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Permeabilized cells of a highly enriched, toluene-mineralizing, methanogenic culture catalyzed the addition
of toluene to fumarate to form benzylsuccinate under anaerobic conditions. The specific in vitro rate of
benzylsuccinate formation was >85% of the specific in vivo rate of toluene consumption. This is the first report
of benzylsuccinate synthase activity in a methanogenic culture; the activity has previously been reported to
occur in denitrifying, sulfate-reducing, and anoxygenic phototrophic bacteria.

Benzylsuccinate synthase, a recently discovered enzyme that
catalyzes the addition of the methyl carbon of toluene to the
double bond of fumarate, has been reported in toluene-de-
grading, denitrifying (2, 8), sulfate-reducing (3, 18), and an-
oxygenic phototrophic (20) bacteria. Several lines of evidence
suggest that the activation of toluene via benzylsuccinate syn-
thase is the first step of anaerobic toluene mineralization, and
subsequent steps in the mineralization pathway have been pro-
posed based on biochemical and genetic studies (2, 4, 8, 15,
16). This article describes the detection of high benzylsuccinate
synthase activity during in vitro assays with a highly enriched,
toluene-degrading, methanogenic culture. The methanogenic
culture, which has been maintained for 10 years with toluene as
the sole carbon source and electron donor, is dominated by two
archaeal species (members of the Methanosaeta and Methano-
spirillum genera), a eubacterial species belonging to the genus
Desulfotomaculum, and a eubacterial organism whose 16S
rRNA sequence does not correspond well to known species
(13). The last bacterium has been hypothesized to be respon-
sible for toluene activation for two reasons (13): (i) the meth-
anogens are known to have a limited substrate range and (ii)
the addition of sulfate retards toluene degradation in this cul-
ture, which would not be expected if the Desulfotomaculum
strain could activate toluene.

In preparation for this study, the methanogenic culture was
grown to a relatively high density (ca. 17 mg of protein per
liter) with toluene as the sole carbon source in medium that
has been described previously (11). The culture, which has
been maintained in batch mode and amended with approxi-
mately 1 mM toluene every 2 weeks, has consistently produced
85 to 100% of the theoretical methane yield (4.3 mol of meth-
ane/mol of toluene). In vivo and in vitro kinetic experiments
were performed at 30°C in an anaerobic glove box (Coy Lab-
oratory Products, Inc., Grass Lake, Mich.) with a gas compo-
sition of 80% N2, 10% CO2, and 10% H2. The in vivo rate of
toluene consumption was determined immediately prior to the
harvesting of cells for in vitro assays of benzylsuccinate syn-
thase activity. In vivo toluene consumption was measured by a
static headspace method similar to that described previously
(3, 6) except that gas chromatography (GC)-flame ionization
detection was used rather than GC-photoionization detection.

After the in vivo rate was determined, the culture was har-
vested and permeabilized cell assays were performed in a man-
ner similar to that used previously for denitrifying and sulfate-
reducing cultures (2–5). Briefly, 350-ml batches of cells were
harvested anaerobically by centrifugation (7,900 3 g, 4°C, 20
min) in sealed polycarbonate bottles (Nalge Co., Rochester,
N.Y.), suspended in 2 ml of degassed morpholinepropanesul-
fonic acid (MOPS) buffer (20 mM MOPS, 10 mM MgSO4 [pH
7.2] [2]), and then permeabilized with Triton X-100 (2% [vol/
vol] final concentration). The assay mixtures (total volume,
1.15 ml) contained toluene-d8 (0.33 mmol; 100 atom% D;
Sigma Chemical Co., St. Louis, Mo.), sodium fumarate (1.3
mmol), dithiothreitol (as a reductant; 1.5 mmol), and 0.45 ml of
permeabilized cells. The reaction was halted at selected time
intervals by rapid cooling on ice and injection with air (the
enzyme is inactivated by molecular oxygen). After incubation,
assay mixtures were treated with DNase I, acidified with con-
centrated HCl, and extracted four times with high-purity di-
ethyl ether. The ether extracts were dried with anhydrous so-
dium sulfate, derivatized with ethereal diazomethane to
convert carboxylic acids into methyl esters, exchanged into
high-purity CH2Cl2, and analyzed by capillary GC-mass spec-
trometry (MS) in electron ionization mode (2, 6). Since previ-
ous studies with very similar in vitro assay procedures have
demonstrated that toluene-fumarate addition is enzyme de-
pendent (2, 5), control experiments with heat-treated perme-
abilized cells were not conducted for this study.

Permeabilized cells of the methanogenic culture catalyzed
the formation of deuterium-labeled benzylsuccinate from la-
beled toluene and fumarate. The results of a kinetic study of
this reaction are depicted in Fig. 1. A linear regression of these
data (0 to 30 min; r2 .0.999) indicated a rate of 2.7 nmol z
min21, or an estimated specific rate of 15 to 16 nmol z min21 z
mg of protein21. The activity appeared to cease after 30 min,
as the benzylsuccinate yields at 30 and 40 min were essentially
the same (Fig. 1). To estimate the specific rate, it was assumed
that only one of the two dominant eubacteria in the culture was
responsible for toluene activation by benzylsuccinate synthase;
a recent molecular phylogenetic study of this culture (13)
showed that each eubacterial species accounted for approxi-
mately 20% of the total cells (and, presumably, an equivalent
percentage of the total protein). If in fact both eubacteria had
benzylsuccinate synthase activity, then the specific activity
would be half the value cited above. A specific, in vitro ben-
zylsuccinate synthase rate of 15 to 16 nmol z min21 z mg of
protein21 (or even half that rate) is among the highest values
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reported to date. The highest value reported previously, 8
nmol z min21 z mg of protein21, was obtained with crude cell
extracts of denitrifying Azoarcus sp. strain T (5). Notably, the
rate observed for the methanogenic culture may be an under-
estimate, as a deuterium kinetic isotope effect appears to
markedly retard benzylsuccinate synthase activity on methyl-
deuterated toluene relative to that on unlabeled toluene (14).

The results of a kinetic study of in vivo toluene consumption
by the methanogenic culture are depicted in Fig. 2. Toluene
consumption was zero order (r2 .0.999 for the regression line
shown in Fig. 2) and resulted in a specific in vivo rate of
approximately 17 to 18 nmol z min21 z mg of protein21 (again
estimating that the toluene-activating organism accounted for
20% of the total protein). This rate is within the range of values
observed for other anaerobic, toluene-degrading cultures (2, 3,
7, 18, 20). The specific in vitro rate of benzylsuccinate forma-
tion from toluene and fumarate accounted for .85% of the
specific in vivo rate of toluene consumption by this culture.
This in vitro/in vivo ratio is high relative to the ratios reported
for other anaerobic, toluene-degrading cultures as well as ra-
tios for anaerobic, m-xylene- or m-cresol-degrading cultures
that perform analogous fumarate addition reactions (Table 1).

A distinctive characteristic of the benzylsuccinate synthase
reaction observed during in vitro assays performed with deni-
trifying Azoarcus sp. strain T (2, 14) and sulfate-reducing strain

PRTOL1 (3) is that the H atom abstracted from the toluene
methyl group during addition to fumarate is retained in the
succinyl moiety of benzylsuccinate. This characteristic, which is
consistent with the proposed reaction mechanism for benzyl-
succinate synthase (4, 16), was also observed in the present
study. Specifically, mass spectral data showed conclusively that
benzylsuccinate-d8 (with a molecular ion at m/z 244 and a
tropylium ion at m/z 98) was formed from toluene-d8 and
fumarate by permeabilized cells of the methanogenic culture
(data not shown). The mass spectrum of benzylsuccinate-d8
obtained in this study is very similar to that shown previously
for another toluene-degrading culture (1).

The syntrophic associations in this methanogenic consor-
tium are not well understood, particularly with respect to in-
terspecies metabolite transfer. Benzylsuccinate, which is ap-
parently the first metabolite of toluene mineralization in this
culture, is one of a number of candidates for interspecies
metabolite transfer. In many toluene-degrading cultures, a
small amount of benzylsuccinate (representing ;0.5 to 7% of
the toluene consumed) accumulated in the spent medium (1, 6,
9, 12, 19). Notably, in this study, benzylsuccinate appeared only
transiently and at a very low concentration in the culture me-
dium during toluene degradation (Fig. 3). For the experiment
represented in Fig. 3, the methanogenic culture was amended
with toluene-d8 in the absence of unlabeled toluene. Liquid
chromatography-MS-MS analysis was used to measure benzyl-
succinate-d8 in the culture medium during and after degrada-
tion of toluene-d8; unlabeled benzylsuccinate, which was
present in the medium as a result of maintenance for months
on unlabeled toluene, was also measured. At its maximum
concentration, benzylsuccinate-d8 accounted for ,0.01 mol%
of the toluene-d8 consumed. Similarly, the concentration of
unlabeled benzylsuccinate represented a very small fraction of
the unlabeled toluene that had been consumed by the culture
prior to the experiment represented in Fig. 3. Accordingly,
radiolabeled benzylsuccinate was not detected (detection limit,
10 nM) in a 1992 study of this culture that involved degrada-
tion of radiolabeled toluene (10). Such low extracellular ben-
zylsuccinate yields and the transient occurrence of benzylsuc-
cinate during toluene degradation (Fig. 3) differ markedly
from observations made for pure, toluene-degrading cultures

FIG. 1. Kinetics of in vitro benzylsuccinate-d8 formation from toluene-d8 and
fumarate by permeabilized cells of a methanogenic enrichment culture. The data
points represent the averages of results of duplicate assays. The linear regression
used to calculate the rate of benzylsuccinate formation is shown.

FIG. 2. Cumulative toluene consumption by whole cells of a methanogenic
enrichment culture. The linear regression used to calculate the rate of toluene
consumption is shown.

TABLE 1. Relative rates of specific in vitro benzylsuccinate
synthase activitya for a range of bacterial cultures

Bacterial culture and substrateb In vitro/in vivo
rate (%) Reference

Methanogenic consortium 85–90 This study

Denitrifying bacteria
Azoarcus sp. strain T 30–50 2, 5
Azoarcus sp. strain T (m-xylene) 15 14
Thauera aromatica strain K172 1–2 7, 8

Sulfate-reducing bacteria
Strain PRTOL1 ;7 3
Desulfobacula toluolica 0.3 18
Desulfobacterium cetonicum (m-cresol) ;7 17

Phototrophic bacterium
Blastochloris sulfoviridis strain ToP1 ;1 20

a [(Specific in vitro fumarate addition activity)/(specific in vivo substrate con-
sumption rate)], where toluene is the substrate (and thus, benzylsuccinate syn-
thase is the activity), unless specified otherwise.

b The substrate is toluene unless indicated otherwise.
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and are consistent with interspecies benzylsuccinate transfer in
this methanogenic consortium.

We thank Emmanuel Francois for maintaining the methanogenic
culture.
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FIG. 3. Normalized plot of toluene-d8 and benzylsuccinate-d8 concentration
in a methanogenic enrichment culture. Toluene concentration is normalized to
the total consumed (;500 mM), and labeled benzylsuccinate is normalized to its
maximum observed concentration (;0.01 mM). Benzylsuccinate-d8 was quanti-
fied by liquid chromatography-MS-MS, and toluene-d8 was quantified by GC-
flame ionization detection.
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