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The genes for the two subunits of the formate dehy-
drogenase from Methanobacterium formicicum were
cloned and their sequences determined. When ex-
pressed in Escherichia coli, two proteins were pro-
duced which had the appropriate mobility on an SDS
gel for the two subunits of formate dehydrogenase and
cross-reacted with antibodies raised to purified for-
mate dehydrogenase. The genes for the two formate
dehydrogenase subunits overlap by 1 base pair and are
preceded by DNA sequences similar to both eubacterial
and archaebacterial promoters and ribosome-binding
sites. The amino acid sequences deduced from the DNA
sequence were analyzed, and the arrangement of pu-
tative iron-sulfur centers is discussed.

Methanobacterium formicicum is a methanogenic archae-
bacterium which can use either formate or carbon dioxide and
hydrogen as its carbon and energy source (1). When growing
on formate, it uses the enzyme formate dehydrogenase (FDH?)
to catalyze the oxidation of formate which supplies electrons
for the reduction of carbon dioxide to methane. This protein,
composed of two nonidentical subunits, contains iron, zinc, a
molybdopterin, and FAD (2). Electron paramagnetic reso-
nance spectroscopy suggests a redox function for the molyb-
denum center and the presence of [4Fe-4S] centers (3). The
dissociable flavin is required for hydride transfer to the elec-
tron acceptor coenzyme Fy, a 5-deazaflavin present in all
methanogens studied to date (4). Information about the ar-
rangement of these redox components in the respective sub-
units of FDH is vital to understanding the mechanism of the
enzyme. The primary structure of the enzyme deduced from
the DNA sequence given in this paper allows the preliminary
assignment of locations for some of the redox components.
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Genetic manipulation of the sequence and expression of the
resulting mutant genes should provide a tool for testing these
assignments.

Archaebacteria are phylogenetically distinct from the eu-
caryotes and all other procaryotes (5). Although much is
known concerning the unique cell structures and biochemistry
of these organisms, their molecular genetics is poorly under-
stood. The FDH of M. formicicum offers an opportunity to
study regulation of gene expression in a methanogenic bac-
terium. The subunit composition of FDH is equimolar (2);
thus, coordinate expression of its two genes is expected.
Furthermore, the amount of this enzyme detected in the cell
is increased 10-fold by the addition of molybdenum to the
growth medium (34), which implies that this metal may be
involved in the regulation of FDH synthesis.

In this report, we present the complete nucleotide sequence
of the DNA encoding the two subunits of the FDH and the
sequence immediately 5’ to this coding region. These results
have yielded (i) the primary structure of an enzyme involved
in methanogenesis, (ii) gene sequences that encode the syn-
thesis of a conjugated Fe-S enzyme from an archaebacterium,
and (iii) the sequence of a gene cluster from a methanogenic
bacterium, the expression of which may be regulated.

MATERIALS AND METHODS

Bacterial Strains—M. formicicum strain JF-1 has been described
previously (6). Escherichia coli strains NM 539 and Q359 were pur-
chased as part of the EMBL cloning system from Promega Biotech.
E. coli strain GI400 is a derivative of W3110 (7) which carries the C;
(Ci857 allele) and N region of bacteriophage lambda inserted into its
lacZ gene.

Chemical and Biological Reagents and Growth Media—All media
used in growing E. coli were from Difco. Ampicillin, gelatin, casein,
and p-nitrophenyl phosphate disodium were from Sigma. Freund’s
complete adjuvant was purchased from either Behring Diagnostics or
from Sigma. Restriction endonucleases and T4-DNA ligase were from
New England Biolabs. The EBML-3 cloning system was purchased
from Promega Biotech. #°I-Staph A protein was from New England
Nuclear. For FDH expression, cells were grown in M9 medium (8)
supplemented with 0.1% Tryptone, 0.01% yeast extract, and 50 ug/
ml ampicillin.

Protein Sequencing and DNA Probe Synthesis—FDH was purified
as previously described (2). Its subunits were separated on an SDS-
polyacrylamide gel, electroeluted, and their amino-terminal sequences
determined on a gas-phase microsequenator as previously described
(9). Mixed oligonucleotide pools were synthesized on an Applied
Biosystems Model 380A DNA synthesizer.

Preparation of M. formicicum DNA Library—M. formicicum cells
were broken in a French pressure cell as previously described (2).
DNA was isolated by the method of Marmur (10) and purified on a
cesium chloride-ethidium bromide gradient (11). The DNA was
treated with restriction endonuclease Sau3A under conditions which
yielded fragments 9-25 kilobase pairs in length. Lambda phage
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