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1. INTRODUCTION

Athough acetate is the major precursor for methanogenesis in nature, biochemical studies on this
pathway have lagged behind studies on the pathway of carbon dioxide reduction to methane. In 1955, it
was demonstrated that the methyl group of acetate is metabolized intact to methane by mixed cultures
[17]. Research was stimulated 23 years later when Mah et al. [12] showed that Methanosarcina barkeri
utilizes acetate as a sole growth substrate and produces methane at rates comparable to that observed
in nature. Methods for large-scale culture of these slow growing organisms have been improved by use
of the pH auxostat which delivers the large amounts of acetic acid required for growth while maintaining a
constant pH [21]. Methanogenesis from acetate in cell exracts [1, 9] is an important development.
Coenzyme M was shown to be a methyl carrier in the pathway by demonstrating deuterated methyl
coenzyme M in Methanosarcina thermophila cells utilizing deuterated methyl acetate for
methanogenesis [11]. Recently, the involvement of coenzyme M was also demonstrated in
Methanosarcina barkeri using 14C-methy! labelled acetate [6]. The terminal step in methanogenesis from
acetate is the reductive demethylation of methyl coenzyme M [6, 14]; thus, a common mechanism exists
for the terminal step in methanogenesis from all known substrates. However, the mechanism of acetate
cleavage and the steps leading to methyl coenzyme M in acetotrophic methanogens are unknown.

2. ACTIVATION OF ACETATE

Eikmanns and Thauer [2] have pointed out, from thermodynamic considerations, that cleavage of
acetate may require an activation step. The high levels of acetate thiokinase activity in acetate-grown
Methanothrix soehngenii [5] and M. thermophila [unpublished results] indicate acetyl-CoA as a possible
activated form in these organisms. However, the ability of acetyl-phosphate to support methanogenesis
from acetate in cell extracts of M. barkeri [6] indicates this compound as a potential activated form of
acetate in this organism. A third possibility, component B, must also be considered since this cofactor
may be structurally analogous to coenzyme A [15] and therefore may be acetylated.
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3. THE INVOLVEMENT OF CARBON MONOXIDE DEHYDROGENASE

A hypothesis Is proposed in which the carbon-carbon bond of activated acetate is cleaved by an
enzyme with CO dehydrogenase activity followed by transfer of the carbonyl carbon to a bound reduced
one-carbon intermediate, possibly CO. This hypothesis is based on a reversal of the pathway for acetate
synthesis in the acetogenic clostridia. A purified CO dehydrogenase from Clostridium thermoaceticum
catalyzes the synthesis of acetyl-CoA from CoA-SH, methyl corrinoid, and an enzyme-bound one-
carbon intermediate [18]; the enzyme forms a nickel (lll)-iron-carbon species with a unique electron
paramagnetic resonance signal when reduced with CO [19].

Several lines of evidence support an involvement of CO dehydrogenase in the pathway of
methanogenesis from acetate. The CO dehydrogenase activities of Methanosarcina spp. are greater in
acetate-grown cells compared to cells grown on alternate substrates [7, 14]. Acetate-grown cells of M
thermophila also contain CO-dependent methyl coenzyme M methylreductase activity [14].
Furthermore, a CO dehydrogenase is implicated in the synthesis of acetyl-CoA for cell carbon of the
nonacetotrophic carbon dioxide-reducing methanogen Methanobacterium thermoautotrophicum [23].
Antibodies to the nickel-containing CO dehydrogenase isolated from M. barker inhibit methanogenesis
from acetate in cell extracts [6]. More recent evider.e strongly implicates a CO dehydrogenase isolated
from M. thermophila [24): (i) synthesis of the enzyme is induced in acetate-grown cells; (ii) the enzyme
comprises greater than 10% of the cellular protein suggesting involvement in a major catabolic pathway;
(iii) the enzyme contains a nickel center with an electron paramagnetic resonance spectrum nearly
identical to the published spectra of the clostridial CO dehydrogenase [19] catalyzing the synthesis of
acetyl-CoA; and (iv) the pattern of cyanide inactivation of CO dehydrogenase activity suggests that
cyanide and CO bind to a common site, possibly nickel. Although the indirect evidence is strong for the
involvement of an enzyme with CO dehydrogenase activity in the cleavage of acetate, this function
remains to be directly shown.

Attempts to demonstrate free CO as the one-carbon intermediate derived from the carbonyl carbon of
acetate have been unsuccessful. Eikmanns and Thauer [2] have suggested that tightly bound CO may
be an intermediate in M. barkeri. Experiments were performed with resuspended cells of M. thermophila
to determine whether free CO was an intermediate in this organism. Unlike M. barkeri [2] where
methanogenesis from aetate is completely inhibited by low concentrations of CO, the rate of
methanogenesis from acetate by cell suspensions of M. thermophila was inhibited apprroximately 65%
in an atmosphere of 100% CO [data not shown). Cell suspensions were incubated with 1-14C-acetate in
an atmosphere of N3 or CO until ca. 10 umol of CH4 was produced. The head space was then assayed
for 14CO and 14CO, (Table 1). Little CO was produced form the C-1 of acetate when incubated in a N 2
atmosphere. A significant amount of CO was produced from the C-1 of acetate when the experiments
were performed in a CO atmosphere; however, the majority of the C-1 of acetate was converted to CO».
Control experiments demonstrated CO may also be produced from CO5. The results of the experiment
conclusively demonstrate that CO in an unbound form is not a direct intermediate in the conversion of
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the C-1 of acetate to CO, during acetate-dependent methanogenesis. If this were the case, dilution with
unlabelled CO should have resulted in most of the label trapped in the CO atmosphere with very little
converted completely to CO,. The results of the experiments, however, do not rule out the possiblility
of CQ in a bound form which is able to exchange with free CO at a rate which is slower than the rate of
conversion of the C-1 acetate to CO,. Whether such an exchange is responsible for production of some
of the CO from the C-1 of acetate or whether all of this CO is produced indirectly by conversion of CO5 to
CO cannot be established from the present data. Formate has been ruled out as a potential intermediate
[2,14].

Table 1. Conversion of 1-14C-acetate io 14CO and 14CO, by cell suspensions of Methanosarcina
thermophila.

Methanosarcina thermophila cells (0.2 g wet weight) were resuspended in 5.0 ml sealed Wheaton vials
containing 0.5 mi 0.1 M potassium phosphate butfer (pH 7.0), 10 mM MgCl, and either 25 umol acetate
or 10pmol Na; COg and incubated at 50°C. After termination of the reaction, N, was passed through the
reaction vials and through three 20 mlvials connected in series each containing 8 ml of an
ethanolamine:methanol mixture (60:40 v/v), and finally into a sealed evacuated 500 mi filtering flask

containing 100 ml 6 mM PdCl,. After 4 hours at 25°C the 500 ml filtering flask was sparged with No
through three ethanolamine:methanol traps. The first set of traps quantitatively absorbed all CO, as
indicated by controls; aliquots (0.8 ml) of these traps were counted to determine the label present in
CO,. CO that passed through the first traps was converted to CO, by the PdCl, in the filtering flask. The
resulting CO, was then absorbved in the second set of traps which were counted to determine label
present as CO. Label that was not converted to CO or CO, (mostly present as unconsumed acetate)
remained in the reaction vial, an aliquot of which was also counted for determining the nonvolatile
radioacltivity.

Counts Added(a) Counts Recovered(3)
Gas Non-
Phase Compound Total volatile COz co Total
(100%)
No 1-14C-acetate 1,337 729 670 20 1,420
co 1-14C-acetate 1,650 913 504 103 1,520
co 1-14C-acetate 1,650 1,041 420 76 1,538
co Nay14COq 158 23 102 26 151

(a)Counts per minute x 10-3
4. INVOLVEMENT OF CORRINOIDS

The involvement of corrinoids in the pathway of acetate conversion to methane was first proposed by
Stadtman [22] basd on the known function of this methyl carrier in the pathway of acetogenesis In the



73

clostridia. Recent evidence implicates the involvement of a corrinoid protein during methanogenesis
from acetate in whole cells of M. barkeri [3]. The results, based on propy! iodide inhibition, suggest that
the corrinoid functions in methyl transfer after carbon-carbon bond cleavage and before reductive
demethylation of coenzyme M. However, no direct gvidence is available showing a methyl transfer
function. The CO dehydrogenase Isolated from M. thermophila is a complex enzyme comprised of five
subunits and also contains a cobamide with spectral properties similar to 5-hydroxybenzimidazolyl-
cobamide common in methanogens [24]. This cobamide is methylated with methyl iodide consistent
with its function as a methyl carrier [unpublished results]. It is tempting to speculate that the CO
dehydrogenase complex cleaves acetate transferring the methyl group to a subunit containing the
cobamide. Corrinoids have also been implicated in the synthesis of acetyl-CoA by M.
thermoautotrophicum [4). Curiously, a corrinoid-containing membrane protein complex has recently
been identified in M. thermoautotrophicum 20). '

5. METHYL COENZYME M METHYLREDUCTASE

The terminal step in methanogenesis from acetate is the reductive demethylation of methy!

coenzyme M with electrons derived from the proposed one-carbon intermediate. Demonstratioon of a
CO-dependent methylreductase in acetate-grown M. thermophila is consistent with CO dehydrogenase

as the electron donor [14]. However, the involverient of Hy and hydrogenase cannot be excluded since
H, also supports methylreductase activity in acetate-grown M. thermophila although this organism is
unable to utilize H, and carbon dioxide as substrates for methanogenesis when grown on acetate [14].
Furthermore, rapid H, production from CO occurs in extracts of M. thermophila (Figure 1). The addition
of methyl coenzyme M to extracts decreased the rate of H, production possibly by utilization of H for
reductive demethylation to methane. Thus, the participation of Hp as an intermediate in electron transfer
to methylreductase must be considered. Both the production and consumption of H, in growing
cultures of Methanosarcina spp. [10] is consistent with this idea, although other functions for Hp
metabolism can also be envisioned.

6. ATP SYNTHESIS

Several divers hypotheses are proposed forthe mechanism of ATP synthesis in acetotrophic
methanogens. Wolfe [25]) has proposed a mechanism in which an electron pair from the cleavage of
acetate traverses the membrane where protons are consumed and the 2e- + 2H* are transported back
across the membrane to reduce the methyl group (of methyl coenzyme M) to methane thereby
establishing a proton gradient. Zehnder and Brock [26] have proposed two mechanisms that do not
involve electron transport but instead results in a pH gradient driven by the energy released from
decarboxylation. Krzycki and Zelkus [9] have suggested a mechanism similar to that of Wolfe but that






