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The pathway of CO, reduction to methane in Methanogenium tationis and Methanogenium thermophilicum
is similar to that observed in other methanogens. In M. tationis a novel pterin, tatiopterin, is present. This
pterin appears to be a structural and functional analog of methanopterin and sarcinapterin. Folate could not

substitute for tatiopterin.

The biochemistry of methanogenesis is characterized by
the involvement of unique coenzymes (10). Previous studies
showed that methanogenesis proceeds along a common
pathway in different methanogens (8). Recently it was found
that in Methanogenium tationis and Methanogenium ther-
mophilicum neither methanopterin nor sarcinapterin was
present (4). A novel pterin has been found in M. tationis, and
its structure has been elucidated (Fig. 1) (P. C. Raemakers-
Franken, F. G. J. Voncken, J. Korteland, J. T. Keltjens,
C. van der Drift, and G. D. Vogels, BioFactors, in press).

In this study, we present results indicating that the path-
way of methanogenesis in M. tationis and M. thermophili-
cum is similar to that in other methanogens and that the
novel pterin, tatiopterin, from M. rationis has the same
function as methanopterin and sarcinapterin.

M. thermophilicum (DSM 2373) and M. tationis (DSM
2702) were cultured in a medium described by Zabel et al.
(16, 17) on H,-CO, (80:20, vol/vol) or 60 mM formate in
100-ml serum bottles containing 40 ml of medium or in
12-liter fermentors with continuous gas flow (6.4 liters/min).
Methanobacterium thermoautotrophicum AH (DSM 1053)
was cultured on H,-CO, by the method of Schénheit et al.
(14). Cells were harvested by continuous centrifugation and
stored at —70°C under an N, atmosphere.

Cell extracts from Methanobacterium thermoautotrophi-
cum AH were prepared as described before (11). Cell ex-
tracts from M. tationis and M. thermophilicum were pre-
pared by suspending cells in an equal volume of 100 mM
TESbuffer [N-tris(hydroxymethyl)methyl-2-aminoethanesul-
fonic acid] and treating them with a 150-W sonifier (Branson
Sonic Power Co., Danbury, Conn.) at maximum power for
150 and 180 s, respectively, at intervals of 5 s. Cell debris
was removed by centrifugation for 30 min at 30,000 X g. The
supernatant was stored at —70°C under an N, atmosphere.

Cell extracts were made cofactor-free by filtration over an
Amicon PM-30 ultrafilter with 100 mM TES buffer (pH 7.0).
Boiled cell extracts (BCE) were prepared as described by
Keltjens et al. (9). All assays were performed under anaer-
obic conditions at 40°C, 55°C, or 60°C by using cell extracts
from M. tationis, M. thermophilicum, and Methanobacte-
rium thermoautotrophicum, respectively.

Cell extracts from M. tationis and M. thermophilicum
were tested for their ability to produce methane from dif-
ferent C, substrates. The standard mixture for this assay
contained 12 pmol of TES buffer (pH 7.0), 0.5 wmol of ATP,
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S wmol of MgCl,, and 75 pl of cell extract (2 mg of protein)
in a total volume of 200 pl. Conversion of CO, as a C,
substrate was measured under an H,-CO, atmosphere (80:
20, vol/vol). Conversion of formaldehyde was measured by
adding 0.1 pmol of formaldehyde to the standard mixture
under an N, or H, atmosphere. Conversion of methylcoen-
zyme M was measured by adding 0.1 wmol of methylcoen-
zyme M to the standard mixture under an H, or H,-CO,
(80:20, vol/vol) atmosphere. The assays were initiated by
incubation at the temperatures indicated above. Methane
was quantified by gas chromatographic analysis (7).

To test cross-reactivity between the enzyme system of
Methanobacterium thermoautotrophicum and the cofactors
of the Methanogenium species, cofactor-free cell extract
from Methanobacterium thermoautotrophicum was tested
for the ability to produce methane from formaldehyde as a
C, substrate under an H, atmosphere in a standard assay
mixture supplemented with 50 pl of BCE from Methanogen-
ium species.

To determine the effect of a specific inhibitor on methan-
ogenesis, bromoethanesulfonate was added to 40 ml of
culture, at a final concentration of 250 uM, and methane
production was measured.

Methylenetetrahydromethanopterin dehydrogenase (meth-
ylene-H,MPT-DH) was measured, as described before (2),
by monitoring the conversion of tetrahydromethanopterin
(H,MPT) to methenyl-H,MPT in a mixture containing 180
pmol of potassium phosphate buffer (pH 6.0), SO wmol of
H,MPT, 86 pmol of coenzyme F,,,, 10 pmol of formalde-
hyde, and 20 pl of cell extract (5 pg of protein) in a final
volume of 2 ml.

Methylene-H ,MPT reductase (methylene-H,MPT-RD) ac-
tivity was measured by monitoring the formation of methe-
nyl-H,MPT from methyl-H,MPT in a mixture as described
above for the methylene-H,MPT-DH assay, except that 50
wg of protein was used and the reaction was started by
adding 50 pmol of methyl-H,MPT instead of H.MPT. The
formation of methenyl-H,MPT and the reduction of coen-
zyme F,,, were monitored spectrophotometrically at 335
and 401 nm, respectively.

Methylenetetrahydrofolate dehydrogenase (methylene-
THF-DH) and methylenetetrahydrofolate reductase (meth-
ylene-THF-RD) activities were measured in mixtures as
described above for the measurement of methylene-H,MPT-
DH and methylene-H,MPT-RD activities, with tetrahydro-
folate derivatives instead of H,MPT derivatives. Aside from
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FIG. 1. Structure of tatiopterin. This pterin differs from sarci-

napterin in having an additional aspartate in the side chain of the
molecule and in not having the 7-methyl group in the pterin moiety.

coenzyme F,,,, NADP was tested as a potential electron
acceptor at the same concentration as coenzyme F,,,.

Formate dehydrogenase was measured by the method of
Schauer and Ferry (13). Carbon monoxide dehydrogenase
(CO-DH) was measured by the method of Krzycki and
Zeikus (12), except that Na,S,0, was replaced by 2 mM
dithiothreitol.

Recently we reported the presence of a novel pterin in M.
tationis (Raemakers-Franken et al., in press). Here we
report cross-reactivity between enzymes of Methanobacte-
rium thermoautotrophicum and pterins of Methanogenium
species. Cofactor-free extract from Methanobacterium ther-
moautotrophicum was shown to convert formaldehyde to
methane if BCE from Methanogenium species was added,
with an efficiency of about 20% with respect to addition of
BCE from Methanobacterium thermoautotrophicum. Thus,
the tatiopterin derivatives present in BCE from Methano-
genium species are recognized by the enzymes of Methano-
bacterium thermoautotrophicum. The occurrence of cross-
reactivity was further demonstrated by our observation that
methylene-H,MPT-DH activity could be measured in cell
extracts of M. tationis and M. thermophilicum (8.0 and 7.1
pwmol/min per mg of protein, respectively) if H,MPT (isolat-
ed from Methanobacterium thermoautotrophicum) was
added. If H,MPT was omitted, to check for an internal C,
carrier, no reaction (activity lower than 0.2 p.mol/min per mg
of protein) was measured. Likewise, methylene-H,MPT-RD
activity could be measured in cell extracts of M. tationis and
M. thermophilicum (123 and 76 nmol/min per mg of protein,
respectively) if methyl-H,MPT isolated from Methanobac-
terium thermoautotrophicum was added. Thus, the enzyme
systems of M. tationis and M. thermophilicum are able to
recognize and interconvert HMPT derivatives from Meth-
anobacterium thermoautotrophicum. These results indicate
that tatiopterin is not only a structural analog but also a
functional analog of methanopterin and sarcinapterin.

In eubacteria and eucaryotes, analogous reactions pro-
ceed with folate derivatives as C, carriers and NADP as the
electron carrier. Previous work showed that H,MPT cannot
be replaced by tetrahydrofolate in the methylene-H,MPT-
DH reaction in Methanobacterium thermoautotrophicum (3,
6). Since the chromophore of tatiopterin contains a proton at
the 7-position, just as folate derivatives do, we tested
whether tetrahydrofolate could substitute for tetrahydrota-
tiopterin in cell extracts from M. tationis and M. thermophil-
icum. Coenzyme F,,, or NADP was used as a potential
electron carrier. No methylene-THF-DH activity could be
measured with the electron carriers tested. Likewise, no
methylene-TFH-RD activity could be measured if methyltet-
rahydrofolate was added to cell extracts from Methanogen-
ium species in combination with coenzyme F,,,, or NADP as
the electron acceptor. In this assay, activities lower than
0.12 wmol/min per mg of protein could not be measured.

J. BACTERIOL.

These results indicate that tetrahydrotatiopterin is function-
ally more related to H,MPT and tetrahydrosarcinapterin
than to tetrahydrofolate.

Cell extracts from M. tationis and M. thermophilicum
(grown on H,-CO,) produced methane when incubated with
H,-CO,, formaldehyde, or methylcoenzyme M (Table 1).
Methylreductase activity could be completely inhibited by
the addition of bromoethanesulfonate (250 nM), a specific
inhibitor (15), to cells growing on H,-CO,. As expected,
formaldehyde conversion was about 50% lower under an N,
atmosphere than in the presence of H, (3). A coupling
between the terminal and first steps in the CO, reduction to
methane (the so-called RPG effect [5]) was not observed.
Neither the methane production rate (Table 1) nor the yield
of methane obtained increased when methylcoenzyme M
was added under an H,-CO, atmosphere as compared to
methylcoenzyme M addition under an H, atmosphere.

Because M. tationis and M. thermophilicum are able to
grow on formate, the presence of formate dehydrogenase
activity has to be expected. Extracts prepared from M.
tationis cells grown on either H,-CO, or formate appeared to
contain this enzyme. Activities of 8.9 and 55.1 pmol/min per
mg of protein, respectively, were measured. In the cell
extract of M. thermophilicum, grown on H,-CO,, an activity
of 17.9 pmol/min per mg of protein could be measured.

M. tationis and M. thermophilicum are heterotrophs,
which grow on H,-CO, or formate as an energy source but
require acetate as the main carbon source (16, 17). Cell
extracts of both H,-CO,- and formate-grown M. tationis
cells showed CO-DH activities of 47.5 and 15.8 nmol/min per
mg of protein, respectively. In cell extracts of H,-CO,-
grown M. thermophilicum cells an activity of 20.5 nmol/min
per mg of protein was measured. Cell extracts of the
autotroph Methanobacterium thermoautotrophicum showed
a much higher CO-DH activity, 189 nmol/min per mg of
protein. Bott et al. (1) reported that most hydrogenotrophic
methanogens which depend on external acetate for growth
contain no CO-DH activity. Methanospirillum hungatei was
the only heterotrophic methanogen tested (1) which could
reduce CO, to carbon monoxide by using CO-DH, but it
lacked the ability to incorporate CO in acetyl-coenzyme A.
The results presented above indicate that M. tationis and M.
thermophilicum are facultative heterotrophic methanogens,
with a CO-DH activity insufficient for optimal cell growth.
Therefore, external acetate is needed.

Our data strongly support a similar pathway of CO,
reduction to methane in M. tationis and M. thermophilicum
with respect to other methanogens. The novel tatiopterin has
the same function as methanopterin and sarcinapterin. Ob-
viously, the proton at the 7-position of the pterin chro-
mophore does not change the biological activity of the pterin
molecule in the reactions described above.

TABLE 1. Methane production by cell extracts of M. tationis
and M. thermophilicum with different C, substrates

Specific methane-producing activity

C, substrate® (nmol/min per mg of protein) of:

M. tationis M. thermophilicum
H,-CO, 0.38 0.56
HCHO-H, 11.37 11.81
HCHO-N, 5.32 7.45
CH,;S-CoM-H, 7.73 ) 8.91
CH,S-CoM-H,-CO, 7.91 13.35

“ CoM, Coenzyme M.



VoL. 172, 1990

We thank B. W. Y. te Brommelstroet for his gift of F,,,, H{MPT,

and methyl-H,MPT.

LITERATURE CITED

. Bott, M. H., B. Eikmanns, and R. K. Thauer. 1985. Defective
formation and/or utilization of carbon monoxide in H,/CO,
fermenting methanogens dependent on acetate as carbon
source. Arch. Microbiol. 143:266-269.

. Escalante-Semerena, J. C., K. L. Rinehart, Jr., and R. S. Waolfe.
1984. Tetrahydromethanopterin, a carbon carrier in methano-
genesis. J. Biol. Chem. 259:9447-9455.

. Escalante-Semerena, J. C., and R. S. Wolfe. 1984. Formalde-
hyde oxidation and methanogenesis. J. Bacteriol. 158:721-726.

. Gorris, L. G. M., C. van der Drift, and G. D. Vogels. 1988.
7-Methylpterin derivatives in extracts of methanogens charac-
terized by a relatively low methanopterin content. BioFactors
1:105-109.

. Gunsalus, R. P., and R. S. Wolfe. 1977. Stimulation of CO,
reduction to methane by methylcoenzyme M in extracts of
Methanobacterium. Biochem. Biophys. Res. Commun. 76:790—
795.

. Hartzell, P. L., and G. Zvilius. 1985. Coenzyme F,,, depen-
dence of the methylenetetrahydromethanopterin dehydrogenase
of Methanobacterium thermoautotrophicum. Biochem. Bio-
phys. Res. Commun. 133:884-890.

. Hutten, T. J., M. H. de Jong, B. P. Peeters, C. van der Drift, and
G. D. Vogels. 1981. Coenzyme M derivatives and their effects
on methane formation from carbon dioxide and methanol by cell
extracts of Methanosarcina barkeri. J. Bacteriol. 145:27-34.

. Jones, W. J., M. T. Donnelly, and R. S. Wolfe. 1985. Evidence
of a common pathway of carbon dioxide reduction to methane in
methanogens. J. Bacteriol. 163:126-131.

10.

11.

12.

13.

14.

15.

16.

17.

NOTES 1159

. Keltjens, J. T., H. J. Kraft, W. G. Damen, C. van der Drift, and

G. D. Vogels. 1989. Stimulation of the methylcoenzyme M
reduction by uridine-5'-diphospho-sugars in cell-free extracts of
Methanobacterium thermoautotrophicum (strain AH). Eur. J.
Biochem. 184:395—403.

Keltjens, J. T., and C. van der Drift. 1986. Electron transfer
reactions in methanogens. FEMS Microbiol. Rev. 39:259-303.
Keltjens, J. T., R. van Erp, R. J. Mooijaart, C. van der Drift,
and G. D. Vogels. 1988. Inorganic pyrophosphate synthesis
during methanogenesis from methylcoenzyme M by cell-free
extracts of Methanobacterium thermoautotrophicum (strain
AH). Eur. J. Biochem. 172:471-476.

Krzycki, J. A., and J. G. Zeikus. 1984. Characterization and
purification of carbon monoxide dehydrogenase from Metha-
nosarcina barkeri. J. Bacteriol. 158:231-237.

Schauer, N. L., and J. G. Ferry. 1982. Properties of formate
dehydrogenase in Methanobacterium formicicum. J. Bacteriol.
150:1-7.

Schénheit, P., J. Moll, and R. K. Thauer. 1979. Growth param-
eters of Methanobacterium thermoautotrophicum. FEMS Mi-
crobiol. Lett. 22:205-208.

Sparling, R., and L. Daniels. 1988. The specificity of growth
inhibition of methanogenic bacteria by bromethanesulfonate.
Can. J. Microbiol. 33:1132-1136.

Zabel, H. P., H. Konig, and J. Winter. 1984. Isolation and
characterization of a new coccoid methanogen, Methanogenium
tatii spec. nov. from a solfataric field on Mount Tatio. Arch.
Microbiol. 137:308-315.

Zabel, H. P., H. Konig, and J. Winter. 1985. Emended descrip-
tion of Methanogenium thermophilicum, Rivard and Smith, and
assignment of new isolates to this species. Syst. Appl. Micro-
biol. 6:72-78.



