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The anaerobic, syntrophic bacterium Syntrophus aciditrophicus grown in pure culture produced 1.4 � 0.24
mol of acetate and 0.16 � 0.02 mol of cyclohexane carboxylate per mole of crotonate metabolized. [U-13C]cro-
tonate was metabolized to [1,2-13C]acetate and [1,2,3,4,5,7-13C]cyclohexane carboxylate. Cultures grown with
unlabeled crotonate and [13C]sodium bicarbonate formed [6-13C]cyclohexane carboxylate. Trimethylsilyl
(TMS) derivatives of cyclohexane carboxylate, cyclohex-1-ene carboxylate, benzoate, pimelate, glutarate,
3-hydroxybutyrate, and acetoacetate were detected as intermediates by comparison of retention times and mass
spectral profiles to authentic standards. With [U-13C]crotonate, the m/z-15 ion of TMS-derivatized glutarate,
3-hydroxybutyrate, and acetoacetate each increased by �4 mass units, and the m/z-15 ion of TMS-derivatized
pimelate, cyclohex-1-ene carboxylate, benzoate, and cyclohexane carboxylate each increased by �6 mass units.
With [13C]sodium bicarbonate and unlabeled crotonate, the m/z-15 ion of TMS derivatives of glutarate,
pimelate, cyclohex-1-ene carboxylate, benzoate, and cyclohexane carboxylate each increased by �1 mass unit,
suggesting that carboxylation occurred after the synthesis of a four-carbon intermediate. With [1,2-13C]acetate
and unlabeled crotonate, the m/z-15 ion of TMS-derivatized 3-hydroxybutyrate, acetoacetate, and glutarate
each increased by �0, �2, and �4 mass units, respectively, and the m/z-15 ion of TMS-derivatized pimelate,
cyclohex-1-ene carboxylate, benzoate, cyclohexane carboxylate, and 2-hydroxycyclohexane carboxylate each
increased by �0, �2, �4, and �6 mass units. The data are consistent with a pathway for cyclohexane
carboxylate formation involving the condensation of two-carbon units derived from crotonate degradation with
CO2 addition, rather than the use of the intact four-carbon skeleton of crotonate.

Syntrophus aciditrophicus strain SB is a gram-negative bac-
terium that belongs to the � subdivision of the Proteobacteria
(21). S. aciditrophicus metabolizes various saturated and un-
saturated fatty acids, methyl esters of butyrate and hexanoate,
and benzoate in coculture with hydrogen/formate-using micro-
organisms. The anaerobic degradation of saturated fatty acids
and aromatic acids in the absence of terminal electron pro-
cesses necessitates the presence of a hydrogen-consuming or-
ganism to maintain a hydrogen partial pressure low enough for
these reactions to be thermodynamically favorable (9, 28, 29,
34). This metabolic interdependence has made the study of the
syntrophic microorganisms difficult. However, a number of
fatty acid- and aromatic acid-degrading syntrophic bacteria
grow in pure culture by fermenting crotonate (6, 24, 46, 48).
More recently, S. aciditrophicus was shown to grow in pure
culture by benzoate fermentation (15).

Crotonate was shown to be dismutated to acetate and butyrate
in some clostridial species (2, 42), Eubacterium oxidoreducens
(23), and Ilyobacter polytropus (38) and in other syntrophic micro-
organisms, such as Syntrophomonas wolfei (6) and Syntrophus
buswellii (46). Jackson et al. (21) reported that crotonate-grown
pure cultures of S. aciditrophicus produced acetate, butyrate, ca-
proate, and hydrogen. However, recently, no butyrate or caproate
were detected by gas chromatography or high-pressure liquid

chromatography (HPLC) as end products of crotonate fermen-
tation.

In this paper, we report the results of gas chromatography-mass
spectrometry (GC-MS) and 13C nuclear magnetic resonance
spectroscopy (13C-NMR) to elucidate the pathway for crotonate
oxidation and cyclohexane carboxylate formation in S. aciditro-
phicus.

MATERIALS AND METHODS

Media and cultivation conditions. Pure cultures of Syntrophus aciditrophicus
strain SB (ATCC 700169) were maintained in basal medium as described by
McInerney et al. (27), without rumen fluid and with 20 mM of crotonate (6, 14).
The medium and stock solution were prepared according to the anaerobic
techniques described by Balch and Wolfe (3). The headspace was pressurized to
172 kPa with a mixture of N2-CO2 (80:20, vol/vol), and the cultures were incu-
bated at 37°C without shaking. Cells were harvested at the mid-log phase of
growth by centrifugation (14,300 � g, 20 min, 4°C). The cell pellet was washed
twice with 50 mM phosphate buffer (pH 7.2) with resazurin (10 mg/liter), cys-
teine-HCl (0.5 g/liter), and Na2S (0.5 g/liter). The final pellet was resuspended in
basal medium without rumen fluid lacking substrate and was used as the inoc-
ulum for the different experiments. The culture purity was checked daily by
microscopic examination and inoculation of a thioglycolate medium known not
to support S. aciditrophicus growth.

The molar growth yield was determined in triplicate 50-ml serum bottles
containing basal medium without rumen fluid supplemented with 20 mM cro-
tonate. One-milliliter samples were taken immediately after inoculation and at
the mid-log phase of growth to determine the protein concentration. One-
milliliter samples were taken daily from the same cultures to measure growth by
monitoring changes in optical density at 600 nm (27) and to measure substrate
depletion and product formation to determine the mass balance.

To determine the end products of crotonate fermentation, duplicate 500-ml
cultures of S. aciditrophicus were grown with 20 mM crotonate. Samples were
taken immediately after inoculation and at the mid-log phase for GC-MS anal-
ysis. A heat-killed control and a substrate-unamended control were also ana-
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lyzed. To confirm that the metabolites were made from crotonate, S. aciditro-
phicus was grown in 150-ml cultures containing 5.2 mM [U-13C]crotonate or
unlabeled crotonate. Samples (75 ml) were taken initially and when 94% of the
original substrate was depleted. A substrate-unamended culture and a 100-ml
heat-killed culture containing 3.5 mM [U-13C]crotonate were included as nega-
tive controls.

To study the formation of cyclohexane carboxylate, a 300-ml culture of S.
aciditrophicus was grown with 3.8 mM [U-13C]crotonate and 3.8 mM crotonate.
Samples (75 ml) for GC-MS and NMR analyses were taken at three time points:
immediately after inoculation, when 80% of the initial substrate was used, and
when 99% of the initial substrate was used. In another experiment, S. aciditro-
phicus was grown with 20 mM crotonate and 40 mM unlabeled sodium acetate or
40 mM [1,2-13C]acetate. Triplicate 50-ml cultures in serum bottles with unla-
beled sodium acetate and crotonate were used to test for the effect of acetate
addition on growth. To detect intermediates and to study the labeling pattern of
cyclohexane carboxylate, 300-ml cultures were used. One set of cultures con-
tained 20 mM crotonate with 40 mM sodium acetate, and another set contained
20 mM crotonate and 40 mM [1,2-13C]acetate. A 100-ml heat-killed culture
containing 20 mM crotonate and 40 mM [1,2-13C]acetate was included as a
negative control. Samples (50 ml) for GC-MS analysis were taken immediately
after inoculation and after 1, 2, and 4 days of incubation time.

The involvement of a carboxylation step in cyclohexane carboxylate formation
was tested by growing S. aciditrophicus with 10 mM crotonate and 41 mM
[13C]sodium bicarbonate. Samples (50 ml) were taken for GC-MS and NMR
analyses at three time points: initially, when 70% of the initial substrate was used,
and when 95% of the initial substrate was used.

13C-NMR spectroscopy and GC-MS. Samples were withdrawn at the time
points mentioned above from S. aciditrophicus cultures that were grown with
crotonate, [U-13C]crotonate, [13C]sodium bicarbonate with crotonate, and cro-
tonate with [1,2-13C]acetate or nonlabeled sodium acetate and were analyzed by
GC-MS. The samples were adjusted to a pH of 12 with 1 N NaOH to hydrolyze
possible thioester bonds (14). Then, samples were acidified to a pH of �2 with
12 N HCl, extracted with ethyl acetate three times, and filtered through anhy-
drous sodium sulfate to remove water. The samples were concentrated under
vacuum conditions at 47°C to a volume of 1 to 2 ml and split into two subsamples
before they were evaporated to dryness under a stream of nitrogen gas. One
subsample was used for GC-MS analysis, and the other was used for NMR
analysis (except for the samples from the cultures grown with [1,2-13C]acetate
and crotonate and the samples from the cultures grown on nonlabeled sub-
strates). One subsample was resuspended in 200 �l ethyl acetate and derivatized
with 100 �l of N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA) for GC-MS
analysis, and the other subsample was resuspended in 1 ml of deuterated chlo-
roform for NMR analysis.

The derivatized samples were analyzed with an Agilent Technologies 6890N
Network GC systems series gas chromatograph equipped with an Agilent Tech-
nologies 5973 network mass selective detector mass spectrometer and an HP-
5MS capillary column (catalog no. 19091S-433; Agilent), 0.25 mm by 30 m by
0.25 �m (Wilmington, DE). The mass spectrometer was operated at 400 Hz.
Helium was used as the carrier gas, with a flow of 1.2 ml/min. The oven tem-
perature was held at 40°C for 5 min and then increased at a rate of 4°C/min until
it reached a temperature of 250°C where it was held for 5 min. The metabolites
were identified by comparison to the retention times and the mass spectra of
BSTFA-derivatized chemical standards (14, 31).

Liquid 13C WALTZ-16 proton-decoupled NMR experiments were performed
using 5-mm Wilmad glass NMR tubes on a Varian Mercury 300 MHz spectrom-
eter. The one-dimensional spectra were obtained by using a 13C frequency of
75.45 MHz, a tip angle of 45.0o, a spectral width of 18,868 Hz, and an acquisition
time of 1.815 s with a relaxation delay of 1.000 s. The 13C-13C correlation
spectroscopy (COSY) spectra included 64 repetitions of 384 increments, using a
spectral width of 18,868 Hz, an acquisition time of 0.217 s, and a relaxation delay
of 1.000 s.

Analytical procedures. The concentrations of crotonate, cyclohexane carbox-
ylate, benzoate, cyclohex-1-ene carboxylate, and acetate were determined by
HPLC with a Prevail organic acid column (250 by 4.6 mm; particle size 5 �m;
Alltech Inc., Deerfield, IL). The isocratic mobile phase consisted of 25 mM
KH2PO4 (pH 2.5) at a flow rate of 1 ml/min to measure acetate concentrations.
To quantify crotonate, cyclohexane carboxylate, benzoate, and cyclohex-1-ene
carboxylate, the mobile phase consisted of 60% (vol/vol) KH2PO4 (25 mM, pH
2.5) and 40% (vol/vol) acetonitrile. The UV absorbance detector was set at 210
nm to detect acetate and cyclohexane carboxylate and at 254 nm for crotonate,
cyclohexane carboxylate, benzoate, and cyclohex-1-ene carboxylate.

Protein concentrations were determined by the method of Bradford (8) using

a protocol and reagent from Pierce (Rockford, IL) with bovine serum albumin as
the standard.

Thermodynamic calculations. The �G°� was calculated by using the �G° for-
mation (�G°f) available from a study by Thauer et al. (43). The values of the �G°f

of cyclohexane carboxylate and heptanoate were calculated by the group contri-
bution method described by Mavrovouniotis (26).

Chemicals. Stable isotopes of crotonic acid (U-13C, 99%), acetic acid (1,2-13C,
99%), sodium bicarbonate (13C, 99%), and chloroform-D (D, 99.8%) were ob-
tained from Cambridge Isotope Laboratories, Inc. (Andover, MA). BSTFA was
purchased from Pierce (Rockford, IL).

RESULTS

End products of crotonate fermentation. Syntrophus aciditro-
phicus was grown in pure culture with crotonate with a specific
growth rate of 0.025 � 0.003 h	1. Approximately 6.6 � 0.05 g of
protein was obtained per mole of crotonate consumed. Assuming
that 47% of the cell dry mass was protein (18), this corresponds to
a cell yield of 14.0 � 0.1 g dry weight per mole of crotonate. If the
ATP yield is 10.5 g of biomass per mole of substrate (40), about
1.33 mol of ATP would be formed per mole of crotonate de-
graded.

Initial experiments recovered approximately 70% of the
carbon and reducing equivalents as acetate from crotonate.
Longer-chain fatty acids such as hexanoate or caproate were
not detected by HPLC. A small amount of butyrate (0.112
mM) was detected by HPLC. However, its concentration did
not change over the course of the experiment. To determine
the fate of the missing crotonate carbon and reducing equiva-
lents, cultures of S. aciditrophicus grown with crotonate were
extracted, derivatized, and analyzed by gas chromatography-
mass spectrometry. A large peak was detected in samples from
crotonate-amended cultures and was not present in samples
from the unamended or heat-killed controls. This peak had the
same retention time (21.58 min) and the same mass fragmen-
tation pattern as that of the TMS derivative of authentic
cyclohexane carboxylate.

To confirm that cyclohexane carboxylate was made from cro-
tonate, S. aciditrophicus was grown with 5.2 mM [U-13C]croto-
nate. The growth rate was similar to that observed with unlabeled
crotonate (see above). Since a methyl group is easily lost from the
TMS moiety of TMS-derivatized compounds, the total mass ion
peak is often absent or very small and the m/z-15 ion is often used
for identification purposes (31). The m/z-15 ion of the TMS-
derivatized metabolite of the culture increased by �6 (185 to 191)
mass units relative to the metabolite detected in the culture grown
with unlabeled crotonate and relative to that of the TMS-derivat-
ized authentic standard of cyclohexane carboxylate, showing that
the metabolite was made from crotonate (Fig. 1 and Table 1). The
major m/z ion fragments of the 13C-labeled metabolite were 58,
73, 87, 118, 132, 147, 161, 191, and 206, compared to 55, 73, 82,
117, 129, 145, 155, 185, and 200 for the TMS derivative of au-
thentic cyclohexane carboxylate and to the peak detected for the
culture fluid of cells grown with unlabeled crotonate (Fig. 1).

13C-NMR analysis of the cell-free culture fluid of S. aciditro-
phicus grown with [U-13C]crotonate detected peaks that were
consistent with the presence of cyclohexane carboxylate. Initially,
the 13C-NMR spectrum had four peaks, at 18.0, 122.1, 147.7,
and 171.5 ppm, which corresponded to the four carbons of
[U-13C]crotonate (Table 2). When 94% of the substrate was
depleted, the culture fluid was extracted and analyzed. The
13C-NMR spectrum had seven peak clusters, including the
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deuterated chloroform peak. The C-7 cluster corresponding to
the carboxyl moiety of cyclohexane carboxylate was coupled to
C-1 with a coupling constant of 55.2 Hz. The C-1 cluster cor-
responding to the peak at 43.0 ppm, a doublet of doublets, was
further coupled to C-2 with a coupling constant of 33.2 Hz. The
values of these coupling constants were in agreement with
published values (11), and the correlations were further con-
firmed by off-diagonal peaks in the two-dimensional spectrum
(data not shown). The integration of the one-dimensional

spectrum showed that the partially resolved peaks near 25 ppm
accounted for three carbons, C-3, C-4, and C-5, and for one
carbon for each of the other peaks, C-1, C-2, and C-7. The
coupling constants for C-3, C-4, and C-5 could not be resolved
(39). No peak was detected for the C-6 position of the cyclo-
hexane carboxylate. If the C-6 carbon was labeled and the
cyclohexane carboxylate was fully labeled, the integration of
the peak area at 29.0 ppm would indicate two carbons, corre-
sponding to the C-2 position and the C-6 position, which was
not observed. Moreover, the coupling pattern of C-1 would
contain additional coupling resulting from the C-6 being 13C
labeled. Since the C-6 was not 13C labeled, this indicates that
a carboxylation step might be involved in the formation of
cyclohexane carboxylate.

To test this, S. aciditrophicus was grown with unlabeled cro-
tonate and [13C]sodium bicarbonate. The mass of the m/z-15
ion of the TMS derivative of cyclohexane carboxylate increased
by �1 mass unit, from 185 to 186, relative to that of the TMS
derivative of the authentic standard (Table 1). Moreover, the
13C-NMR spectrum of the culture fluid displayed a single,
uncoupled peak at 28.9 ppm, which corresponded to the C-6
position of cyclohexane carboxylate (Table 2).

In addition to cyclohexane carboxylate, acetate was the only
other major product detected when S. aciditrophicus was grown
on [U-13C]crotonate (Table 2). The 13C-NMR spectrum con-
tained two peaks, at 177.4 ppm and 21.0 ppm, which corre-
spond to the carboxyl carbon and the methyl carbon of acetate,
respectively. 13C-labeled metabolites were not detected in
heat-killed or unamended controls. Except for acetate and
cyclohexane carboxylate, no other compound was detected by
13C-NMR analysis.

Now that the identities of the products of crotonate metab-
olism were known, the time course of crotonate metabolism
and the carbon balance was determined by HPLC (Fig. 2). The
pure culture reached a maximum absorbance of 0.41 within 8
days of incubation at 37°C. S. aciditrophicus metabolized cro-
tonate to 1.41 � 0.24 mol of acetate and 0.16 � 0.02 mol of
cyclohexane carboxylate per mole of crotonate degraded, giv-
ing a 99.4% carbon recovery and a 95.8% hydrogen recovery.
The above values are consistent with the following stoichiom-
etry for crotonate fermentation: 6C4H5O2

	 � HCO3
	 �

5H2O 3 9C2H3O2
	 � C7H11O2

	 � 3H�.
Metabolites detected during crotonate degradation. During

the growth of S. aciditrophicus with crotonate, GC-MS analyses
of culture samples detected the presence of TMS derivatives of
cyclohex-1-ene carboxylate, benzoate, pimelate, glutarate,
3-hydroxybutyrate, and acetoacetate, in addition to cyclohex-
ane carboxylate. Each metabolite eluted at the same retention
time and mass spectral profile as the TMS derivative of its
respective authentic standard. None of these compounds was
detected in substrate-unamended or heat-killed controls. To
confirm that these metabolites were made from crotonate,
samples from cultures grown with [U-13C]crotonate were an-
alyzed. The m/z-15 ion of TMS derivatives of the metabolites
corresponding to cyclohexane carboxylate, cyclohex-1-ene car-
boxylate, pimelate, and benzoate increased by �6 mass units,
while those corresponding to glutarate, 3-hydroxybutyrate, and
acetoacetate increased by �4 mass units relative to their re-
spective authentic TMS-derivatized standards, confirming that

FIG. 1. Mass spectrum profiles of the TMS-derivatized metabolite
detected at the retention time of 21.58 min: (A) from a culture fluid of
S. aciditrophicus grown with unlabeled crotonate; (B) from a culture
fluid of S. aciditrophicus grown with [U-13C]crotonate; and (C) from a
TMS-derivatized cyclohexane carboxylate authentic standard. The
dashed arrows (panel C) represent the fission sites of the different
fragments of cyclohexane carboxylate.
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these compounds are metabolites of crotonate degradation
(Table 1).

3-Hydroxybutyrate and acetoacetate were detected only af-
ter alkaline hydrolysis of cells. Neither compound was detected
when the samples were filtered to remove cells. This suggests
that the above-mentioned metabolites were intracellular and
present as their CoA derivatives. However, pimelate, glutarate,
cyclohex-1-ene carboxylate, benzoate, and cyclohexane carbox-
ylate were detected whether or not the cells were alkaline
hydrolyzed and whether or not the sample was filtered to
remove cells. These data imply that the latter compounds were
excreted into the medium as their free acids.

The time course experiment showed that cyclohex-1-ene car-
boxylate and benzoate were transiently produced and de-
graded (Fig. 2). Each was detected at much lower concentra-
tions (maximum concentration of 0.088 and 0.048 mM,
respectively) than acetate and cyclohexane carboxylate were.
Pimelate, glutarate, 3-hydroxybutyrate, and acetoacetate were

not detected by HPLC (concentrations �0.05 mM). Neverthe-
less, GC-MS analysis showed that the peak areas correspond-
ing to each compound increased and decreased during growth,
supporting their roles as intermediates.

Pathway for cyclohexane carboxylate formation. To resolve
the major steps in the formation of cyclohexane carboxylate,
we performed a series of experiments in which 13C-labeled
compounds were used. In order to determine when the car-
boxylation step occurred, S. aciditrophicus was grown in basal
medium with 20 mM of unlabeled crotonate and 41 mM of
[13C]sodium bicarbonate. The m/z-15 ions of the TMS deriva-
tives of cyclohexane carboxylate, benzoate, cyclohex-1-ene car-
boxylate, pimelate, and glutarate increased by �1 mass unit
relative to the respective TMS-derivatized standards (Table 1).
However, peaks corresponding to a potential three-carbon me-
tabolite such as the TMS derivative of malonate were not
detected by GC-MS. The m/z-15 ions of the TMS derivatives of
3-hydroxybutyrate and acetoacetate remained unchanged.

TABLE 1. Comparison of the m/z-15 ions of TMS-derivatized metabolites to their corresponding authentic standardsa

Metabolites GC RTb

(min)

m/z-15 ion(s)

Crotonate [13C]
crotonate

[13C]sodium
bicarbonate

[13C]crotonate �
crotonate

[13C]acetate �
crotonate

Authentic
standardc

Acetoacetate 22.1 231 235 231 231, 233, 235 231, 233, 235 231
3-Hydroxybutyrate 20.5 233 237 233 233, 235, 237 233, 235, 237 233
Glutarate 28.8 261 265 261, 262 261, 263, 265 261, 263, 265 261
Pimelate 34.8 289 295 289, 290 289, 291, 293, 295 289, 291, 293, 295 289
Cyclohex-1-ene carboxylate 24.4 183 189 183, 184 183, 185, 187, 189 183, 185, 187, 189 183
Cyclohexane carboxylate 21.6 185 191 185, 186 185, 187, 189, 191 185, 187, 189, 191 185
Benzoate 23.3 179 185 179, 180 179, 181, 183, 185 179, 181, 183, 185 179
2-Hydroxycyclohexane carboxylate 30.0 NDd ND ND ND 273, 275, 277, 279 273

a The m/z-15 ions of TMS-derivatized metabolites were detected by GC-MS in culture fluids of Syntrophus aciditrophicus grown under different conditions.
Metabolites were not detected in heat-killed or substrate-unamended controls.

b Retention times (RT) of TMS-derivatized chemical authentic standards and the detected metabolites.
c Chemical standards were commercially available.
d ND, not detected.

TABLE 2. NMR data for compounds detected in cultures of Syntrophus aciditrophicus grown in pure culture
with [U-13C]crotonate or with crotonate with [13C]sodium bicarbonate

Growth condition and
sampling time point Compound detected Position

� 13C (ppm)
Jcc (Hz)c

Expecteda Observed

[U-13C]crotonate at initial
time point

Crotonate C-1 172.4 171.4 77.7 (1–2)
C-2 122.4 122.1 77.7 (2–1)

69.9 (2–3)
7.0 (2–4)

C-3 147.6 147.7 69.9 (3–2)
42.0 (3–4)

C-4 18.1 18.0
[U-13C]crotonate at final

time pointb
Cyclohexane carboxylate C-7 181.0 182.4 55.2 (7–1)

Ring C-1 41.5 43.0 33.2 (1–2)
55.2 (1–7)

Ring C-2 26.6 29.0 33.2 (2–1, 2–3)
Ring C-6 26.6 Not observed
Ring C-4 27.1 25.0 Unresolved peaks
Rings C-3 and C-5 24.3 25.0 Unresolved peaks

Acetate Carboxyl 177.0 177.4 56.7 (1–2)
Methyl 20.7 21.0 56.7 (2–1)

[13C]sodium bicarbonate at
final time point

Cyclohexane carboxylate C-6 29.0 28.9

a Predicted chemical shifts (� 13C) were obtained from ChemNMR (Upstream Solutions).
b The culture was analyzed when 94% of the crotonate was degraded.
c Jcc, coupling constants.
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These results are consistent with the carboxylation of a four-
carbon intermediate.

To determine whether cyclohexane carboxylate is formed by
the condensation of a four-carbon unit derived from crotonate
without a carbon-carbon bond cleavage and a two-carbon unit or
by the condensation of three two-carbon units, S. aciditrophicus
was grown with equimolar concentrations of [U-13C]crotonate
and nonlabeled crotonate as substrates. In the first model, part of
the [U-13C]-labeled and nonlabeled crotonate is oxidized to form
a mixture of [1,2-13C]acetate and nonlabeled acetate. If we as-
sume that a four-carbon skeleton remains intact to form cyclo-
hexane carboxylate and that no isotopic discrimination occurs,
four possible labeling patterns to form cyclohexane carboxylate
are possible. The U-13C four-carbon intermediate could condense
with a U-13C-labeled or a nonlabeled two-carbon intermediate to
give isotopomers of cyclohexane carboxylate with an increase of
�6 or �4 mass units, respectively. The nonlabeled four-carbon
intermediate could condense with a U-13C-labeled or a nonla-
beled two-carbon intermediate to give isotopomers with an in-
crease of �2 or �0 mass units, respectively. Each isotopomer
occurs with the same probability. In the second model, a mixture
of [1,2-13C]acetate and nonlabeled acetate is formed, and eight
possible labeling patterns for cyclohexane carboxylate formation
are possible, resulting in isotopomers with a m/z-15 ion increase of
�0, �2, �4, and �6 mass units. The probabilities of having the
m/z-15 ion of the TMS-derivatized cyclohexane carboxylate in-
crease by �2 or �4 mass units would each be 0.375 and the
probabilities of increasing by �0 or �6 mass units would each be
0.125, assuming that no isotopic discrimination occurred.

The mass spectrum profile of the TMS-derivatized cyclohexane
carboxylate formed when S. aciditrophicus grown with equal
amounts of labeled and unlabeled crotonate showed a mixture of
differently labeled cyclohexane carboxylate, with m/z-15 ion mass
increases of �0, �2, �4, and �6 mass units (Table 1). The
relative abundance of those with the ion mass increases of �2 and
�4 mass units (m/z-15 ions of 187 and 189) is around 2.9 times
higher than those with mass increases of �0 or �6 units (m/z-15
ions of 185 and 191) (Fig. 3). These data are consistent with the

model in which cyclohexane carboxylate formation occurs by the
condensation of three two-carbon units.

Further evidence to support the hypothesis that the forma-
tion of cyclohexane carboxylate occurs by the condensation of
three two-carbon units was obtained by growing S. aciditrophi-
cus in the presence of [1,2-13C]acetate and crotonate. Acetate
does not support S. aciditrophicus growth in the absence of
crotonate. The presence of 40 mM sodium acetate with 20 mM
crotonate in the medium partially inhibited the growth of S.
aciditrophicus compared to that with 20 mM crotonate alone.
The growth rate was 0.006 � 0.002 h	1 in the presence of 40
mM sodium acetate compared to 0.025 � 0.003 h	1 without
sodium acetate (data not shown). When S. aciditrophicus was
grown with 40 mM [1,2-13C]acetate and 20 mM crotonate,
samples of culture fluids were taken at different time points,
derivatized, and submitted for GC-MS analysis. The metabo-
lites detected by GC-MS when S. aciditrophicus was grown
under these conditions were those detected previously (e.g.,
the TMS derivatives of cyclohexane carboxylate, cyclohex-1-
ene carboxylate, benzoate, pimelate, glutarate, 3-hydroxybu-
tyrate, and acetoacetate), along with one additional metabo-
lite, the TMS derivative of 2-hydroxycyclohexane carboxylate.
Multiple m/z-15 ions were detected for each metabolite. The
m/z-15 ions of the TMS derivatives of 3-hydroxybutyrate, ace-
toacetate, and glutarate each showed increases of �0, �2, and
�4 mass units relative to the TMS derivatives of their respec-
tive authentic standards. The m/z-15 ions of TMS derivatives of
pimelate, benzoate, cyclohex-1-ene carboxylate, 2-hydroxycy-
clohexane carboxylate, and cyclohexane carboxylate each
showed increases of �0, �2, �4, and �6 mass units relative to
the TMS derivatives of their respective authentic standards
(Table 1). The cyclohexane carboxylate formed in cultures
after 24 h of incubation had a mass spectrum profile with a
mixture of m/z-15 ions of 185, 187, 189, and 191 corresponding
to a mass increase of �0, �2, �4, and �6 units, respectively.
The relative abundance of the 191 ion was higher than the
other ions. To form this ion, cyclohexane carboxylate must
have been formed by the condensation of three molecules of

FIG. 2. Metabolism of crotonate by S. aciditrophicus pure cultures.
E, crotonate; �, acetate; �, cyclohexane carboxylate; F, cyclohex-1-
ene carboxylate; ■ , benzoate; ‚, absorbance at 600 nm. The data are
averages � standard deviations of triplicate microcosms.

FIG. 3. Mass spectrum profile of the TMS-derivatized metabolite
detected at a retention time of 21.58 min from cultures of S. aciditro-
phicus grown on equimolar mixtures of [U-13C]crotonate and unla-
beled crotonate.
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[1,2-13C]acetate. Over the course of the experiment, the rela-
tive abundance of the different m/z-15 ions changed, and at the
end of the experiment, the m/z-15 ion with a mass of 185
increased in abundance. This was probably due to the utiliza-
tion of nascent, nonlabeled acetate derived from crotonate
oxidation for cyclohexane carboxylate formation. These data
confirm that cyclohexane carboxylate is formed from the con-
densation of two-carbon units.

DISCUSSION

The conversion of crotonate to acetate and cyclohexane
carboxylate by a microorganism has never been reported be-
fore. A number of anaerobes including syntrophic bacteria are
known to dismutate crotonate to 1 mol of acetate and 0.5 mol
of butyrate (2, 6, 10, 24, 32, 42, 48, 49). Some organisms will
also form caproate in addition to butyrate. Jackson et al. (21)
reported that S. aciditrophicus degraded 1 mol of crotonate to
0.1 mol of butyrate, 0.13 mol of caproate, and 1.4 mol of
acetate, which differs from the results presented here. This
discrepancy may be due to variations in the growth conditions
of S. aciditrophicus. However, since S. aciditrophicus has been
repeatedly transferred in liquid culture for a number of years,
it is possible that a genetic change occurred that resulted in this
change in physiology.

Our results obtained from GC-MS, 13C-NMR, and HPLC

analyses demonstrated the synthesis of a cyclic molecule from
a straight-chain unsaturated fatty acid (Fig. 4). Approximately
two-thirds of the crotonate present is degraded to acetate. The
rest of the crotonate (probably as acetyl-coenzyme A [CoA]) is
used to form cyclohexane carboxylate and reoxidize the reduc-
ing equivalents generated during crotonate oxidation to ace-
tate. The labeling patterns observed in cyclohexane carboxylate
when S. aciditrophicus was grown with [1,2-13C]acetate or
[U-13C]crotonate in the presence of nonlabeled crotonate are
consistent with the synthesis of cyclohexane carboxylate by the
condensation of two-carbon units derived from crotonate
rather than the use of the intact four-carbon skeleton of cro-
tonate (Table 1; Fig. 3). Thus, cyclohexane carboxylate forma-
tion probably serves a function analogous to the formation of
butyrate and caproate by Clostridium kluyveri (4, 37, 42). In the
case of C. kluyveri, the reducing equivalents generated during
ethanol oxidation to acetate are used to reduce two or three
equivalents of acetate to form butyrate or caproate.

The carboxylation step probably occurs after the four-carbon
intermediate is made, since the mass units of TMS derivatives
of glutarate, pimelate, and cyclohex-1-ene carboxylate each
increase by 1 unit relative to their respective TMS-derivatized
standards (Table 1) when S. aciditrophicus was grown with
[13C]sodium bicarbonate. In the biosynthesis of membrane lip-
ids, the fatty acid elongation step involves the use of malonyl-

FIG. 4. Proposed pathway for the formation of acetate and cyclohexane carboxylate from crotonate by S. aciditrophicus. Asterisks indicate
13C-labeled intermediates that were detected. Letters A through E indicate potential sites of energy conservation or use as discussed in the text.
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acyl carrier protein (ACP), which is decarboxylated during the
transfer of the acetyl group to the growing fatty acid molecule
(25). One possible pathway for cyclohexane carboxylate for-
mation would be the synthesis of a five-carbon intermediate by
the condensation of malonyl-CoA and acetyl-CoA (or as their
ACP derivatives). However, no labeled malonyl-CoA was de-
tected when S. aciditrophicus was grown in the presence of
unlabeled crotonate and [13C]sodium bicarbonate. Also, the
m/z-15 ions of the TMS derivatives of 3-hydroxybutyrate and
acetoacetate increased by �0, �2, and �4 mass units relative
to the TMS derivatives of their respective standards when S.
aciditrophicus was grown in the presence of [1,2-13C]acetate
(Table 1), consistent with their formation from two-carbon
intermediates (Fig. 4).

GC-MS analysis allowed the identification of acetoacetate,
3-hydroxybutyrate, glutarate, pimelate, 2-hydroxycyclohexane
carboxylate, and cyclohex-1-ene carboxylate as intermediates
of cyclohexane carboxylate formation from crotonate. With the
exception of the TMS derivatives of 3-hydroxybutyrate and
acetoacetate, all of the above-mentioned compounds were de-
tected in low amounts in cell-free culture broth. The GC peak
areas increased and then subsequently decreased during growth,
consistent with their roles as intermediates in crotonate metabo-
lism. Given that the enzymes involved in benzoate and cyclohex-
ane carboxylate metabolism in S. aciditrophicus and Rhodopseu-
domonas palustris (14, 19) use CoA derivatives as their substrates,
it is likely that cyclohexane carboxylate formation does as well.

The above intermediates are the same as those detected during
syntrophic (14) and fermentative benzoate metabolism (15) by S.
aciditrophicus, suggesting that cyclohexane carboxylate formation
may involve the same pathway as that used for benzoate degra-
dation. However, analysis of the genome sequence of S. aciditro-
phicus (GenBank accession no. CP000252) (McInerney et al.,
submitted for publication; 33) suggests that benzoate is degraded
to 3-hydroxypimelyl-CoA by a pathway involving cyclohex-1,5-
diene-1-carboxyl-CoA, 6-hydroxycyclohex-1-ene-1-carboxyl-CoA,
and 6-oxocyclohex-1-ene-1-carboxyl-CoA as intermediates rather
than those shown in Fig. 4. The S. aciditrophicus genome contains
three genes (SYN1653 to SYN1655) whose gene products have
high sequence similarities (
47% identity) to cyclohex-1,5-diene-
1-carboxyl-CoA hydratase, 6-hydroxycyclohex-1-ene-1-carboxyl-
CoA dehydrogenase, and 6-oxocyclohex-1-ene-1-carboxyl-CoA
hydrolase of Azoarcus strain CIB (5). S. aciditrophicus may use
separate pathways to degrade cyclohexane carboxylate and ben-
zoate to 3-hydroxypimelyl-CoA. Cyclohexane carboxylate forma-
tion (Fig. 4) may occur by the reversal of the pathway used to
degrade cyclohexane carboxylate, which is similar to the pathway
used by R. palustris to degrade benzoate and cyclohexane carbox-
ylate (19). The pathway in each organism has several identical

intermediates, and cell extracts of syntrophically grown S. acidit-
rophicus contain the enzyme activities for the conversion of cy-
clohex-1-ene carboxyl-CoA to pimelyl-CoA (14). Interestingly,
genes homologous to those involved in benzoate and cyclohexane
carboxylate degradation in R. palustris (13, 19) were not detected
in the S. aciditrophicus genome (�30% amino acid sequence
identity). The unfavorable carboxylation of crotonyl-CoA to
glutaconyl-CoA could be driven by a sodium gradient, since mem-
brane-bound decarboxylation enzymes have been shown to be
reversible (12, 36).

There are several possible mechanisms for the formation of the
alicyclic ring of cyclohexane carboxylate. The ring formation from
short-chain fatty acids is already well established for polyketide
biosynthesis (20). Here, the correct alignment of carbonyl and
methylene groups of poly-�-ketone intermediates leads to cycli-
zation. The formation of cyclohexane carboxylate may be analo-
gous to the synthesis of 1,4-dihydroxy-2-naphthoyl-CoA from O-
succinylbenzoyl-CoA (OSB) by 1,4-dihydroxy-2-naphthoyl-CoA
synthase (MenB) in menaquinone biosynthesis (44). This is es-
sentially the back reaction of 2-oxocyclohexane-1-carboxyl-CoA
hydrolase in R. palustris (30), and both enzymes have conserved
Asp and Tyr at the active site (44). As mentioned above, a gene
homologous to the R. palustris gene was not detected in the S.
aciditrophicus genome.

The transient accumulation of benzoate (probably as its CoA
derivative) from crotonate is surprising. However, previous stud-
ies have shown the formation of aromatic compounds from ali-
cyclic compounds such as cyclohexane carboxylate or 4-oxocyclo-
hexane carboxylate in animals and microorganisms. Enzymes
purified from the liver of guinea pigs can convert cyclohexane
carboxyl-CoA to benzoyl-CoA with cyclohex-1-ene carboxylate as
an intermediate (1). Cyclohexane carboxylate can be converted to
p-hydroxybenzoate aerobically by Arthrobacter sp. (7) or Alcali-
genes strain W1 (41). Corynebacterium cyclohexanicum is able to
convert 4-oxocyclohexane carboxylate to 4-hydroxybenzoate (22).
The S. aciditrophicus genome contains two gene clusters with high
similarities (
50% identity at the amino acid level) to the ben-
zoate-induced gene cluster in Geobacter metallireducens (47) but
lacks two of the four genes needed to encode the ATP-dependent
benzoyl-CoA reductase found in denitrifiers and anaerobic pho-
totrophs (19). The presence of two putative benzoyl-CoA reduc-
tase systems is consistent with the benzoate dismutation hypoth-
esis (15) where one reductase functions in a pathway that oxidizes
benzoate to acetate and carbon dioxide and the other reductase
functions in a pathway that forms cyclohexane carboxylate.

Thermodynamic considerations show that the formation of
cyclohexane carboxylate and acetate from crotonate is favor-
able, with a standard free energy of 	48.1 kJ/mol (Table 3).
The free-energy change for cyclohexane carboxylate formation

TABLE 3. Standard free-energy changes for various crotonate fermentations

Equation
no. End product Equation �G°� (kJ/mol)a

1 Butyrate 2C4H5O2
	 � 2H2O 3 2C2H3O2

	 � C4H7O2
	 � H� 	51.1

2 Caproate 4C4H5O2
	 � 4H2O 3 5C2H3O2

	 � C6H11O2
	 � 2H� 	51.1

3 Heptanoate 7C4H5O2
	 � HCO3

	 � 7H2O 3 11C2H3O2
	 � C7H13O2

	 � 4H� 	52.1
4 Cyclohexane carboxylate 6C4H5O2

	 � HCO3
	 � 5H2O 3 9C2H3O2

	 � C7H11O2
	 � 3H� 	48.1

a Calculated from the �G°f listed in the study by Thauer et al. (43), except that the �G°f results for cyclohexane carboxylate and heptanoate were calculated as 	281.2
and 	330.9 kJ�mol	1, respectively, based on the group contribution method of Mavrovouniotis (26).
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is similar to the standard free-energy changes for butyrate,
caproate, or heptanoate formation from crotonate fermenta-
tion (Table 3). The molar growth yield suggests that about 1.33
mol of ATP are made per mole of crotonate. The formation of
1.41 mol of acetate and 0.16 mol of cyclohexane carboxylate
per mole of crotonate could result in the formation of 1.57 mol
of ATP by substrate-level phosphorylation reactions involving
the CoA derivatives of these compounds (Fig. 4, reaction C).
However, energy must be used to activate crotonate to croto-
nyl-CoA. No acetyl-CoA–crotonyl-CoA transferase activity
was detected when S. aciditrophicus was grown with crotonate
(14), suggesting that a CoA ligase reaction is used (Fig. 4,
reaction A). Crotonyl-CoA ligase activity has been detected in
crotonate-grown cells (N. Q. Wofford and M. J. McInerney,
unpublished data). This reaction forms AMP and pyrophos-
phate in addition to crotonyl-CoA (16, 17) and would consume
2 ATP equivalents if pyrophosphate is hydrolyzed. These cal-
culations suggest that S. aciditrophicus must also use the energy
in ion gradients for growth. Energy could be conserved by a
membrane-bound, proton-translocating pyrophosphatase as
shown in Syntrophus gentianae (35) (Fig. 4, reaction B). In
addition, the redox reactions leading to the formation of
cyclohexane carboxylate may be energy-yielding reactions.
During benzoate oxidation to acetate, the production of hy-
drogen (E°� of 	414 mV) from high-redox electrons derived
during pimelyl-CoA and glutaryl-CoA oxidation (E°� of 	10
mV) is coupled to a reverse electron transport and probably
consumes the equivalent of two-thirds of an ATP (36, 45).
Since glutarate and pimelate were detected as intermediates,
the redox reactions involved in the formation of their respec-
tive CoA substrates may be energy yielding as well (Fig. 4,
reaction E).
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