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Coenzyme M (CoM) (2-mercaptoethanesulfonic acid) biosynthesis is shown to be coordinately regulated
with the expression of the enzymes of alkene and epoxide metabolism in the propylene-oxidizing bacteria
Xanthobacter strain Py2 and Rhodococcus rhodochrous strain B276. These results provide the first evidence for
the involvement of CoM in propylene metabolism by R. rhodochrous and demonstrate for the first time the

inducible nature of eubacterial CoM biosynthesis.

Recent studies of propylene metabolism in Xanthobacter
strain Py2, a gram-negative proteobacterium, and Rhodococcus
rhodochrous strain B276, a gram-positive actinomycete, have
demonstrated the presence of a conserved bacterial pathway
that involves oxidation to epoxypropane followed by carboxy-
lation to acetoacetate (2, 4, 19). The latter transformation
occurs in a sequence of reactions that use coenzyme M (CoM)
(2-mercaptoethanesulfonic acid) as a nucleophile to open ep-
oxide rings and as the carrier of intermediates ultimately
cleaved and carboxylated to form acetoacetate (see Fig. 1) (1).
The role of CoM as a C; carrier in the epoxide carboxylation
pathway is only the second defined function for this cofactor
and its first observed usage in a eubacterial system. The other
defined function of CoM is as an ubiquitous methyl group
carrier in the pathway of methanogenesis in methanogenic
archaea, where in the reductive cleavage of methyl-CoM re-
sults in the production of methane (25, 28). The newly discov-
ered role for CoM in bacterial olefin metabolism raises inter-
esting questions regarding the evolutionary relationships of
bacterial and archaeal metabolism, especially in light of recent
studies demonstrating the presence and usage of other metha-
nogenic cofactors, specifically tetrahydromethanopterin and
coenzyme F,,, in eubacteria (9, 12, 15, 27).

To date, CoM has been positively identified as an essential
cofactor and as the C; carrier in epoxide metabolism only in
Xanthobacter strain Py2, which is a facultative methylotrophic
bacterium (1). This observation may be significant, since the
bacteria in which tetrahydromethanopterin has been identified
are either obligate or facultative methylotrophs (27). Given the
high degree of biochemical similarity between the epoxide
carboxylation systems of Xanthobacter strain Py2 and R. rhodo-
chrous (4, 6), it seems logical to predict that CoM is used as the
C, carrier in R. rhodochrous as well. These considerations also
raise the questions of how widely CoM might be distributed
within the bacterial domain, what additional functions it might
play, and under what growth conditions it is produced.

In order to address the questions and considerations raised
above, we have expressed the epoxyalkane:CoM transferase
from Xanthobacter strain Py2 in Escherichia coli, an organism
not thought to produce CoM (7). As purified from Xan-
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thobacter strain Py2, the transferase contains tightly bound
CoM (1). The addition of epoxypropane results in the stoichi-
ometric reaction of the bound CoM and epoxypropane, which
then dissociate from the transferase as the 2-hydroxypropyl-
CoM adduct (see Fig. 1) (1). In this article we show that the
transferase can be expressed in E. coli as a fully active enzyme
that completely lacks CoM. We have exploited this property to
develop a convenient bioassay for CoM that relies on recycling
of CoM from various sources in epoxide carboxylation assays
using the recombinant transferase with the additional comple-
menting native components. These studies reveal that CoM
biosynthesis is coordinately regulated with expression of the
alkene- and epoxide-utilizing enzymes in both Xanthobacter
strain Py2 and R. rhodochrous B276.

Growth of bacteria. Xanthobacter strain Py2 and R. rhodo-
chrous B276 (ATCC 31338) were grown as described previ-
ously (4). The carbon source for cell growth was one of the
following: propylene (10% [vol/vol] gas phase), propane (30%
[vol/vol] gas phase), acetate (20 mM), glucose (10 g/liter),
acetone (40 mM), or isopropanol (40 mM). E. coli IM109 and
E. coli BL21(DE3)/pLysS were grown in Luria-Bertani (LB)
broth aerobically at 30°C and on LB agar aerobically at 37°C.
Antibiotic concentrations used for selection and maintenance
of plasmids were 100 pg of ampicillin per ml and 50 pg of
chloramphenicol per ml.

Plasmid construction and purification of recombinant ep-
oxyalkane:CoM transferase. Frozen Xanthobacter Py2 cell
paste (propylene grown) was thawed in 10 volumes of mineral
salts medium containing 1% glycine. After the cell paste was
thawed, the cell suspension was incubated at 30°C for 3 hin a
sealed shaking flask containing 10% propylene. The cells were
pelleted and resuspended in 1 volume of TEG (10 mM Tris-
HCI [pH 8.0], 1 mM EDTA, 50 mM glucose) containing 1.5%
sodium dodecyl sulfate (SDS) and incubated at 37°C for 20
min. High-molecular-weight DNA was then isolated by stan-
dard protocols (17). The gene encoding epoxyalkane:CoM
transferase (herein after referred to xec4) was amplified by
PCR using the primers 5'-CATATGCTGATCCGAGGGGA
AGACG-3' and 5'-GGATCCTCAGGCCGCCTGCTTGGCC
T-3'. DNA amplification was performed in a Perkin-Elmer
GeneAmp PCR Model 2400 with 30 cycles, with 1 cycle con-
sisting of 30 s at 95°C, 30 s at 60°C, and 30 s at 72°C. The PCR
product was digested with Ndel and BamHI and inserted into
the expression vector T7-7 (21, 23). Ligated product was used
to transform E. coli JM109, and plasmids were isolated using
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plasmid minipreps (Promega) and screened by single and dou-
ble digestion with restriction endonucleases BarmHI and Ndel.
The properly ligated expression vector was labeled pJKI. E.
coli BL21(DE3)/pLysS was transformed with pJK1 and grown
in 2.5 liters of LB broth containing ampicillin and chloram-
phenicol at 30°C. Recombinant protein expression was induced
with the addition of a-lactose to a final concentration of 1%.
After a 5-h induction period, cells were harvested by centrifu-
gation. Recombinant epoxyalkane:CoM transferase was subse-
quently purified using the protocol for the wild-type enzyme
(5).

Sources of CoM for epoxide carboxylation assays. Epoxide
carboxylation assays (see below) were performed either with or
without a supplemental source of CoM added. The supplemen-
tal source of CoM was either the commercially obtained com-
pound (Sigma Chemicals), a preparation prepared from bac-
terial cell extract, or a preparation prepared from bacterial
spent media. Cell extracts were prepared by thawing cells in 2
volumes of 100 mM Tris-HCI (pH 8.2), followed by lysis in a
French pressure cell as described previously (4). The cell ex-
tract was clarified by ultracentrifugation at 137,000 X g for 45
min at 4°C. Clarified cell extract was boiled for 30 min and
centrifuged at 14,000 X g for 20 min. A portion (1 ml) of the
supernatant was lyophilized and resuspended in 300 pl of 100
mM Tris-HCI (pH 8.2) and added to the epoxide carboxylation
assay mixture. Samples of authentic CoM at concentrations
believed to be similar to that of cell extracts were treated
identically in order to determine whether this treatment would
damage the CoM (e.g., due to irreversible disulfide formation
or other oxidative processes). It was found that the boiling-
lyophilization treatment had no effect on subsequent usage of
CoM in the assays. Spent media were prepared by retaining the
supernatant obtained after centrifugation (14,000 X g for 30
min) of cultures of actively growing bacteria (44, between 1
and 2). A portion (1 ml) of the supernatant was then lyophi-
lized, resuspended in 300 pl of 100 mM Tris-HCI (pH 8.2), and
added to the epoxide carboxylation assay mixture.

Assay of epoxide carboxylation reactions. Epoxide carboxy-
lase components I to IV (i.e., the four enzymes of Fig. 1) were
purified from Xanthobacter strain Py2 as described previously
(3, 5). The individual epoxide carboxylase protein components
were assayed according to their respective reactions shown in
Fig. 1 using the assays and conditions described previously (5).
The complete epoxide carboxylation reaction, using racemic
epoxypropane as the substrate, requires all four enzyme com-
ponents shown in Fig. 1 in addition to CO,, NADPH, NAD™,
and CoM according to equation 1 as follows:

epoxypropane + CO, + NAD" + NADPH + CoM —
acetoacetate + NADH + NADP* + CoM

The complete assays (1-ml total volume) were performed as
described previously (5), with the following modifications. Un-
less indicated otherwise, the amounts of the four proteins used
in the assay were as follows: recombinant or native epoxyal-
kane:CoM transferase, 400 wg; NADPH:2-ketopropyl-CoM
oxidoreductase/carboxylase, 5 mg; 2-R-hydroxypropyl-CoM
dehydrogenase, 100 pg; and 2-S-hydroxypropyl-CoM dehydro-
genase, 100 pg. These conditions were designed such that
CoM, when added at low concentrations (i.e., low micromolar
range), was the limiting component of the coupled assay. Sup-
plemental CoM or a potential source of CoM (from cell extract
or spent medium; see above) were either excluded from or
included in individual assay mixtures as elaborated in the fig-
ure legends. Epoxypropane degradation and acetoacetate for-
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mation were monitored over time as described previously (1,
5).

Estimation of CoM concentrations from biological sources.
The concentrations of commercial CoM were 0 to 200 uM in
epoxide carboxylation assay mixtures prepared as described
above and using recombinant transferase as the source of com-
ponent I. The rates of epoxypropane degradation were plotted
against CoM concentration and fit to the equation for a rect-
angular hyperbola (i.e., the Michaelis-Menten equation) using
the program SigmaPlot. The standard curve and equation were
used to calculate CoM concentrations from initial rate data for
assays where the CoM was from spent media.

Induction of CoM biosynthesis. Shaking flask cultures of
Xanthobacter strain Py2 and R. rhodochrous that had been
grown with propylene were subcultured into shaking flasks
containing medium in which acetate replaced propylene as the
carbon source. After reaching stationary phase, the cells were
subcultured again into acetate-containing medium, and this
process was repeated two additional times. When the third
subcultures reached an Ay, of 0.9, propylene was added as
overpressure to a final concentration of 10% (vol/vol) gas
phase. The air and propylene in the flasks were subsequently
replenished at 8-h intervals. At various times, cells were re-
moved from cultures and assayed for epoxypropane degrada-
tion activity as described previously (3). Spent media were also
prepared from the cultures at various times by the procedure
described above. For controls, cultures were treated identically
to those induced by addition of propylene but lacked propylene
during the course of the experiment.

Heterologous expression of CoM-free epoxypropane:CoM
transferase. The high specificity of CoM as the nucleophilic
thiolate for epoxide carboxylation (1) and its ability to be
indefinitely recycled for additional epoxide to B-ketoacid con-
versions provide a potentially sensitive assay for assessing the
presence or absence of this cofactor in different organisms. In
order for this assay to be effective, CoM must be completely
absent from the source of transferase used in the assay. One
means to accomplish this would be to express the transferase in
and purify it from an organism that does not contain CoM.
Accordingly, the gene encoding the transferase was overex-
pressed in E. coli, which is believed not to contain CoM, based
on the extensive studies performed by Balch and Wolfe (7).

Epoxalkane:CoM transferase was expressed at high levels
(~5% of cellular protein) from a T7-7 expression vector in
lactose-induced E. coli cultures. The purified recombinant
CoM (rCoM) transferase appeared identical to the native en-
zyme on SDS-polyacrylamide gels, migrated identically to the
native enzyme on nondenaturing polyacrylamide gels, and
eluted identically when chromatographed on a Superose 12
size exclusion column. Metal analysis of rCoM transferase
showed the presence of 1.2 zinc molecules per monomeric unit,
a value similar to that reported previously for the native en-
zyme (0.85 Zn/monomer). Together, these results suggest that
the quaternary structure (i.e., o) and cofactor complement are
identical for the native and rCoM transferase.

Figure 2 shows the time courses for epoxypropane degrada-
tion in complete epoxide carboxylation assay mixtures (equa-
tion 1) where the source of transferase was either the native or
recombinant protein. In the absence of exogenously added
CoM, no detectable activity was observed in the assay mixture
containing rCoM transferase, while a low and sustained rate of
epoxide degradation was observed in the assay mixture con-
taining the same amount of the native transferase. As shown in
Fig. 2, the addition of 5 pM CoM to the assay mixture con-
taining rCoM transferase resulted in a linear rate of epoxide
degradation that was nearly identical to the rate observed for
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FIG. 1. Pathway of propylene metabolism in Xanthobacter strain Py2 and R. rhodochrous B276. Comp. I, epoxide carboxylase component I.

the native transferase to which no CoM was added. Thus, it
would appear that approximately 5 uM CoM was associated
with the sample of native transferase used in this experiment.
For this particular experiment, 400 ng of transferase was in-
cluded in the assay mixtures, an amount that corresponds to a
concentration of 9.6 WM transferase monomers. This suggests
a complement of 0.5 CoM bound/native transferase active site
for this enzyme preparation. The addition of 5 pM exogenous
CoM to the native transferase stimulated the rate of epoxypro-
pane degradation by 1.7-fold over the nonsupplemented rate.
This result demonstrates that, under these assay conditions,
CoM is sufficiently limiting that the rate of epoxide carboxyla-
tion can be nearly doubled by doubling the amount of available
CoM.

Figure 3 shows the effect of CoM concentration on the rate
of epoxypropane carboxylation using native or recombinant
transferase under conditions where the transferase is the rate-
limiting protein component of the assay. The saturation curves
for the two transferases are indistinguishable. Together, the

results presented in Fig. 2 and 3 demonstrate that CoM is not
essential for the synthesis of, stability of, and incorporation of
zinc into the epoxyalkane:CoM transferase of Xanthobacter
strain Py2.

The sensitivity of the CoM recycling assay used here is suf-
ficient for quantifying CoM at concentrations in the low-con-
centration range (0.5 wM and higher). While this sensitivity is
suitable for the present purposes, a bioassay described by
Balch and Wolfe, in which potential sources of CoM are used
to stimulate growth of the CoM auxotroph Methanobacterium
ruminantium, is apparently capable of detecting CoM concen-
trations as low as 6 nM (7). This growth-based bioassay pro-
vided estimations of CoM concentrations in methanogenic bio-
mass that have recently been corroborated by high pressure
liquid chromatography-based determinations (13).

Identification of CoM in cell extracts and culture media.
The CoM recycling assay described above was used to deter-
mine whether CoM could be detected in cell extracts and spent
culture media from Xanthobacter strain Py2 and R. rhodo-
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FIG. 2. Requirement of exogenous CoM for epoxide carboxylation in assays
using recombinant epoxyalkane:CoM transferase. Assays were performed in
duplicate, and the measurements were averaged. Experiments were done with
recombinant (open symbols) or native (closed symbols) epoxyalkane:CoM trans-
ferase and with no exogenous CoM (squares) or 5 uM exogenous CoM added
(circles).

chrous B276. The ability of the cell extract or spent medium
preparation to substitute for commercial CoM in epoxide car-
boxylation assay mixtures containing rCoM transferase was
used as the diagnostic for the presence or absence of CoM. As
shown in Fig. 4, CoM was detected in extracts and spent media
prepared from propylene-grown cultures of both bacteria. Im-
portantly, no CoM was detected in cell extracts or culture
media prepared from Xanthobacter strain Py2 or R. rhodo-
chrous grown with glucose as the carbon source (Fig. 4). These
results suggest that the expression of the CoM biosynthetic
genes is not constitutive but induced in response to a specific
need.
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FIG. 3. Saturation of epoxide carboxylase activity by CoM. Assays were per-
formed in duplicate as described in the text but with the following amounts of
proteins: native or recombinant epoxyalkane:CoM transferase, 5 ug; NADPH-
2-ketopropyl-CoM oxidoreductase/carboxylase, 250 wg; 2-R-hydroxypropyl-CoM
dehydrogenase, 40 wg; 2-S-hydroxypropyl-CoM dehydrogenase, 25 wg. Native
(squares) or recombinant (circles) epoxyalkane:CoM transferase was used.
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FIG. 4. CoM is present in cells and culture media of propylene-grown Xan-
thobacter strain Py2 and R. rhodochrous. Extract or media from Xanthobacter
strain Py2 (closed symbols) or R. rhodochrous (open symbols) were used. Sym-
bols: squares, cell extract prepared from glucose-grown cells; circles, cell extract
prepared from propylene-grown cells; triangles, spent media prepared from
propylene-grown cells.

CoM synthesis is coordinately regulated with synthesis of
alkene monooxygenase and epoxide carboxylation enzymes.
The alkene monooxygenase and epoxide carboxylation pro-
teins (Fig. 1) of Xanthobacter strain Py2 and R. rhodochrous are
inducible enzymes that are not expressed when cells are cul-
tured in the absence of alkenes or epoxides (4, 14). The lack of
detectable CoM in glucose-grown cultures of Xanthobacter
strain Py2 and R. rhodochrous suggests that CoM biosynthesis
is coordinately regulated with the expression of the alkene
monooxygenase and epoxide carboxylation enzymes. This pos-
sibility was further investigated by growing the bacteria under
conditions where the alkene and epoxide genes are repressed
and then inducing their expression by addition of propylene.
As shown in Fig. 5, cultures of Xanthobacter strain Py2 and R.
rhodochrous grown with acetate as the source of carbon did not
contain detectable levels of epoxypropane degradation activity
or CoM prior to addition of propylene. The addition of pro-
pylene resulted in simultaneous increases in epoxide carboxy-
lation activity and CoM accumulation in the culture media for
both bacteria. Thus, CoM biosynthesis is induced by propylene
in both bacteria.

Xanthobacter strain Py2 and R. rhodochrous cell extracts
were prepared from cells grown with propylene, glucose, ace-
tone, isopropanol, and in the case of R. rhodochrous, propane
as the carbon source and then screened for the presence of
CoM. Only those cultures grown with propylene as the carbon
source contained detectable levels of CoM. Cell extract from
propylene-grown Xanthobacter provided CoM in an amount
that stimulated activity to a rate of 0.23 = 0.02 nmol of ep-
oxypropane degraded min~! mg of protein™' in the clarified
extract (prior to boiling) that was used as the source of CoM.
The specific activity of the R. rhodochrous cell extract was
nearly identical (0.18 = 0.01 nmol of epoxypropane degraded
min~' mg ') suggesting that similar amounts of CoM accu-
mulate in the two different bacteria. With regard to this screen
of growth substrates, the absence of CoM in cell extracts pre-
pared from cultures of R. rhodochrous grown with propane, a
saturated hydrocarbon, is particularly noteworthy. The details
of the pathway of bacterial propane metabolism have not been
fully elucidated but may involve sequential oxidation to iso-
propanol and acetone as the first intermediates (26). The path-
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FIG. 5. Simultaneous induction of CoM biosynthesis and epoxide carboxy-
lase activity in Xanthobacter strain Py2 and R. rhodochrous. Symbols: closed
symbols, Xanthobacter strain Py2; open symbols, R. rhodochrous; squares, whole
cell rates of epoxypropane degradation in cells exposed to propylene at ¢ = 0 h;
circles, estimated concentrations of CoM accumulating in the spent media of
cells exposed to propylene at ¢ = 0 h; triangles, whole cell rates of epoxypropane
degradation in cells not exposed to propylene; inverted triangle, estimated con-
centrations of CoM accumulating in the spent media of cells not exposed to
propylene.

way of acetone metabolism has been elucidated for both Xan-
thobacter strain Py2 and R. rhodochrous and shown to involve
carboxylation of acetone to acetoacetate (10, 18). Although
acetone and epoxypropane are isomeric, acetone carboxylation
differs significantly from epoxypropane carboxylation in that a
single enzyme (acetone carboxylase) catalyzes the carboxyla-
tion in a reaction coupled to nucleoside triphosphate hydroly-
sis (10, 18). The lack of CoM in propane-, isopropanol-, and
acetone-grown cells confirms the highly specialized role for
CoM in unsaturated hydrocarbon catabolism.

Implications of these studies. Prior to the identification of
CoM as the C; carrier in the reactions of aliphatic epoxide
carboxylation, the only known function for CoM was as the
methyl group carrier in archaeal methanogenesis (25, 28).
Since methane formation is essential to the metabolism of all
methanogens under all growth conditions, CoM must be avail-
able at all times and, accordingly, the CoM biosynthetic genes
are probably constitutively expressed. Taylor et al. have iso-
lated a methanogen, M. ruminantium, that is a CoM auxotroph,
suggesting that it has a mutation in one or more of the genes
involved in CoM biosynthesis (24). To date, the pathway of
CoM biosynthesis has not been elucidated, although a plausi-
ble pathway beginning from phosphoenolpyruvate and bisulfite
has been proposed (11).

The present work showing inducible CoM biosynthesis in
nutritionally versatile heterotrophic bacteria warrants examin-
ing CoM biosynthesis in these bacteria as a model for metha-
nogenic CoM synthesis. Both Xanthobacter and Rhodococcus
are genetically tractable (16, 22, 29), suggesting that a com-
bined genetic-biochemical approach could be used to identify
the genes and enzymes involved in CoM biosynthesis. The
availability of complete genome sequences of two methano-
gens, Methanobacterium thermoautotrophicum and Methano-
coccus jannaschii (8, 20), might allow the methanogenic genes
to be deduced from sequence comparisons.
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The above discussion raises the questions of how Xan-
thobacter strain Py2 and R. rhodochrous, bacteria that are phy-
logenetically quite distinct, acquired the genes that synthesize
CoM and why CoM was chosen as the C; carrier for epoxide
carboxylation. With regard to how the genes were acquired, it
is probable that they are of methanogenic origin, given the
highly specialized usage of CoM in methanogens. One consid-
eration that may be significant to this discussion is the obser-
vation that cultures of Xanthobacter strain Py2 repeatedly sub-
cultured (i.e., for a period of several weeks) with glucose or
acetone as the carbon source lose the ability to grow with
propylene as the source of carbon (S. Ensign, unpublished
results). In contrast, the ability of Xanthobacter strain Py2 to
grow with a variety of other carbon sources (i.e., acetate, iso-
propanol, acetone, propylene glycol, CO, and H,, n-propanol,
and glucose) is not affected by repeated subculturing on an-
other carbon source (S. Ensign, unpublished results). These
results suggest the possibility that the genes encoding alkene
monooxygenase, the epoxide carboxylation enzymes, and/or
accessory proteins (e.g., CoM biosynthetic enzymes) may re-
side on an extrachromosomal element. Of possible relevance
to this idea, Saeki and colleagues recently showed that the
genes encoding the alkene monooxygenase of R. rhodochrous
reside on a 185-kb linear megaplasmid, one of four such plas-
mids in the bacterium (16). It will be interesting to determine
whether a similar situation exists in Xanthobacter strain Py2, in
particular with respect to the epoxide carboxylation and CoM
biosynthetic genes. It will also be interesting to determine
whether a similar situation exists in Xanthobacter strain Py2, in
particular with respect to the epoxide carboxylation and CoM
biosynthetic genes. It will also be interesting to determine the
molecular mechanisms involved in propylene sensing and the
associated coordinated regulation of alkene and epoxide me-
tabolism and CoM biosynthesis.

This work was supported by National Institutes of Health grant
GM51805.
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