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The overlapping fdhA and fdhB genes of Methanobacterium formicicum, which encode the o and B subunits,
respectively, of formate dehydrogenase, were cotranscribed as part of an approximately 4.5-kb transcript. An
additional gene (fdhC) upstream of fdhA was cotranscribed with fdhA and fdhB. The deduced amino acid
sequence suggested that fdhC has the potential to encode a hydrophobic polypeptide with a calculated molecular
weight of 29,417. A hydropathy plot of the hypothetical polypeptide indicated several potential membrane-
spanning regions. The putative fdhC gene product had 28% identity with the deduced amino acid sequence of
the nirC gene from Salmonella typhimurium. Northern (RNA) blot analyses and primer extension assays located
a transcription start site 268 bp upstream of the initiation codon of fdhC. A sequence identical to the consensus
promoter sequence for methanogenic organisms was situated between —35 and —25 bp from the proposed
transcription start site. In addition to the 4.5-kb transcript, Northern blot analyses detected a 1.1-kb transcript
with an fdhC-specific probe and a 3.4-kb transcript with either an fdhA- or fdhB-specific probe. The levels of
all three transcripts were significantly greater in cells grown in media supplemented with molybdate.

Methanobacterium formicicum is an archaeon (32) which
utilizes either formate or carbon dioxide and hydrogen as the
sole sources of carbon and energy. Formate dehydrogenase
catalyzes the oxidation of formate, which supplies electrons
for the reduction of carbon dioxide to methane. The formate
dehydrogenase of M. formicicum is an iron-sulfur enzyme
containing molybdopterin guanine dinucleotide and flavin
adenine dinucleotide (13, 18, 25, 26). The enzyme contains
two subunits with molecular weights of approximately
85,000 and 35,000 (25). The level of formate dehydrogenase
protein in the cell is regulated in response to the amount of
molybdate in the growth medium (18).

The fdhA and fdhB genes, which encode the two subunits
of the formate dehydrogenase from M. formicicum, have
been cloned and sequenced (27). The deduced amino acid
sequence of fdhA, encoding the large subunit, has 40%
identity with the deduced amino acid sequence of fdhF,
which encodes the 80,000-Da subunit of formate dehydroge-
nase-H from Escherichia coli (36). The fdhAB genes of M.
formicicum overlap by 1 bp, which suggests that they may be
cotranscribed as part of a polycistronic operon. Approxi-
mately 3.6 kbp upstream of the initiation codon of fdhA is a
60-bp sequence with 61% identity to a sequence upstream of
the fdhF gene of E. coli (4, 20). It was previously suggested
that the fdhA and fdhB genes are cotranscribed as part of an
approximately 12-kb transcript initiating within 50 bp down-
stream of this 60-bp sequence (20). Here, we reexamine the
transcription of fdhAB and present evidence that these genes
are cotranscribed as part of a 4.5-kb transcript. In addition,
we report the nucleotide sequence of fdhC, which was
cotranscribed with fdhA and fdhB.
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MATERIALS AND METHODS

Bacterial strains, bacteriophages, plasmids, and culture
conditions. M. formicicum JF-1 was grown in 10-liter fermen-
tors in medium with or without molybdate (0.1 mM) as
described previously (18). E. coli P2392 (Stratagene, La
Jolla, Calif.), IM109 (35), and DH5a (Bethesda Research
Laboratories, Gaithersburg, Md.) were used as host strains
for bacteriophage lambda DASH (Stratagene), bacterio-
phage M13mp18 (35), and plasmid pUC18-derived recombi-
nant plasmids, respectively. Plasmid pUCAd18 (a gift from P.
Schendel, Genetics Institute, Boston, Mass.) is a pUCI18-
derived recombinant plasmid which contains a 10.2-kbp
fragment of M. formicicum DNA previously shown to con-
tain the fdhA and fdhB genes (27). E. coli P2392 was grown
on NZYM broth (22). E. coli DHS5a was grown on LB broth
(22) or LB broth supplemented with 100 wg of ampicillin per
ml. E. coli JM109 was grown on YT broth (35).

DNA isolation, recombinant DNA methods, and labeling of
oligonucleotides and restriction fragments. High-molecular-
weight DNA was isolated from M. formicicum by the
method of Marmur (17). For construction of a lambda DASH
library, Sau3A partial digests of M. formicicum DNA were
size-fractionated on sucrose gradients (22). Pooled frag-
ments of approximately 10 to 22 kbp in size were ligated into
lambda DASH arms which had been cut with BamHI and
dephosphorylated. Packaged phage were plated and
screened for regions of DNA flanking the fdhA and fdhB
genes of M. formicicum with a previously described oligo-
nucleotide probe (20) specific for the upstream region of the
formate dehydrogenase operon (5'-CGTCCTTGAAATT
CAAAGAGG-3'). Plaque lifts, hybridizations, and Southern
blotting of both recombinant phage DNA and M. formicicum
DNA were performed by established procedures (3, 30, 33).

Synthetic oligonucleotides were labeled with [y-**P]ATP
(3,000 Ci/mmol or greater) with T4 polynucleotide kinase as
described elsewhere (22). Gel-purified restriction fragments
were nick-translated with E. coli DNA polymerase I to a
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FIG. 1. Physical map of M. formicicum DNA containing fdhC,
fdhA, and fdhB. At the top is a partial map of restriction enzyme
cleavage sites. Abbreviations: B, Bgl/II; Bm, BamH]I; C, Clal; E,
EcoRI; H, HindIll; K, Kpnl; Sp, Sphl. The 0.3-kbp HindIII-Bglll
fragment at the far left is from a lambda DASH clone. The remaining
10.2 kbp is from the insert of pUCfd18 (20). The second line
indicates the locations of the fdhA, fdhB, and fdhC genes and a
putative fdh promoter region (p). The locations of fragments used as
probes I to VII in Northern blot analyses are indicated.

specific activity of at least 108 cpm/pg with a nick translation
reagent kit (Bethesda Research Laboratories). Unincorpo-
rated label was removed with Nensorb 20 cartridges (NEN
Research Products, Boston, Mass.) according to the manu-
facturer’s specifications.

Plasmid DNA was isolated by a modification (22) of the
method of Birnboim and Doly and further purified by CsCl
gradient centrifugation. Lambda DNA was isolated on a
large scale (29) and a miniprep scale (9) by established
procedures. Single-stranded M13 DNA was prepared for
sequencing by the procedure described by Bethesda Re-
search Laboratories. Restriction fragments from pUCfd18
and lambda DASH clones containing the fdhA and fdhB
genes and flanking regions were purified from agarose gels
with GeneClean (Bio 101, La Jolla, Calif.) for subsequent
subcloning or nick translations.

In preparation for sequencing, the 4.2-kbp Bg/II fragment
directly upstream of the fdhA gene (Fig. 1) was subcloned
from pUCfd18 into M13mp18 in each orientation by estab-
lished procedures (22). The 4.2-kbp Bgl/II fragment, the
downstream-flanking 0.7-kbp Bgl/Il fragment which con-
tained a portion of the fdhA4 gene, and the upstream-flanking
1.0-kbp BglII fragment were subcloned from several over-
lapping lambda DASH clones. Insert DNA from the lambda
DASH clones was mapped and partially sequenced in order
to verify the integrity of the pUCfd18 insert.

DNA sequencing. DNA sequences were obtained by the
dideoxy chain termination method (23) with the Sequenase
procedure of the United States Biochemical Corporation
(Cleveland, Ohio), with single-stranded M13 DNA as tem-
plates. Both strands of the 4.2-kbp BglIl fragment were
completely sequenced. Appropriate subclones were gener-
ated for sequencing by the unidirectional progressive dele-
tion method with exonucleases III and VII (35). Recessed 3’
ends proximal to the vector DNA generated by restriction
digests were protected from subsequent exonuclease III
digestion by being filled in with a-phosphorothioate deoxy-
nucleotides. Commercially available universal sequencing
primers (17- -mers) and other synthetic oh§onucleotldes were
used in the sequencing procedures. [*>S]dATP (1,000 to
1,500 Ci/mmol; NEN Research Products) was used for all
sequencing reactions.
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RNA isolation. Total nucleic acids for use in Northern
(RNA) blotting experiments were isolated as follows. Sam-
ples of frozen cell paste (0.1 g) were resuspended in 0.5 ml of
lysis buffer (29 mM EDTA and 0.1% sodium dodecyl sulfate
in 50 mM Tris [pH 8.0]) in 1.5-ml Eppendorf tubes (17). An
equal volume of Tris-saturated phenol (pH 7.0) containing
8-hydroxyquinoline (2.8 mM final concentration) was added
to each cell suspension and mixed at 23°C with a 1,000-pl
pipettor. The suspension was then centrifuged at 12,000 X g
for 5 min. The aqueous phase was extracted again with
Tris-saturated phenol. Sodium acetate was then added to a
final concentration of 0.25 M, and the nucleic acids were
precipitated overnight at —20°C with 2.5 volumes of ethanol.
The total nucleic acid concentration was determined by the
A, after resuspension in distilled water.

Where indicated, Northern blotting was performed with
total nucleic acids that were treated with DNase I as follows.
The total nucleic acid pellets were washed with 70% ethanol
and gently resuspended in 100 pl of 50 mM Tris (pH 8.0)
which contained 2.5 mM MgCl,. The samples were then
incubated at 37°C for 30 min after the addition of 5 U of
DNase I and 40 U of RNasin (Promega, Madison, Wis.). The
samples were extracted once with phenol and once with
chloroform and then ethanol precipitated at —20°C over-
night. The concentration of DNase-treated total nucleic
acids was determined by monitoring the 4,4, after resuspen-
sion in distilled water.

Total RNA for primer extension assays was prepared as
follows. Total nucleic acids were first extracted from frozen
cell paste as described above except that the lysis buffer
contained 1% Sarkosyl (Fisher Scientific, Fair Lawn, N.H.)
instead of 1% sodium dodecyl sulfate. Purified RNA was
then isolated from the aqueous phase by pelleting through a
5.7 M CsCl cushion with an SW41 rotor (22). Purified RNA
was washed several times with 70% ethanol and stored at
—20°C in 70% ethanol until used. The RNA concentration
was determined by A, measurements following gentle
resuspension in distilled water.

Northern analyses. Northern blotting was performed by
established procedures (22). In brief, 10 to 20 ug of glyoxy-
lated total cellular RNA was electrophoresed in a 1% agar-
ose gel. The RNA was electroblotted from the gel onto a
GeneScreen hybridization membrane (NEN Research Prod-
ucts) for 6 h at 1.0 A and then for 6 h at 0.25 A with a model
TES50 Transphor apparatus (Hoefer Scientific Instruments,
San Francisco, Calif.). The membranes were dried and
vacuum baked at 80°C. Prehybridization and hybridization
were performed as recommended by the manufacturers
except that the hybridizations were performed at 48°C for 18
to 24 h. After hybridization, the membranes were washed
three times at 23°C for 20 min each in 2x SSC (2x SSCis 0.3
M sodium chloride plus 0.03 M sodium citrate) containing
1% sodium dodecyl sulfate and then twice at 65°C for 30 min
each in the same solution and finally rinsed in 0.2x SSC. The
SB5 X-ray film (Kodak, Rochester, N.Y.) was exposed to
dried membranes for 24 to 48 h at —80°C.

Primer extension assays. Primer extension assays were
performed with oligonucleotides (20-mers) complementary
to the sequences from positions 466 to 485 (5'-CCTTCTAA
TCGACTATCTGT-3') and 628 to 647 (5'-ACTTCAGCTAG
AAGTCCTCC-3') specific to fdhC and the adjacent up-
stream region, respectively (Fig. 2). Primer extension assays
were also performed with an oligonucleotide (23-mer) com-
plementary to the sequences from positions 1601 to 1624
(5'-CCACATCCAACACCGCAGTAGGG-3") specific to
fdhA (Fig. 2). Assays were conducted as described before






