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The roles of methanofuran and tetrahydromethanopterin as carriers of C, moieties in the reduction of carbon
dioxide to methane were studied in representatives of diverse groups of methanogens, confirming that these
roles, first reported for Methanobacterium thermoautotrophicum, are common for methanogenesis in general.
Extracts of the methanogens tested converted formyl-methanofuran and methyl-tetrahydromethanopterin to
methane; the extractable cofactors derived from the same methanogens, with one exception, complemented a
methanofuran- and tetrahydromethanopterin-deficient enzyme system from M. thermoautotrophicum. The
amounts of extractable methanofuran and tetrahydromethanopterin were determined for each representative

methanogen.

The pioneering investigations into the biosynthesis of
methane from CO,, performed by H. A. Barker and col-
leagues, established that free formate, formaldehyde, and
methanol were not intermediates in the reductive pathway,
and Barker proposed that C; units at intermediate oxidation
states were carried as derivatives of an enzymic cofactor or
cofactors (3). One of these cofactors, 2-mercaptoethanesul-
fonic acid (HS-CoM), was identified in the early 1970s as
a carrier of C; units at the methanol level of oxidation (17,
25). The methyl derivative of this cofactor, 2-(methyl-
thio)ethanesulfonic acid (CH;-S-CoM), is the substrate for
the methane-forming reaction which is catalyzed by the
complex methylreductase enzyme system (11). Recently,
two additional cofactors have been isolated from
Methanobacterium thermoautotrophicum which, in con-
junction with HS-CoM, serve as carriers for C; units in
methane production from CO,. Tetrahydromethanopterin
(H,MPT), an analog of tetrahydrofolate (27), carries C, units
at the methine, methylene, and methyl levels of oxidation (7,
26). Methanofuran (MFR), formerly the carbon dioxide
reduction factor (16, 21), a novel furan-containing cofactor
(15), carries C; units at the formyl and possibly the carboxyl
levels of oxidation (15a). Addition of these two newly
described cofactors, CH;-S-CoM, and component B to cell-
free extracts of M. thermoautotrophicum which have been
depleted of low-molecular-weight cofactors restores the abil-
ity of these extracts to convert CO, to methane (16). In
addition, cell extracts of M. thermoautotrophicum readily
convert the formyl derivative of MFR and the methenyl,
methylene, and methyl derivatives of HyMPT to methane
under appropriate conditions (7, 15a). Accordingly, a model
for the complete reduction of CO, to methane has been
proposed in which derivatives of these cofactors account for
the carrier-bound C; units of intermediate oxidation states
(6). A simplified version of this model is shown in Fig. 1.

Data to support this model were obtained from studies of
M. thermoautotrophicum. Here we present results which
indicate that the proposed pathway is the common mecha-
nism of CO; reduction in methanogens. We assayed several
representative methanogens for their ability to convert de-
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rivatives of MFR and HsMPT to methane, and we assayed
boiled cell extracts from a number of methanogenic and
nonmethanogenic bacteria for the presence of MFR and
H/MPT.

MATERIALS AND METHODS

Analytical procedures. The presence of methane was de-
termined with a Packard model 428 gas chromatograph
equipped with a flame ionization detector and a Porapak Q
(Supelco, Bellefonte, Pa.) column. The standard
methanogenic assay (19) included 18 pmol of potassium
PIPES (1,4-piperazine-N,N’-bis[2-ethanesulfonic acid])
buffer at pH 6.3 or 6.6, 2.5 pmol of magnesium acetate, 0.8
umol of sodium ATP, and additional components as speci-
fied in a final volume of 200 pl. Protein was estimated by
measuring the turbidity at 400 nm after precipitation in 20%
trichloroacetic acid (13). Standards were prepared with bo-
vine serum albumin.

Chemicals. All routinely used chemicals were reagent
grade. CH;-S-CoM was synthesized as previously described
(20); HS-CoM was purchased from MC/B Manufacturing
Chemist, Inc., Cincinnati, Ohio. MFR and [formyl-1*C]-
formyl-MFR were purified and prepared as described (16)
and were gifts of John Leigh. H{MMPT and methyl-H4MPT
were purified and prepared as described (5, 7) and were gifts
of Jorge Escalante-Semerena.

Organisms and growth conditions. The strict anaerobic
procedures described by Balch et al. (1) were used for
cultivation of methanogens. Methanobacterium bryantii
M.o.H., Methanobacterium ruminantium M1, Methano-
brevibacter smithii PS, and Methanospirillum hungatei JF1
were cultured in medium 1 of Balch et al. (1) under an
atmosphere of H, and CO,. Methanobacterium
thermoautotrophicum AH was cultured in medium 2 of
Balch et al. (1) under an atmosphere of H, and CO,.
Methanococcus voltae PS was cultured in defined medium
under an atmosphere of H, and CO, as described by Whit-
man et al. (28). Methanococcus jannaschii JAL-1 was cul-
tured in defined medium under an atmosphere of H, and CO,
as described by Jones et al. (12). Methanosarcina barkeri
227 was cultured in the following medium (grams per liter
except as noted): K;HPO,, 0.3; KH,PO,, 0.3; (NH,),SO,,
0.3; NaCl, 0.6; MgSO, - 7H,0, 0.13; CaCl, - 2H,0, 0.0008;
FCSO4 . 7H20, 0.0003; NlClz . 6H20, 00005, NaZSeO4,
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FIG. 1. Scheme showing the role of cofactors in the C, cycle of
methanogenesis from CO,. The (?) indicates that the coupling
mechanism between the methylreductase system and CO, activation
(the RPG effect, see reference 10) is unknown. C; carriers are
labeled as follows: (HCO-)MFR, formyl-methanofuran; (HC=)
HMPT*, methenyl-H,MPT; (H,C=)HMPT, methylene-H;MPT;
(H;C—)HMPT, methyl-H,MPT.

0.004; NaHCO;, 4.0; cysteine hydrochloride - H,O, 0.5;
Na,S - 9H,0, 0.5; yeast extract (Difco Laboratories, De-
troit, Mich.), 1.0; Trypticase (BBL Microbiology Systems,
Cockeysville, Md.), 1.0; trace vitamin solution (1), 10 ml;
and trace mineral solution (1), 10 ml. The final gas atmo-
sphere was H, and CO; (4:1). In some experiments, metha-
nol (50 mM) or sodium acetate (100 mM) was added as a
sterile solution, and the final gas atmosphere was N, and
CO, (4:1). Methanogenium marisnigri was cultured in me-
dium 3 of Balch et al. (1) under an atmosphere of H, and
CO,.

Halobacterium volcanii D52 was cultivated in a tryptone-
yeast extract-salt medium as described by Mullakhanbhai
and Larsen (18). Cells of Thermoproteus tenax DSM2078
were a gift of C. R. Woese (University of Illinois at Urbana-
Champaign) and were cultivated as described by Zillig et al.
(30). Rhodopseudomonas sphaeroides 2.4.1 was cultivated
photoautotrophically in the medium of Sistrom (24), without
succinic acid, glutamic acid, and aspartic acid, and sup-
plemented with 4.0 g of NaHCO; per liter under H, and CO,.
Cells of photoautotrophically grown Rhodospirillum rubrum
(23) were a gift of F. C. Hartman (Oak Ridge National
Laboratory, Oak Ridge, Tenn.). Escherichia coli UB1005
was grown on tryptone-yeast extract.

Preparation of cell-free extracts and partially purified en-
zymes. Cell-free extracts of methanogens were prepared
by the anaerobic procedures described previously (29).
Harvested cells of M. thermoautotrophicum and Methano-
sarcina barkeri were washed and suspended in equal vol-
umes of anoxic 30 mM TES buffer [N-tris(hydroxymeth-
yl)methyl-2-aminoethanesulfonic acid; Ultrol brand,
Calbiochem-Behring, La Jolla, Calif.] at pH 6.8, containing
10 mM 2-mercaptoethanol. Cells were broken by passage
through a French pressure cell (1 x 10° kPa), and the
resulting suspension was treated with approximately 0.1 mg
of DNase per g of cells. After removal of cell debris by
centrifugation at 40,000 x g for 20 min, the supernatant
solution was stored at 4°C under N, (100 kPa). Cell-free
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extracts of Methanococcus jannaschii, Methanococcus
voltae, and Methanogenium marisnigri were prepared simi-
larly except that cells were broken by osmotic shock in 30
mM TES buffer (pH 6.8) plus 10 mM 2-mercaptoethanol.

Certain extracts were freed of MFR and H;MPT by
passage through a column (2.5 by 95 cm) of Sephadex G-25
(superfine) equilibrated with anoxic buffer that contained 50
mM Tris-hydrochloride (pH 7.2), 20 mM magnesium acetate,
10 mM 2-mercaptoethanol, 1 mM dithiothreitol, and 10%
glycerol. Fractions of the eluate were collected anaerobi-
cally (9), and those determined to be free of MFR and
H,MPT, based on their inability to reduce CO, to methane
without the addition of both cofactors, were pooled and
stored at —20°C under an atmosphere of N, (100 kPa).
Extract prepared in this manner is referred to as G-25-
treated extract. Partially purified methenyl-H,MPT
oxidoreductase was prepared by ammonium sulfate frac-
tionation as described previously (7).

Preparation of anaerobic boiled cell-free extracts. Har-
vested cells of each bacterium tested were suspended in
anoxic 20 mM KH,PO, buffer that contained 10 mM 2-
mercaptoethanol at pH 6.8; the ratio of packed wet cells to
buffer was 1.0. In most cases, approximately 10 to 20 g (wet
weight) of cell paste was used. Cells were extracted under
anaerobic conditions by heating for approximately 30 min in
a boiling water bath while passing a stream of O,-free N,
over the slurry with gentle mixing. Cell debris was removed
by centrifugation at 40,000 X g at 4°C for 25 min. The anoxic
supernatant solution was stored anaerobically in butyl-rub-
ber-stoppered serum vials under N, (100 kPa) at —20°C.
Deproteinated cell extracts of Methanococcus jannaschii
were prepared by autoclaving the anoxic cell-buffer slurry at
121°C for 5 min followed by centrifugation or by methanol
(60% final concentration) precipitation after cell breakage
with a French pressure cell (10° kPa); the anoxic supernatant
solution remaining after centrifugation of the methanol-
precipitated cell extract was lyophilized to dryness, sus-
pended in anoxic H,0, and stored at —20°C under N, (100
kPa).

Methane formation from radiolabeled formyl-MFR. In the
presence of HyMPT and CH;-S-CoM, G-25-treated extracts
of M. thermoautotrophicum convert [formyl-'*C]formyl-
MFR to [“C]methane (15a). Cell extracts of other
methanogens were tested for their ability to produce radio-
labeled methane from this derivative. The standard
methanogenic assay described above was prepared on ice
and contained 200 nmol of CH3-S-CoM and 1 to 3 mg of
extract protein under an atmosphere of hydrogen. [formyl-
4Ciformyl-MFR (4,160 dpm; specific activity, approxi-
mately 2 mCi per mmol) was added, and the assays were
initiated by incubation at 37°C or, in the case of
Methanococcus jannaschii, at 60°C. Upon completion of
methane formation, the reactions were terminated by trans-
ferring the vials to ice, and 60 wl of 4 M sodium hydroxide
was added. After shaking gently for 20 min to allow any
radioactive CO, to be trapped in the aqueous phase, the gas
phase was assayed for radioactivity with a Packard model
894 gas proportional counter linked to a gas chromatograph
as described earlier (15a). Duplicate 0.5-ml samples were
taken, and in the case of the second sample, the measured
radioactivity was adjusted for the volume of gas removed.
Radioactivity in the aqueous phase was determined by liquid
scintillation counting with toluene-Triton X-100 (3:1) con-
taining 0.6% 2,5-diphenyloxazole.

Methane formation from methyl-H,MPT. Conversion of
methyl-H4MPT to methane was assayed by incubating cell
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extracts of methanogens (3 mg of protein) in the standard
methanogenic assay at pH 6.3 supplemented with 50 pl of
anoxic boiled cell extract of M. thermoautotrophicum and
various amounts of either CH;-S-CoM or methyl-H,MPT.
Reaction mixtures were incubated at 37°C for mesophilic
methanogens and 60°C for thermophiles.

Assay for MFR. The amount of MFR in anoxic boiled
cell-free extracts was estimated by evaluating the depen-
dence of the yield of methane production from CO, on the
amount of boiled cell-free extract added to a methanogenic
assay (16). The standard methanogenic assay was prepared
as described above at pH 6.6 and included 0.2 pumol of
CH3-S-CoM, 52 nmol of of H4MPT, and 0.6 to 0.8 mg of
protein of Sephadex G-25-treated cell extract of M.
thermoautotrophicum. MFR or anaerobic boiled cell-free
extract of various organisms was added as desired. Assay
vials were gassed with H, and CO, (4:1), and assays were
initiated by incubating the vials at 60°C. CH;-S-CoM rather
than HS-CoM was included in the assay due to the tight
coupling of the reduction of CO, to CH4 with the reduction
of CH;-S-CoM; in the absence of CH3-S-CoM, no reduction
of CO, to CH, was observed, whereas in its presence
additional CH4 was formed above the amount attributable to
the reduction of CH;3-S-CoM (10, 21, 22). The additional
methane formed from the reduction of CO, reflected the
amount of MFR added. In the presence of saturating
amounts of H{MPT, the yield of methane from CO, was
hyperbolically dependent upon the amount of MFR present
(16). This saturable phenomenon is amenable to analysis by
linear regression of the reciprocal of the yield of methane
from CO, against the reciprocal of added MFR or anoxic
boiled cell extract. Analysis of the response to purified MFR
of G-25-treated extract of M. thermoautotrophicum used in
our experiments indicated that 0.55 ug of MFR produced
one-half of the maximal stimulation of the conversion of CO,
to methane. As an estimate of the amount of MFR in
extracts, the volume of boiled cell-free extract which pro-
duced one-half the maximal stimulation was assumed to
contain 0.55 pg of MFR.

TABLE 1. Methanogenesis from [formyl-'*Clformyl-MFR by cell-
free extracts of methanogens®

Disintegrations per

Organism® minute (Z:SS::; )
Gaseous Aqueous

Methanobacterium 3,403 773 81
thermoautotrophicum

Methanobacterium 3,532 414 90
bryantii

Methanococcus 3,225 474 87
Jjannaschii

Methanospirillum 3,169 1,098 74
hungatei

Methanogenium 3,383 343 91
marisnigri

Methanosarcina 3,593 1,209 75
barkeri

2 Methanogenic assays included 18 pwmol of potassium PIPES (pH 6.6), 2.5
pmol of magnesium acetate, 0.8 wmol of sodium ATP, 20 ul of anoxic boiled
cell extract of M. thermoautotrophicum, 0.2 pmol of CH;-S-CoM, and 1 to 3
mg of cell extract protein in 220 pl under an atmosphere of H,. Methane
formed from [formyl-'*C)formyl-MFR was determined as gaseous radioactiv-
ity after the injection of 60 ul of 4 M sodium hydroxide as described in the
text. In the absence of cell extract, no radioactive gas was produced.

b All organisms were grown on H, and CO-.
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TABLE 2. Methanogenesis from methyl-H,;MPT by cell-free
extracts of methanogens

Substrate added (nmol)

cena CH, formed
Organism CH,S-CoM methy-H,MPT  (nmoD®
Methanobacterium 200 0 213
thermoautotrophicum 400 0 389
0 60 45
0 120 93
Methanococcus voltae 100 0 92
200 0 180
0 50 46
0 100 80
Methanococcus jannaschii 200 0 180
0 100 91
Methanosarcina barkeri
Acetate grown 200 0 176
0 50 42
0 100 85
Methanol grown 200 0 181
0 50 44
0 100 91
400 200 525

“ Methanogens were cultivated under H, and CO, unless otherwise indicat-
ed. Cell-free extracts were prepared as described in the text.

® Final yields of CH, were obtained after 2 h of incubation. The assay
mixture (200 ul) was prepared as described (7) and contained 18 pmol of
potassium PIPES buffer (pH 6.3), 2.5 pmol of magnesium acetate, 0.8 wmol of
sodium ATP, 50 .l of boiled cell extract of M. thermoautotrophicum, 4 mg of
cell extract, and CH;-S-CoM or methyl-HMPT as indicated under an
atmosphere of H,. The assay temperature was 37°C; for M. thermoautotrophi-
cum and Methanococcus jannaschii, the assay temperature was 60°C. Values
are corrected for amount of CH, formed in the absence of added substrates.

Assay for HYMMPT. The spectrophotometric assay de-
scribed by Escalante-Semerena et al. (7) was used in most
experiments to estimate the amount of HyMPT in anoxic
boiled cell-free extracts from various bacteria. The assay
involves the chemical reaction of HyMPT with formaldehyde
to generate methylene-H4MPT, which is enzymatically oxi-
dized to methenyl-H4MPT, with a consequent increase in
absorbance at 340 nm. Dialyzed supernatant solution of a
70% ammonium sulfate fractionation of cell-free extract of
M. thermoautotrophicum was used as a source of enzyme
for the conversion of methylene-H;MPT to methenyl-
HMPT. Methenyl-H4MPT has an extinction coefficient at
340 nm of 20,800 M~! cm~! (7). Reactions were performed at
60°C.

Boiled cell-free extracts of certain methanogens were
tested as sources of H4MPT by a modification of the enzy-
matic assay described above for measuring MFR. H{MPT
was excluded from the assay mixture, and a saturating
amount of MFR (4.0 ng) was added. By use of purified
H,MPT, it was established that the half-maximal stimulation
of the yield of methane from CO, occurred in the presence of
2.9 pg of HMPT.

RESULTS AND DISCUSSION

Cell extracts of all methanogens tested converted [formyl-
14CJformyl-MFR to radioactive methane in the presence of
CH;-S-CoM (Table 1). Thus, as established for M.
thermoautotrophicum, the N-formyl derivative of MFR is a
precursor of methane in all methanogens tested under the
conditions normally required for the conversion of CO, to
methane (10). In the case of M. thermoautotrophicum, Leigh
et al. (15a) demonstrated that the conversion of formyl-MFR
to methane by G-25-treated extract required the addition of
methanopterin, and we showed that other methanogens
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TABLE 3. Amounts of HyMPT and MFR in methanogens, nonmethanogenic archaebacteria, and eubacteria

Organism (growth substrate)”

Concn (nmol per mg [dry weight] of cells) of:

H,MPT* MFR¢
Methanogens
Methanobacteriaceae
Methanobacterium thermoautotrophicum AH 3.0 1.8
Methanobacterium bryantii M.o.H. 1.3 1.8
Methanobacterium ruminantium M1 2.2 3.1
Methanobrevibacter smithii PS 1.9 1.4
Methanococcaceae V
Methanococcus voltae PS 1.3 0.7
Methanococcus jannaschii JAL-1 9.6 2.7
Methanamicrobiaceae
Methanospirillum hungatei JF1 0 0.7
Methanogenium marisnigri 1.7 0.8
Methanosarcinaceae
Methanosarcina barkeri 227 (H, + CQ,) 2.8 1.7
(acetate) 2.1 2.5
(methanol) 7.4 2.1
Nonmethanogenic archaebacteria
Thermoproteus tenax DSM2078 (glucose + yeast extract) 0 0
Halobacterium volcanii D52 (tryptone + yeast extract) 0 0
Eubacteria
Rhodopseudomonas sphaeroides 2.4.1 0 0
Rhodospirillum rubrum 0 0
Escherichia coli (tryptone + yeast extract) 0 0

@ Cells were cultivated with H, and CO, (4:1) unless otherwise stated.

b Est.imated spectrophotometrically by enzymatic conversion to methenyl-HMPT (see the text).
< Estimated by the stimulation of CO, conversion to methane as described in the text.

contain HMPT, as described below. Cell extracts of repre-
sentative methanogens also converted methyl-H,MPT to
methane under a hydrogen atmosphere (Table 2). Near
stoichiometric conversion of this derivative to methane was
catalyzed by members of each order of methanogenic bac-
teria. Thus, the enzyme systems of other methanogens
recognize and interconvert C; derivatives of the cofactors
isolated from M. thermoautotrophicum, providing yields of
methane comparable to those produced by extracts of M.
thermoautotrophicum (7, 15a).

The model (Fig. 1) is further supported by our observation
that boiled cell extracts of all methanogens tested, with one
exception, were able to complement an enzyme system from
M. thermoautotrophicum which required MFR or H4MPT.
Thus, these extracts contain MFR and H{MPT or, possibly,
modified forms of the cofactors which are recognized by the
enzymes of M. thermoautotrophicum that are involved in
the conversion of CO, to methane. We calculated that the
concentrations of these cofactors were comparable in all
methanogens tested (Table 3). H4MPT levels in eight strains
ranged from 1.3 to 3.4 nmol of HyMPT per mg (dry weight)
of cells, with two strains, Methanosarcina barkeri grown on
methanol and Methanococcus jannaschii, possessing sig-
nificantly higher levels of the cofactor, 7.4 and 9.6 nmol per
mg (dry weight) of cells, respectively. MFR occurred at
slightly lower concentrations, ranging from 0.7 to 3.1 nmol
per mg (dry weight) of cells. However, HyMPT was present
at higher levels in 7 out of the 10 strains tested. No H{MPT
was detected in Methanospirillum hungatei, although this
organism produces methane from CO, and converts formyl-
MFR to methane (Table 1). We do not have a convincing
explanation for the failure to detect this cofactor in boiled
cell extract of this strain. Possibly H4MPT is tightly bound to
protein or the method of extract preparation failed to yield

biologically active cofactor from these cells. However,
H MPT was detected in normal levels in Methanogenium
marisnigri, a member of the same family, Methanomicrobia-
ceae, as Methanospirillum hungatei (reference 1, Table 3).

The levels of the cofactors determined in this study
approximate the yields reported for the isolation of the
purified cofactors from M. thermoautotrophicum AH (5, 14;
J. C. Escalante-Semerena, personal communication). In
both cases about 50 to 70 mg of cofactor was isolated from 1
kg of wet cells. We determined that the dry weight of M.
thermoautotrophicum was 27% of the wet weight. Thus,
based on molecular weights of 776 for H{MPT and 748 for
MFR, 1 kg of wet cells of M. thermoautotrophicum would be
expected to contain approximately 630 mg of H4MPT and
360 mg of MFR. The reported purifications of cofactors
therefore represent recoveries between 10 and 15%, based
on the data of this study.

Consistent with the unique structures of the two cofactors
and their role in a novel pathway of CO, fixation, we were
unable to detect MFR or H4MPT in extracts from several
nonmethanogenic bacteria (Table 3). For both cofactors,
amounts as low as 0.1 nmol per mg (dry weight) of cells
would be readily detected by the assays employed. The
strains tested included two nonmethanogenic archaebacte-
ria, T. tenax and H. volcanii, two phototrophic organisms
grown on H, plus CO,, Rhodospirillum rubrum and
Rhodopseudomonas sphaeroides, and the enteric E. coli.

Differences in the levels of cofactors among the different
methanogen strains are of dubious physiological signifi-
cance; a more likely explanation is that these differences
simply reflect variation in the extraction of the cofactors by
boiling. Anaerobic boiled cell extract of methanol-grown
Methanosarcina barkeri was previously reported to contain
considerably higher than average amounts of HS-CoM (2),
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and similarly, we found that it possessed high levels of
H/MPT, compared with other methanogens. HyMPT was
not detected in Methanococcus jannaschii with the
spectrophotometric assay, but its presence could be quanti-
fied by assaying the ability of boiled cell-free extract to
sustain HyMPT-dependent methanogenesis from CO, with
M. thermoautotrophicum G-25 enzyme. As Methanococcus
Jjannaschii is an extreme thermopbhile (12), it is possible that
some enzymes survived the 100°C deproteination procedure
used to prepare the extract and that these enzymes inter-
fered with the accumulation of methenyl-H,MPT in the
spectrophotometric assay.

The apparent presence of both H{MMPT and MFR in
Methanosarcina barkeri grown on either acetate or methanol
is of considerable interest. In neither case does the organism
need to convert CO, to methane to grow, and the occurrence
of both cofactors in normal or above normal amounts might
be interpreted as being inconsistent with their proposed
essential role in methanogenesis from CO,. A simple expla-
nation is that the biosynthesis of the cofactors may not be
regulated. More interesting, however, is the possibility that,
in addition to methanogenesis from CO,, both cofactors
participate in other essential metabolic processes.
Tetrahydrofolate functions as a C; carrier in several impor-
tant biosynthetic reactions in nonmethanogenic bacteria (4)
and is not found in the methanogens (14). It is reasonable to
anticipate that in methanogens H4MPT functions analo-
gously to tetrahydrofolate and mediates C; transfers in-
volved in purine and thymine biosynthesis and in acetate
formation, the principle mechanism of CO, assimilation ih
methanogens (8). Additionally, the cofactors may be directly
involved in the acetoclastic reactions by which the methyl
carbon of acetate is reduced to methane and the carboxyl
group is converted to CO,. Further studies are essential to
determine the possible roles and importance of H4MPT and
MFR in these metabolic processes.

Regardless of the possible roles of HiMPT and MFR in
synthetic reactions in methanogens, our data strongly sup-
port their role in the conversion of CO; to methane. En-
zymes from all methanogens tested converted derivatives of
the cofactors isolated from M. thermoautotrophicum to
methane. Conversely, cofactors present in extracts of all
methanogens tested, with one exception, complemented
MFR- and H,MPT-dependent enzymes of M.
thermoautotrophicum. Thus, the proposed pathway of CO,
reduction to methane (Fig. 1) appears to be common to
methanogens.
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