
Abstract The initial activation reactions of anaerobic oxi-
dation of the aromatic hydrocarbons toluene and ethyl-
benzene were investigated in cell extracts of a toluene-de-
grading, sulfate-reducing bacterium, Desulfobacula tolu-
olica, and in cell extracts of strain EbN1, a denitrifying
bacterium capable of degrading toluene and ethylbenzene.
Extracts of toluene-grown cells of both species catalysed
the addition of fumarate to the methyl group of [phenyl-
14C]-toluene and formed [14C]-labeled benzylsuccinate.
Extracts of ethylbenzene-grown cells of strain EbN1 did
not catalyse this reaction, but catalysed the formation of
1-phenylethanol and acetophenone from [methylene-14C]-
ethylbenzene. Toluene-grown cells of D. toluolica and
strain EbN1 synthesised highly induced polypeptides cor-
responding to the large subunits of benzylsuccinate syn-
thase from Thauera aromatica. These polypeptides were
absent in strain EbN1 after growth on ethylbenzene, al-
though a number of different polypeptides were highly in-
duced. Thus, formation of benzylsuccinate from toluene
and fumarate appears to be the general initiating step in
anaerobic toluene degradation by bacteria affiliated with
the phylogenetically distinct β-subclass (strain EbN1 and
T. aromatica) and δ-subclass (D. toluolica) of the Pro-
teobacteria. Anaerobic ethylbenzene oxidation proceeds
via a different pathway involving a two-step oxidation of
the methylene group to an alcohol and an oxo group; these
steps are most probably followed by a biotin-independent
carboxylation reaction and thiolytic cleavage.
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Introduction

Bacterial metabolism of aromatic hydrocarbons has long
been considered to be an absolutely oxygen-dependent
process. Only the last decade of microbiological research
has proven that these compounds are also utilised as car-
bon and energy sources by anaerobic bacteria. Readily
degradable substrates under anoxic conditions include
toluene, ethylbenzene, xylenes and other alkylbenzenes
(Rabus et al. 1996). Bacterial species capable of anaerobic
degradation of alkylbenzenes belong to four physiological
groups: denitrifying bacteria of the β-subclass of Pro-
teobacteria, sulfate- and ferric-iron-reducing bacteria of
the δ-subclass, and fermentative bacteria in syntrophic
methanogenic or sulfidogenic associations [reviewed in
Heider and Fuchs (1997)]. Well-characterised bacteria ca-
pable of anaerobic degradation of toluene include the fer-
ric-iron-reducing Geobacter metallireducens (Lovley and
Lonergan 1990), several isolates of related denitrifying
species represented by Thauera aromatica and Azoarcus
tolulyticus (Dolfing et al. 1990; Altenschmidt and Fuchs
1991; Evans et al. 1991; Schocher et al. 1991; Fries et al.
1994; Rabus and Widdel 1995 a), and the sulfate-reducing
species Desulfobacula toluolica and strain PRTOL1
(Rabus et al. 1993; Beller et al. 1996). The denitrifying
strains EbN1 and EB1 are the first pure cultures shown to
be capable of anaerobic degradation of ethylbenzene
(Rabus and Widdel 1995a; Ball et al. 1996). Strain EbN1
is the only pure culture that can utilise either toluene or
ethylbenzene as sole substrate.

In all aerobic hydrocarbon-utilizing organisms, cata-
bolic reactions for the initial attack at the hydrocarbons
depend on molecular oxygen as cosubstrate. In contrast,
under anoxic conditions, the initial attack at the hydrocar-
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bon must proceed via oxygen-independent reactions. The
pathways of anaerobic toluene and ethylbenzene degrada-
tion in denitrifying bacteria lead to benzoyl-CoA as the
last aromatic intermediate (Fig.1). At this point, the
anaerobic metabolic pathways of most aromatic com-
pounds converge. The dearomatisation of the aromatic
ring in the absence of oxygen is accomplished by ATP-de-
pendent reduction of benzoyl-CoA to a cyclic diene deriv-
ative, as catalysed by benzoyl-CoA reductase (Boll and
Fuchs 1995, 1997).

The available data on anaerobic degradation of toluene
and ethylbenzene in denitrifying bacteria suggest that dif-
ferent pathways are employed for the two alkylbenzenes.

The initiation reaction of anaerobic toluene oxidation is
well-documented with whole and permeabilised cells, cell
extracts, and the purified enzyme. The first step is the for-
mal addition of the cosubstrate fumarate to the methyl
group of toluene, catalysed by the glycyl-radical enzyme
benzylsuccinate synthase (Biegert et al. 1996; Beller and
Spormann 1997a; Leuthner et al. 1998). The product
formed, benzylsuccinate, is then further oxidised to ben-
zoyl-CoA (Fig.1; Biegert et al. 1996; C. Leutwein, B.
Leuthner and J. Heider, unpublished work). Benzylsucci-
nate synthase from T. aromatica has been purified and
characterised. The enzyme contains a glycyl radical close
to the carboxy terminus of the large subunit. The polypep-
tide backbone of the glycyl-radical-containing protein is
cleaved at the radical site upon contact with oxygen. Be-
cause only one of two subunits in the holoenzyme contains
a radical, a characteristic double band corresponding to the
toluene-induced enzyme is visible in cell extracts sepa-
rated on SDS-polyacrylamide gels (Leuthner et al. 1998).
The fate of ethylbenzene in strains EbN1 and EB1 has
been inferred from growth experiments and substrate con-
version tests with whole cells (Rabus and Widdel 1995a;
Ball et al. 1996). First ethylbenzene appears to be oxidised
at the methylene group, yielding 1-phenylethanol and ace-
tophenone (Fig.1, enzymes 7 and 8). Acetophenone is then
thought to be carboxylated at the methyl group (Fig.1, en-
zyme 9); the resulting benzoylacetate would be activated
to a CoA thioester and cleaved to benzoyl-CoA and acetyl-
CoA by a β-keto thiolase (Fig.1, enzymes 10 and 11).

In the present study, we investigated the initial reac-
tions of anaerobic toluene oxidation in the sulfate-reduc-
ing D. toluolica and the nitrate-reducing strain EbN1 in
vitro. We demonstrate that both bacteria form [14C]-la-
beled benzylsuccinate from [14C]-labeled toluene and ap-
pear to synthesise an inducible benzylsuccinate synthase
when grown on toluene. The implementation of this path-
way by phylogenetically distant bacteria indicates that ad-
dition of fumarate to the methyl group is a generally con-
served pathway used to attack toluene under anoxic con-
ditions. We also show that anaerobic degradation of ethyl-
benzene in extracts of denitrifying bacteria is indeed initi-
ated via direct oxidation of the methylene group, yielding
1-phenylethanol and acetophenone. The presence of two
distinct and substrate-inducible sets of enzymes for degra-
dation of ethylbenzene and toluene in strain EbN1 is
demonstrated.

Materials and methods

Cell growth and preparation of extracts

Sulfate-reducing D. toluolica strain Tol2 (DSM 7467; Rabus et al.
1993) and denitrifying strain EbN1 (Rabus and Widdel 1995 b)
were isolated from enrichment cultures on toluene and ethylben-
zene, respectively, and have been subcultured in the laboratory
since then. D. toluolica was grown anaerobically in defined salt-
water medium containing 1 mM Na2S. Toluene was provided in an
inert carrier phase of 40 ml 2,2,4,4,6,8,8-heptamethylnonane/l me-
dium (2% toluene, v/v), as previously described (Rabus et al.
1993; Rabus and Widdel 1995b). Cultures were harvested under
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Fig.1 Proposed metabolic pathways of anaerobic degradation of
toluene and ethylbenzene. Enzymes involved in toluene metabo-
lism are represented by numbers 1–6, those catalysing the pro-
posed steps in ethylbenzene metabolism by 7–11. Note that the
carboxylation step (9) may require energy; the proposed activation
of benzoylacetate to the CoA thioester (10) may be catalysed either
by a CoA ligase or a CoA transferase



strictly anoxic conditions at an optical density (660 nm) of 0.2,
which corresponded to the mid-exponential growth phase. The
centrifuged cells were washed once with sulfide-reduced saltwater
medium, shock-frozen in liquid N2, and stored at –80°C. Three
grams (wet mass) of cells were obtained from 22 l of culture. The
denitrifying strain EbN1 was grown in 2-l bottles on a defined,
ascorbate (4 mM)-reduced mineral medium with either toluene or
ethylbenzene as sole carbon and energy source (Rabus and Widdel
1995 a). Conditions for growth and harvesting of cells were as de-
scribed by Rabus and Widdel (1995a). Typical cell yields were 0.2 g
(wet mass)/l culture harvested at an OD660 of 0.24. A 200-l culture
of strain EbN1 was grown on ethylbenzene (4% in 3 l of mineral
oil) in mineral medium containing 10 mM Na-nitrate as described
by Biegert et al. (1996). When nitrate and ethylbenzene were de-
pleted, these compounds were resupplied to the fermenter at the
initial concentrations. Exponential growth was obtained up to an
OD660 of 1.5, and the cell yield after harvesting was 180 g (wet
mass).

Crude extracts were prepared under strictly anoxic conditions.
Cells were resuspended in 1 vol. anoxic buffer [200 mM Tris-HCl,
2 mM MgCl2, 20% glycerol and 0.5 mM dithionite (pH 8.0)] and
were broken by one passage through a French press cell. Cell de-
bris and unbroken cells were removed from the extract by cen-
trifugation (1 h at 20,000 × g). The small amount of available
toluene-grown cells of strain EbN1 necessitated the use of 3 vol. of
buffer for extract preparation. In this case, we added 5 mM Na-fu-
marate to the buffer since the presence of this cosubstrate was
found to stabilise benzylsuccinate synthase from T. aromatica
against inactivation (H. Schulz and J. Heider, unpublished work).

Enzyme assays

Formation of products from toluene or ethylbenzene was assayed
at 30°C in cell extracts by determining the production of [14C]-la-
beled products from [phenyl-14C]-toluene and [methylene-14C]-eth-
ylbenzene. Cell extract (300 µl) was transferred into an anoxic
glass vial, and cosubstrates were added from anoxic stock solu-
tions, each to a final concentration of 2 mM (fumarate, coenzyme
A, and nitrate or phenazine methosulfate/sulfite for toluene con-
version reactions; and nitrate, bicarbonate, ATP and coenzyme A
for ethylbenzene conversion reactions). The reactions were started
by adding 75 kBq of [phenyl-14C]-toluene in isopropanol (final
concentration, 120 µM) or 8 kBq [methylene-14C]-ethylbenzene
(final concentration, 1.1 mM). Aliquots of 50 µl were taken after
various incubation times. The reaction was stopped by adding 5 µl
of a 50% H2SO4 solution; the precipitated proteins were removed
by centrifugation, and the amount of nonvolatile radioactivity
formed was analysed by liquid scintillation counting. The samples
and appropriate reference compounds were also applied on TLC
plates (silica gel 60, Merck) and developed with benzene/
dioxan/acetic acid (80 :10 :10, by vol.). Radioactive compounds
formed from [14C]-toluene or [14C]-ethylbenzene were detected by
autoradiography. Nonlabeled reference compounds were detected
on TLC plates by fluorescence-quenching.

Other methods

Proteins were separated by SDS-PAGE on 11% (w/v) polyacryl-
amide gels as described by Laemmli (1970). Molecular size markers
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Fig. 2A, B Anaerobic conver-
sion of [phenyl-14C]-toluene to
nonvolatile products by cell-
free extracts of toluene-grown,
sulfate-reducing Desulfobacula
toluolica. A Time course of
product formation in assays
without supplementation (p),
with addition of fumarate (m),
and with addition of fumarate,
CoASH, and electron acceptors
(g). B TLC analysis of reac-
tion products formed. The mi-
gration positions of benzoate
and benzylsuccinate are indi-
cated; a benzylsuccinate deriv-
ative generated during sample
preparation and tentatively
identified as glycerol ester of
benzylsuccinate is also indi-
cated. Benzoyl-CoA stays at
the application line under the
conditions employed. Lanes
1–3 assay without supplemen-
tation after 1, 3 and 12 h; 4–6
assay with added fumarate af-
ter 1, 3 and 12 h; and 7–9 as-
say with added fumarate,
CoASH, phenazine methosul-
fate and sulfite (2 mM each)
after 1, 3 and 12 h



used were phosphorylase b (97 kDa), bovine serum albumin 
(67 kDa), ovalbumin (45 kDa), lactate dehydrogenase (34 kDa)
and carboanhydrase (29 kDa). Biotin-containing proteins in cell
extracts were detected by separating the proteins by SDS-PAGE
and electroblotting them on nitrocellulose sheets (Schleicher &
Schüll, Dassel, Germany) following a modification of standard
methods (Ausubel et al. 1987). The filters were blocked with 5%
(w/v) skim milk powder in basal buffer [50 mM Tris-HCl (pH 7.5)
containing 0.9% NaCl], washed, and treated with avidin coupled to
horseradish peroxidase (8.5 µg ml–1 of basal buffer). After wash-
ing, biotin-containing polypeptides were detected with freshly
mixed solutions A [10 ml of 3 mg 4-chloronaphtol (ml methanol)–1

and B (50 ml of 0.02% H2O2 in basal buffer). Protein concentra-
tions were measured according to Bradford (1976) with bovine
serum albumin as the standard.

Materials

Chemicals were obtained from Aldrich (Steinheim, Germany),
Fluka (Neu-Ulm, Germany), Merck (Darmstadt, Germany), Sigma
(Deisenhofen, Germany), or Roth (Karlsruhe, Germany). Bio-
chemicals were obtained from Boehringer (Mannheim, Germany)
or Gerbu (Gaiberg, Germany); gases were from Linde (Höllriegels-
kreuth, Germany). [phenyl-14C]-Toluene (specific radioactivity, 
2 GBq/mmol) and [methylene-14C]-ethylbenzene (specific radioac-
tivity, 218 MBq/mmol) were from American Radiolabeled Com-
pounds/Biotrend (Köln, Germany).

Results

Toluene degradation by sulfate-reducing D. toluolica

Extracts of toluene-grown D. toluolica cells catalysed
the formation of [phenyl-14C]-benzylsuccinate from [phenyl-
14C]-toluene and fumarate. Benzylsuccinate [and its
glycerol-ester; see Fig.2 and Biegert et al. (1996)] were
the only detectable products when no other substrates
were present (Fig.2). Values of 30–50 pmol min–1 (mg
protein)–1 were determined for the initial velocity of ben-
zylsuccinate formation in different extracts. In the ab-
sence of added fumarate, benzylsuccinate was formed at a
40-fold lower rate (Table 1; Fig. 2). Fumarate was proba-
bly supplied from endogenous sources in these experi-
ments, as previously observed in extracts of toluene-
grown T. aromatica (Biegert et al. 1996). In order to in-
vestigate whether benzylsuccinate was further oxidised to
benzoyl-CoA, coenzyme A and sulfite plus phenazine
methosulfate (acting as potential electron acceptors) were
added to the assays. The initial velocity of toluene con-

version to products decreased (Table 1), but benzylsucci-
nate remained the principal product under these condi-
tions, even after prolonged incubation. However, in-
creased formation of benzoyl-CoA in these assays indi-
cated some degree of further oxidation (Fig. 2). The high-
est specific activity obtained in cell extracts was only
0.3% of the velocity of toluene degradation by whole cells
[18 nmol min–1 (mg protein)–1; see Rabus et al. (1993)], or
10% of that obtained with permeabilised cells of strain
PRTOL1, a different toluene-degrading sulfate reducer
(Beller and Spormann 1997 b). This is reminiscent of the
difference in activity values measured with cell extracts or
permeabilised cells of denitrifying toluene-degrading bac-
teria (Biegert et al. 1996; Beller and Spormann 1997a). It
may be attributed either to the extreme oxygen sensitivity
of benzylsuccinate synthase (Leuthner et al. 1998) or to
the loss of an activating factor or additional cosubstrate
for the enzyme upon extract preparation.

Benzyl alcohol (10 mM) and benzaldehyde (10 mM)
inhibited synthesis of benzylsuccinate from toluene in ex-
tracts of both D. toluolica and T. aromatica (data not
shown). This inhibition was reversible in T. aromatica ex-
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Fig.3 Polypeptide patterns of cells grown on different substrates.
Cell extracts were separated by SDS-PAGE on an 11% (w/v) gel;
the resolved proteins were stained with Coomassie blue. Migration
positions of the large subunits of benzylsuccinate synthase of
Thauera aromatica (apparent masses, 94 and 90 kDa) and the
comigrating polypeptides in the other species are indicated by ar-
rows. Amount of protein applied: 15 µg per lane for T. aromatica
and strain EbN1, and 50 µg per lane for Desulfobacula toluolica,
to account for the lower amount of induced proteins in this species.
Lanes: denitrifying T. aromatica grown on benzoate (1) and
toluene (2); denitrifying strain EbN1 grown on benzoate (3),
toluene (4) and ethylbenzene (5); sulfate-reducing D. toluolica
grown on benzoate (6) and toluene (7); standard proteins (8)

Table 1 Initial rates of toluene conversion into products [pmol
min–1 (mg protein)–1] in extracts of toluene-grown cells of sulfate-
reducing Desulfobacula toluolica, and toluene- and ethylbenzene-
grown cells of denitrifying strain EbN1 (nd not determined)

Supplements added D. toluolica Strain EbN1 Strain EbN1
(2 mM each) (Toluene) (Ethylbenzene)

None 0.9 ± 0.2 nd nd
Fumarate 39 ± 11 4.0 ± 0.4 < 0.3
Fumarate, CoASH,  19 ± 8 nd nd

phenazine
methosulfate, sulfite



tracts, which oxidised benzyl alcohol to benzoate after 2 h
via benzyl alcohol dehydrogenase and benzaldehyde de-
hydrogenase (Biegert et al. 1996), but not in D. toluolica
extracts. This observation is in accordance with the re-
ported irreversible inhibition of toluene oxidation by ben-
zyl alcohol in cell suspensions of D. toluolica (Rabus et
al. 1993). Strong similarity of the benzylsuccinate syn-
thases of the two species is also indicated by SDS-PAGE
analysis of the protein patterns. Toluene-grown cells of D.
toluolica contain two polypeptides of approximately the
same masses of the α-subunit of benzylsuccinate synthase
and its oxygenolytic truncation product (α′ ); these are
lacking in benzoate-grown cells (Fig.3). In addition to the
large subunits of benzylsuccinate synthase, other toluene-
induced polypeptides of D. toluolica (e.g. at 45 kDa) ap-
pear to correspond to analogous proteins of toluene-
grown T. aromatica (Fig. 3; Heider et al. 1998).

Toluene degradation by denitrifying strain EbN1

The denitrifying strain EbN1 was grown anaerobically on
toluene or ethylbenzene as sole carbon and energy source.

Both cell batches were analysed for in vitro transforma-
tion of [phenyl-14C]-toluene plus fumarate to benzylsucci-
nate. Extracts of toluene-grown cells were found to con-
vert labeled toluene to nonvolatile products at a rate of
3.4–4.3 pmol min–1 (mg protein)–1. Equally low activities
have been measured in some similarly prepared T. aro-
matica extracts, possibly reflecting sensitivity of benzyl-
succinate synthase towards dilution (C. Leutwein and 
J. Heider, unpublished work). The [14C]-labeled products
formed in these experiments were identified by TLC and
autoradiography. As expected, the products formed from
toluene in extracts of toluene-grown cells were benzylsuc-
cinate and its glycerol ester (Fig. 4). No significant further
oxidation of benzylsuccinate to benzoyl-CoA was recorded,
even when CoASH and nitrate were added to the assay
(data not shown). A similar effect was also found in T. aro-
matica extracts, which did not catalyse oxidation of benzyl-
succinate to benzoyl-CoA at low protein concentrations
(Biegert et al. 1996). Extracts of ethylbenzene-grown
cells only exhibited background activities of < 0.3 pmol
min–1 (mg protein)–1 with [phenyl-14C]-toluene plus fu-
marate (Table 1). No [14C]-labeled benzylsuccinate was
produced from [phenyl-14C]-toluene in these experiments,
but a very slow accumulation of [14C]-labeled benzoate
was observed (Fig. 4). This may suggest some degree of
slow, cometabolic oxidation of toluene via the ethylben-
zene degradation pathway.

SDS-PAGE of cell extracts of strain EbN1 grown on
benzoate, toluene and ethylbenzene showed different
polypeptide patterns after growth on the different sub-
strates (Fig. 3). Bands of highly induced proteins comi-
grating with the α/α’ doublet of benzylsuccinate synthase
of T. aromatica were visible in toluene-grown cells, but
not in cells grown on benzoate or ethylbenzene. Another
toluene-induced polypeptide band was visible at 45 kDa,
as seen in T. aromatica and D. toluolica.
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Fig. 4 TLC analysis of transformation products of [phenyl-14C]-
toluene and [methylene-14C]-ethylbenzene by denitrifying strain
EbN1. Lanes 1, 2, experiments with extracts of toluene-grown
cells. Overnight incubation with [14C]-toluene in the presence of
fumarate, CoASH and nitrate (2 mM each; lane 1) and with [14C]-
ethylbenzene in the presence of fumarate, CoASH, bicarbonate,
ATP and nitrate (2 mM each; lane 2). Lanes 3–8 experiments with
extracts of ethylbenzene-grown cells: 2-h incubation with [14C]-
toluene in the presence of fumarate, CoASH and nitrate (2 mM
each; lane 3) and time course of product formation from [14C]-eth-
ylbenzene in the presence of nitrate, bicarbonate, ATP and CoASH
(2 mM each; lanes 4–8). Samples were withdrawn after incubation
for 5 min (lane 4), 15 min (lane 5), 30 min (lane 6), 60 min (lane
7), and overnight (lane 8). Migration positions of acetophenone,
benzoate, 1-phenylethanol, benzylsuccinate and its glycerol ester
are shown; benzoyl-CoA remains at the starting point



Ethylbenzene degradation by denitrifying strain EbN1

Extracts of strain EbN1 grown on ethylbenzene or toluene
were tested for conversion of [methylene-14C]-ethylben-
zene. We found that extracts from ethylbenzene-grown
cells converted labeled ethylbenzene to nonvolatile products
at a rate of up to 10–30 pmol min–1 (mg protein)–1 (Table 2).
The products formed in extracts supplied with various
supplements were analysed by TLC. In the absence of
added supplements, the reaction rate was below the detec-
tion limit, but accumulation of some 1-phenylethanol was
nevertheless recorded after more than 3 h of incubation.
No further products were detected, indicating that 
1-phenylethanol was not metabolised further in the ab-
sence of an electron acceptor (data not shown). In all as-
says supplied with nitrate as electron acceptor, labeled 
1-phenylethanol and acetophenone were early products,
as predicted from the proposed pathway of ethylbenzene
degradation (Fig.4). No labeled product comigrated with
2-phenylethanol, the other possible oxidation product of
ethylbenzene.

The next predicted reactions in ethylbenzene metabo-
lism are carboxylation of acetophenone, activation of the
resulting β-oxo acid to a CoA-thioester, and thiolytic
cleavage to benzoyl-CoA and acetyl-CoA (Fig. 1). There-
fore, we investigated whether supplementation of extracts
with bicarbonate, ATP and CoASH changed the product
pattern produced from labeled ethylbenzene. The mea-
sured reaction rate of ethylbenzene oxidation increased
approximately fivefold in the presence of bicarbonate and
remained at that level when ATP and CoASH were added
(Table 2). However, 1-phenylethanol and acetophenone
were still the only products produced from ethylbenzene
under these conditions (Fig. 4). Traces of labeled CoA-
thioesters and some unidentified polar products were de-
tected only after long-term incubation (> 12 h) in the
presence of nitrate, bicarbonate, ATP and CoASH (Fig.4).
We do not know at present whether these trace products are
physiologically relevant. Formation of 1-phenylethanol
and acetophenone, plus a putative carboxylation product,
from ethylbenzene has previously been reported from cell
suspension experiments with the denitrifying, ethylben-
zene-degrading strain EB1 (Ball et al. 1996).

The rate of conversion of [methylene-14C]-ethylben-
zene to nonvolatile products in extracts of toluene-grown

cells of strain EbN1 was below the detection limit (Table
2). Still, low amounts of products were detected after
overnight incubation. TLC analysis showed that two la-
beled products that comigrate with 1-phenylethanol and
acetophenone (Fig.4) were formed. This observation may
be explained by the presence of low levels of ethylben-
zene catabolic enzymes even in toluene-grown cells. This
interpretation was reasserted by the lack of product for-
mation from [14C]-ethylbenzene in extracts of toluene-
grown T. aromatica, which is unable to metabolise ethyl-
benzene (data not shown).

SDS-PAGE of cell extracts of ethylbenzene-grown
cells of strain EbN1 revealed that a set of polypeptides
was strongly induced after growth on ethylbenzene; these
polypeptides were not present in benzoate- and toluene-
grown cells. No polypeptides comigrating with the α/α′ -
subunits of benzylsuccinate synthase were detected in eth-
ylbenzene-grown cells (Fig.3). Because of the involve-
ment of a carboxylation reaction in the proposed degrada-
tion pathway of ethylbenzene, we searched for ethylben-
zene-induced biotinylated polypeptides. Three constitu-
tive polypeptides of 16, 19 and 75 kDa carrying cova-
lently bound biotin were identified in T. aromatica and in
strain EbN1, but none was specifically induced in ethyl-
benzene-grown cells (data not shown).

Discussion

Anaerobic degradation of toluene appears to be generally
initiated by addition of fumarate to the methyl group in
bacteria of different physiological and phylogenetic groups.
This has been verified in this communication for denitri-
fying toluene-degrading bacteria (T. aromatica and strain
EbN1), which belong to the β-subgroup of Proteobacteria,
and for a sulfate-reducing bacterium (D. toluolica) of the
δ-subclass. This is most remarkable given the large differ-
ence in energy yield from toluene oxidation coupled to
denitrification (∆G°’ = –3529.6 kJ mol–1) and sulfate re-
duction (∆G°’ = –179.4 kJ mol–1). However, benzylsucci-
nate formation appears to be an ideal initiation reaction
for toluene metabolism under energy-limited conditions.
It is exergonic (∆G°’ = ca. –40 kJ mol–1) and therefore
only requires an appropriate catalyst to proceed. The en-
zyme catalysing this reaction, benzylsuccinate synthase,
can be identified as a major toluene-induced protein on
SDS-polyacrylamide gels and appears to be common to
these bacteria. Conservation of the typical double-band
pattern suggests strongly that the enzyme contains a gly-
cyl radical in all analysed species. Although toluene-de-
grading ferric iron reducers and the fermentative bacteria
present in toluene-degrading methanogenic consortia
have not been analysed, they most likely utilise the same
pathway as the related sulfate-reducing bacteria. The fur-
ther steps of benzylsuccinate oxidation to benzoyl-CoA in
T. aromatica resemble β-oxidation of fatty acids (Biegert
et al. 1996; C. Leutwein, B. Leuthner and J. Heider, un-
published work) and are probably also common for all of
these organisms.
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Table 2 Initial rates of ethylbenzene conversion into products
[pmol min–1 (mg protein)–1] in extracts of toluene- and ethylben-
zene-grown cells of denitrifying strain EbN1 (nd not determined)

Supplements added Toluene- Ethylbenzene-
(2 mM each) grown cells a grown cells

None nd <1
Nitrate < 1 2.3
Nitrate + bicarbonate nd 12.5
Nitrate + bicarbonate + < 1 12

ATP + CoASH

a Note that these assays also contained fumarate



Further metabolism of benzoyl-CoA, as established for
denitrifying and photosynthetic bacteria, involves the re-
duction of the aromatic ring. This reaction requires the in-
put of two ATP for the two-electron reduction of benzoyl-
CoA to cyclohexa-1,5-diene-1-carboxy-CoA (Boll and
Fuchs 1997). Energy-limited bacteria such as sulfate-re-
ducers must be expected to accomplish benzoyl-CoA
degradation differently because they cannot afford the re-
quired ATP investment of this enzyme. In accordance, the
“denitrifying type” of benzoyl-CoA reductase was not de-
tected in extracts of D. toluolica (R. Rabus and J. Heider,
unpublished work).

Anaerobic metabolism of ethylbenzene by the denitri-
fying strain EbN1 proceeded via a pathway different from
that of toluene degradation. We detected the formation of
1-phenylethanol and acetophenone from ethylbenzene in
cell extracts. No further degradation products were ob-
tained under the conditions used, indicating that the car-
boxylation reaction of acetophenone may need additional
cofactors or cosubstrates to proceed in vitro. Still, the pre-
sented results verify the postulated pathway of ethylben-
zene degradation, which has been deduced from growth
experiments, simultaneous adaptation, and substrate con-
version studies with whole cells (Rabus 1995; Rabus and
Widdel 1995a; Ball et al. 1996). The experiments reported
here should also be a first step for purification and charac-
terisation of enzymes involved in ethylbenzene metabo-
lism. The distinctness of the metabolic pathway for toluene
and ethylbenzene degradation in strain EbN1 is reflected by
the polypeptide patterns. A number of proteins are highly
induced in ethylbenzene-grown cells, but they are all dif-
ferent from those induced upon growth on toluene. The
inducibility of these two pathways is further supported by
studies with cell suspensions of ethylbenzene-grown cells
of strain EbN1. These oxidised ethylbenzene immediately,
whereas they required a pronounced adaptation period to
obtain the capacity to degrade toluene (Rabus 1995).

Both initial reactions reported in this communication
proceed at very low rates that correspond to only 0.1–1%
of the rates required for the observed growth rates. A pos-
sible explanation in the case of toluene metabolism may
be the extreme sensitivity of benzylsuccinate synthase to
oxygen inactivation or to other agents (Leuthner et al.
1998). The strong induction of benzylsuccinate synthase
synthesis in toluene-grown cells (Leuthner et al. 1998)
and the more than 20-fold higher reaction rates in experi-
ments with permeabilised cells (Beller and Spormann
1997 a, b) indicate that benzylsuccinate formation is in-
deed physiologically significant. In the case of ethylben-
zene metabolism we do not know any possible reasons for
the slow reaction rates. However, it seems to be the first
step that is the most difficult. As shown previously, strain
EbN1 utilises 1-phenylethanol and acetophenone, but not
ethylbenzene, as growth substrates during aerobic growth
conditions (Rabus and Widdel 1995a).
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