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1. Introduction

The reduction of CO, to formate is an important
reaction in the metabolism of many clostridia. It is the
initial step both in the total synthesis of acetate from
CO, in Cl. thermoaceticum and CL. acidi urici [1,2]
and in one-carbon unit synthesis from CO, in CI pas-
tfeurianum [3,4].

For many years a reduction of CO, to formate
could not be demonstrated in vitro. All known formate
dehydrogenases only catalyzed the oxidation of for-
mate to CO, rather than the reverse reaction. [t was
not until 1970 that a direct CO5 reduction to formate
was discovered in cell free lysates of Cl. pasteurianum
[3]. The enzyme catalyzing the reaction was tentatively
named CO, reductase. In the meantime ‘CO, reductases’
have also been found in CL thermoaceticum [5] and
Cl. acidi urici [6].

In the present investigation evidence is presented
indicating that the CO, reductase from CI. pastenrianum
most probably is a molybdoenzyme: It is synthesized
only in the presence of molybdenum and is inactivated
by low concentrations of cyanide, as are other molybdo-
enzymes. A dependence of CO, reductase synthesis on
selenium, as has been reported for the formate dehy-
drogenase from Escherichia coli [7—11], is definitely
ruled out.
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2. Materials and methods

All chemicals were reagent grade from E. Merck,
Darmstadt, Germany. Methyl viologen was supplied
by Serva, Heidelberg, Germany.

Cl. pasteurianum ATCC 6013 and Escherichia coli
B 25 were grown at 30°C on sterilised standard medi-
um: glucose, 20 g; NaCl, 100 mg; NH,Cl, 1 g;

MgSO, X 7 H,0, 200 mg; FeS04 X H,0, 50 mg;
K;HPO4 X 3 H,0, 20.5 g; KH,PO4, 1.4 g; biotin,
0.01 mg; p-aminobenzoic acid, 0.1 mg, glas redistilled
water to 1 litre. Sodium molybdate (10=9 M to 104 M),
sodium selenite (106 M), and sodium tungstate

(10~3 M) were added where indicated. A 10% inocu-
lum was used in all experiments.

Cell-free lysates of Cl. pasteurianum were prepared
by incubating 3 g of frozen cells (wet weight) in 9 ml
H,0 with 6 mg of lysozyme and 1 mg of DNAase
under Hy at 35°C for 30 min and by then centrifug-
ing at 35 000 g for 30 min. Five to twenty ul of the
supernatant were used in the inactivation studies,

The activity of the CO,-reductase from CL pasteur-
fanum and of the formate dehydrogenase from £, coli
was determined by measuring the rate of methyl
viologen reduction with formate as electron donor,

a reaction which has been shown to be catalyzed by
both enzymes [3, 11]. The reduction was followed
photometrically at 30°C at 578 nm (e57g = 9700
cm?/mmole).Protein was determined by the biuret
method [12]. Detailed procedures are given in the
legends to tables and figures.
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Fig. 1. Effect of molybdenum on the 1ate of CO; reductase synthesis, of growth, and of hydrogenase synthesis of Cl. pasteurianum.
(0) = standard medium; (®) = standard medium + Na; MoO, (10_6 M); L0 ml aliquots were taken from a growing 250 ml culture
after the culture had produced 200 mi, 400 ml and 600 ml hydrogen. After centrifugation (10 min at 0°C and 8000 g) the super-
natant was discarded and the cell pellet resuspended in 1, 2 or 3 ml Tris acetate buffer pH 8.0, 50 mM, containing 25 mM mercap-
toethancl. The suspension was incubated for 30 min at 30°C under hydrogen in order to exhanst the cells from endogenous sub-
strates. Aliquots of the suspension were then immediately assayed for enzyme activities and proteins. (O, reductase: Tris acetate
pH 8.5, 100 mM; mercaptoethanel, 50 mM; methyl viologen, 5 mM; formate, 10 mM; H,O to 1 ml; gas phase, argon; anaerobic
cuvettes; start with 10 or 20 ul suspension. Protein was determined after precipitation with trichloroacetic acid by the biuret
method [12]. Hydrogenase: Tris acetate pH 8.5, 100 mM; mercaptoethanol, 50 mM; methyl viologen, 5 mM; H,0 to 1 ml; gas-
phase, hydrogen; anaerobic cuvettes; start with 1 or 2 ul suspension. 1 Unit = 1 umole methyl viologen reduced by formate per

minnte. The data represent mean values of 5 experiments.

3 . Results

3.1. Dependence of CO; reductase synthesis on molyb-
denum in growing cultures

Formate dehydrogenase formation in £. coli is known
to be dependent on both molybdenum and selenium
[7—11]. Therefore it was of interest to determine-the
effect of these trace elements on CO, reductase syn-
thesis in CL pasteurianum. This organism was grown
on standard media deficient in molybdenum or seleni-
um and on standard media supplemented with either
of these elements. The rate of synthesis of CO, reduc-
tase was measured and related to the rate of growth
and of hydrogenase formation. Hydrogenase synthesis
was chosen as a control as this enzyme does not con-
tain either molybdenum or selenium [13].

3.1.1. Molybdenum

The rate of CO, reductase synthesis was drastically
different when Cl. pasteurianum was grown on molyb-
denum deficient or on molybdenum supplemented
media (fig. 1). In the presence of sodium molybdate
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enzyme synthesis was increased over ten-fold. Con-
centrations as low as 10~9 M were sufficient for this
effect. Tungstate did not substitute for molybdate
even at levels as high as 10~3. The low rate of CO,
reductase formation observed when CI. pasteurianum
was grown on molybdenum deficient media is prob-
ably due to impurities in the reagents and water used
to prepare the media. It is known that it is practically
impossible to cbtain media free of molybdenum [7,9].

The rate of growth (overall increase of bacterial
protein) and of hydrogenase formation was not al-
tered by the molybdenum content of the media (fig.'1).
These controls indicated that molybdenum had a
specific effect on CO, reductase formation only
rather than an unspecific effect on overall protein
synthesis.

3.1.2. Selenium

The rate of CO, reductase synthesis and of growth
of Cl. pasteurianum were not altered when selenite
(10—6 M) was added to the growth media. The speci-
fic activity of the enzyme remained unchanged (table 1).
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Table 1

Effect of selenium on the specific activity of the CO, reductase

from CL pasteurianum and of the formate dehydrogenase from
E, coli in growing cultures.

+Se -Se
U/g protein
CO, reductase
{C1. pasteurianum) 110 110
Formate dehydrogenase
. col)y 210 10

+ Se = standard medium + NazMoO4(107° M) + NaySe03
(107 M);

—Se = standard medium + NayMoQ,(107°).

The specific activities, which were determined as described in
the legends to fig. 1, were constant over the whole growth
period. 1 Unit = 1 umale methyl viclogen reduced by formate
per minute. The data represent mean values of 5 experiments.

When E, coii was grown anaerobically on the same
medium a drastic effect on the specific activity of
the formate dehydrogenase was observed (table 1),
indicating that the standard medium was essentially
free of selenium. 10~9M selenite has been shown to

be sufficient to obtain maximal activities of the formate

dehydrogenase in E. coli [7). It therefore must be

concluded that CO, reductase formation in U, pasteur-

iarum is independent of selenium.

3.2 Inactivation by cyanide of CO; reductase activity
in cell free [ysates.

Cyanide is known to inactivate many molybdoen-
zymes [14, 15]. Therefore the effect of this compound
on the activity of the CO, reductase was determined.

Cyanide (10~ M) rapidly inactivated the CO,
reductase in cell-free lysates (fig. 2A). The inactivation
process followed gimple pseudo first order kinetics:
The semi-ogarithmic plot of ¥, /V,- versus time was
linear (fig. 2B} and the slopes of the plots obtained at
different cyanide concentrations were proportional to
the cyanide concentration. Thus the second order rate

constant for the inactivation process could be calculated:

2.310g ¥y Vy=g
(CN" )t

k was found to be equal to 102 M~1 sec~1 at 25°C and
pH 9 and equal to 0.5 X 10 M~lsec—! at pH 6.5.
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Fig. 2. Inactivation of the CO; reductase by cyanide. A. Ki-
netics of the reduction of methyl viologen by formate with
and without cyanide. B. Semi log plot of the time course of
the inactivation process. ¥, < velocity of methyl viologen
reduction at diffetent times in the presence of cyanide.
V=g velocity of methyl viologen reduction in the absence
of cyanide. Assey: Tris acetate, pH 9.0; methyl viologen,

5 mM; fermate, 10 mM; mercaptoethanol, S0 mM; H,0 ad
i mi; gas phase amgon; potassium cyanide as indicated; an-
aerobic cuvettes; start with cell-free lysate of Ol pasteuria-
num ({c} 5 ul, (8) 10 ub).

4, Discussion

In this paper evidence was presented that in grow-
ing cultures of CI pasreurianum the synthesis of an
active CO, reductase is dependent on molybdenum.
Dependence of the synthesis of an enzyme on molvb-
denum theoretically can be the result of three differ-
ent independent effects: 1) the metal is essential for
cither transcription or translation, 2) the metal is re-
quired for the synthesis of a cofactor or 3) the metal
is the cofactor proper, Possibility 1 was excluded, as
no effect of molybdenum was observed on either the
overall rate of protein synthesis or on the rate of
synthesis of a particular enzyme, hydrogenase, known
not to contain molybdenum. Possibility 2 seems un-
likely as known cofactors as FAD, FMN, pyridine
nucleotides or tetrahydrofolate e.g., are not formed
in molybdenum dependent reactions. Thus possibility
3 appears highly probable; molybdenum functions
directly as the cofactor of the CO, reductase. It shouid
be pointed out that many molydoenzymes e.g., the
nitrogenases and the nitrate reductases were first
identified as molybdoenzymes by growth experi-
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ments [14]. The best evidence that molybdenum is
absolutely essential for the function of these two en-
zymes still comes from the finding that the synthesis
of an active nitrogenase [16] and nitrate reductase
(17} is specifically dependent on molybdenum.

The conclusion that the CO3 reductase is a molybdo-
enzyme was further substantiated by the observed in-
activation of the enzyme by low concentrations of
cyanide. Cyanide is known to inactivate molybdo-
enzymes such as xanthine oxidases [15], aldehyde
oxidases [ 18], sulfite oxidases [19], and nitrate re-
ductases [20]. Only the molybdoenzyme nitrogenase,
for which, however, cyanide can function as a sub-
strate [21], appears not to be inactivated by cyanide
{22].

Final evidence that the CO, reductase is a molybdo-
enzyme will have to await purification of the enzyme,
which has already proved to be very difficult due to the
extreme oxygen sensitivity of the CO, reductase.

References

{1} Ljungdahl, L. and Wood, H.G. (1969} Ann. Rev. Micro-
biol. 23, 515,

[2] Schulman, M., Parkez, D., Ljungdahl, L. and Wood, H.G.
(1972) 1. Bacteriol. 109, 633,

[3] Jungermann, K., Kirchniawy, H. and Thauer, R.K. (1970)
Biochem. Biophys. Res. Commun, 41, 682.

48

FEBS LETTERS

December 1973

[4] Thauer, R.K., Kirchniawy, H. and Jungermann, K. (1972)
European J. Biochem. 27, 282.
[5] Thauer, R.K. (1972) FEBS Letters 27, 111.
{6] Thauer, R.K. (1973) 1. Bacteriol. 114, 443.
[7] Pinsent, J. (1954) Biochem. J. 57, 10.
[8] Fukuyama, T. and Ordal, E.J. (1965) J. Bacteriol. 90,673.
[9] Lester, R.L. and DeMoss, J.A. {1971) I. Bacteriol. 105,
1006.
[10] Enoch, H.G. and Lester, R.L. (1972) J. Bacteriol. 110,
1032.
{11] Shum, A.C. and Murphy, J.C. (1972} J. Bacteriol. 110, 447.
[12] Beisenherz, G., Boltze, H.J., Biicher, T., Czok, R., Garbade,
K.H., Meyer-Arendt, E. and Pfleiderer, G. (1953) Z. Na-
turforschung 8b, 555.
{13] Nakos, G. and Mortenson, L. (1971) Biochim. Biophys.
Acta 227, 576.
[14] Bray, R.C. and Swann, J.C. (1972} Stiucture and bonding
11, 107.
[L5] Massey, V., and Edmondson, D. (1970) 1. Biol. Chem. 245,
6595.
[16] Bennemann, J.R., Smith, G.M,, Kostel, P.J. and McKenna,
C.E. (1973) FEBS Letters 29, 219.
[17]} Notton, B.A. and Hewitt, E.J. (1971) Biochem. Biophys.
Res. Commun. 44, 702.
[18] Coughlan, M.P., Rajagopalan, K.V. and Handler, P.
(1969) I. Bicl. Chem. 244, 2658.
[19] Cohen, H.]., Fridovich, 1. and Rajagopalan, K. (1971)
I. Biol. Chem. 246, 374.
[20] Solomonson, L.P. and Vennesland, B. (1972) Biochim.
Biophys. Acta 267, 544.
[21] Hwang, J.C. and Burris, R.H. {1972) Biochim. Biophys.
Acta 283, 339.
[22] Lockshin, A. and Burris, R.H. (1965} Biochim. Biophys.
Actalll, 1.



