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The fdhA and fdhB genes of Methanobacterium formicicum, which code for the a and 8 subunits of formate
dehydrogenase, were cotranscribed as part of a large transcript. By using Northern (RNA) gel blot analysis,
the transcription start site was located within a 1.6-kilobase BglII-Ncol fragment 4.3 kilobases upstream from
the fdhA gene. The precise transcription start site within the fragment was determined with the aid of primer
extension analysis and S1 nuclease protection studies. A putative promoter sequence for structural genes of
methanogenic archaebacteria is proposed based on a comparison of DNA sequences of the upstream region of
methanogen operons for which transcription initiation sites are known. Comparison of the DNA sequence of the
upstream region of the fdh operon of M. formicicum with the sequence upstream of the fdhF gene of Escherichia

coli revealed regions of considerable identity.

Methanogens are taxonomically classified as archaebacte-
ria which are phylogenetically and physiologically distinct
from eubacteria and eucaryotes (2, 10, 11). Initial studies
indicate that methanogen genes are arranged in multigene
transcriptional units similar to eubacterial operons (6, 8, 9,
20, 21, 25). However, the subunit composition of the archae-
bacterial DNA-dependent RNA polymerases are different
from the eubacterial enzymes (12, 13, 27), which suggests
that the structures of the methanogen and eubacterial pro-
moters may also be different. A consensus promoter se-
quence has been proposed for stable RNA genes of Metha-
nococcus spp. that is distinct from the eubacterial consensus
(14, 29, 32-34). The RNA polymerase binding sit¢ and the
transcription initiation site for the polypeptide-encoding
hisA gene and the mcr operon of Methanococcus vannielii
have been determined, and the results indicate that both
promoters of stable RNA and structural genes contain a
common sequence of TATA (7, 28).

Methanobacterium formicicum synthesizes formate dehy-
drogenase, an iron-sulfur enzyme containing molybdopterin
and flavin adenine dinucleotide (17, 23, 24). The genes
encoding the two subunits (fdhAB) are cloned and sequenced
(25). The activity of this enzyme is regulated in response to
the amount of molybdate in the growth medium (17). The
levels of fdh-specific message are inversely proportional to
the intracellular concentration of molybdenum and the
amount of formate dehydrogenase protein (17). Here we
report that the fdhA and fdhB genes are cotranscribed as part
of an approximately 12-kilobase (kb) operon. The transcrip-
tion start site and the sequence upstream of it were deter-
mined.

MATERIALS AND METHODS

Bacterial strains and plasmids. M. formicicum JF-1 was
grown in medium with or without sodium molybdate supple-
mentation as described previously (17). Plasmid pUCFD18,
a 10.6-kb fragment of M. formicicum DNA containing the
fdh genes cloned into pUC18 (25), was a gift from P.
Schendel, Genetics Institute, Boston, Mass. Plasmid pAR21
was generated by cloning the 2.0-kb Sal/l-EcoRI fragment of
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pUCFD18 into the multiple cloning site of pUC19 (see Fig. 1
and 4).

DNA manipulations. DNA manipulations were performed
by using established procedures (3, 16), except *’P radiola-
beling of probes was performed with commercially available
kits for random priming (Pharmacia, Inc., Piscataway, N.J.)
or end labeling (Boehringer Mannheim Biochemicals, Indi-
anapolis, Ind.) as described by the manufacturers. Radiola-
beled nucleotides were purchased from New England Nu-
clear Laboratories, Boston, Mass. Double-stranded DNA
sequencing, using the dideoxy chain termination procedure,
was as described previously (19). The avian myelobastosis
virus reverse transcriptase and Sequenase enzymes used for
sequencing were purchased from Boehringer Mannheim
Biochemicals and United States Biochemical Corp., Cleve-
land, Ohio, respectively. Erase-A-Base kit (Promega Corp.,
Madison, Wis.) and pUC19 vector (30) were used to generate
clones in DNA sequence analysis.

RNA isolation and Northern (RNA) gel blot analysis. RNA
was isolated from cells as described previously (17). North-
ern blot analysis was performed as described previously
(18). In brief, 10 g of glyoxylated total cellular RNA was
electrophoresed in a 1.1% agarose gel. The RNA was
electroblotted from the gel onto a GeneScreen hybridization
membrane (New England Nuclear). Prehybridization and
hybridization were performed as recommended by the man-
ufacturers, except that hybridization was performed at 45°C
for 18 to 24 h. After hybridization, the filters were washed
three times at 20°C for S min in 2X SSC 2% SSC = 0.3 M
sodium chloride plus 0.03 M sodium citrate) containing 0.1%
sodium dodecyl sulfate followed by two 30-min washes at
65°C in the same solution and finally rinsed in 0.2Xx SSC. The
filters were exposed for 18 to 30 h at —80°C.

Primer extension analysis and S1 protection. Primer exten-
sion analyses were performed as described previously (1)
except [a-**SIdATP (2.0 uM) was used instead of [a-**P]
dATP. A 21-nucleotide DNA primer (5'-CGTCCTTGAAAT
TCAAAGAGG-3') complementary to the antisense strand of
the fdh operon and contained within the coding region of the
1.6-kb BgllI-Ncol fragment was used (Fig. 1). For each
reaction, a total of 10 ng of the primer and 10 g of total M.
formicicum RNA was used. A sequencing reaction per-
formed with the above primer and pAR21 (see Fig. 4) was
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FIG. 1. M. formicicum DNA insert in plasmid pUCFDI18. (a) Restriction map of the 10.6-kb fragment of M. formicicum DNA containing
the fdh genes. (b) Locations of the fdhA and fdhB genes, the open reading frame (ORF) based on partial sequencing of the cloned fragment
(25; unpublished results), the transcription initiation site (#), and the direction of transcription (arrow) of the fdh operon. (c) Fragments used
as probes in Northern gel blot analyses. Bar, 1.0 kb. Abbreviations used for the restriction enzyme cleavage sites are as follows: S, Sall; B,
BgllI; N, Ncol; E, EcoRI; Sp, Sphl; Sn, SnaBl; Bm, BamHI; H, HindIII.

electrophoresed in adjoining lanes. S1 nuclease protection
studies were performed as described previously (31). A
DNA probe was synthesized with [a->*S]JdATP, the primer
described above, and pAR21 (see Fig. 4). The probe and
total cellular RNA (100 p.g) were hybridized at 42°C for 12 h.
S1 nuclease digestion (2,260 U; Miles Scientific, Div. Miles
Laboratories, Inc., Naperville, Ill.) was performed at 23°C
for 30 min. The protected fragment and a sequencing reac-
tion performed with the probe described above and pAR21
(see Fig. 4) were electrophoresed in adjoining lanes.

RESULTS

Cotranscription of the fdhA and fdhB genes. The fdhA and
fdhB genes, encoding the a and B subunits of formate
dehydrogenase from M. formicicum, overlap by 1 base pair
(bp) (25); thus, Northern gel blot analyses were performed to
determine whether the genes are cotranscribed. The DNA
probes were restriction endonuclease fragments from either
the fdhA or the fdhB gene (probes I and II, Fig. 1). Both
fdh-specific probes hybridized to an approximately 12-kb
transcript (Fig. 2). The relative amounts of transcript be-
tween cells grown in media with or without molybdate
supplementation were in general agreement with that previ-
ously reported (17). The results (Fig. 2) indicated that genes
fdhA and fdhB were cotranscribed as part of a large message.
The large size of the transcript is unprecedented; thus, to
ensure that the mRNA was not complexed with proteins or
glycolipids (which may have retarded migration during elec-
trophoresis), the RNA samples were sequentially extracted
with phenol, chloroform, ether, isobutanol, and isoamyl
alcohol. Northern gel blot analyses of these RNA samples
showed no smaller transcripts; however, smearing of the
signal increased with each successive extraction, indicating
progressive degradation of the large transcript (data not
shown).

Localization of the transcription start site. To locate the
approximate transcription start site, DNA fragments up-
stream and downstream from the fdhA and fdhB genes (Fig.
1) were used as probes in Northern gel blot analyses with
total cellular RNA. The Bgl/II-Ncol fragment upstream from
the fdhA gene (probe IV, Fig. 1) and the BamHI-HindIIl
fragment downstream from the fdhB gene (probe V, Fig. 1)
hybridized to-a message of the same size as that to which the
fdhA and fdhB gene probes hybridized (Fig. 3). Nine dif-

ferent overlapping DNA fragments contained between frag-
ments I and IV (Fig. 1), when used as probes, gave the same
results as shown in Fig. 2 (data not shown). However, the
Sall-BgllI fragment (probe III, Fig. 1) did not hybridize to
the large message, but instead hybridized to two smaller
messages of approximately 1.3 and 3.0 kb. The relative
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FIG. 2. Estimation of the size of the fdh transcript and evidence
for cotranscription of the fdhA and fdhB genes. Northern gel blot
analyses were performed with total cellular RNA isolated from cells
(17) containing (lane A) 2.22 and (lane B) 0.03 nmol of molybdenum
per mg of protein. The radiolabeled probes were (I) the 0.5-kb
SnaBI-Bglll fragment of the fdhA gene and (II) the 1.3-kb BamHI-
Bglll fragment of the fdhB gene (Fig. 1).
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FIG. 3. Localization of the approximate start site of transcrip-
tion for the fdh operon of M. formicicum. Northern gel blot analyses
were performed with total cellular RNA isolated from cells (17)
containing (lane A) 2.22 and (lane B) 0.03 nmol of molybdenum per
mg of protein. The radiolabeled probes were (I) the 0.5-kb SnaBI-
BgllI fragment of the fdhA gene, (III) the 0.2-kb Sall-BgllI fragment,
(IV) the 1.6-kb BglII-Ncol fragment upstream from the fdhA gene,
and (V) the 2.2-kb BamHI-HindlIl fragment downstream from the
fdhB gene (Fig. 1).

amounts of transcript between cells grown in media with or
without molybdate supplementation were similar (17) to the
large message (Fig. 3). These results indicated that transcrip-
tion initiation occurred within the 1.6-kb BglII-Ncol frag-
ment located upstream from the fdhA gene (Fig. 1, fragment
IV) and that transcription extended further downstream of
the fdhB gene. Interestingly, the relative amounts of the
smaller messages conformed to the pattern of the larger
message, suggesting that synthesis of the smaller messages
was also regulated in response to sodium molybdate (Fig. 3).
Northern gel blot analysis indicated that transcription of
the fdh operon initiated within the 1.6-kb BglII-Ncol frag-
ment (fragment 1V) shown in Fig. 1; thus, the nucleotide
sequence of the fragment was determined. The insert con-
tained in plasmid pAR21 used for sequencing and the se-
quencing strategy are shown in Fig. 4. The deletion clones
were generated as described in Materials and Methods.
Primer extension analyses were used to locate the start
site(s) of transcription to a single nucleotide within the
1.6-kb Bg/II-Ncol fragment. Total cellular RN A was isolated
from cells grown in media with or without molybdate sup-
plementation (17). The results indicate multiple transcription
initiation sites (arrows, Fig. 5). The 5’ end of the transcript
was also determined by S1 nuclease protection studies, using
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FIG. 4. M. formicicum DNA insert in plasmid pAR21. The top
line shows a restriction map of the 2.0-kb Sall-EcoRI fragment
cloned into pUC19 to generate pAR21; (#) denotes the location of
the transcription start site of the fdh operon. The direction of
transcription is left to right. The base of the arrows indicate the
beginning of the insert in each of the deletion clones obtained from
pAR21. The arrow indicates the direction of sequencing and the
length of the sequence determined. Bar, 0.1 kb.

total cellular RNA isolated from cells grown in media with or
without molybdate supplementation (Fig. 6). In both cases a
single major species was protected which indicated that
transcription initiation occurred at an adenine on the tem-
plate strand, one of the predominant start sites identified in
the primer extension experiment. S1 nuclease protection
studies were also performed to determine whether the tran-
scription initiation occurred within the intergenic region
between the open reading frame and gene fdhA (Fig. 1). A
[>*S]dATP-radiolabeled DNA fragment complementary to
the mRNA strand, and spanning the region between the open
reading frame and fdhA (Fig. 1), was used as a probe. The
entire length of the probe was protected (data not shown),
which, in conjunction with the Northern gel blot results,
indicates that transcription initiation did not occur between
the open reading frame and fdhA.

DISCUSSION

The results show that the fdhA and fdhB genes of M.
formicicum are cotranscribed as part of a message approxi-
mately 12 kb in length. Partial sequencing has indicated at
least one other apparent polypeptide-encoding open reading
frame which was transcribed as part of the message (unpub-
lished results). The formation of active formate dehydro-
genase is likely to require proteins involved in molybdenum
transport and processing and enzymes involved in molyb-
dopterin cofactor synthesis. Although no conclusions can be
drawn from the results presented here, the large transcript
could potentially code for many or all of these proteins. In
the only other study on the regulation of expression of a
methanogen gene, Sment and Konisky (26) reported three
hisA-hybridizing transcripts in aminotriazole-treated cul-
tures of Methanococcus voltae that were approximately 1.5,
9, and 10 kb in length. Studies of the bacterio-opsin (bop)
operon of the archaebacterium Halobacterium halobium has
led the authors to speculate that the hop mRNA may be
processed from a larger mRNA transcript (4). Only one large
transcript was detected when DNA probes from within the
fdh operon from M. formicicum were used; however, it
cannot be ruled out that smaller transcripts with very short
half-lives were processed from the large 12-kb transcript.
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FIG. 5. Primer extension analyses of the transcriptional start of
the fdh operon of M. formicicum. Lanes A, C, G, and T are the
sequence ladder. Total cellular RNA isolated from cells (17) con-
taining 2.22 (lane 1) and 0.03 (lane 2) nmol of molybdenum per mg of
protein was used as the template. The two predominant transcrip-
tion start sites are as indicated (»). The arrow indicates the direction
of transcription.

Figure 7 compares the regions upstream of the transcrip-
tional start sites for the fdh operon from M. formicicum, the
mcr operon and the hisA gene from Methanococcus vannie-
lii, and the mcr operon from Methanobacterium thermoau-
totrophicum (6, 7, 28). All of the regions contained an
A+T-rich sequence 19 to 21 nucleotides preceding the
transcriptional start sites. Three of the four upstream regions
contained a major conserved feature, C-----ATATA--T. The
upstream regions compared were from operons encoding
functionally diverse enzymes and from organisms represent-
ing two of the three methanogen taxonomic orders; thus, a
derived sequence is presented in Fig. 7 which may represent
general features of promoters for structural genes from the
methanogenic archaebacteria. This sequence also has nota-
ble identity with box A of the consensus sequence proposed
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FIG. 6. S1 nuclease mapping of the 5’ end of the fdh mRNA
of M. formicicum. Lane 1, No RNA; lane 2, RNA isolated from cells
(17) containing 2.22 nmol of molybdenum per mg of protein; lane 3,
RNA isolated from cells containing 0.03 nmol of molybdenum per
mg of protein. Lanes A, C, G, and T are the sequencing ladder. The
first nucleotide in the protected fragment is as indicated (»). The
direction of transcription is indicated by the arrow.

for stable RNA genes from Methanococcus spp. (32-34),
ACCGAAA-TTTATATA-TA (box A)-----18-19 bp-----TG
CaaagT (box B) where transcription initiation begins at G in
box B. The upstream regions shown in Fig. 7 do not have a
sequence similar to box B; however, a trinucleotide se-
quence (5'-AAT-3’) occurs immediately preceding the tran-
scription initiation site in all four sequences. The nucleotide
sequences of more regions upstream of known transcrip-
tional start sites will be necessary to formulate a
consensus sequence for promoters preceding polypeptide-
encoding genes of methanogenic archaebacteria.
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FIG. 7. Comparison of sequences preceding known start sites for
transcription of structural genes from methanogenic archaebacteria.
(a) fdh operon of M. formicicum; (b) mcr operon of Methanococcus
vannielii (28); (c) hisA gene of Methanococcus vannielii (7); (d) mcr
operon of Methanobacterium thermoautotrophicum (6); (e) derived
consensus sequence of the putative methanogen promoter preceding
structural genes. Sequences are aligned for maximum identity.
Asterisks denote conserved nucleotides. #--> denotes a transcrip-
tional start site(s). Numbering is relative to the first transcription
start sites, which are denoted with a 0.

Comparison of the 140-bp region upstream of the tran-
scriptional start site of the fdhF gene of Escherichia coli (5)
with the sequences upstream of the start site of the fdh
operon of M. formicicum revealed 61% identity over a 60-bp
region (Fig. 8). This region of identity also contained two
sets of conserved nucleotide sequences: a stretch of 8 bp and
a stretch of 11 bp, each with 100% identity and separated by
19 bp in M. formicicum and 20 bp in E. coli (Fig. 8,
underlined). No other regions of significant identity were
observed. A region of up to 140 bp upstream from the
transcription start site has been reported to be essential in
the regulation of transcription of the fdhF gene of E. coli (5).
Conservation of these sequences between phylogenetically
diverse organisms may suggest a common regulatory func-
tion for this region. It is interesting to note that formate (or
a product of it) is required for maximal expression of the
fdhF gene of E. coli (5) and that formate dehydrogenase
activity is approximately twofold greater in formate-grown
compared with H,-CO,-grown cells of M. formicicum (22),
which suggests that formate may be required for maximum
expression. However, these observations alone do not nec-
essarily support a common function for the conserved se-
quences.
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