enzyme proba-
bly produces initially the enol form of the oxindole ring, which
tautomerizes to the keto (lactam) form. The subsequent hydro-
Iytic opening of the heterocycle at the lactam bond to produce
(2-aminophenyl)succinate is analogous to the hydrolytic cleavage
of other cyclic lactams, like oxoproline (pyroglutamate) or hydan-
toins. Therefore, it is likely catalyzed by an enzyme annotated as
ATP-dependent hydantoinase (39), whose genes are also part of
the gene cluster (iaaCE). Hydantoinases of this family are similar
to ATP-dependent acetone or acetophenone carboxylases (28, 44,
45) and are thought to activate the lactam group by ATP-depen-
dent phosphorylation to the corresponding tautomeric phospho-
lactim, which is easier to hydrolyze (Fig. 4). It may be speculated
that the enzyme additionally facilitates the preceding tautomer-
ization between the enol and keto forms of the oxindole interme-
diates (Fig. 5).

All the other five predicted enzymes encoded by genes of the
TAA-induced gene cluster form or act on CoA thioesters. This
indicates that the rest of the pathway uses CoA thioesters. It starts
with 2(2'-aminophenyl)succinyl-CoA formation, followed by
carbon skeleton rearrangement, beta-oxidation, and a CoA-de-
pendent thiolytic cleavage reaction. The proposed reaction se-
quence is reminiscent of the proven or proposed pathways of an-
aerobic toluene and n-alkane oxidation (12, 19, 34, 48). The
formation of 2(2'-aminophenyl)succinyl-CoA may be catalyzed
by the CoA ligase (IaaB) or the CoA transferase (IaaL) of the CoA
transferase III family (22), encoded by the apparent operon, or by
both of them (Fig. 5). Similar cases of parallel CoA-thioester for-
mation by both types of enzymes in the biotransformation path-
ways of carnitine to butyrobetaine or of cholate to deoxycholate
are known (22, 43). Potential acyl-CoA-donor substrates for the
CoA transferase would be succinyl-CoA, acetyl-CoA, or 2-amino-
benzoyl-CoA, which occur as intermediates in the following path-
way. These donors will be readily reactivated to CoA thioesters by
the respective CoA ligases, which are expected to be induced un-
der these conditions (see reference 23).

The pathway may continue by a reversible rearrangement
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FIG 5 Proposed scheme of anaerobic metabolism of indoleacetate. Gene products of the A. aromaticum iaa gene cluster are indicated as proposed to catalyze the
respective steps, as follows: step I, IAA; step II, 2-oxoindoleacetate, enol form; step III, 2-oxoindoleacetate, keto form; step IV, (2-aminophenyl)succinate; step

V, 2(2’-aminophenyl)succinyl-CoA; step VI, 2-aminobenzylmalonyl-CoA.

of 2(2'-aminophenyl)succinyl-CoA to 2-aminobenzylmalonyl-
CoA, catalyzed by a coenzyme B,-dependent mutase encoded by
the iaaGH genes. The intermediate 2-aminobenzylmalonyl-CoA
is suitable for further degradation by beta-oxidation, which would
be initiated by the acyl-CoA dehydrogenase encoded by iaaF. It is
possible that this first step of beta-oxidation is coupled with a
decarboxylation of the a-carboxy group of 2-aminobenzylmalo-
nyl-CoA (Fig. 5). A similar but reverse reaction is catalyzed by
crotonyl-CoA carboxylase/reductase, an acyl-CoA dehydrogenase
of the medium-chain dehydrogenase/reductase superfamily that
transforms crotonyl-CoA plus CO, into ethylmalonyl-CoA (16).
The following steps are the hydration of the double bond and the
dehydrogenation of the 3-hydroxyacyl-CoA intermediate to a
3-oxoacyl-CoA compound. Although there are no genes in the
apparent iaa operon to account for these functions, the immedi-
ately adjacent iaaP gene oriented in the other direction codes for a
fusion protein comprising both required activities and therefore is
possibly also involved in IAA degradation. Its expression may be
regulated separately by the TetR-type regulator IaaQ, encoded by
a common two-gene operon (Fig. 3). The last step of IAA degra-
dation would be catalyzed by a thiolase encoded by iaaA. The final
intermediate, 2-aminobenzoyl-CoA, will then be either reduc-
tively deaminated or directly reduced to nonaromatic intermedi-
ates by benzoyl-CoA reductase, as known from previous studies of
A. evansii and Thauera aromatica (8, 9).

Distribution of the pathway and relation of the enzymes and
regulator to known proteins. By inspecting the database for pro-
teins related to the iaa gene products of A. aromaticum, we de-
tected gene clusters coding for the key enzymes of the proposed
pathway in three other microbes. In addition to the betaproteo-
bacterium A. aromaticum, these microbes including the alphapro-
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teobacterium Rhodopseudomonas palustris (only strain BisA3), the
deltaproteobacterial strain NaphS2 (13), and the euryarchaeum
Ferroglobus placidus (2). Although separated by a wide phyloge-
netic distance, it is remarkable that all these microorganisms are
capable of anaerobic benzoate degradation (2, 13, 15, 26), which is
the prerequisite for further metabolizing the intermediate 2-ami-
nobenzoyl-CoA generated from IAA. The fact that IAA is a com-
mon substrate derived from a canonical amino acid is in stark
contrast to the apparently sparse occurrence of the detected pathway
in very few organisms, suggesting that there may be other strategies of
anaerobic tryptophan and IAA degradation. In the supplemental ma-
terial, we discuss and document in detail the relationships of the en-
zymes and regulator to known proteins. Notably, we document the
presence of orthologous genes in I[AA-related gene clusters of various
microorganisms (see Table S1 in the supplemental material). Fur-
thermore, we compare the conserved clusters of iaa-related genes in
four species, A. aromaticum strain EbN1, R. palustris strain BisA3, the
deltaproteobacterium strain NaphS2, and F. placidus (see Fig. S2 in
the supplemental material). An analysis of the phylogenetic tree of the
large subunits of coenzyme B,,-dependent mutases shows that the
new mutases encoded by the putative iaa gene clusters from all strains
reported here form a distinct subgroup (see Fig. S3 in the supplemen-
tal material).

Outlook. Taken together, the genomic evidence suggests
strongly that all four organisms should be capable of anaerobic
TAA degradation, although only A. aromaticum and R. palustris
harbor genes for all steps of the suggested degradation pathway in
the respective gene clusters. However, all crucial enzymes catalyz-
ing the unusual reactions are accounted for in all four strains, if
one accepts the quite likely substitution of a molybdoenzyme of
the bacterial strains with a tungstoenzyme in the archaeal species.
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It seems that a few key enzymes, such as the molybdoenzyme (or
tungsten enzyme), the coenzyme B,,-containing mutase, and the
TaaF-type acyl-CoA dehydrogenase, constitute the core of the
pathway, whereas the other functions may be taken over by pro-
teins of different origins during evolution.
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