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Extracts of Methanosarcina barkeri reduced methanol and C02 to CH4 in the
presence of H2 and converted methanol stoichiometrically into CH4 and C02 in
the absence of H2. In dialyzed cell-free extracts these reactions were stimulated
by 2-mercaptoethanesulfonic acid (coenzyme M) and some derivatives (acetyl
and formylcoenzyme M and the oxidized form of coenzyme M), which could be
converted to coenzyme M by enzyme systems present in the extracts. Methyl-
coenzyme M could not be used in these systems.

Unlike other methane-producing bacteria,
which use only H2 plus C02 or, in some species,
formate, Methanosarcina barkeri forms meth-
ane from H2 plus C02, methanol, acetate, meth-
ylamines (mono-, di-, and trimethylamine and
ethyldimethylamine), and carbon monoxide (14,
16, 19, 20, 26; Ch. G. T. P. Schnellen, Ph.D.
thesis, Technological University of Delft, Delft,
The Netherlands, 1947). The phenotypic prop-
erties ofM. barkeri differ so much from those of
other methanogens that this species has been
placed in a different family or order (1); however,
M. barkeri shares with the other methanogens
some unique coenzymes, including coenzyme M
(CoM). This compound was discovered by
McBride and Wolfe (17; B. C. McBride and R.
S. Wolfe, Fed. Proc. 29:344, 1970) as a new
cofactor of methyl transfer reactions in meth-
anogens, and Taylor and Wolfe (23) identified it
as 2-mercaptoethanesulfonic acid (HS-CoM).
This substance and its derivatives are found
exclusively in methanogenic bacteria (3), and
they are growth factors of Methanobrevibacter
rumrantium (2, 17, 22).
HS-CoM can be methylated by the methyl-

cobalamin-CoM methyltransferase of Methan-
obacterium bryantii (24) and Methanospirillum
hungatei (9), but a role for this enzyme in the
reduction of C02 to CH4 is questionable (10, 27).
HS-CoM can be formed by reduction of 2,2'-
dithiodiethanesulfonic acid [(S-CoM)2] in ex-
tracts of M. bryantii by means of an NADPH-
linked oxidoreductase (17, 24).
Methyl-CoM [2-(methylthio)ethanesulfonic

acid (CH3-S-CoM)] is reduced to methane and
HS-CoM by a reductase, which can be coupled
to H2 in the presence of a hydrogenase and an
as-yet-unknown factor, component B (10, 27; R.
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P. Gunsalus and R. S. Wolfe, Fed. Proc. 35:1547,
1976). The reducing complex requires Mg2e ions
and a catalytic amount of ATP for full activity
(13). CH3-S-CoM was shown to be the first prod-
uct that accumulated in substrate amounts in
cell extracts or whole cells of M. bryantii (17).
CHs-S-CoM strongly stimulates the reduction of
C02 by H2 in cell-free extracts of Methanobac-
terium thermoautotrophicum (12). The rate of
methane formation is enhanced 30-fold and,
while CHs-S-CoM itself is converted to methane,
11 times more molecules of C02 are reduced
simultaneously. This effect of CHa-S-CoM,
called the RPG effect (27), is not exerted by HS-
CoM or (S-CoM)2.
This paper deals with the different effects of

HS-CoM, CH3-S-CoM, and other CoM deriva-
tives on methanogenesis from C02 and methanol
in dialyzed cell-free extracts of M. barkeri.

MATERIALS AND MErHODS

Organism and growth conditions. M. barkeri
MS was kindly provided by R. S. Wolfe, Department
of Microbiology, University of Illinois, Urbana. It was
grown in a basal medium containing the following (in
grams per liter): K2HPO4, 0.23; KH2PO4, 0.23;
(NH4)2504, 0.23; NaCl, 0.46; MgSO4. 7H20, 0.09; CaCl2.
2H20,0.06;Na2S.9H20,0.24;L-cysteinehydrochloride.
H20, 0.18; and sodium resazurin, 0.001. The basal
medium also contained 10 ml of vitamin solution (28)
and 10 ml of trace mineral solution (28). One of the
following carbon sources was used together with 2.5 g
of NaHCO3 per liter: sodium acetate (1.5 g/liter) plus
a gas mixture containing 80% H2 and 20% C02 at a
pressure of 1.5 atmospheres (atm) (147 kPa); methanol
(10 mi/liter, or sodium acetate (10 g/liter) plus a gas
mixture containing 80% N2 and 20% C02. The H2-C02
mixtr was sparged through cultures (200 ml/14 liters
per min), and the N2-CO2 mixture was applied as an
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anaerobic atmosphere (at 1.5 atm) buffering the me-
dium. The fermentors were inoculated with a 4% in-
oculum of cells grown previously with the same carbon
source. Cells were grown at 37°C in 14- or 50-liter
fermentors for 7 days (carbon source, C02 or methanol;
cell yield, 2 g [wet weight] of cells per liter) or for 21
days (carbon source, acetate; cell yield, 1 g [wet
weight] of cells per liter). Cells were harvested with a
Sharples continuous centrifuge operating in an N2
atmosphere. After centrifugation, cells were kept fro-
zen (-70°C) under an H2 atmosphere. Stock cultures
were maintained essentially by the method of Balch
and Wolfe (2) in 140-ml or 1-liter bottles closed with
black butyl rubber stoppers and crimped aluminum
seal caps or with screw caps with a central hole to
accommodate syringe injections. Air was removed
from the bottles by evacuation before sterilization of
the media. After sterilization, the evacuated bottles
were filled with the desired sterile gas mixture at 2
atm of pressure. The purity of each culture was
checked by microscopy (7) and by inoculation into a
medium which contained 5 g of yeast extract (Difco
Laboratories) per liter and 5 g of trypticase (BBL
Microbiology Systems) per liter; incubation was under
an atmosphere containing 80% N2 and 20% C02.

Preparation of cell-free extracts. All solutions
used in the preparation of cell-free extracts were freed
of oxygen by three cycles of evacuation and gassing
with H2. The transfers of cells and cell-free extracts
and dialysis were performed in a stainless steel anaer-
obic glove box (1.95 by 1.15 by 1.5 m) which was
equipped with glass windows and contained a 97.5%
N2-2.5% H2 atmosphere. The concentration of oxygen
was kept below 1 id/liter (measured with a CSD type
20-120A couloximeter placed inside the anaerobic
box), and the amount of moisture was kept constant
at the dew point of 100C by circulating the gas over an
external catalyst (BASF RO-20) and a heat exchanger.
The external circuit was also equipped with a Domnick
Hunter ultra-high-efficiency filter to reduce the num-
ber of particles in the atmosphere. The gas pressure
was regulated at 1.2 to 2.5 mm ofHg above the outside
pressure.
Thawed cells were washed and suspended (50% wet

cells) in 120 mM N-tris(hydroxymethyl) methyl-2-
aminoethanesulfonic acid (TES) buffer (pH 7.2) con-
taining 15mM MgCl2 and 2mM dithiothreitol (DTT).
The cell suspension was kept under an N2 atmosphere
in a closed bottle and transferred twice anaerobicaUy
through a gas-tight tube (Argyle MAR 2303) fitted
with a syringe-tube connector to a French pressure
cell. The broken cells obtained after application of a
pressure of 138 MPa were returned similarly to a
closed anaerobic bottle. This suspension was trans-
ferred to stainless steel centrifuge tubes, which were
closed with stainless steel caps and centrifuged for 30
min at 30,000 x g and 40C. The supernatant fraction
was used either in this crude cell-free form or after
dialysis ofa 25-ml sample for 16 h at room temperature
against 2.5 liters of 50 mM TES buffer (pH 7.2) con-
taining 15 mM MgCl2 and 2 mM DTT. The dialysis
removed cofactors and the traces of methanol and
acetate which were present in the extracts of cells
grown with these substrates.
Assay of methane formation. Incubations were

performed in 10-ml bottles closed with black butyl
rubber stoppers and crimped aluminum seal caps. The
assay mixture (0.7 ml) contained 120 mM TES buffer
(pH 7.2), 30 mM MgCl2, 7.5 mM ATP, 3 mM CoM
derivatives, 2 mM DTT, and about 10 mg of protein,
unless otherwise indicated. Incubation was at 370C.
The gas phase was either a mixture of80% H2 and 20%
C02 (at 2 atm) or, when methanol was used, 100% N2
or 100% H2; the gas phase was applied by three cycles
of evacuation and gassing before the extract was in-
jected with a plastic syringe. The evacuation-gassing
cycle was repeated once after the addition of the
extract. Ethane (100 ,ul) was used as internal standard
and did not influence CH4 production.

Axalysis. Proton nuclear magnetic resonance spec-
tra were recorded with Bruker WH90 and Varian EM
390 instruments. The nuclear magnetic resonance
spectra in D2Q were consistent with the assigned struc-
tures of al components. Gas chromatographic analy-
ses were performed with Pye Unicam model GCV and
model GCD gas chromatographic systems equipped
with flame ionization detectors and thermal conduc-
tivity detectors. Methane, hydrogen, and carbon diox-
ide concentrations were determined with a coupled
flame ionization-thermal conductivity detector under
the following conditions: Poropack Q (80/100) column
at 1100C; injector and detector oven temperatures,
1500C; carrier gas, N2 (40 ml/min). Gas samples of 100
pl or less were analyzed. By feeding the data obtained
to an LDC-computing model 304 integrator, which
was programmed for comparing the amount of each
gas with the amount of the internal standard ethane,
the concentration of each gas was obtained directly as
nanomoles per bottle. The response curve for methane
was linear for the whole range of concentrations that
could be produced under our conditions. Methanol
concentrations were determined with a Pye Unicam
model GCD gas chromatographic system equipped
with a flame ionization detector at 1500C. The follow-
ing conditions were used: a stainless steel column (6
feet [1.83 m] by 'A inch [3.2 mm]) containing 0.2%
Carbowax 1500 on Carbopack C (80/100) at 1250C;
injector oven temperature, 1500C; carrier gas, N2 (20
ml/min). The sample size was 1 pl, and propanol was
used as an internal standard. Acetate concentrations
were determined in samples acidified with 25% phos-
phoric acid with a Pye Unicam model GCD gas chro-
matographic system, using a glass column (30 inches
[76.2 cm] by 0.25 inch [6.4 mm] by 4 mm) which
contained 3% Carbowax 20 M and 0.5% phosphoric
acid on Carbopack C (60/80). The temperatures of the
column, detector, and injector ovens were 175, 200,
and 2000C, respectively. N2 was the carrier gas (40 ml/
min). The sample size was 4 tl, and propionic acid was
used as an internal standard. Benzylmercaptan, benzyl
alcohol, and toluene concentrations were determined
with a Pye Unicam model GCD gas chromatographic
system equipped with a flame ionization detector. The
stainless steel column (2 feet [61 cm] by 3/16 inch [4.8
mm]) contained SE 30 on WHP (60/80). Other con-
ditions were as described above for the acetate analy-
sis. Formic acid concentrations were determined with
formate dehydrogenase by using the test system of
Boehringer Mannheim. The concentrations of mer-
captans were determined by the method of Ellman (8)
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in extracts prepared and tested in the absence ofDTT.
Protein concentrations were determined by the
method of Lowry et al. (15), using bovine serum al-
bumin as a standard.

Chemicals. Table 1 shows elemental analytical
data for the CoM derivatives synthesized as described
below. Sodium HS-CoM was obtained from Merck-
Schuchardt AG, Darmstadt, Germany; the contami-
nating oxidized form [(S-CoM)2] was removed by fil-
tration of a hot concentrated solution of HS-CoM in
methanol, and HS-CoM was purified further by a

twofold crystallization from methanol. Sodium CH3-S-
CoM was prepared essentially as described by Taylor
and Wolfe (23). The crude product (ammonium salt)
was evaporated to dryness and applied (as a concen-
trated solution in water) to an SP Sephadex C-25
(sodium form) column equilibrated with water. The
eluted CH3-S-CoM (sodium salt) was recrystallized
twice from methanol. The overall yield was 60%. So-
dium 2-(benzylthio)ethanesulfonate (C6H5CH2-S-
CoM) was prepared in a way similar to the way in
which CH3-S-CoM was prepared (yield, 80%). Potas-
sium 2-(acetylthio)ethanesulfonate (CH3C0-S-CoM)
was prepared by slowly adding a solution of 4 g of
sodium 2-bromoethanesulfonate in 25 ml of water to
a solution of 5 g of potassium thioacetate in 25 ml of
water. After the reaction mixture was stirred at room
temperature for 3 h, it was evaporated to dryness, and
the residue was recrystallized twice from methanol
(yield, 70%). Sodium 2-(formylthio)ethanesulfonate
(HCO-S-CoM) was prepared in a way similar to the
procedure described by Bax and Stevens (5) for the
formylation of arenethiols. By mixing 4.1 g of acetic
anhydride and 3.8 g of formic acid, the acetic-formic
mixed anhydride was obtained. HS-CoM (2.0 g) and 2
drops ofpyridine were added, and the reaction mixture
was stirred for 24 h at room temperature. A large
volume of ether was then added to precipitate the
product, which was filtered, washed with ether, dried,
and stored at -80°C (yield, 90%). This product de-
composes partially when stored at -20°C for more

than 1 month. 2-(Dimethylsulfonium)ethanesulfonate
[(CH3)2-S+-CoM] was prepared essentially as de-
scribed by Taylor and Wolfe (23). This compound was

crystallized from methanol-water (yield, 60%). Sodium
(S-CoM)2 was prepared by dissolving HS-CoM in
methanol and oxidizing this solution with a solution of
I2 in methanol. The reaction mixture was neutralized
with solid NaHCO3 and evaporated to dryness after

TABLE 1. Elemental analytical data for coenzyme
M derivatives

%C %H
CoM deriva- Cation

tive Cal- Found Cal- Found

culated culated

(S-CoM)2 2Na+ 14.7 14.7 2.5 2.3
CH,-S-CoM Na+ 20.2 19.9 4.0 4.1
HCO-S-CoM Na+ 18.7 18.3 2.6 2.5
CH3CO-S-CoM K+ 21.6 21.7 3.2 3.2
(CHa)2-S+-CoM 28.2 28.4 5.9 6.0
C6H5CH2-S- Na+ 42.5 42.3 4.4 4.3
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removal of excess NaHCO3 by filtration; Nal was
removed from the product by gel filtration over Seph-
adex G-10. Then the product was purified further by
crystallization from methanol-water (yield, 30%).
Methyl 2-(methylthio)ethanesulfonate (CH3SCH2-
CH2SO3CH3) was prepared by adding 0.02 mol of
sulfuric acid to a solution of 3.56 g (0.02 mol) of CH3-
S-CoM (sodium salt) in water. The solution was freeze-
dried for 48 h, and the residue was then stirred for 2
h with dry ethyl acetate to dissolve free sulfonic acid
(CH5SCH2CH2SO3H). The undissolved material was

removed by filtration, and an ethereal solution of
diazomethane was added slowly at 00C until a yellow
color persisted. After 2 h at room temperature, the
solution was flushed with nitrogen (to remove the
excess of diazomethane), diluted with ether, washed
with water, and dried over MgSO4 at 00C. The product
itself was unstable, but it could be stored in dilute
solutions in ether at -80°C for 1 to 2 days. This
product is a strong methylating agent and, when
heated in solution or without solvent, undergoes a

methyl transfer, leading to (CH3)2-S+-CoM. Similarly,
methyl (methylthio)arenesulfonates were found to
give a methyl transfer to a sulfonium salt (25). The
structure of the product was confirmed by 'H nuclear
magnetic resonance analysis. Because of its instability,
no elemental analysis could be made. For biological
experiments a solution of the product was evaporated
quickly to dryness at 00C and used immediately.
Methyl 2-(acetylthio)ethanesulfonate (CH3COSCH2-
CH2-SO3CH3) was prepared from CH3CO-S-CoM in a

way similar to the way described above for CH3-S-
CH2-CH2-SO3CH3. A dried ethereal solution of the
crude product was evaporated to dryness and applied
to a Fluorasil column equilibrated with benzene. Elu-
tions were performed with benzene, chloroform, and
ether. The product obtained-was stable at room tem-
perature and pure according to its 'H nuclear magnetic
resonance spectrum. An elemental analysis was not
made. For biological experiments, traces of chloroform
were removed by dissolving the product in ether and
subsequent evaporation to dryness. This operation
was repeated several times. All other chemicals were

obtained from E. Merck AG, Darmstadt, Germany,
and were of analytical grade. Gases were obtained
from Hoek Loos, Schiedam, The Netherlands. To
remove traces of oxygen, the gases which contained
hydrogen were passed over a catalyst (BASF RO-20)
at room temperature, and those devoid of hydrogen
were passed over a prereduced catalyst (BASF R3-11)
at 1500C.

RESULTS

Methanogenesis by extracts of M. bar-
keri. Cell-free extracts prepared from cells

grown on H2 plus C02, methanol, or acetate
produced methane when incubated with 80%
hydrogen-20% carbon dioxide or with methanol
in the presence of either H2 or N2. Conversion of
acetate to methane could not be obtained in
these extracts. Dialysis of the extracts reduced
the levels of activity to about one-half of the
levels found with crude extracts, but this proce-

CoM

, (CH3)2-S+-CoM forms an internal salt between the
sulfonium and sulfonate moieties (21).

I
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dure was used routinely to reduce interference
by residual and endogenous substrates. The di-
alyzed extracts were most active when the sub-
strate was methanol in the presence of hydrogen
(200 to 500 nmol of CH4 produced per mg of
protein per h). The rate of methane formation
was approximately 50% lower when the sub-
strate was either methanol in the presence of
nitrogen or H2 plus C02, and the rate decreased
after 2 h. Methane production was approxi-
mately linearly proportional to protein concen-
tration over a broad range tested (up to 15 mg/
ml), but at low protein concentrations (less than
5 mg/ml), a relatively small specific activity was
observed. This activity was stimulated by in-
creasing the pressure of the gases (Fig. 1). This
stimulation was probably due to higher concen-
trations of dissolved gaseous substrates (espe-
cially hydrogen) for the enzymic system. The
optimal concentration for methanol was 50 to 70
mM. Methane production from either C02 or
methanol was optimal when the pH of the buffer
was adjusted to 7.25; the pH changed to 6.6
when the mixture was incubated in the presence
of 80% hydrogen-20% carbon dioxide at a pres-
sure of 2 atm.
Methane was not formed in the absence of

ATP; its production was optimal at a concentra-
tion of 8 mM ATP, with half-maximal activity
at 1 mM ATP. Mg2" ions stimulated methane
fornation optimally at a concentration two- to
four-fold higher than the concentration of ATP.
DTT (2 mM) did not affect the initial reaction
rate and was used as a reducing agent.
HS-CoM stimulated methane production

from methanol and 80% hydrogen-20% carbon
dioxide when it was present at a concentration
between 0.5 and 6 mM, and half-maximal activ-
ity was observed at 0.2 mM HS-CoM. The re-
actions were completely inhibited by 100 mM
HS-CoM.
Stoichiometry of methanol conversion.

Methanol was converted stoichiometrically to
methane and carbon dioxide, which were pro-
duced in a ratio of 3:1 (Table 2). This ratio
remained constant in tests with different initial
concentrations of methanol and also during the
period of decreasing activity which occurred
after 2 h. In the presence of hydrogen, methanol
was converted completely to methane, and car-
bon dioxide could not be detected at any time
during the incubation.
Effects of CoM derivatives on methano-

genesis by dialyzed extracts. CH3-S-CoM,
but not HS-CoM, stimulates the reduction of
carbon dioxide to methane in undialyzed and
dialyzed extracts of M. thermoautotrophicum
(12; J. A. Romesser, Ph.D. thesis, University of
Illinois, Urbana, 1978). In contrast, HS-CoM
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FIG. 1. Effect ofpartialpressure ofgases on meth-
ane formation by dialyzed extracts ofM. barkeri. The
reaction components and conditions used were as
described in the text, except for the gasphase (the gas
phase was at a pressure of2 atm its composition was
changed); 5mM HS-CoM was present in the incuba-
tion mixture. The activities were compared with the
amount of methane (360 nmol of CH4 per h per mg of
protein) produced in the presence ofH2 plus CO2 (80:
20, vol/vol) at a pressure of 2 atm, which was taken
as 100% activity. Symbols: [1, H2 pressure was varied
between 0 and 1.6 atm in the presence of a constant
pressure ofCO2 (0.4 atm); *, CO2 pressure was varied
between 0 and 0.4 atm in the presence of a constant
pressure of H2 (1.6 atm); U, pressure of H2 plus CO2
(80:20, vol/vol) was varied; 0, methanol (50 mM) was
used as the substrate and hydrogen pressure was
varied between 0 and 1.6 atm. In all instances N2 was
supplied to pressurize to 2 atm.

stimulated methane production from both C02
and methanol in dialyzed extracts of M. barkeri
(Table 3). Some CoM derivatives [(S-CoM)2,
HCO-S-CoM, and CH3CO-S-CoM] replaced HS-
CoM both in crude cell-free extracts (data not
shown) and in dialyzed extracts, but CH3-S-CoM
was inactive and annulled the stimulatory effect
exerted by HS-CoM (Table 3 and Fig. 2). With
methanol and CO2 as substrates, the stimulation
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by HS-CoM was reduced to a half-optimal value
by 0.06- and 0.7-fold molar concentrations of
CH3-S-CoM, respectively.
CH3-S-CoM was prepared from 2-bromoeth-

anesulfonate, a potent inhibitor of methanogen-
esis when it is present at a 0.01-fold molar level
compared with CH3-S-CoM (10); thus, the inhib-
itory effect ofCH3-S-CoM might be due to resid-
ual traces of the halogen derivative in the CH3-
S-CoM sample. However, such traces could not
be detected in the twice-crystallized preparation
by various chromatographic, electrophoretic,
and isotachophoretic techniques (data not
shown). Moreover, our sample of CH3-S-CoM
was active in the M. thermoautotrophicum sys-
tem, and a sample obtained from another source
(gift from R. S. Wolfe) gave the same results in
the M. barkeri system.
These results indicate that CH3-S-CoM had

TABLE 2. Stoichiometry ofmethanol conversion in
the presence ofnitrogen'

Amt of Amt (umol) of the following
methanol comnpounds presnt after 5 h: Ratio of
added CH4 to CO2
(moI)b Metha- CR, C02

2 _C 1.35 0.43 3.1
4 -C 2.38 0.78 3.0
8 4.2 2.62 0.90 2.9
10 6.5 2.42 0.86 2.8

a Incubations were performed with a dialyzed cell-
free extract of M. barkeri grown with methanol as
described in the text; 3 mM HS-CoM was present in
the incubation mixture.

b No methane or carbon dioxide was formed in the
absence of methanol.

- , Methanol concentration was below the limit of
detection (0.4 ,mol).
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to be activated in order to be reactive in methane
formation by extracts of M. barkeri, and it is
possible that another methylated form of HS-
CoM or CH3-S-CoM was involved. Therefore,
we tested the sulfonium derivative (CH3)2-S+-
CoM and the methyl sulfonate esters of CH3-S-
CoM and CH3CO-S-CoM. Both methyl esters
were unstable in water, and even when tested at
low concentrations (0.36 mM), they strongly in-
hibited methanogenesis, probably due to meth-
ylatton and denaturation of essential proteins.
In view of these results, no tests were performed
with the methyl esters of HS-CoM and HCO-S-
CoM. The sulfonium derivative inhibited meth-
anogenesis (Table 3), in accordance with the
results of Taylor and Wolfe (23). The inhibition
was less (80% residual activity) when HS-CoM
was present in an equimolar concentration (5
mM). C6H5CH2-S-CoM inhibited methanogene-
sis from all substrates tested and reduced the
stimulatory effect of HS-CoM on methane for-
mation from carbon dioxide and methanol to
half-optimal values at concentrations 0.20 and
0.05 times, respectively, the concentration of
HS-CoM (Fig. 2). None of the CoM derivatives
listed in Table 3 could be reduced to methane
by the dialyzed extracts ofM. barkeri under the
conditions used. Moreover, C6H5CH2-S-CoM
was not reduced or hydrolyzed to HS-CoM,
methylmercaptan, benzylmercaptan, or toluene,
and CH3-S-CoM was not hydrolyzed to metha-
nol and HS-CoM.
Conversion of CoM derivatives by ex-

tracts. The stimulating effects exerted by the
acyl derivatives of HS-CoM and its oxidized
form on methanogenesis (Table 3) might have
been due to conversion of these compounds to
HS-CoM by components of the incubation mix-

TABLE 3. Effects ofCoM derivatives on methanogenesis by extracts ofM. barkeri
Methane production (nmol/mg of protein per h) with the following

Concn substrates and gas phases:.CoM derivative (MM) H

vol/vol) H2 Methanol, H2 Methanol, N2

HS-CoM 5 400 12 480 100
(S-CoM)2 2.5 320 12 480 13
CH6-S-CoM 5 50 8 20 15
HCO-S-CoM 5 400 12 NTb NT
CH3CO-S-CoM 5 350 8 NT NT
(CH3)2-S+-CoM 5 10 12 10 10
CIsHCH2-S-CoM 5 NDc NT 5 1
CH3S-CH2-CH2-SO3CH6 3.6d ND NT ND ND
CH6CO-S-CH2-CH2-SO3CH3 3.6d ND NT ND ND
None 50 12 25 17
a Dialyzed extracts were tested as described in the text. Similar results were obtained with extracts obtained

from cells grown with either C02, acetate, or methanol as the carbon source.
bNT, Not tested.
'ND, Not detectable (specific activity less than 0.5 nmol of CH4 per mg of protein per h).
d Similar results were obtained with a concentration of 0.36 mM.
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FIG. 2. Effect of CH3-S-CoM and C6H5CH2-S-CoM
on methane formation by dialyzed extracts of M.
barkeri in the presence of 5 mM HS-CoM. The tests
wereperformed as described in the text. Methane was
produced from H2 plus CO2 (80:20, vol/vol) (solid
symbols) or methanol in the presence of hydrogen
(open symbols). The concentrations of CH3-S-CoM
(0, U) and C6H5CH2-S-CoM (0, @) were varied; the
amounts of methane formed in the absence of these
compounds were 320 (C02 as substrate) and 500
(methanol as substrate) nmol/h per mg ofprotein.

ture. HCO-S-CoM was rapidly hydrolyzed to
formic acid and HS-CoM under acidic and al-
kaline conditions (Table 4). Under neutral con-

ditions hydrolysis slowed down. In the presence
of extracts, HCO-S-CoM was rapidly and com-

pletely converted to formic acid and HS-CoM,
as shown by the Ellman test (8) for mercaptans
and the formate dehydrogenase test for formic
acid. CH3CO-S-CoM was rather stable to chem-
ical hydrolysis, but in the presence of extract
and under the conditions described above about
30% was hydrolyzed to acetate and HS-CoM
within 30 min, as shown by the Ellman test (8)
and a gas chromatographic analysis of the ace-

tate formed. These results demonstrated that
the stimulating effects of CH3CO-S-CoM (and
probably also HCO-S-CoM) were due to enzy-
matic hydrolysis of these compounds to HS-
CoM. (S-CoM)2 was completely converted to
HS-CoM within 30 min under the conditions
used for methane formation in the presence of
hydrogen. The stimulating effect of (S-CoM)2 on
methane formation in the presence of hydrogen
(Table 3) was probably due to its enzymatic
reduction to HS-CoM.

DISCUSSION
Cell-free extracts ofM. barkeri produce meth-

ane from H2 plus C02 or from methanol in the

presence of either H2 or N2. In the presence of
N2, methanol is converted according to the fol-
lowing reaction:

4CH30H 3CH4 + C02 + 2H20

Since this reaction proceeds even in dialyzed
extracts, the coenzymes involved in the reduc-
tion and oxidation steps apparently are firmly
bound to compounds of high molecular weight
or are present in the crude extracts in abundant
amounts. This does not hold true for ATP, Mg2+,
and CoM derivatives, which must be added for
optimal activity. Since we observed only minor
differences among the reaction systems as to
activities, cofactor requirements, and sensitivi-
ties to inhibitors, the reactions for the reduction
of C02 and methanol appear to be determined
by some common and probably rate-limiting
steps.
The effects exerted by CoM derivatives de-

TABLE 4. Chemical stability ofCoM derivatives

CoM deriva- Conditionsb Rate of hydrol-
tive tested' Solvent Temp (°C) Yawc

HCO-S-CoM NaOH 37 and 65 Very high
TES 37 25%in 15

mind
HCl 37 T,/2 = 12 min

65 T1/2 = 2 min

CH3CO-S-CoM NaOH 37 and 65 Very high

TES 37 and 65 No hydrolysis
(2 h)

HCI 37 T,/2 = 10 h
65 T1/2=40min

a CH3-S-CoM was stable toward hydrolysis for 24 h
under all conditions tested.
bCoM derivatives were dissolved in D20 and inves-

tigated at 37 and 65°C under neutral (0.125 M TES,
pH 7.2), acidic (1 N HCI), and alkaline (1 N NaOH)
conditions by using 'H nuclear magnetic resonance
spectroscopy.
'The indications used were as follows: very high

(instantaneous hydrolysis); half-lives (T,/2) for reac-
tions with pseudo-first order kinetics; percentage of
compound hydrolyzed within a certain period for re-
actions with aberrant kinetics; and the period of time
(in parentheses) over which no hydrolysis was ob-
served. Unless otherwise indicated, the products
formed were HS-CoM and either formic acid or acetic
acid.

d Besides formic acid and HS-CoM, a third product
was present according to the 'H nuclear magnetic
resonance spectra; this product had one singlet ab-
sorption at 0.12 ppm downfield from the singlet from
formic acid, and it could not be identified, as the
ABCD pattern of CH2 units was too complex to be
interpreted. The overall reaction of hydrolysis slowed
down after about 15 min.
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serve further attention here. CH3-S-CoM can be
reduced to HS-CoM and methane by cell-free
extracts of various methanogenic bacteria (1, 10,
11, 12, 17, 23). CH3-S-CoM replaces the growth
requirement for HS-CoM in M. ruminantium
strain Ml, is transported as easily as HS-CoM,
and is one of the major forms of CoM found in
cells after transport of HS-CoM or CH3-S-CoM
(4).

Recently, Shapiro and Wolfe (18) demon-
strated the formation ofCH3-S-CoM from meth-
anol and the reduction of CH3-S-CoM with hy-
drogen in crude cell-free extracts of M. barkeri.
Therefore, the role ofCH3-S-CoM as a precursor
of methane formation and as a physiologically
active derivative ofHS-CoM seems well proven.
Moreover, CH3-S-CoM exerts an effect (the
RPG effect), which is not shown by HS-CoM;
this effect involves stimulating CO2 reduction to
methane, which indicates that the methylre-
ductase reaction is coupled to the activation of
C02 (12, 27). This effect was observed with M.
thernoautotrophicum, M. bryantii, and M. hun-
gatei and, to a lesser extent, with M. bryantii
strain M.o.H.G. and Methanobacterium forni-
cicum, but not with M. barkeri (J. A. Romesser,
R. P. Gunsalus, and R. P. Wolfe, Fed. Proc. 36:
713, 1977; Romesser, Ph.D. thesis).
Whereas CH3-S-CoM is most active in ex-

tracts of other methanogens, dialyzed cell-free
extracts of M. barkeri use HS-CoM in the con-
version of C02 and methanol to methane, and
CH3-S-CoM abolishes the stimulating effect of
HS-CoM. The inability of CH3-S-CoM to act as

a precursor of methane in dialyzed extracts of
M. barkeri and its inability to stimulate the
conversion of C02 and methanol to methane
indicate that CH3-S-CoM is not readily con-

verted to HS-CoM. This could be due to lack of
a coenzyme or a cofactor in the dialyzed extract;
such factors were probably present in the undi-
alyzed extracts of M. barkeri which converted
CH3-S-CoM to methane (18). We considered the
possible role of other methylated intermediates,
with negative results. Activation of CH3-S-CoM
in methanogenesis byM. barkeri may involve as

yet-unknown CoM derivatives which were re-

ported in previous studies. In transport studies
with H 3S-labeled CoM, cells of M. ruminan-
tium accumulated the label mainly as a heter-
odisulfide of unknown composition (4). More-
over, in studies on the short-tern fixation prod-
ucts of '"C02 and '4CH30H in whole cells of M.
barkeri, Daniels and Zeikus (6) observed '4CH3-
S-CoM and an unknown compound which was

designated C1-X-T. This compound was also
found in studies with Methanobrevibacter smi-
thii and M. thermoautotrophicum; in the latter
case it was the most strongly labeled compound

found. Its relationship to CoM derivatives was
evident, since it was also labeled in 'S incorpo-
ration studies and it was active as a growth
factor of M. ruminantium.
CH3CO-S-CoM and HCO-S-CoM stimulated

methane formation in M. barkeri. These com-
pounds are not substrates for methanogenesis,
as reported by Romesser (Ph.D. thesis). The
timulating effects are probably due to enzy-
matic conversions of these acyl derivatives to
HS-CoM. Similar conversions may account for
the fact that these compounds are as effective
as HS-CoM for growth of M. ruminantium (3).
CH3CO-S-CoM is transported as easily as HS-
CoM by cells of this organism (4). The stimulat-
ing effect of (S-CoM)2 can be explained by the
presence of (S-CoM)2 reductase, which has been
found in various methanogens (10, 11). Although
the reduction of (S-CoM)2 can also occur with
chemical reductants, like DTT, which was pres-
ent in our test system, its reduction is most
probably enzymatic in nature, since the amount
of DTT applied was much lower than the
amount required for substantial chemical reduc-
tion (4) and since (S-CoM)2 can replace HS-
CoM as a cofactor only when hydrogen is present
in the system.
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