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alkane:CoM transferase (EaCoMT) forms hydroxyethylthioether conjugates which are believed to undergo subsequent
dehydrogenation and conversion to acetyl-CoA rather than
carboxylation (15). The recently discovered roles for CoM in
propylene, ethylene, and vinyl chloride metabolism are the
only known roles for this cofactor outside the methanogenic
archaea, where CoM serves as the methyl group carrier in the
terminal reactions of methanogenesis (41, 42, 44).
Traditional molecular biology probes of community structure allow researchers to discover which organisms are present,
but they do not allow determination of how the removal of a
specific organism affects the community. 2-Bromoethanesulfonate (BES), a structural analogue of CoM in which the thiol
group of CoM is replaced by a bromine atom, is a potent
inhibitor of methane production by methanogens and has been
used extensively as a probe for environmental sampling and
investigating community structure (7, 8, 24, 39, 47). Investigations of the inhibition of methanogenesis have focused on
methyl coenzyme M reductase, the terminal enzyme involved
in methane production (24). Because CoM utilization was previously attributed only to methanogens, BES was thought to be
a methanogen-specific inhibitor. Recently, however, BES has
been shown to affect the dechlorination of polychlorinated
biphenyls and chlorinated ethylenes by nonmethanogens in
mixed-culture bioreactors (9, 28, 45). These studies reinforced
the importance of determining the specificity of bacterial BES
inhibition, as well as the scope of CoM utilization, for processes other than methanogenesis. Thus, it is possible that BES
may be used to probe environmental communities to deter-

Large quantities of gaseous short-chain alkenes, such as
ethylene, propylene, and butylenes, are produced by both biogenic and anthropogenic processes (32–34). A variety of microorganisms are capable of growth on short-chain alkenes and
are thought to play an important role in the remineralization of
this carbon source (19, 25, 34).
The gram-negative proteobacterium Xanthobacter autotrophicus strain Py2 and the gram-positive actinomycete Rhodococcus rhodochrous strain B276 are two nutritionally versatile
bacteria that have been characterized extensively with regard
to their abilities to grow using propylene as a carbon source
(19). The first step in propylene metabolism in these organisms
is insertion of a single oxygen atom into the olefin bond of
propylene, forming (R)- and (S)-epoxypropane enantiomers
(22, 30, 36, 46). The epoxypropane enantiomers are subsequently metabolized by a three-step linear pathway that uses
four enzymes and the atypical cofactor coenzyme M (CoM)
(2-mercaptoethanesulfonic acid) to catalyze the net carboxylation of epoxypropane to form the central metabolite acetoacetate, as shown in Fig. 1 (1, 2, 4, 5, 20, 27). Recent studies of
ethylene- and vinyl chloride-utilizing bacteria have shown that
CoM serves as the cofactor for the utilization of these shortchain alkenes as well (14–16, 29). For these strains, epoxy-
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Bacterial growth with short-chain aliphatic alkenes requires coenzyme M (CoM) (2-mercaptoethanesulfonic
acid), which serves as the nucleophile for activation and conversion of epoxide products formed from alkene
oxidation to central metabolites. In the present work the CoM analog 2-bromoethanesulfonate (BES) was
shown to be a specific inhibitor of propylene-dependent growth of and epoxypropane metabolism by Xanthobacter
autotrophicus strain Py2. BES (at low [millimolar] concentrations) completely prevented growth with propylene
but had no effect on growth with acetone or n-propanol. Propylene consumption by cells was largely unaffected
by the presence of BES, but epoxypropane accumulated in the medium in a time-dependent fashion with BES
present. The addition of BES to cells resulted in time-dependent loss of epoxypropane degradation activity that
was restored upon removal of BES and addition of CoM. Exposure of cells to BES resulted in a loss of
epoxypropane-dependent CO2 fixation activity that was restored only upon synthesis of new protein. Addition
of BES to cell extracts resulted in an irreversible loss of epoxide carboxylase activity that was restored by
addition of purified 2-ketopropyl-CoM carboxylase/oxidoreductase (2-KPCC), the terminal enzyme of epoxide
carboxylation, but not by addition of epoxyalkane:CoM transferase or 2-hydroxypropyl-CoM dehydrogenase,
the enzymes which catalyze the first two reactions of epoxide carboxylation. Comparative studies of the
propylene-oxidizing actinomycete Rhodococcus rhodochrous strain B276 showed that BES is an inhibitor of
propylene-dependent growth in this organism as well but is not an inhibitor of CoM-independent growth with
propane. These results suggest that BES inhibits propylene-dependent growth and epoxide metabolism via
irreversible inactivation of the key CO2-fixing enzyme 2-KPCC.
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mine how inhibition of bacterial CoM utilization pathways
affects community structure and carbon flow.
In this paper, we present evidence that BES is capable of
inhibiting bacterial growth on, and metabolism of, propylene.
Moreover, the effects of BES on propylene and epoxypropane
degradation by whole-cell suspensions and clarified cellular
extracts were examined in this study. Our data provide evidence
that inhibition of propylene metabolism is largely the result of
inactivation of the terminal epoxide carboxylation enzyme 2ketopropyl-CoM carboxylase/oxidoreductase (2-KPCC).
MATERIALS AND METHODS
Materials. 2-Bromoethanesulfonate (sodium salt, 98%) and 2-mercaptoethanesulfonic acid were purchased from Sigma-Aldrich. Racemic epoxypropane (a mixture of R and S enantiomers) and (R)-epoxypropane were also
obtained from Sigma-Aldrich. Ascarite II was purchased from Thomas Scientific,
Swedesboro, NJ. All other chemicals used were the highest purity available.
Unless otherwise noted, all organic substrates used for assays were prepared as
500 mM stock solutions in H2O.
Small-scale growth of X. autotrophicus and R. rhodochrous and measurement of
cell growth. X. autotrophicus strain Py2 and R. rhodochrous strain B276 were
cultured at 30°C using a mineral salts medium (13) and growth conditions
described previously (13, 35, 37). Cultures were grown in 25 ml of medium in
sealed 250-ml shake flasks that had been modified by addition of a Klett-

compatible side arm for measuring optical densities and by replacement of the
flask openings with crimp-sealable (20-mm) tops and side arms for introduction
of volatile growth substrates and oxygen and for gas sampling. Cultures were
inoculated using 0.5 to 3 ml of cells grown to the mid-logarithmic phase on the
carbon source of interest. The following carbon sources were used for growth:
15% (vol/vol) propylene (gas phase), 25% (vol/vol) propane (gas phase), 40 mM
acetone, and 32 mM n-propanol. For addition of BES to cultures, a 500 mM
stock solution was prepared and filter sterilized using a 0.2-m acrodisc filter.
BES was then added from the stock solution so that the final concentration in the
medium was between 1 and 5 mM. The levels of volatile organic compounds and
O2 were monitored by flame ionization detector (FID) and thermal conductivity
detector (TCD) gas chromatography as described below. The O2 concentration
in the gas phase of cultures was maintained between 10 and 20% (vol/vol) by
addition of sterile O2 through the side arms of culture flasks. The optical densities of the cultures were determined at desired times by placing the side arms
of the culture flasks in a Klett-Summerson photoelectric colorimeter with a no.
66 filter. The Klett-Summerson colorimeter was standardized using a Shimadzu
model UV-2101 spectrophotometer for conversion of Klett readings to absorbance values (optical density at 600 nm).
Large-scale growth of X. autotrophicus. X. autotrophicus cells to be used for
whole-cell propylene and epoxypropane degradation assays, for preparation of
cell extracts, and for enzyme purification were grown with propylene (10%,
vol/vol) as the carbon source in a 15-liter Microferm fermentor (New Brunswick
Scientific) as described previously (2). Cells were harvested when the optical
density was between 2.5 and 4 using an A/G Technologies polysulfone membrane
cartridge filtration system. Concentrated cell suspensions were pelleted by centrifugation, washed once with 50 mM potassium phosphate buffer (pH 7.2), and
either stored on ice for use within 24 h or flash frozen in liquid nitrogen and
stored at ⫺80°C.
Growth of Escherichia coli expressing recombinant proteins. E. coli strains
were grown at 37°C on Luria-Bertani (LB) medium unless otherwise noted. All
cells used for enzyme expression were grown in 12 liters of medium in a 15-liter
Microferm fermentor (New Brunswick Scientific). Bacteria containing expressed
recombinant proteins were concentrated using a tangential flow filtration system
(Millipore Corp.), washed once with 50 mM potassium phosphate buffer (pH
7.2), flash frozen in liquid nitrogen, and stored at ⫺80°C.
For expression of EaCoMT, cells were transformed with pJK1, the expression
vector for EaCoMT, as described previously (27). Freshly transformed E. coli
BL21(DE3) was grown at 37°C in LB broth until the optical density (A600) was
0.8 to 1.0. Then 1 mM ZnCl2 was added to the medium, the fermentor was
cooled to 30°C, and isopropyl-␤-D-thiogalactopyranoside (IPTG) was added for
expression of the recombinant enzyme as described previously (26).
For expression of 2-(R)-hydroxypropyl CoM dehydrogenase (R-HPCDH), E.
coli BL21(DE3) CodonPlus (Stratagene) was transformed with plasmid pXD28
(12). Frozen cell stocks of transformed E. coli were resuspended in 25 ml of LB
broth and grown at 37°C to an optical density (A600) of 0.6. The sample was
transferred to a fermentor containing LB broth and grown at 30°C until the
optical density (A600) was 1.0. Then 2-mercaptoethanol was added to a concentration of 1 mM, and the fermentor was rapidly cooled to 15°C. The cells were
induced by addition of 0.25 mM IPTG and harvested 4 to 5 h after induction of
protein synthesis.
Purification of proteins. Recombinant EaCoMT and R-HPCDH and native
2-KPCC were purified to homogeneity (⬎95% pure, as determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis analysis) as described previously (3, 12, 26).
Gas chromatography. Propylene, epoxypropane, acetone, and n-propanol
were quantified by FID gas chromatography as described previously (2, 35, 37).
Oxygen was quantified using a Shimadzu GC-8A gas chromatograph equipped
with a molecular sieve 5A column (0.3 by 100 cm) equipped with a TCD. The
injector, column, and detector temperatures were 100, 60, and 60°C, respectively.
For TCD gas chromatography, 0.1-ml samples from the headspaces of culture
vessels were analyzed and compared to standards for quantification of oxygen.
Whole-cell propylene and epoxypropane degradation assays. All assays were
conducted at 30°C in a shaking water bath (200 cycles min⫺1) using 9-ml sealed
serum vials with a total liquid volume of 1 ml. The assay buffer was 50 mM
potassium phosphate (pH 7.0). The assay mixtures contained whole cells (0.12 to
0.15 mg total cellular protein), 40 mM KHCO3, 10 mM CO2 gas (50 mM total
HCO3⫺ plus CO2), and 0 to 10 mM BES. The assays were initiated by addition
of 2 to 4 mol of propylene gas or epoxypropane. Unless otherwise noted, the
source of epoxypropane for assays was the commercially available racemic mixture of R and S enantiomers. At the desired times, samples (50 l) were removed
from the headspace, and the amounts of propylene and epoxypropane were
determined by FID gas chromatography.
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FIG. 1. Pathway of propylene metabolism in X. autotrophicus strain
Py2 and R. rhodochrous strain B276.
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RESULTS AND DISCUSSION
Effect of BES on growth of X. autotrophicus. BES is a structural analog of CoM and a potent inhibitor of methanogenic
growth and methanogenesis (7, 8, 24, 39, 47). Since aerobic
alkene-oxidizing bacteria are the only organisms other than
methanogens known to use CoM as a cofactor, it was of interest to determine whether BES is a selective inhibitor of bac-

FIG. 2. Effects of BES on growth of X. autotrophicus with propylene, acetone, and n-propanol as carbon sources. (A) Growth with
propylene. Symbols: Œ, no BES; E, 1 mM BES; 䊐, 3 mM BES; F, 5
mM BES. (B) Growth with n-propanol (circles) and acetone (triangles). Solid symbols, no BES present; open symbols, 5 mM BES
present. The data are the averages of measurements for two cultures.

terial alkene metabolism. To investigate this, the growth of X.
autotrophicus on propylene was examined in the absence and
presence of several concentrations of BES. As shown in Fig.
2A, the presence of 3 or 5 mM CoM completely prevented
growth of the bacteria with propylene as the carbon source.
When the concentration of BES was 1 mM, little or no effect
on the growth rate was observed (Fig. 2A). Thus, a threshold
concentration between 1 and 3 mM completely inhibited
growth. The concentration of BES required for inhibition of
growth was significantly higher than the concentration reported for methanogens, where inhibition was observed at
concentrations of 0.44 to 10 M (24).
In order to investigate the specificity of BES inhibition, X.
autotrophicus was grown in the absence or presence of BES
with acetone and n-propanol, two C3 compounds that do not
require CoM for metabolism, growth conditions under which
detectable levels of CoM are not present (27). As shown in Fig.
2B, the presence of 5 mM BES had no effect on growth with
acetone or n-propanol as a carbon source. Thus, inhibition of
X. autotrophicus growth by BES correlates directly with growth
conditions requiring CoM, suggesting that BES inhibits growth
by acting as a CoM analog. These results agree with the results
of the studies of Sparling and Daniels, conducted prior to the
discovery of CoM in alkene metabolism, in which the growth of
various eubacteria and nonmethanogenic archaea, as well as
the yeast Saccharomyces cerevisiae, was shown to be not inhibited by BES at a concentration of 25 mM (39).
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To remove BES and residual epoxypropane from cell suspensions at the
conclusion of epoxypropane degradation assays, the assay contents were transferred to 1.5-ml microcentrifuge tubes and pelleted by microcentrifugation. The
cells were washed once with 1 ml of potassium phosphate buffer, resuspended to
obtain a volume of 1 ml, and transferred to a fresh 9-ml serum vial for subsequent
assays. The vials were sealed, and this was followed by addition of CO2 and
KHCO3 as described above. Assays were reinitiated by addition of epoxypropane
as described above.
Incorporation of 14C from 14CO2 into BES-treated cell suspensions. X.
autotrophicus cells (optical density, 0.9; 0.15 mg total cellular protein in 1 ml)
were incubated for 260 min using the assay conditions described above in the
presence of 4 mol epoxypropane, in the presence of 50 mM CO2 plus KHCO3,
and in the presence or absence of 5 mM BES. Epoxypropane degradation was
monitored during this 260-min incubation. At the conclusion of incubation, the
cells were pelleted by microcentrifugation, washed once with phosphate buffer,
resuspended to obtain a volume of 1 ml using mineral salts medium containing
10 mM succinate (included in the assay vials as a carbon and energy source to
promote new protein synthesis) and 5 mM CoM, and transferred to a new 9-ml
assay vial. Chloramphenicol (0.4 mg) was added to some assay vials to prevent
new protein synthesis. CO2 gas and NaH14CO3 from a 500 mM stock solution
were transferred to the sealed serum vials at the ratio described above to obtain
a final concentration of CO2 plus NaHCO3 of 50 mM. The specific activity of 14C
in the assay mixtures was 55 Ci/(mmol CO2 plus NaHCO3). After 1 min of
preincubation, assays were initiated by addition of 3 mol of racemic epoxypropane. At the desired times, 25 l of the assay mixture was removed and added to
200 l of an ethanol-acetic acid mixture (95:5, vol/vol) in 1.5-ml microcentrifuge
tubes. The quenched reaction mixtures were vortexed, dried by overnight incubation (ⱖ8 h) at 50°C using a heating block, and placed in scintillation vials
containing 10 ml of liquid scintillation fluid (ScintiSafe Econo 1; Fisher Scientific). The radioactivity of the samples was measured using a Beckman LS 600
scintillation counter. Portions of the radiolabeled bicarbonate stock solution
were diluted, added to 10 ml of liquid scintillation fluid, and used to construct
standard curves for converting disintegrations per minute to nanomoles of acidstable carbon fixed in the samples.
BES treatment of, and epoxypropane degradation by, clarified cell extracts.
Cell extracts of propylene-grown X. autotrophicus were prepared as described
previously (2). All treatments and assays involving cell extracts were performed
under anaerobic and CO2-free conditions using 50 mM Tris buffer (pH 7.4).
Solutions and vials were made anoxic and CO2 was depleted by sparging the
solutions and vials with nitrogen gas or by repeated evacuation and flushing using
a manifold. The nitrogen gas was passed through a heated copper-based catalyst
(for removal of residual O2) and through a column of ascarite II (for removal of
residual CO2). Portions (5 ml) of cell extract (16.2 mg/ml protein) were incubated at room temperature for 4 h in Tris buffer containing 10 mM dithiothreitol
(DTT) in the absence or presence of 5 mM BES. The cell extracts were then
dialyzed for 16 h in individual dialysis bags (SpectraPor; molecular weight cutoff,
6,000 to 8,000) in 5 liters of buffer at 4°C. The cell extracts treated in this way
were then assayed for epoxide isomerase activity (conversion of epoxypropane to
acetone, which occurs in the absence of CO2) as described below. The assays
were conducted in 9-ml serum vials with 1-ml (total volume) mixtures containing
cell extract (2 mg protein), 5 mM CoM, 10 mM DTT, 4 mM pyruvate, 5 U (1 U ⫽
1 mol/min) of lactate dehydrogenase, 2 mM NAD⫹, and 3 mol (R)-epoxypropane. As indicated below, EaCoMT (0.5 mg of purified enzyme, 6 U of activity),
R-HPCDH (0.5 mg of purified enzyme, 25 U of activity), or 2-KPCC (0.5 mg of
purified protein, 0.2 U of activity), purified as described above, was included in
some assays. Epoxide isomerase activity was monitored by determining the disappearance of epoxypropane and the formation of acetone using gas chromatography as described above.
Protein determination. Protein concentrations of cell extracts and whole-cell
suspensions were determined by a modified biuret assay (10) using bovine serum
albumin as the standard. For whole-cell suspensions, the cells were solubilized in
3 M NaOH for 30 min at 65°C prior to protein determination.
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Effect of BES on propylene and epoxypropane degradation
by whole-cell suspensions. As shown in Fig. 3, addition of 5
mM BES had no effect on the rate of propylene degradation by
cell suspensions during the first 120 min of the experiment.
After this, there was a slight decrease in the rate of propylene
degradation. At the same time, significant levels of epoxypropane, the initial product of propylene metabolism (Fig. 1),
began to accumulate in the cell suspensions containing BES,
but detectable levels did not accumulate in the cell suspensions
lacking BES (Fig. 3). Upon complete degradation of 2 mM
propylene (after 530 min [Fig. 3]), 0.75 mM epoxypropane was
formed in the presence of BES. Thus, BES appears to have an
inhibitory effect on epoxypropane degradation but not on propylene conversion to epoxypropane, consistent with the idea
that BES acts as a CoM analog.
The inhibition of epoxypropane degradation by BES was
investigated in more detail by examining the time courses for
epoxypropane degradation by cell suspensions in the presence
of various concentrations of BES. As shown in Fig. 4, a timedependent loss of epoxypropane degradation activity was observed, the magnitude and rate of which were proportional to
the concentration of BES included in the assay mixtures. Thus,
under the conditions of the assays whose results are shown in
Fig. 3 and 4, BES appears to have a time-dependent inhibitory
effect on epoxypropane catabolism.
Coenzyme M restores epoxypropane degradation activity in
BES-treated cell suspensions. As shown in Fig. 1, epoxypropane metabolism is a three-step pathway catalyzed by four
distinct enzymes that effect the net carboxylation of epoxypropane enantiomers to acetoacetate. The assays described above
relied on measurement of epoxypropane consumption, a reaction requiring only active EaCoMT and a source of free CoM.
Conceivably, any one or more of the enzymes could be inhibited or inactivated by BES, since each enzyme uses CoM or a
CoM conjugate as a substrate (Fig. 1). Inactivation of the
enzyme(s) of any one of the three steps of the pathway would
result in the observed time-dependent loss of epoxypropane
degradation activity, since CoM must be recycled in order to
sustain the initial conjugation of epoxypropane and CoM cat-

FIG. 4. Concentration dependence of BES inactivation of epoxypropane degradation in cell suspensions of X. autotrophicus. Assays
were performed with propylene-grown cells (0.12 mg protein). Symbols: 䊐, buffer-only control; F, no BES present; E, 1 mM BES present;
, 2.5 mM BES present; ‚, 5 mM BES present; ■, 10 mM BES
present.

alyzed by EaCoMT. In order to determine whether the observed loss of epoxypropane degradation activity resulted from
depletion of the free CoM pool due to inactivation of an
enzyme downstream from EaCoMT, the following experiment
was performed.
Cells that had been incubated with epoxypropane and with
or without 5 mM BES for 320 min, at which point all epoxypropane degradation activity had been lost in the BES-treated
cells (Fig. 4), were pelleted, washed to remove residual BES,
and resuspended in fresh buffer. The ability of the cells to
degrade epoxypropane was then determined in the absence
and presence of exogenous CoM. As shown in Fig. 5, addition
of CoM to the control cells (preincubated without BES) resulted in a slight increase in the epoxypropane degradation
rate, suggesting that CoM availability was at least partially rate
limiting in the washed cell suspensions. More importantly,
epoxypropane degradation activity was largely restored in the
BES-treated cells when exogenous CoM was added, but no
activity was observed when CoM was omitted from the assay
mixture (Fig. 5). The specific rates of epoxypropane degradation with CoM present were 0.193 U/mg and 0.129 U/mg for
the control and BES-treated cells, respectively, which translates to 33% lower activity in the BES-treated cells.
Effect of BES treatment and chloramphenicol on epoxypropane-dependent 14CO2 fixation activity. The data shown in Fig.
5 suggest that the observed time-dependent loss of epoxidedegrading activity in cell suspensions can be largely attributed
to depletion of the free CoM required to sustain the reaction
catalyzed by the first enzyme of the epoxide consumption pathway, i.e., EaCoMT. This in turn suggests that the primary
target of BES inactivation is one or more of the enzymes
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FIG. 3. Effect of BES on propylene degradation and epoxypropane
accumulation in cell suspensions of X. autotrophicus. Assays were performed with propylene-grown cells (0.15 mg protein). The solid symbols indicate the propylene remaining, and the open symbols indicate
the epoxypropane formed. Symbols: ■, buffer-only control; F and E,
no BES present; Œ and ‚, 5 mM BES present.
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downstream of the reaction catalyzed by EaCoMT (Fig. 1). To
investigate this in more detail, the fixation of 14CO2 into acidstable cell products, indicative of the complete epoxide carboxylase reaction catalyzed by all four enzyme components (37),
was measured after pretreatment of cells with or without BES
as described above. CoM (5 mM) was included in the assay
mixtures to ensure that any differences in 14CO2 fixation rates
could be attributed to loss of enzymatic activity rather than to
depletion of the CoM pool, and succinate was included as a
conventional carbon and energy source to promote new protein synthesis. Additionally, some assays were performed in the
presence of chloramphenicol, which prevents new protein synthesis in X. autotrophicus under these conditions (18), in order
to determine whether new protein synthesis was necessary to
restore epoxide carboxylase activity.
For the non-BES-treated cells lacking chloramphenicol, the
yield of 14CO2 fixed to epoxypropane degraded was 82% after
150 min of incubation when 3 mol epoxypropane was used as
the substrate (data not shown). This result is virtually identical
to the value obtained in our previous studies of epoxypropanedependent 14CO2 fixation (the additional 18% 14CO2 fixed is
believed to be rereleased as 14CO2 due to cellular respiration)
(37). The presence of chloramphenicol led to a slight decrease
in the rate of 14CO2 fixation in the non-BES-treated cells.

2-ketopropyl-CoM ⫹ NADPH ⫹ H⫹
3 acetone ⫹ CoM ⫹ NADP⫹

(1)

The advantage of the epoxide isomerization assay is that acetone
is much easier to detect and quantify (by gas chromatography
analysis) than acetoacetate formed by substrate carboxylation. To
further simplify the in vitro assay, (R)-epoxypropane was used as
the assay substrate, so that 2-(R)-hydroxypropyl-CoM was the
only product of the EaCoMT-catalyzed reaction (Fig. 1). Thus,
with (R)-epoxypropane as the substrate, the in vitro assay required only EaCoMT, R-HPCDH, and 2-KPCC and did not
require 2-(S)-hydroxypropyl CoM dehydrogenase. Since NADPH,
the substrate for 2-KPCC, is rapidly oxidized in cell extracts by
various oxidoreductases, DTT, which can serve as an alternative
reductant for 2-KPCC (2, 3, 5, 40), was substituted for NADPH.
Finally, lactate dehydrogenase and pyruvate were included in the
assay mixtures to regenerate oxidized NAD⫹ from reduced
NADH. In summary, the reaction measured in cell extracts, dependent on active EaCoMT, R-HPCDH, 2-KPCC, and a source
of CoM, was as follows:
共R兲-epoxypropane ⫹ DTTred ⫹ NAD⫹
3 acetone ⫹ DTTox ⫹ NADH

(2)

The initial rate (i.e., the rate in the first few minutes of the
assay) of acetone formation from (R)-epoxypropane in dialyzed cell extracts was 60% lower in assays containing 5 mM
BES than in assays conducted in the absence of BES (data not
shown). Thus, when product formation from all three enzymes
was measured, a significant rapid-equilibrium inhibition was
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FIG. 5. Coenzyme M restores epoxypropane degradation activity in
BES-treated X. autotrophicus cell suspensions. Cells (0.12 mg protein)
were preincubated with 2 mol epoxypropane in the absence or presence of BES for 300 min, as shown in Fig. 4. The cells were then
washed and resuspended in fresh medium, and epoxypropane degradation activity was assayed as described in Materials and Methods. The
solid symbols show the results of assays performed with cells preincubated without BES, while the open symbols show the results of assays
performed with cells preincubated with 5 mM BES. Triangles, assays
conducted without supplemental CoM; squares, assays conducted in
the presence of 5 mM CoM.

However, there was an approximately threefold decrease in the
initial rate of epoxypropane-dependent 14CO2 fixation in BEStreated cells compared with the rate in non-BES-treated cells
(data not shown). For the BES-treated cells, a time-dependent
increase in 14CO2 fixation activity was observed for the cells
lacking chloramphenicol, in which new protein synthesis could
occur, and by 150 min the BES-treated cells were fixing 14CO2
at a rate comparable to the rate of the non-BES-treated cells
(data not shown). These results demonstrate that new protein
synthesis was required for recovery of epoxide carboxylase
activity after BES pretreatment.
Identification of the target of BES inactivation in cell extracts of X. autotrophicus. The whole-cell studies described
above provided evidence that BES irreversibly inactivates one
or more enzymes downstream of EaCoMT in the epoxide
carboxylation pathway (Fig. 1). To shed more light on the
specific enzyme(s) that is inactivated, studies were conducted
using cell extracts and purified enzymes. For this analysis, we
used an in vitro assay that measures the isomerization of
epoxypropane to acetone rather than carboxylation of epoxypropane to acetoacetate (2, 43). Epoxide isomerization requires
the same enzymes and assay conditions that are required for
epoxide carboxylation, with the important distinction that CO2
and bicarbonate are not included in the assay mixture (2, 11).
Under these conditions, 2-KPCC, the terminal enzyme of the
epoxide carboxylation pathway, catalyzes the reductive cleavage and protonation (rather than carboxylation) of 2-ketopropyl-CoM to form acetone as a product, as shown in equation 1
(compare the terminal reaction in Fig. 1) (2, 11):
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observed that was not apparent in whole-cell assays of epoxypropane degradation (Fig. 4). To further investigate the inactivation of the enzyme system, cell extracts were incubated for
4 h with and without BES and then dialyzed to remove residual
BES. As shown in Fig. 6A, a significant amount (⬎75%) of
epoxide isomerase activity was lost in the cells preincubated
with BES, indicating that one or more of the three required
enzymes (EaCoMT, R-HPCDH, and 2-KPCC) is irreversibly
inactivated by BES treatment.

As shown in Fig. 6B, addition of purified 2-KPCC, but not
addition of purified EaCoMT or R-HPCDH, restored epoxide
carboxylase activity in BES-treated extracts. The level of restored activity was the same as the level observed in cell extracts not treated with BES. Thus, 2-KPCC appears to be
irreversibly inactivated to a large degree by BES treatment in
cell extracts, while EaCoMT and R-HCDH are apparently not
affected by prior BES treatment.
BES inhibits propylene-dependent growth but not propanedependent growth of R. rhodochrous B276. Another microorganism in which the CoM-dependent pathway of propylene
metabolism has been identified and characterized is R. rhodochrous B276, a gram-positive actinomycete (4, 6, 27). R. rhodochrous B276 is a particularly interesting organism because it is
one of only two bacteria reported to be capable of growth with
both short-chain saturated and unsaturated hydrocarbons (i.e.,
the bacterium grows using both propylene and propane as
carbon sources) (21, 34). While propylene metabolism in R.
rhodochrous occurs via the CoM-dependent pathway identified
for X. autotrophicus (Fig. 1), propane metabolism is believed to
occur via a distinct pathway in which propane is subterminally
hydroxylated to isopropanol, followed by oxidation to acetone
(13; D. Clark and S. Ensign, unpublished results). Thus, R.
rhodochrous provides an excellent model system for evaluating
the specificity of BES as an inhibitor of unsaturated hydrocarbon metabolism.
As shown in Fig. 7A, the presence of 5 mM BES completely
prevented growth of R. rhodochrous B276 with propylene as
the carbon source. In contrast, 5 mM BES had no effect on
growth when propane or acetone was used as the carbon
source (Fig. 7B). These comparative studies with R. rhodochrous B276 reinforced the idea that BES can be viewed as a
specific inhibitor of bacterial alkene metabolism.
Comparison of BES as an inhibitor of methanogenesis and
alkene metabolism. A comparison of our results with the results for BES inhibition of methanogenesis revealed some interesting similarities and differences in the observed effects.
For methanogens, the specific target of BES has been shown to
be methyl-CoM reductase (MCR), which is inhibited in both a
reversible fashion and an irreversible fashion by BES (23, 24,
38). MCR catalyzes the reduction of methyl-CoM to methane
using a using a second thiol substrate, CoB, as shown in equation 3 (17, 42, 44):
CH3-S-CoM ⫹ HS-CoB 3 CH4 ⫹ CoM-S-S-CoB

(3)

The inactivation of MCR, the target enzyme of BES in methanogens, has been shown to be due to the interaction between
BES and the unique nickel tetrapyrrole cofactor F430 at the
active site of the enzyme. Goenrich and coworkers have proposed a mechanism for inactivation of MCR involving oxidation of active Ni(I) F430 to inactive Ni(II) F430 by BES when it
is bound in the active site as a CoM analog (23). The tetrapyrrole F430 is unique to methanogens and is not found in the
CoM-dependent pathway of epoxide carboxylation. The results
of this study suggest instead that 2-KPCC, the terminal enzyme
of epoxide carboxylation (Fig. 1), is a target enzyme for inactivation by BES. In this regard, it is tempting to speculate that
BES exerts its inhibitory effect as a substrate analog for
2-KPCC and as an alkylating agent in the 2-KPCC active site.
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FIG. 6. BES inactivation of epoxide isomerase activity in cell extracts of X. autotrophicus and restoration of epoxide isomerase activity
in BES-treated cell extracts by addition of purified 2-KPCC. Cell
extracts were prepared and pretreated with or without 5 mM BES
present, and epoxide isomerase assays were conducted as described
in Materials and Methods. The data show the time course for (R)epoxypropane isomerization to acetone, a reaction requiring active
EaCoMT, R-HPCDH, and 2-KPCC. (A) Activity in the absence of
purified enzymes. Symbols: F, no BES present in pretreatment; E, 5
mM BES present in pretreatment. (B) Activity in BES-pretreated
extracts in the presence of purified enzymes. Symbols: F, no purified
enzyme added; , purified EaCoMT added; ‚, purified R-HPCDH
added; E, purified 2-KPCC added.
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symbols, no BES present; open symbols, 5 mM BES present. The data
are the averages of measurements for two cultures.
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inhibition of the other enzymes believed to be involved in
epoxyethane metabolism. Thus, it remains to be determined
whether BES is a specific inhibitor of alkene-utilizing bacteria
incorporating the carboxylation reaction unique to propylene
(and longer-chain) alkenes or whether it is an effective inhibitor of ethylene and epoxyethane catabolism as well.
In summary, in this study we identified and characterized
BES as the first selective inhibitor of bacterial short-chain
alkene metabolism. The high degree of specificity of BES for
inhibition of propylene-dependent growth of X. autotrophicus
Py2 and R. rhodochrous B276 suggests that it may be useful as
an environmental probe for the identification and characterization of alkene-oxidizing bacteria. Our findings raise the interesting possibility that BES may be useful for identifying new
CoM-utilizing bacteria in addition to the methanogens and
alkene oxidizers identified thus far.
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