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Benzoyl coenzyme A (benzoyl-CoA) reductase is a key enzyme in the anaerobic metabolism of aromatic
compounds catalyzing the ATP-driven reductive dearomatization of benzoyl-CoA. The enzyme from Thauera
aromatica uses a reduced 2[4Fe-4S] ferredoxin as electron donor. In this work, we identified 2-oxoglutarate:
ferredoxin oxidoreductase (KGOR) as the ferredoxin reducing enzyme. KGOR activity was increased 10- to
50-fold in T. aromatica cells grown under denitrifying conditions on an aromatic substrate compared to that of
cells grown on nonaromatic substrates. The enzyme was purified from soluble extracts by a 60-fold enrichment
with a specific activity of 4.8 �mol min�1 mg�1. The native enzyme had a molecular mass of 200 � 20 kDa
(mean � standard deviation) and consisted of two subunits with molecular masses of 66 and 34 kDa,
suggesting an (��)2 composition. The UV/visible spectrum was characteristic for an iron-sulfur protein; the
enzyme contained 8.3 � 0.5 mol of Fe, 7.2 � 0.5 mol of acid-labile sulfur, and 1.6 � 0.2 mol of thiamine
diphosphate (TPP) per mol of protein. The high specificity for 2-oxoglutarate and the low Km for ferredoxin
(�10 �M) indicated that both are the in vivo substrates of the enzyme. KGOR catalyzed the isotope exchange
between 14CO2 and C1 of 2-oxoglutarate, representing a typical reversible partial reaction of 2-oxoacid
oxidoreductases. The two genes coding for the two subunits of KGOR were found adjacent to the gene cluster
coding for enzymes and ferredoxin of the catabolic benzoyl-CoA pathway. Sequence comparisons with other
2-oxoacid oxidoreductases indicated that KGOR from T. aromatica belongs to the Halobacterium type of
2-oxoacid oxidoreductases, which lack a ferredoxin-like module which contains two additional [4Fe-4S]1�/2�

clusters/monomer. Using purified KGOR, ferredoxin, and benzoyl-CoA reductase, the 2-oxoglutarate-driven
reduction of benzoyl-CoA was shown in vitro. This demonstrates that ferredoxin acts as an electron shuttle
between the citric acid cycle and benzoyl-CoA reductase by coupling the oxidation of the end product of the
benzoyl-CoA pathway, acetyl-CoA, to the reduction of the aromatic ring.

An increasing number of bacteria that metabolize various
aromatic compounds completely to CO2 in the absence of
molecular oxygen have been discovered in the past decades.
Most of the known pathways of the anaerobic aromatic me-
tabolism lead to a common central intermediate, benzoyl co-
enzyme A (benzoyl-CoA), which becomes reductively dearo-
matized by benzoyl-CoA reductase (23, 25). This key enzyme
catalyzes the ATP-driven transfer of two electrons from re-
duced ferredoxin to benzoyl-CoA, yielding a nonaromatic con-
jugated cyclic diene (see Fig. 5) (4, 7). The reduction of the
benzene ring is an energetically and mechanistically difficult
process which requires an extremely low redox potential
(��1.9 V, as determined for the first electron transfer to the
model compound S-ethyl thiobenzoate) and probably involves
radical intermediates (7, 10, 16). Benzoyl-CoA reductase over-
comes energetic limitations by using a low-potential electron
donor (ferredoxin) (6), by coupling the electron transfer to a
stoichiometric ATP hydrolysis (two ATP/two electrons) (4, 5),
and by an appropriate binding of the substrate (35). The pro-
cess of ATP-driven electron transfer in benzoyl-CoA reductase
can be considered analogous to the well-studied enzymatic
dinitrogen reduction (27).

The biochemistry of benzoyl-CoA reductase has been stud-
ied only for the denitrifying bacterium Thauera aromatica so
far. The 163-kDa enzyme consists of four different subunits
with molecular masses of 49, 48, 44, and 30 kDa, resulting in
an ���� composition (4). It contains three cysteine-ligated
[4Fe-4S]1�/2� clusters with redox potentials more negative
than �500 mV (8). Based on amino acid sequence compari-
sons with similar enzymes (activase and 2-hydroxyglutaryl-CoA
dehydratase from glutamate-fermenting Clostridium [22]), two
functionally and structurally different modules can be distin-
guished in benzoyl-CoA reductase: (i) the 49- and 30-kDa
subunits are highly similar to each other and coordinate one
[4Fe-4S]1�/2� cluster in the interface, resulting in an architec-
ture similar to that of the Fe protein of nitrogenase, and (ii)
the 48- and 44-kDa subunits form the substrate reduction mod-
ule harboring two other [4Fe-4S]1�/2� clusters. In spectro-
scopic studies, growing evidence was gained that ATP hydro-
lysis is coupled to the electron activation process, which is
required for the electron transfer to the aromatic ring. During
ATP hydrolysis, a [4Fe-4S]1� cluster reversibly changed its
spin state from the low-spin (S � 1/2) to the high-spin (S � 7/2)
state (5, 8). Very recently, it has been demonstrated that a
phosphorylated enzyme is transiently formed during catalysis
(43).

In T. aromatica, a 2[4Fe-4S]1�/2� cluster containing ferre-
doxin serves as the in vivo electron donor for benzoyl-CoA
reductase (6). Evidence has been provided that ferredoxin is
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the natural electron donor for this enzyme (Km � �10 	M;
cellular concentration of ferredoxin � �80 	M [6]). The gene
coding for ferredoxin is located adjacent to the four genes
coding for the four subunits of benzoyl-CoA reductase. To-
gether with other genes, they form the bad gene cluster (ben-
zoic acid degradation), as has been shown for the denitrifying
T. aromatica (13) and the phototrophic bacterium Rhodopseu-
domonas palustris (20). Ferredoxin from T. aromatica belongs
to the Chromatium vinosum type of 2[4Fe-4S] ferredoxins. This
type differs from the clostridial type by an unusually low redox
potential of one of the two [4Fe-4S]1�/2� clusters (e.g., �587
mV for the ferredoxin from T. aromatica [9] and �660 mV for
the ferredoxin from C. vinosum [29]).

The aim of this work was to identify and characterize the
reaction that generates reduced ferredoxin for enzymatic aro-
matic ring reduction, to purify and characterize the enzyme
catalyzing this reaction, and finally, to reconstitute purified
benzoyl-CoA reductase and ferredoxin with the ferredoxin-
reducing system to accomplish the reduction of the aromatic
ring. No evidence for the presence of hydrogenase, formate
dehydrogenase, or CO dehydrogenase activities in this bacte-
rium was obtained. These enzymes are known to generate
electrons of a potential low enough to reduce at least one of
the two [4Fe-4S]1�/2� clusters of the ferredoxin from T. aro-
matica. Instead, we identified 2-oxoglutarate:ferredoxin oxi-
doreductase (KGOR) as the ferredoxin-reducing enzyme in T.
aromatica. KGOR was purified and the genes coding for the
two structural subunits were cloned and sequenced. In an an-
aerobic assay, the electron transfer chain from 2-oxoglutarate
to the aromatic ring was shown.

MATERIALS AND METHODS

Growth of bacterial cells. T. aromatica (DSM 6984, formerly termed strain
K172) was isolated in our laboratory and has been deposited in the Deutsche
Sammlung von Mikroorganismen (Braunschweig, Germany) (1). It was grown
anoxically at 28°C in a mineral salt medium in a 200-liter fermentor; 4-hydroxy-
benzoate and nitrate in a molar ratio of 1:3.5 or acetate and nitrate in a molar
ratio of 1:1 served as sole sources of energy and cell carbon. Continuous feeding
of the substrates, cell harvesting, and anaerobic preparation of cell extracts were
carried out as described previously (11).

Cells of Escherichia coli strain XL1 Blue, MRF
 {�(mcrA)183 �(mcrCB-
hsdSMR-mrr)173 endA1 supE44 thi-1 recA1 gyrA96 relA1 lac[F
 proAB lacIqZ�M15
Tn10 (Tetr)]}, and E. coli strain XLOLR, �(mcrA)183 �(mcrCB-hsdSMR-mrr)173
endA1 thi-1 recA1 gyrA96 relA1 lac[F
 proAB lacIqZ�M15 Tn10r)] Su� �r, were
grown at 37°C in Luria-Bertani (LB) medium (40). Antibiotics were added to
E. coli cultures as follows (final concentrations): ampicillin, 50 	g/ml; kanamycin,
50 	g/ml; tetracycline, 20 	g/ml.

Protein purification and storage. For the preparation of cell extracts for
large-scale purifications, 200 g (wet mass) of cells of T. aromatica grown on
4-hydroxybenzoate and nitrate were anaerobically suspended in 20 mM trietha-
nolamine-HCl (pH 7.8), 4 mM MgCl2, and 1 mM dithioerythritol (DTE). French
press treatment and ultracentrifugation were performed under strictly anaerobic
conditions as described earlier (11). The purification included four chromato-
graphic steps using DEAE-Sepharose and Hi Load Q-Sepharose (both from
Amersham Biosciences, Inc.), Reactive Red agarose (Sigma), and Superdex-200
gel filtration (Amersham Biosciences, Inc.). If not otherwise indicated, all puri-
fication steps were performed in an anaerobic glove box with an N2/H2 (95%–5%
[vol/vol]) atmosphere. Buffer A is defined as 20 mM triethanolamine-HCl (pH
7.8), 4 mM MgCl2, 10% glycerol, 0.2 mM thiamine diphosphate (TPP), and 1
mM DTE; all buffers used in the glove box were made anaerobic by flushing with
nitrogen gas before use (100%, 0.2 bar, 10 min). All columns and protein
fractions were cooled to 6 to 10°C during the purification. For the first chro-
matographic step, 250 ml of the crude extract was applied on a DEAE-Sepharose
column which had been equilibrated with buffer A (for DEAE-Sepharose chro-
matography, all buffers additionally contained 0.5 mM sodium dithionite; column

volume, 660 ml; column diameter, 5.1 cm; flow rate, 10 ml min�1). The column
was washed with two bed volumes of buffer A and with two bed volumes of buffer
A plus 90 mM KCl. The washing steps were followed by a 2-liter gradient from
buffer A plus 90 mM KCl to buffer A plus 200 mM KCl. KGOR activity eluted
at the beginning of the gradient at �95 mM KCl in 400 ml. For the next
purification steps, a 70-ml fraction of the KGOR activity containing the DEAE
pool was applied on a Hi Load Q-Sepharose column (volume, 65 ml; diameter,
2.6 cm; flow rate, 3 ml min�1) which had been equilibrated with buffer A plus 90
mM KCl. As this chromatography step was finished within less than 3 h, it could
be performed under aerobic conditions without a loss of KGOR activity due to
oxygen damage. KGOR was only weakly bound to Q-Sepharose under the
conditions used and was eluted by continuous washing of the column with buffer
A plus 90 mM KCl (�4 bed volumes). The KGOR-activity-containing fractions
were pooled and made anaerobic by flushing with N2. The third purification step
was performed on a Reactive-Red-agarose column in the glove box which had
been equilibrated with anoxic buffer B (same as buffer A but without DTE;
volume, 70 ml; diameter, 2.2 cm; flow rate, 3 ml min�1). The column was washed
with two bed volumes of buffer B, two bed volumes of buffer B plus 2 mM
2-oxoglutarate–500 mM KCl, and two bed volumes of buffer B plus 2 mM
2-oxoglutarate–1.2 M KCl. KGOR activity eluted in the last washing step (total
volume, 53 ml). Prior to the next purification step, the pooled KGOR-activity-
containing fractions were concentrated in microconcentrators (exclusion limit, 50
kDa; Filtron) by centrifugation. The concentrated protein (1 to 2 ml) was applied
on a Superdex 200 gel filtration column which was run with buffer A plus 100 mM
KCl (volume, 300 ml; diameter, 2.6 ml; flow rate, 1.5 ml min�1). The KGOR-
activity-containing enzyme fractions eluted between 150 and 170 ml and were
concentrated again to a final volume of 1 to 2 ml. Purified KGOR was anaero-
bically stored in gas-tight sealed glass tubes at �20°C for several weeks without
significant loss of activity.

Oxidoreductase assays. KGOR activity was routinely determined in a contin-
uous spectrophotometric assay following the enzyme-, substrate-, and time-de-
pendent reduction of oxidized benzyl viologen at � � 600 nm (εBVred(600 nm) �
10 mM�1 cm�1 [21]) at 30°C. The typical assay (total volume, 420 to 470 	l) was
performed in anaerobic gas-tight sealed glass cuvettes (gas phase: 95% N2–5%
H2, by volume) and contained 100 mM potassium phosphate (pH 7.8), 1 mM
benzyl viologen, 2.5 mM 2-oxoglutarate, 0.5 mM coenzyme A, 4 mM MgCl2,
0.025 mM sodium dithionite, and 5 to 50 	l of KGOR-activity-containing protein
fraction. Additions of the substrates were made by using gas-tight glass syringes,
and the reaction was usually started by adding 2-oxoglutarate. For the determi-
nation of the Km values of KGOR for 2-oxoglutarate and CoA, all substrates
except the one to be tested were added in saturating concentrations and the
initial rates were plotted against the substrate concentration by using the Lin-
eweaver-Burk transformation. For testing the substrate specificity, various
2-oxoacids were added at 4 mM. Electron acceptor specificity (1 mM) was tested
in continuous anaerobic spectrophotometric assays following the reduction of
the acceptor (in 100 mM potassium phosphate [pH 7.8]). The following molar
absorption coefficients were used: benzyl viologen, ε600 � 10 mM cm�1 (21);
methyl viologen, ε600 � 13 mM�1 cm�1 (17); NADH, ε365 � 3.4 mM�1 cm�1;
and NADPH, ε365 � 3.5 mM�1 cm�1. Ferredoxin from T. aromatica cells grown
anaerobically on an aromatic substrate was a kind gift of M. Unciuleac (Univer-
sity of Freiburg); purification was as previously described (6). Aliquots of a 50 to
100 	M ferredoxin stock solution were added to the enzyme assay, resulting in
a final concentration of 22 to 30 	M. Full oxidation of the ferredoxin was
accomplished by titration with air by using a gas-tight syringe which was moni-
tored by taking UV/visible (VIS) spectra (ratio of A280/A390 � 1.57 for the fully
oxidized ferredoxin [5]). The time-, enzyme-, 2-oxoglutarate-, and CoA-depen-
dent reduction of oxidized ferredoxin was recorded in the continuous spectro-
photometric assay at 415 nm (ε(Fdox-Fdred) � 8,200 M�1 cm�1) at 30°C as
previously described (6). Donor:NAD(P)� oxidoreductase activities were deter-
mined in the buffer described above in this section. In this continuous spectro-
photometric assay, the time- and enzyme-dependent oxidation of reduced methyl
viologen (0.5 mM) by NAD(P)� (1 mM) was recorded at 600 nm at 30°C.

Isotope exchange assay. The isotope exchange reaction between 14CO2 and
the C-1 carboxyl group of the 2-oxoacid substrate is a common partial reaction
of 2-oxoacid oxidoreductases. Here this partial reaction was followed by moni-
toring the time- and KGOR-dependent formation of 14C-labeled 2-oxoglutarate.
The typical assay was carried out under anaerobic conditions (95% N2–5% H2,
vol/vol) in gas-tight sealed glass tubes at 30°C as described for the spectropho-
tometric assay (KGOR concentration, 50 	g ml�1). The assay (total volume, 0.5
ml) additionally contained 20 mM NaHCO3–3.6 kBq of [14C]Na2CO3 (specific
activity, 2 MBq/	mol), whereas CoA and an electron acceptor were omitted. The
reaction was started by addition of 2-oxoglutarate; samples were taken at 0, 2, 10,
and 20 min and transferred to scintillation vials containing 10 	l of 3 M per-
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chloric acid. For the removal of [12/14C]CO2, the open vials were shaken for 2 h
at room temperature. Finally, the radioactivity in the samples was measured by
scintillation counting.

Assay for electron transfer from 2-oxoglutarate to benzoyl-CoA. For testing
the electron transfer from 2-oxoglutarate to benzoyl-CoA, purified KGOR,
ferredoxin and benzoyl-CoA reductase were passed over desalting columns
(Sephadex G-25, Amersham Biosciences, Inc.; volume, �1 ml) which had been
equilibrated with 100 mM MOPS (morpholinepropanesulfonic acid) buffer con-
taining 10 mM MgCl2 in an anaerobic glove box (95% N2–5% H2, vol/vol). The
purification of benzoyl-CoA reductase and ferredoxin was as described previ-
ously (4, 6). Due to the removal of the reductant in the desalting step, KGOR,
ferredoxin, and benzoyl-CoA reductase were mostly in the oxidized state, as
tested by taking UV/VIS spectra of each of the proteins. The assay (total volume,
0.5 ml) was performed in a gas-tight sealed glass tube at 37°C and contained the
following components: 100 mM MOPS-KOH (pH 7.3), 10 mM MgCl2, 10 mM
ATP, 1 mM coenzyme A, 2.5 mM 2-oxoglutarate, 0.16 mM benzoyl-CoA, 0.2 mg
benzoyl-CoA reductase (specific activity, 0.3 	mol min�1 mg�1), 0.02 mg of
ferredoxin, and 0.0325 mg of KGOR (specific activity, 4.8 	mol min�1 mg�1).
Samples (50 	l) were taken at different time points, and the reaction was
quenched by addition of 5 	l of 50% H2SO4. After centrifugation (10,000  g,
10 min), the supernatants were analyzed by C18 reversed-phase high-perfor-
mance liquid chromatography (HPLC) as previously described (4). In this anal-
ysis, benzoyl-CoA and the products formed (cyclohexa-1,5-diene-1-carbonyl–
CoA and the hydration product 6-hydroxycyclohex-1-ene-1-carbonyl–CoA) were
separated and quantitatively analyzed using a UV spectroscopic (260 nm) flow
cell.

UV/VIS spectroscopy. For recording the UV/VIS spectrum of KGOR, a frac-
tion obtained after gel filtration was anaerobically concentrated to �20 	M (in
the glove box as described above) and subsequently passed over a Sephadex G-25
desalting column (diameter, 1 cm; volume, �10 ml; Amersham Biosciences, Inc.)
which had been equilibrated with anaerobic 100 mM potassium phosphate (pH
7.5). The spectra were recorded in gas-tight sealed quartz cuvettes (sample
volume, 500 	l; final KGOR concentration, 2.1 	M). Reduction was carried out
by addition of 5 	l of an anaerobically prepared 10 mM sodium dithionite stock
solution (final concentration of dithionite in the cuvette was 0.1 mM).

Cloning and sequencing of DNA containing genes coding for KGOR. In gen-
eral, standard protocols were used for DNA isolation, cloning, transformation,
amplification, and purification (40). The genes involved in benzoic acid degra-
dation in T. aromatica are organized in the bad gene cluster and have been
sequenced recently (13). From the 5
 region of this gene cluster (containing the
beginning of an open reading frame [ORF] coding for a putative 2-oxoacid
oxidoreductase in the opposite direction of the other genes of this cluster [13]),
a 500-bp digoxigenin–11-dUTP-labeled (Roche Diagnostics) gene probe was
amplified by PCR. The DNA fragment obtained was used for screening a �-ZAP
gene library of Sau3A-digested genomic DNA from T. aromatica. Genomic gene
libraries were prepared according to the ZAP Express Cloning Kit instruction
manual (Stratagene, Amsterdam, The Netherlands). Probes were detected with
alkaline phosphatase (AP)-conjugated anti-digoxigenin Fab fragments and
CSPD (Roche Diagnostics) in Southern blot analysis, followed by a 30-min
exposure to an X-ray film (Hyperfilm MP; Amersham). For screening of hybrid-
izing � clones, labeled probe was detected with anti-digoxigenin-AP antibody,
nitroblue tetrazolium chloride, and X-Phosphate (5-chloro-4-bromo-3-indolyl-
phosphate toluidine salt) (Biomol, Hamburg, Germany). Using standard hybrid-
ization (60°C) and washing conditions, a 2.54-kb phagemid was obtained. DNA
sequences were obtained with an ALFexpress automated sequencer. Sequence
regions were extended by primer walking. Sequence comparisons were carried
out using the BLAST network at the National Center for Biotechnology Infor-
mation (Bethesda, Md.).

Analytical methods. The native molecular mass of KGOR was determined by
gel filtration using a Superdex 200 Hi Load FPLC column (diameter, 1.6 cm;
volume, 120 ml; flow rate, 0.5 ml min�1; Pharmacia). For this purpose, KGOR
(1.5 mg in 0.5 ml) was applied to the column; bovine serum albumin (67 kDa),
alcohol dehydrogenase (150 kDa), catalase (232 kDa), and ferritin (440 kDa)
were used as molecular mass standard proteins. N-terminal amino acid sequenc-
ing was performed by automatized Edman degradation as described elsewhere
(26). Protein was determined by the method of Bradford (12) using bovine serum
albumin as the standard. Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis (15% acrylamide) was performed as described by
Laemmli (30), and visualization of the proteins was by Coomassie staining (45).
The following mass standards were used: phosphorylase b (94 kDa), bovine
serum albumin (67 kDa), ovalbumin (43 kDa), carbonic acid anhydrase (30 kDa),
and lysozyme (14 kDa). Iron was determined according to the method described
by Lovenberg et al. (33) by using ferrous ammonium sulfate as the standard;

determination of acid-labile sulfur was according to Beinert (2) using the 2[4Fe-
4S] ferredoxin from T. aromatica as the standard. The determination of thiamine
derivatives was performed according to the method described by Penttinen (37)
and proceeded via the oxidation of TPP to thiochrome, which was quantitatively
determined by fluorescence spectroscopy. The excitation wavelength was 365 nm,
and the emission was recorded at 430 nm. Benzoyl-CoA was synthesized from
benzoic acid anhydride and CoA (41).

Nucleotide sequence accession number. The sequence data reported here
were submitted to the GenBank database under accession no. AJ224959, which
was updated on this occasion. The sequences of the DNA coding for the two
subunits of T. aromatica KGOR were added to DNA sequences coding for
enzymes involved in anaerobic aromatic metabolism which have been submitted
previously (13).

RESULTS

Results are summarized as follows. (i) KGOR activity in
extracts of T. aromatica. The presence of KGOR activity in
extracts of T. aromatica cells grown on aromatic and nonaro-
matic substrates was investigated. KGOR activity was deter-
mined in an anoxic spectrophotometric assay following the
2-oxoglutarate (2.5 mM)- and coenzyme A (0.5 mM)-depen-
dent reduction of oxidized benzyl viologen (1 mM). The spe-
cific activity was 80 nmol of 2-oxoglutarate oxidized min�1 (mg
of protein) �1 in cells grown anaerobically on benzoate (5 mM)
and nitrate (17.5 mM). All KGOR activity was found in the
water-soluble protein fraction (100,000  g supernatant). In
cells grown on nonaromatic substrates under denitrifying con-
ditions (20 mM nitrate), KGOR activity was only 9% (when
grown on 5 mM glutarate) or 2% (when grown on 20 mM
acetate) of the activity determined in extracts of cells grown on
benzoate. Thus, KGOR activity was induced 10- to 50-fold in
T. aromatica cells during anaerobic growth on an aromatic
substrate. Neither a pyruvate:ferredoxin oxidoreductase activ-
ity nor an NAD(P)�-dependent 2-oxoglutarate dehydrogenase
activity was present in extracts of cells grown under denitrifying
conditions on benzoate. In contrast, in cell extracts of T. aro-
matica grown aerobically on benzoate, the latter activity was
�100 nmol min�1 mg�1 (32).

(ii) Purification of KGOR. KGOR was purified from ex-
tracts of T. aromatica grown anaerobically on 4-hydroxybenzo-
ate and nitrate with a 60-fold enrichment and a yield of 39%
(Table 1). Purified KGOR was brownish and exhibited a weak
sensitivity towards oxygen; approximately 50% of the activity
was recovered after aerobic storage for 1 day at 4°C compared
to the anaerobically stored enzyme (100% nitrogen atmo-
sphere). Therefore, all purification steps except the rapidly
performed chromatography on Q-Sepharose (exposure to ox-
ygen was less than three hours) were performed in an anaer-

TABLE 1. Purification of KGOR from T. aromaticaa

Purification
step

Amt of
protein

(mg)

Total
activity

(U)

Sp act
(U mg�1)

Enrichment
n-fold

Recovery
(%)

Cell extract 7,440 595 0.08 1 97
DEAE-Sepharose 2,280 615 0.27 3.3 100
Q-Sepharose 1,002 450 0.45 5.6 73
Reactive Red 100 290 2.9 36 49
Gel filtration 50 240 4.8 60 39

a KGOR was purified from 200 g of cells of T. aromatica grown anaerobically
on benzoate under denitrifying conditions. One unit corresponds to 1 	mol of
2-oxoglutarate oxidized to succinyl-CoA per min.
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obic glove box under a nitrogen-hydrogen (95%–5%, by vol-
ume) atmosphere. All buffers contained 4 mM MgCl2, 1 mM
DTE (expect for chromatography on Reactive Red agarose),
10% glycerol, and 0.2 mM TPP, as these additions exhibited a
stabilizing effect on KGOR. A representative SDS-PAGE gel
of the KGOR-activity-containing protein fractions obtained
after each purification step is shown in Fig. 1. After the last
purification step (gel filtration), two protein bands with a 1:1
stoichiometry (after normalization for the different molecular
masses) were obtained. Approximately 50 mg of purified

KGOR was obtained from 200 g (wet mass) of cells, corre-
sponding to 1.7% of the water-soluble protein fraction in T.
aromatica cell extracts.

(iii) Molecular and UV/VIS spectroscopic properties of
KGOR. The molecular mass of KGOR was estimated to be
approximately 200 � 20 kDa by Superdex-200 chromatography
(not shown). After SDS-PAGE analysis, purified KGOR con-
sisted of two subunits with masses of 66 and 34 kDa, suggesting
an (��)2 composition (Fig. 1). One mole of enzyme contained
8.3 � 0.5 mol of nonheme iron, 7.5 � 0.5 mol of acid-labile
sulfur, and 1.6 � 0.2 nmol of TPP. The numbers represent
mean values of three independent determinations, and the
range of deviations is indicated. The UV/VIS spectrum of
KGOR isolated in the absence of a reducing agent was typical
for an iron-sulfur protein, with a broad shoulder around 420
nm, and had a more unusual feature, an additional slight shoul-
der at 585 nm (Fig. 2). The estimated molar absorption coef-
ficients were ε281 � 350,000 M�1 cm�1 and ε415 � 45,000 M�1

cm�1. Reduction of the enzyme by either dithionite or 2-oxo-
glutarate resulted in a loss of absorption from 370 to 700 nm.
The difference spectra between the oxidized and the reduced
spectra were highly similar for both reductants; the one ob-
tained with dithionite is shown in the inset of Fig. 2. No evi-
dence for the presence of a flavin cofactor was given by this
difference spectrum. The difference absorption coefficient,
ε415(oxidized-reduced KGOR), was 6,500 M�1 cm�1. It has
been established that the molar difference absorption coeffi-
cient between the oxidized and reduced form of a cysteine-
coordinated single [4Fe-4S]1�/2� cluster is �4,000 M�1 cm�1

(33). Thus, as the iron content of KGOR indicates the pres-
ence of two [4Fe-4S]1�/2� clusters, approximately 85% of
these clusters were reduced by dithionite or 2-oxoglutarate at
pH 7.8.

FIG. 1. Results of SDS-PAGE (15% acrylamide) of enzyme frac-
tions (5 to 20 	g of protein) obtained during purification of KGOR.
Lanes: S, molecular mass standards; 1, supernatant (100,000  g cen-
trifugation) of cell extract; 2, DEAE-Sepharose fraction; 3, Q-Sepha-
rose fraction; 4, Reactive-Red-agarose fraction; 5, gel filtration frac-
tion (5 	g of protein).

FIG. 2. UV/VIS spectrum of KGOR (2.1 	M). The oxidized enzyme as isolated in 100 mM potassium phosphate (pH 7.8) is shown. The inset
shows a part of the difference spectrum of oxidized KGOR minus dithionite-reduced KGOR.
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(iv) Catalytic properties of KGOR. The maximal specific
activity of KGOR was 4.8 	mol min�1 mg�1 (30°C), yielding a
catalytic number of 17 s�1, assuming a molecular mass of 200
kDa. The pH optimum was at 8.3 when using glycylglycine
buffer. However, as the activity was threefold higher in phos-
phate buffer than in glycylglycine or Tris buffer (at pH 7.5 to
7.8), activity was routinely measured in 100 mM potassium
phosphate buffer (pH 7.8). To test the substrate specificity of
purified KGOR, several 2-oxoacids (4 mM each) and electron
acceptors (0.028 mM for T. aromatica ferredoxin and 1 mM for
viologens and nicotinamide adenine dinucleotides) were
tested. KGOR was highly specific for 2-oxoglutarate and vir-
tually no conversion was obtained with oxaloacetate, pyruvate,
2-oxoisovalerate, and phenylpyruvate. The enzyme used oxi-
dized ferredoxin from T. aromatica (for details, see below) and
oxidized benzyl viologen most efficiently as electron-accepting
substrates, whereas oxidized methyl viologen was only reduced
with half of the maximal activity. Neither NAD� nor NADP�

served as electron acceptor for KGOR. Purified KGOR was
shown to catalyze an isotope exchange between the 14CO2 and
the C-1 carboxyl group of the substrate 2-oxoglutarate in the
absence of CoA. The rate was 320 nmol min�1 (mg of pro-
tein)�1, which was 7% of the 2-oxoglutarate-dependent benzyl
viologen reduction rate. The apparent Km values for 2-oxoglu-
tarate and CoA were determined by varying their substrate
concentration (whereas all other substrates were present in
saturated concentrations). The Km values were 110 	M for
2-oxoglutarate and 290 	M for CoA (for a summary of the
catalytic properties of KGOR, see Table 3). For ferredoxin, the
Km could not be determined precisely by this technique, as the
molar absorption coefficient (εFdox(415 nm) � 40,500 M�1 cm�1

[6]) enabled only the use of 10 to 30 	M Fd in the assay.
Therefore, we estimated the Km for reduced ferredoxin as the
concentration of reduced ferredoxin at which the half-maximal
rate was observed in continuous spectrophotometric assay fol-
lowing the reduction of oxidized ferredoxin (30 	M). The half-
maximal rate for KGOR was at approximately 10 	M Fdox and
20 	M Fdred, as estimated from the different absorption coef-
ficients of the reduced and oxidized forms (6). It is of note that
this method considers neither possible competitive effects of
reduced ferredoxin nor the change of the redox potential dur-
ing the reaction. Both effects could contribute to a lowering of
the rate in the assay. Thus, the Km value of KGOR for ferre-
doxin is expected to be rather lower than the observed one.

(v) Electron transfer from 2-oxoglutarate to benzoyl-CoA
catalyzed by KGOR and benzoyl-CoA reductase. The main
goal of this work was to identify the electron-generating reac-
tion for enzymatic ring reduction. Since KGOR and benzoyl-
CoA reductase used the same ferredoxin as electron acceptor/
donor, an electron transfer chain from 2-oxoglutarate to
benzoyl-CoA was assumed. To demonstrate this unambigu-
ously, a discontinuous anaerobic assay was developed following
the 2-oxoglutarate-, KGOR-, and ferredoxin-dependent reduc-
tion of benzoyl-CoA catalyzed by benzoyl-CoA reductase in
the presence of the cosubstrates MgATP (benzoyl-CoA reduc-
tase) and coenzyme A (KGOR). HPLC analysis of the time-,
enzyme-, and substrate-dependent conversion of benzoyl-CoA
into the product(s) was as described recently (7); a quantitative
analysis is shown in Fig. 3. Only in the presence of all compo-
nents was benzoyl-CoA time dependently reduced to the prod-

uct cyclohexa-1,5-diene-1-carbonyl–CoA, which was further
hydrated to 6-hydroxycyclohex-1-ene-1-carbonyl–CoA. The
latter product was formed by traces of a highly active dienoyl
hydratase which was present as a contaminant in the benzoyl-
CoA reductase preparation (7). The initial activity of benzoyl-
CoA reduction was estimated to be approximately 200 nmol
min�1 mg�1, which was 75% of benzoyl-CoA reductase activity
with reduced methyl viologen as artificial electron donor under
the conditions used. In control experiments in which 2-oxoglu-
tarate, ferredoxin, or KGOR was omitted, virtually no benzoyl-
CoA conversion was observed. This clearly indicates that the
reaction measured depended on the components added and
excludes the presence of alternative electron donating com-
pounds, such as traces of dithionite.

(vi) Donor:NAD(P)�-oxidoreductase activities in extracts of
T. aromatica grown on different substrates. When growth was
on benzoate, benzoyl-CoA reductase was considered the only
catabolic enzyme using reduced ferredoxin as the electron do-
nor. However, one benzoyl-CoA is converted to three acetyl-
CoA and one CO2 by �-oxidation, yielding three 2-oxogluta-
rate in the citric acid cycle. Consequently, reduced ferredoxin
would accumulate and KGOR activity would be blocked due to
depletion of the oxidized electron acceptor. Therefore, besides
benzoyl-CoA reductase, additional ferredoxin-oxidizing activ-
ities were expected in T. aromatica. To test this possibility, we
determined ferredoxin:NAD(P)� oxidoreductase activities in a
spectrophotometric assay following the NAD(P)�-dependent

FIG. 3. Conversion of benzoyl-CoA to nonaromatic products by
benzoyl-CoA reductase in the presence of 2-oxoglutarate/KGOR/
ferredoxin as the electron-donating system. The anaerobic assay mix-
ture (0.5 ml) contained 2-oxoglutarate, CoA, benzoyl-CoA, and
MgATP, all in saturating concentrations; furthermore, ferredoxin (0.02
mg), KGOR (0.325 mg), and benzoyl-CoA reductase (0.2 mg) were
added. Consumption of benzoyl-CoA (�) and formation of � cyclo-
hexadiene-1-carbonyl–CoA plus 6-hydroxycyclohex-1-ene-1-carbonyl–
CoA were in the presence of all components listed above. For control
experiments, ferredoxin (�), KGOR (E), or 2-oxoglutarate (ƒ) was
omitted. Analysis of benzoyl-CoA and the products formed was by
HPLC using UV/VIS (260 nm) detection. Note that the product of
benzoyl-CoA reduction, cyclohexa-1,5-diene-1-carbonyl–CoA, was fur-
ther converted by traces of a highly active hydratase impurity to the
corresponding hydrated species. The amounts of both compounds
were added up to determine the total amount of products formed from
benzoyl-CoA.
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oxidation of reduced methyl viologen. When T. aromatica cells
were grown on different substrates, significant differences in
the corresponding enzyme activities were found. For cells
grown on benzoate, the donor:NAD� oxidoreductase activity
was five times higher than that in acetate-grown cells; a similar
result was obtained when NADP� replaced NAD�. In both
cases, the activity was 10 times higher with NAD� than with
NADP� as the electron acceptor.

(vii) N-terminal amino acid sequence and genes coding for
subunits of KGOR. To identify the genes coding for the two
subunits of KGOR, a gene probe deduced from the 5
region of
the bad gene cluster (accession number AJ224959) was ampli-
fied by PCR. By the use of this probe, a phagemid (2.54 kDa)
was obtained which contained the DNA with the ORFs re-
ferred to as korA and korB. They were located adjacent to
the bad gene cluster in the opposite direction, separated by a
0.4-kb intergenic segment (Fig. 4). The sequence for korB was
completed to the C terminus by primer walking. The N-termi-
nal amino acid sequences of the subunits of KGOR were
identical to those deduced from the korA and korB genes
(Table 2; the cysteine in KorB which was identified as valine by
Edman degradation is usually not detectable by this tech-
nique). No further adjacent ORF was found up to 0.3 kb in the
5
 direction of korB, confirming that KGOR consists of two
subunits only. The theoretical molecular masses of the gene
products deduced from the sequences of korA and korB were
60.5 and 29.8 kDa, which are in the range of the molecular
masses of the subunits of KGOR as determined by SDS anal-
ysis (66 and 34 kDa, respectively).

Amino acid sequence comparisons with similar enzymes
yielded evidence that KGOR from T. aromatica belongs to the
Halobacterium type of 2-oxoacid oxidoreductases (for details,
see Discussion).

DISCUSSION

(i) General properties of KGOR from T. aromatica. The
general properties of KGOR are summarized in Table 3. The
native molecular mass, the subunit composition, and the
amount of iron, acid-labile sulfur, and TPP suggests an (��)2

architecture with two [4Fe-4S] clusters and two TPP per dimer.
In addition to the oxidative decarboxylation of 2-oxoglutarate,
KGOR also catalyzes the isotope exchange between 14CO2 and
the C-1 carboxyl group of 2-oxoglutarate. The specific activity
of KGOR in cell extracts is 80 nmol min�1 mg�1 (�300 U/100
g [wet mass]), which is approximately double the activity of
benzoyl-CoA reductase and meets the requirements of cells
growing on benzoate at 30°C. KGOR from T. aromatica is
highly specific for 2-oxoglutarate as the 2-oxoacid substrate;
the apparent Km values for all substrates are in the physiolog-
ical range. As expected, KGOR used only one-electron accept-
ing substrates as viologens and the ferredoxin from T. aro-
matica (ferredoxins from other organisms were not tested).
KGOR was unable to catalyze a hydride transfer to
NAD(P)�. This is in accordance with the lack of a flavin
cofactor which is usually required for electron transfer from
a [4Fe-4S]1� cluster to NAD(P)�. An example of a flavin
cofactor containing 2-oxoacid oxidoreductase is phenylglyoxy-
late:NAD� oxidoreductase (CoA benzoylating) from the deni-
trifying bacterium Azoarcus evansii, which is involved in anaer-
obic phenylalanine metabolism (26). This enzyme has the
typical composition of a 2-oxoacid:ferredoxin oxidoreductase
but in addition contains a flavin cofactor harboring subunit.

(ii) Novel function for 2-oxoacid:acceptor oxidoreductase. In
anaerobic bacteria using aromatic compounds as sources for
energy and cell carbon, the strategy is to reduce the benzene
ring first before it is oxidized to three acetyl-CoA and one CO2

in a modified �-oxidation (23, 25). The 2[4Fe-4S]1�/2� cluster
containing ferredoxin which has been shown to act as electron

FIG. 4. Organization of the genes involved in the benzoyl-CoA pathway of benzoate degradation (bad operon) and the two genes coding for
the subunits of KGOR. korAB code for the two subunits of KGOR, bcrABCD code for the four structural genes of benzoyl-CoA reductase, and
fdx codes for ferredoxin. The other genes of the bad operon code for an alcohol dehydrogenase (had), a ring hydrolase (oah), and a dienoyl-CoA
dehydratase (dch), which are all involved in the benzoyl-CoA pathway. A stem-loop structure forms at the 3
 end of fdx, suggesting that
transcription is terminated at this site.

TABLE 2. Comparison of chemically determined amino acid
sequences of two subunits of KGOR from T. aromatica with amino

acid sequences deduced from the corresponding genes

Subunit Source of sequence Amino acid sequence

KorA (66 kDa) Experimentally determined TARSVSITFAGSGGAGVMTA
Deduced from the gene MTARSVSITFAGSGGAGVMTA

KorB (34 kDa) Experimentally determined MDATSTVPSYSARDYKSEVK
Deduced from the gene MDATSTCPSYSARDYKSEVK

TABLE 3. General properties of KGOR from T. aromatica

Property Value

Reaction catalyzed ..............2-oxoglutarate � coenzyme A � 2 Fdox 3
succinyl-CoA � CO2 � 2Fdred � 2 H�

Electron donor.....................2-oxoglutarate
Electron acceptors...............Ferredoxin (100%), benzyl viologen (97%),

methyl viologen (46%)
Apparent Km values ............2-oxoglutarate, 110 	M; coenzyme A, 290 	M;

ferredoxin, �10 	M
Specific activity ....................4.8 	mol of 2-oxoglutarate min�1 mg�1

Catalytic number .................17 s�1

pH optimum.........................8.3 (determined in glyclglycine buffer)
Molecular mass....................200 � 20 kDa (determined by gel filtration)
Subunits ................................66 kDa (�), 34 kDa (�) (determined by SDS-

PAGE)
Suggested composition........(��)2
Iron........................................8.3 � 0.5 mol/mol
Acid-labile sulfur .................7.5 � 0.5 mol/mol
TPP........................................1.6 � 0.2 mol/mol
Absorption coeffcients ........ε281 � 354,000 M�1 cm�1; shoulder at 415 nm:

ε415 � 45000 M�1 cm�1

Stabilization by: ...................KCl (500 mM), glycerol (10%), DTE (1 mM)
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donor for benzoyl-CoA reductase in T. aromatica is now iden-
tified as the electron acceptor for KGOR. The in vivo opera-
tion of an electron transfer chain from 2-oxoglutarate to ben-
zoyl-CoA by means of ferredoxin is supported in several
respects. (a) In a coupled enzyme assay, the electron transfer
from 2-oxoglutarate to benzoyl-CoA was followed in this work.
(b) KGOR activity was increased 10 to 50 times in cells grown
anaerobically on an aromatic substrate, indicating that KGOR
is linked to the anaerobic aromatic metabolism. In contrast,
NAD�-dependent 2-oxoglutarate dehydrogenase activity was
abolished under anaerobic conditions. (c) The genes coding for
the two subunits of KGOR are located adjacent to genes of the
bad gene cluster (separated by a 0.4-kbp intergenic segment),
providing the molecular basis of the observed coexpression of
the proteins encoded in the bad gene cluster and by korA and
korB.

The role of KGOR in the aromatic metabolism of T. aro-
matica is depicted in Fig. 5. It couples the complete acetyl-CoA
oxidation to aromatic ring reduction by the use of the
low-potential electron shuttle ferredoxin. Three acetyl-CoA
(yielding three 2-oxoglutarate) and one CO2 are formed per
benzoyl-CoA metabolized. The data obtained support the no-
tion that excess reduced ferredoxin is regenerated by an
NAD(P)H:ferredoxin oxidoreductase. Corresponding activi-
ties were clearly induced in T. aromatica when grown anaero-
bically on an aromatic substrate.

The role of KGOR in T. aromatica differs from the known

functions of other 2-oxoacid oxidoreductases: in strictly anaer-
obic bacteria they are involved in substrate-level phosphory-
lation (e.g., Clostridium, sulfate reducers, hyperthermophiles,
methanogenic archaea [references 17 and 18 and references
therein]); moreover, they play a role in CO2 fixation in bacteria
using the reductive tricarbonic acid cycle (15, 42), in acetyl-
CoA assimilation (many obligate anaerobes (3, 19, 34), or as a
source for low-potential electron equivalents for nitrogen fix-
ation (14, 44).

In the denitrifying bacterium A. evansii, a 2-oxoglutarate:
NADP� oxidoreductase is induced when the bacterium is
anaerobically grown on an aromatic substrate (32). It is con-
ceivable that in A. evansii the electron donor for enzymatic ring
reduction ferredoxin is not directly reduced by a 2-oxoacid:
ferredoxin oxidoreductase as in T. aromatica but rather by the
combined action of 2-oxoacid:NADP� oxidoreductase and
NADPH:ferredoxin oxidoreductase. Nothing is known about
the electron transfer to the aromatic ring in other anaerobic
bacteria using aromatic compounds.

(iii) Comparison of subunit architecture with other 2-keto-
acid:acceptor oxidoreductases. Based on molecular and phy-
logenetic homologies, 2-oxoacid oxidoreductases are grouped
in a single enzyme family. In general, enzymes of this family
are composed of four modules (a, b, c, and d) with molecular
masses between 10 and 50 kDa. The b module binds one TPP
and a single [4Fe-4S] cluster; the c module is involved in CoA
binding. The d module is highly similar to a ferredoxin and

FIG. 5. Proposed role of KGOR in the anaerobic metabolism of T. aromatica. Note that three molecules of 2-oxoglutarate are formed per
molecule of benzoyl-CoA reduced. Oxidation of one molecule of acetyl-CoA would be sufficient to provide the two electrons required for the
reduction of one molecule of benzoyl-CoA. The surplus reduced ferredoxin which is due to the oxidation of residual acetyl-CoA is suggested to
be channeled to NAD�, catalyzed by ferredoxin:NAD� oxidoreductase.
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usually contains two further [4Fe-4S] clusters, whereas a dis-
tinct function has not been ascribed to the a module. Depend-
ing on the organization of the four modules, different types are
distinguished in the 2-oxoacid oxidoreductase family which
have been described in detail previously (28, 46). The “Halo-
bacterium type” of 2-oxoacid oxidoreductases is distinguished
from all other types by the lack of the two [4Fe-4S] clusters
containing the d module and is usually referred to as the (��)2

type. The � subunit of this type contains the a and c modules
on a single polypeptide.

The amino acid sequences deduced from the sequences of
of korA and korB showed similarities with several other
2-oxoacid:ferredoxin oxidoreductases. Highest similarity val-
ues were found with enzymes of the (��)2 architecture con-
sisting of two subunits with masses of approximately 60 to 70
kDa (� subunit) and 30 to 35 kDa (� subunit). The amino acid
sequence deduced from korA (containing the a and c modules)
exhibited highest similarities (28 to 32% identity and 45 to 50%
similarity) with the corresponding subunits of 2-oxoacid:ferre-
doxin oxidoreductases from halophilic bacteria/archaea (2-oxo-
acid:ferredoxin oxidoreductases from several Halobacterium
species and Bacillus halodurans), of a putative 2-oxoacid oxi-
doreductase from Staphylococcus aureus, and of oxidoreducta-
ses from several thermophilic bacteria (e.g., Thermotoga mari-
tima, Sulfolobus tokodaii, Hydrogenobacter thermophilus,
Thermoplasma acidophilum; see accession numbers [Table 4]).
The amino acid sequence deduced from korB showed 41 to
51% identities and up to 68% similarity with the � subunits of
2-oxoacid:ferredoxin oxidoreductases from the organisms
listed above. It is of note that almost all (��)2-type 2-oxoacid
oxidoreductases identified so far are from extremophiles (with
exceptions of KGOR from T. aromatica and a putative
2-oxoacid oxidoreductase deduced from ORFs in the S. aureus
genome.)

Based on both the biochemical data (subunit architecture,

iron content) and the gene sequence analysis, KGOR from T.
aromatica can clearly be classified into the (��)2 group of
2-oxoacid oxidoreductases.

Three highly conserved putative cofactor binding motifs
were identified in the amino acid sequences of the two subunits
of T. aromatica KGOR. Table 4 shows the corresponding se-
quences of different 2-oxoacid oxidoreductases of the (��)2

type with high amino acid sequence similarities to KGOR from
T. aromatica. Four cysteines conserved in the � subunit of
KGOR have been assigned to coordinate a [4Fe-4S]1�/2� clus-
ter (28, 38, 46). This motif differs from that of the typical
ferredoxin-type [4Fe-4S]1�/2� cluster ligation motif (CXXCX
XXCP). The � subunit also harbors conserved residues which
represent putative TPP binding sites. The corresponding con-
served amino acid motifs are G(S)GDG and TK(T)GQA(T)S
(24, 31); the former motif is considered to be involved in
divalent cation binding of the TPP cofactor. Finally, the N
terminus of the � subunit carries a glycine-rich motif which is
similar to the typical adenine recognition loop identified in
citrate synthases (39). This loop is proposed to be involved in
CoA binding of 2-ketoacid oxidoreductases (46).
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