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The transfer of the methyl group of acetate to coenzyme M (2-mercaptoethanesulfonic acid; HS-CoM) during
the metabolism of acetate to methane was investigated in cultures of Methanosarcina strain TM-1. The
organism metabolized CD;COO™ to 83% CD;H and 17% CD,H, and produced no CDH; or CH,4. The isotopic
composition of coenzyme M in cells grown on CD3;COO™ was analyzed with a novel gas chromatography-mass
spectrometry technique. The cells contained CD3-S-CoM and CD,H-S-CoM) in a proportion similar to that of
CD;H to CD,H,. These results, in conjunction with a report (J. K. Nelson and J. G. Ferry, J. Bacteriol.
160:526-532, 1984) that extracts of acetate-grown strain TM-1 contain high levels of CH3-S-CoM methylreduc-
tase, indicate that CH;-S-CoM is an intermediate in the metabolism of acetate to methane in this organism.

Nearly 30 years ago, Barker (5) proposed a common
terminal methyl carrier (X-CH;) for methane production
from acetate, methanol, or the reduction of CO,. Since that
time, methylamines have also been identified as methanogen-
ic substrates (9). Coenzyme M (2-mercaptoethanesulfonic
acid; HS-CoM), a cofactor unique to methanogenic bacteria
(3), is considered to be the terminal methyl carrier for
methane production from H,-CO,, methanol, and methyl-
amine. “CH;-S-CoM is formed from [C]methanol,
[**Clmethylamine, and the reduction of #CO,, and 2-
(methylthio)ethanesulfonic acid (CH;-S-CoM) is reductively
demethylated to methane by CH;-S-CoM methylreductase
(4, 8, 10, 14, 15, 17). CH3-S-CoM is the only substrate known
to be reductively demethylated to form methane. These
results support CH3-S-CoM as a candidate for the proposed
universal intermediate X-CH;. However. it has not been
previously determined whether CH5-S-CoM is also an inter-
mediate in methanogenesis from acetate.

Studies on acetate metabolism have lagged behind studies
on methanogenesis from other substrates because of the
difficulties in culturing these oxygen-sensitive and slow-grow-
ing organisms on acetate (4). In 1956, it was demonstrated
that CD;COO™ is metabolized to CD;H in acetate enrich-
ment cultures (12). More recently, Methanosarcina barkeri
was shown to metabolize CD;CQO™ to 75% CD;H and 25%
CD,H, (7). We now report that Methanosarcina strain TM-1
produces CD;-S-CoM and CD,H-S-CoM during the conver-
sion of CD;COO™ to CDs;H and CD,H,. These results, along
with the demonstration of catabolically significant CH;-S-
CoM methylreductase activity in this organism (11), indicate
that CH3-S-CoM is an intermediate in the pathway for
methanogenesis from acetate and support Barker’s (5) hy-
pothesis of a unifying mechanism for the terminal step in
methanogenesis from all known substrates.

MATERIALS AND METHODS

Organism. Methanosarcina strain TM-1 (20) was obtained
from Steven Zinder.

Culture conditions. Stock cultures were maintained in
modified DPB medium which contained the indicated final
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concentrations (in grams per liter) of the following compo-
nents in deionized water: NH,CI, 1.44; K,HPO,, 1.13;
KH,PO,, 1.13; NaCl, 0.45; MgSO, - 7H,0, 0.09;
CaCl, - 2H,0, 0.06; yeast extract (Difco Laboratories), 0.5;
Trypticase (BBL Microbiology Systems), 0.5;
Fe(NH,),(S0Oy4),, 0.01; NaCH;COO - 3H,0, 13.6;
cysteine - HCI, 0.27; and Na,S - 9H,0, 0.27. Trace element
and vitamin solutions (2) were each added at a final concen-
tration of 1% (vol/vol). Resazurin (1 mg/liter) was added as a
redox indicator. The medium was prepared under N, by
standard anaerobic methods (2) and was dispensed (75 ml)
into 160-ml serum bottles. Incubation was carried out at
50°C.

Labeling studies were performed with 1-liter cultures in a
Multigen fermentor (New Brunswick Scientific Co., Inc.).
NaCH;COO - 3H,O0 was omitted from the medium de-
scribed above, and NaHCO; was added (final concentration,
2 g/liter). The medium constitutents, except for the sodium
sulfide, were autoclaved in the fermentation vessel. The:
medium was stirred at 200 rpm and sparged with N,-CO,
(50:50, 40 ml/min) that had been passed through a heated
column of reduced copper filings to remove traces of O,. The
medium was cooled to the incubation temperature (50°C),
and sodium sulfide was added from a sterile concentrated
stock solution before inoculation. CD;COOD (99.5 atom%
deuterium; Sigma Chemical Co.) was neutralized with
NaOH, flushed with O,-free N,, sterilized by autoclaving,
and added at a final concentration of 100 mM. Gas exiting
the fermentor was collected over water in 160-ml serum
bottles. Cells were harvested by centrifugation (1,000 X g, 5
min) of the concentrated cell material that settled to the
bottom of the culture vessel when the stirring was stopped.

Extraction and derivatization of coenzyme M. Water (3 ml)
was added to each gram (wet weight) of cell pellet. The
suspension was incubated under N, at 100°C for 1 h and
centrifuged (1,000 X g, 10 min). The supernatant solution
was collected. The particulate fraction was resuspended in
water (1 ml/1 g of original cell pellet) and incubated at 100°C
for 5 min. The particulate material was again removed by
centrifugation, and the supernatant solutions from the two
extractions were combined and concentrated to 1 ml at 95°C
under a stream of N,. The solution was cooled to 3°C, and
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the thiol groups of HS-CoM were methylated to form
CH;-S-CoM by the addition of 1 ml of methanol, 0.1 ml of 7
M aqueous ammonia, 20 mg of sodium borohydride, and 10
wl of CH;I. The solution was brought to room temperature,
and after 10 min, an additional 10 wl of CHsI was added.
After 30 min, the reaction mixture was heated to 60°C, and
the methanol, ammonia, and excess CH;I were evaporated
under a stream of N,. The resulting aqueous solution was
acidified with dilute HCI to decompose the excess borohy-
dride and was diluted with water to a final volume of 2 ml.

The solution, which contained methyl-S-CoM, was ap-
plied to a column (5 by 60 mm) of Dowex 1 (chloride form).
The column was washed successively with 3 ml of water, 2
ml of 1 M HCI, and 0.5 ml of 3 M HCI. Methyl-S-CoM was
eluted with 3 ml of 3 M HCI. The eluate was evaporated to
dryness, dissolved in a small volume of water, and passed
through a column (2 by 5 mm) of Dowex 50 (hydrogen form).
This eluate was evaporated to dryness, and methyl-S-CoM
was dissolved in 50 pl of methanol and reacted for 5 min with
excess diazomethane in diethyl ether to form the methyl
ester. The excess methanol, ether, and diazomethane were
evaporated under N,, and the methyl ester of methyl-S-CoM
was dissolved in methylene chloride for analysis.

Standards of CH;-S-CoM and CDs;-S-CoM were synthe-
sized by the reaction of CH;I or CDsI (99.5 atom% deuter-
ium; Sigma) with HS-CoM in aqueous ammonia (13) and
were then converted to methyl esters as described above.

Gas chromatography-mass spectrometry. The methyl ester
of methyl-S-CoM was separated from other compounds on a
glass column (3.2 mm [inside diameter] by 183 cm) contain-
ing 10% SP-2100 on 100/120-mesh Supelcoport (Supelco,
Inc.); helium was the carrier gas. The oven was programmed
from an initial temperature of 150°C with a linear rate of
increase of 8°C per min. The retention time was 1.4 min.
Methane was separated on a Chromosorb 101 column at
27°C.

Mass spectra were recorded with a Varian MAT 172 gas
chromatograph-mass spectrometer that was operated at 70
eV with a source temperature of 200°C. In the mass spec-
trometry of the labeled methane, the ions from CD,H, at m/z
18 were separated from the water ion at the same nominal
mass by operation of the mass spectrometer at 900 resolu-
tion. The level of incorporation of label into the methane and
the methyl ester of methyl-S-CoM was calculated from the
mass spectra obtained by repeated scanning (six to eight
times) of the appropriate peak as it eluted from the gas
chromatograph. The ion intensity of each major ion of
interest, along with that of its associated isotopic ions, in
each scan was measured, summed, and normalized. The
deuterium distributions in the various ions were calculated
from these data as described previously (6). This method of
summing ion intensities over the entire peak was required
because of the significant isotopic fractionation which oc-
curs in gas chromatography of deuterated compounds (19).
The recorded normalized intensities used for these calcula-
tions were as follows: (i) at m/z 61, 62, 63: 100, 10.9, and
11.0, respectively; (ii) at m/z 74, 75, and 76: 100, 23.0, and
9.0, respectively; and (iii) at m/z 170, 171, and 172: 100, 60.1,
and 10.0, respectively.

RESULTS

Formation of labeled methane. Methanosarcina strain TM-1
grown on CD;COO~ produced methane with a ratio of
intensities at m/z 16, 17, 18, and 19 of 12.6, 56.9, 49.0, and
100, respectively. From the published mass spectra of CD;H
and CD,H, (1) it was calculated that the methane produced
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FIG. 1. Mass spectra of the methyl ester of CH3-S-CoM (A), the

-methyl ester of CD;-S-CoM (B), and the coenzyme extracted from

Methanosarcina strain TM-1 grown on CD;COO~ and alkylated
with CH;I before derivatization to the methyl ester (C).






