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The influence of sodium molybdate and sodium tungstate on formate dehydrogenase activity was studied in
H,-CO,-grown cultures of Methanobacterium formicicum. Depletion of molybdate from the growth medium
resulted in a 75-fold decrease of intracellular molybdenum and a 35-fold decrease in enzyme activity; however,
growth rate and cell yields were not influenced. By using an indirect enzyme-linked immunoassay, the amount
of formate dehydrogenase approximated 3% of the total protein in cells grown in the presence of molybdate.
Molybdenum-starved cells contained approximately 15-fold less formate dehydrogenase protein; Western blot
(immunoblot) analysis revealed that both subunits of the enzyme were synthesized. Molybdenum starvation
resulted in an increase in the amount of mRNA that hybridized to fdh-specific DNA. The results indicated an
inverse relationship between the amount of transcript and the amount of formate dehydrogenase protein
detected in response to molybdenum starvation. The addition of 1 mM tungstate to molybdate-containing
media resulted in nearly complete loss of enzyme activity and decreased the intracellular concentration of
molybdenum 10-fold. Cells grown in the presence of tungstate synthesized high amounts of inactive formate
dehydrogenase and contained mRNA that hybridized to fdh-specific DNA in amounts similar to that in cells
grown with sufficient molybdate. Inactive formate dehydrogenase, purified from cells grown in the presence of
tungstate, had the same subunit composition and contained amounts of molybdopterin cofactor, albeit
metal-free, comparable to those in the active enzyme.

Methanobacterium formicicum grows with H,-CO, or
formate as a source of electrons for the reduction of carbon
dioxide to methane (20). Formate dehydrogenase is synthe-
sized at high levels when cells are grown on H,-CO, (20).
The enzyme contains iron-sulfur centers (3, 23, 26), flavin
adenine dinucleotide (24), and molybdenum (23) liganded
with a cyanide-labile sulfur (2). The enzyme also contains a
molybdopterin cofactor similar, but not identical, to all other
described molybdopterins (15). The flavin adenine dinucleo-
tide is required for reduction of the physiological electron
acceptor coenzyme F,,,, a 5-deazaflavin (22, 24). The genes
coding for the two subunits of M, 85,000 and 35,000 (23) have
been cloned and sequenced (26). The cotranscribed genes
are present on a large operon, of which the transcriptional
start site and promoter region have been characterized (18).

We are interested in the influence of molybdenum and
tungsten on the synthesis and stability of the formate dehy-
drogenase in M. formicicum. Here we show the effects of
these metals on the composition of the enzyme and report
that cells grown in molybdenum-depleted media contain
lower levels of formate dehydrogenase protein but higher
levels of mRNA that hybridized to fdh-specific DNA. The
results suggest a molybdenum-sensitive regulation of for-
mate dehydrogenase synthesis in M. formicicum.

MATERIALS AND METHODS

Cell growth. M. formicicum JF-1 (DSM 2639) was cultured
on H,-CO, in 10-liter fermentors at 40°C as described
previously (20). The basal medium (no added sodium molyb-
date) contained the following constituents, in grams per liter
(final concentration): NH,Cl, 1.48; K,HPO,, 1.36; KH,PO,,
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0.90; NaCl, 0.45; MgSO,, 0.045; CaCl, - 2H,0, 0.06; CH,
COONa, 2.0; Na,CO;, 3.0; cysteine HC1, 0.27; Na,S -
9H,0, 0.27; Na,SeO;, 0.0002; Fe(NH,) (SO,),, 0.01; resa-
zurin, 0.001; sodium formate (0.5%, wt/vol). A vitamin
solution and a trace mineral solution (molybdate omitted)
were added (both at 1%, vol/vol) (30). Cultures were sparged
with H,-CO, (80:20) at 300 ml/min and were harvested
during log phase when the As5, was near 2.0. Anoxic
harvesting was performed by maintaining the culture under
an atmosphere of H,-CO, or N, and using a continuous-flow
centrifuge (Cepa, Lehr-Baden, Federal Republic of Ger-
many). Cell paste was immediately frozen and stored in
liquid N,.

M. formicicum was also grown in tubes (16 by 150 mm;
Bellco Glass, Inc., Vineland, N.J.) that contained S ml of
basal media modified as indicated. Tubes were sealed with a
butyl rubber stopper secured with an aluminum crimp collar
(1). Cultures were grown under an atmosphere of H,-CO,
(80:20) at 40°C. Growth was followed at 550 nm with a
Spectronic 20 spectrophotometer (Bausch & Lomb, Inc.,
Rochester, N.Y.). One optical density unit corresponds to a
cell mass of 0.75 g (dry weight)/liter (19).

All glassware for tube or fermentor cultures was acid
cleaned in concentrated sulfuric acid before use.

Preparation of cell extracts. Cell extract was prepared
anaerobically as described before (20). The O,-free buffer
was 50 mM potassium phosphate (pH 7.5), which also
contained 10 mM sodium azide and 2 mM 2-mercaptoethanol
to protect the enzyme against inhibition by contaminating
amounts of oxygen (20, 21). The cell suspension (10 g of
thawed cell past per 20 ml of buffer) was passed through a
French pressure cell (SLM-Aminco, Urbana, Ill.) at 1,405
kg/cm? followed by centrifugation at 10,000 X g for 20 min.
The supernatant solution was stored in liquid N,.

Formate dehydrogenase and molybdopterin purifications.
Formate dehydrogenase was purified as described previ-
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ously (23). Activity was assayed by following the formate-
dependent reduction of methyl viologen (Sigma Chemical
Co., St. Louis, Mo.) or coenzyme F,,, with a Lambda 1
spectrophotometer (The Perkin-Elmer Corp., Oak Brook,
I11.) as described previously (21). Coenzyme F,,, was puri-
fied from M. formicicum as described previously (22). A
previously described (26) indirect enzyme-linked immuno-
sorbent assay (ELISA) was used to assay inactive formate
dehydrogenase and monitor the purification from cells grown
in the presence of sodium tungstate. Protein was assayed
with protein dye reagent (Bio-Rad Laboratories, Richmond,
Calif.) by the method of Bradford (5), with bovine serum
albumin (Sigma) as the protein standard.

Aerobic release and purification of molybdopterins from
formate dehydrogenases were as described before (195),
which yielded form A (9).

FPLC. Fast protein liquid chromatography (FPLC) was
performed in a Coy anaerobic chamber (Coy Laboratory
Products, Inc., Ann Arbor, Mich.). All containers and
solutions used for anaerobic procedures were made O,-free
by repeated vacuum degassing and replacement with O,-free
N,. Filtered cell extract (75 to 100 wl) was applied to a Mono
Q HR 5/5 ion-exchange column (Pharmacia, Inc., Piscat-
away, N.J.) equilibrated with 50 mM potassium phosphate,
pH 7.6, at 1.5 mP and 0.5 ml/min. During sample loading, the
column was washed with equilibration buffer for 6 min. A 0.0
to 1.0 M KCl gradient was then applied for 30 min followed
by two 6-min washes with 1.0 and 2.0 M KCIl. A Pharmacia
model GP-250 gradient programer was used. Formate dehy-
drogenase was assayed by reduction of methyl viologen as
described previously (21).

Western immunoblot analysis. Proteins were denatured
and electrophoresed in a sodium dodecyl sulfate-polyacryl-
amide gel (9%) (14), followed by electroblotting onto a
nitrocellulose filter (Bio-Rad). Subsequent procedures were
as described previously (29), except *°I-labeled conjugated
goat anti-rabbit immunoglobulin G was used. Anti-formate
dehydrogenase antiserum, prepared as described previously
(26), was diluted 1:5,000.

RNA isolation and dot blots. Total RNA was isolated from
cells by the general procedures described previously (13).
Approximately 0.1 g of cell paste was suspended in 0.5 ml of
lysis buffer (50 mM Tris, pH 8.0, 20 mM EDTA, 1% sodium
dodecyl sulfate, 0.2% diethyl pyrocarbonate). An equal
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volume of phenol-m-cresol-8-hydroxyquinoline (1,000:140:
0.4, wt/wt/wt) was added to the cell suspension and mixed at
65°C for 5 min. The aqueous phase was reextracted, and the
RNA was precipitated with ethanol. The RNA concentration
was determined by A,q,, and the purity was determined by
the A,¢0/A,50 ratio. RNA samples for dot blot analysis were
prepared by the general procedures described previously
(27). Appropriate dilutions of the glyoxal-denatured RNA
were manually spotted onto GeneScreen hybridization mem-
brane (New England Nuclear Corp., Boston, Mass.) and
baked for 120 min at 80°C. Prehybridization and hybridiza-
tion were performed as recommended by the manufacturer.
Hybridization was at 45°C for 18 to 24 h. After hybridization,
the filters were washed three times at 21°C for 5 min in 2X
SSC (1x SSCis 0.15 M sodium chloride plus 0.015 M sodium
citrate, pH 7.0) containing 0.1% sodium dodecyl sulfate,
followed by two 30-min washes at 65°C in the same solution.
Finally, the filters were washed with 0.2x SSC. DNA probes
were radiolabeled with commercially available kits for ran-
dom priming (Pharmacia, Inc.). X-ray film was exposed to
filters for 18 to 30 h at —70°C.

Analytical determination. Methane was determined by gas
chromatography as described previously (17).

Molybdenum was detected by atomic absorption spec-
trophotometry on a model 475 spectrophotometer (Varian
Instruments, Palo Alto, Calif.), as described before (23).
Molybdenum standard was purchased from Fisher Scientific
Co., Springfield, N.J. Tungsten was assayed as described
previously (6). Sodium tungstate (Fisher Scientific) was used
as a standard.

Fluorescence spectra were obtained with a Perkin-Elmer
model 650-10s fluorescence spectrophotometer; the spectra
were not corrected.

Electrophoretic analysis of proteins by sodium dodecyl
sulfate-polyacrylamide (9%, wt/vol) slab gel electrophoresis
was as previously described (14). The M, markers (Sigma)
were as follows: carbonic anhydrase, 32,000; ovalbumin,
45,000; bovine albumin, 66,200; phosphorylase b, 92,500.

RESULTS

Effect of sodium molybdate and sodium tungstate on for-
mate dehydrogenase activity. Formate dehydrogenase is not
required for growth on H,-CO, but is synthesized at high

TABLE 1. Metal concentrations and the amounts and activity of formate dehydrogenase in cell extracts of M. formicicum

Metals (nmol/mg of protein)®

Formate dehydrogenase

Culture? Activity (u/mg of protein)? assayed with: Amt
Mo w e
Methyl viologen Fazo (ng/mg of protein)
1 2.22 = 0.49 ND4 1.80 = 0.29 1.07 = 0.06 ND
2 0.51 = 0.10 ND 1.64 + 0.36 1.02 = 0.06 31.3
3 0.29 = 0.03 ND 1.61 = 0.30 0.73 = 0.05 24.3
4 0.18 = 0.03 ND 0.72 = 0.01 0.36 = 0.05 ND
5 0.07 = 0.01 ND 0.12 = 0.03 <0.01¢ 2.0
6 0.03 = 0.01 ND 0.05 = 0.01 <0.01 1.7
7 0.03 = 0.01 89 +=0.8 0.03 = 0.01 <0.01 30.5
8 0.03 = 0.01 <0.5¢ 0.03 = 0.01 <0.01 25.5

@ Cultures 1 to 3 were grown in basal media supplemented with 10~%, 10~%, and 10~® M sodium molybdate, respectively. Cultures 4 to 6 were grown in basal
media with no added sodium molybdate; each was grown in succession with the previous culture used as an inoculum (10%). Culture 4 was inoculated with a
culture grown in basal medium that contained 10~® M added sodium molybdate. Culture 7 was grown in basal medium supplemented with 107¢ M sodium
molybdate and 1 mM sodium tungstate. Culture 8 was grown in basal medium supplemented with 1 uM sodium tungstate.

b Values are the mean * standard deviation (minimum of four determinations).

< Determined by ELISA after FPLC fractionation of extracts. Values are the sum of all fractions (Fig. 3).

4 ND, Not done.
¢ Below the limit of detection.






