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INTRODUCTION

Anaerobic microorganisms play a major role in the global
carbon cycle by remineralizing the large quantities of organic
matter which enter anoxic marine and freshwater environ-
ments. Methane and CO, are the end products of anaerobic
decomposition, which occurs in a diversity of habitats, such
as the rumens of ruminant animals, the lower intestinal tracts
of humans, sewage digesters, landfills, rice paddies, and the
sediments of freshwater lakes and rivers. Most of the meth-
ane released is oxidized to CO, by the strictly aerobic
methanotrophs; however, a significant proportion escapes
into the upper atmosphere where methane has a major role in
the greenhouse effect.

The methanogenic decomposition of organic matter re-
quires microbial consortia composed of at least three inter-
acting metabolic groups of anaerobes. The fermentative
bacteria degrade polymers to H,, CO,, formate, acetate, and
higher volatile carboxylic acids. The acetogenic bacteria
then oxidize the higher acids to acetate and either H, or
formate. The strictly anaerobic methane-producing microor-
ganisms are the final group in the consortia and utilize H,,
formate, and acetate as substrates for growth. Methane
producers represent the largest and most diverse group
within the Archaea domain (57). The reader is referred to
reviews that describe general aspects of the methanogenic
members of the Archaea domain (32, 56).

About two-thirds of the methane produced in nature
originates from the methyl group of acetate, and about
one-third originates from the reduction of CO, with electrons
derived from the oxidation of H, or formate. Two indepen-
dent pathways exist for the conversion of acetate and
reduction of CO,. The pathway of CO, reduction to methane
has been studied extensively over the past 20 years and is the
subject of several reviews (9, 34, 51, 55); however, a
fundamental understanding of methanogenesis from acetate
has emerged only recently.

Most acetate-utilizing anaerobes from the Bacteria do-
main cleave acetyl coenzyme A (acetyl-CoA) and oxidize the
methyl and carbonyl groups completely to CO,, reducing a
variety of electron acceptors (52). In contrast, the methano-
genic members of the Archaea domain carry out a fermen-
tation of acetate in which the molecule is cleaved and the
methyl group is reduced to methane with electrons derived
from oxidation of the carbonyl group to CO, (reaction 1).

CH,COO~ + H* - CH, + CO,
(AG®" = —36 kJ/mol [55]) 1)
The extreme phylogenetic difference between the Archaea
and Bacteria domains raises questions regarding the com-
parative biochemical mechanisms of acetate activation and
cleavage. The methanogenic fermentation of acetate also
raises interesting questions regarding nature’s solutions to
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the problems of methyl transfer, electron transport, and
energy conservation that are unique to acetate-utilizing
methanogenic microorganisms. Figure 1 depicts general fea-
tures of the pathway in Methanosarcina thermophila as it is
currently understood. The utilization of acetate as a sub-
strate for growth and methanogenesis is confined to species
within the genera Methanosarcina and Methanothrix. The
pathway shown in Fig. 1, with only minor modifications, is
also utilized by Methanothrix spp.

ACTIVATION OF ACETATE TO ACETYL-CoA

Mechanistic constraints require that acetate is first acti-
vated prior to cleavage. Methanosarcina spp. activate ace-
tate to acetyl-CoA (12, 17) in a reaction catalyzed by acetate
kinase (reaction 2) and phosphotransacetylase (reaction 3).

CH,COO~ + ATP — CH,CO,PO,>~ + ADP  (2)
CH,CO,PO2~ + CoA — CH,COSCoA + P,  (3)

CH;COO™ + CoA + ATP —

CH,COSCoA + AMP + PP, (4)

These enzymes are absent in acetate-grown Methanothrix
soehngenii, but this organism contains high levels of acetyl-
CoA synthetase (28), which catalyzes the activation to
acetyl-CoA (reaction 4). In each organism, one high-energy
phosphate bond is expended for each acetate metabolized
and represents a considerable investment considering the
small amount of energy available for ATP synthesis (reaction
1).
Although M. thermophila is a strict anaerobe, acetate
kinase from M. thermophila is stable in air and the enzyme
is purified from the soluble fraction as an o, homodimer with
a subunit M, of 53,000 (3). The K,,, for ATP is 2.8 mM, and
the K, for acetate is 22 mM, which reflects the relatively
high K, for acetate uptake by Methanosarcina spp. (30).
Activity of the purified enzyme with the nucleotide triphos-
phates TTP, ITP, UTP, and GTP is greater than 80% of the
activity with ATP. The monomeric (M, = 42,000) phos-
photransacetylase, which is stable in air, is purified from the
soluble fraction of M. thermophila (44). The activity of this
enzyme is stimulated over sevenfold by the presence of 50
mM potassium or ammonium ions; however, phosphate,
arsenate, and sulfate are inhibitory. The K, for CoA is 91
uM, and the K, for acetyl-PO;>~ is 165 uM.

The acetyl-CoA synthetase from M. soehngenii is also
stable in air and is isolated from the soluble fraction as an o,
homodimer with a subunit molecular mass of 73,000 Da (28).
The K, for acetate is 0.86 mM, which is consistent with the
high affinity of this organism for acetate (30). The gene
encoding acetyl-CoA synthetase has been cloned and se-
quenced; on the basis of the deduced amino acid sequence,
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FIG. 1. Proposed pathway for the conversion of acetate to CO, and CH, in M. thermophila modified from Jablonski and Ferry (23). AK,
acetate kinase; PTA, phosphotransacetylase; CA, carbonic anhydrase; MCR', inactive methylreductase; MCR?, active methylreductase;
HDR, heterodisulfide (CoM-S-S-HTP) reductase; Fd, ferredoxin; Cyt b, cytochrome b; H,ase, hydrogenase; e~, electron. Dashed lines
represent gaps in understanding of the pathway. The carbon atoms are marked with * and # symbols to distinguish the two sources of carbons,

the methyl and carboxyl groups, respectively.

the synthetase appears to have a domain similar to those of
other ATP-binding proteins (10).

CARBON-CARBON AND CARBON-SULFUR BOND
CLEAVAGE OF ACETYL-CoA

The central enzyme in the pathway of methanogenesis
from acetate is CO dehydrogenase (CODH), which catalyzes
the cleavage of acetyl-CoA. CODHs are widespread among
anaerobes and serve a variety of functions. Several anaer-
obes from the Bacteria domain oxidize acetate completely to
CO, and reduce various electron acceptors (52); most con-
tain CODH which cleaves acetyl-CoA, yielding the methyl
and carbonyl groups which are then oxidized to CO,. The
homoacetogenic bacteria employ CODH (acetyl-CoA syn-

thase) in the energy-yielding Wood pathway to catalyze the
synthesis of acetyl-CoA. CODH is also utilized by the
methanogenic members of the Archaea domain for cell
carbon synthesis from CO, (38). Microorganisms from the
Archaea and Bacteria domains are at the extremes of
bacterial evolution (57), and comparative studies of CODHs
from these widely divergent organisms are likely to enhance
an understanding of the mechanism and molecular evolution
of this important enzyme.

In M. thermophila, a COOH enzyme complex cleaves the
C-C and C-S bonds of acetyl-CoA, as demonstrated by an
exchange of CO with the carbonyl group of acetyl-CoA (46).
The complex also oxidizes CO to CO, and, therefore, is
referred to as a CODH enzyme complex; however, the
primary function is cleavage of acetyl-CoA during growth on
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FIG. 2. Proposed mechanism for acetyl-CoA cleavage by the CODH complex from M. thermophila. The oval represents the Ni/Fe-S
component of the complex. The rhombus represents the corrinoid ring of factor III in the Co/Fe-S component of the complex, and N:
represents the nonliganding nitrogen atom of the base. e, electron.

acetate. After cleavage of acetyl-CoA, the enzyme-bound
carbonyl group is oxidized to CO, and the methyl group is
transferred to the cofactor tetrahydrosarcinapterin (H,SPT)
(13, 16), which is a one-carbon carrier found only in mem-
bers of the Archaea domain. The pterin moiety of H,SPT is
similar to tetrahydrofolic acid in structure and chemistry (9).

The five-subunit M. thermophila CODH complex can be
resolved into two enzyme components: a 200,000-Da CO-
oxidizing Ni/Fe-S component which contains 89,000- and
19,000-Da subunits, and a 100,000-Da Co/Fe-S component
which contains 60,000- and 58,000-Da subunits (2). The fifth
subunit (71,000 Da) of the complex has not been character-
ized. The CO-reduced enzyme complex has a spin-coupled
Ni-Fe-C center with an electron paramagnetic resonance
(EPR) spectrum indistinguishable from the Ni-Fe-C center of
the CO-reduced CODH (acetyl-CoA synthase) from the
homoacetogenic organism Clostridium thermoaceticum (48).
The reduced Ni-Fe center in the C. thermoaceticum enzyme
is the proposed site for synthesis of the acetyl moiety of
acetyl-CoA from CoA, CO, and a methyl group donated by
a methylated corrinoid/Fe-S protein (42, 43). Therefore, it is
proposed that the Ni-Fe center in the M. thermophila
enzyme is the site for cleavage of the acetyl moiety of
acetyl-CoA (2). The Co/Fe-S component from the M. ther-
mophila CODH enzyme complex contains factor III (Coa-
[a-(5-hydroxybenzimidazolyl)]-cobamide), the cobalt atom
of which is reduced to the CO™ state with electrons donated
directly by the Ni/Fe-S component (2). In this redox state,
Co!™ is a supernucleophile which can then accept a methyl
group (2).

The composition and properties of components from the
CODH complex of M. thermophila are consistent with a

proposed acetyl-CoA cleavage mechanism (Fig. 2) which is
analogous to a reversal of the mechanism proposed for
acetyl-CoA synthesis in C. thermoaceticum (42, 43). In the
proposed mechanism (Fig. 2), the Ni/Fe-S component
cleaves the C-C and C-S bonds of acetyl-CoA at the Ni-Fe
site (2). After cleavage, the methyl group is transferred to the
Co'" atom of the Co/Fe-S component. The M. thermophila
enzyme complex catalyzes an exchange of CoA with acetyl-
CoA at rates fivefold greater than that of C. thermoaceticum
acetyl-CoA synthase (46). The difference in rates may reflect
the acetyl-CoA cleavage function for the M. thermophila
enzyme, as opposed to the C. thermoaceticum enzyme
which functions in the biosynthesis of acetyl-CoA. In addi-
tion to the C-C and C-S bond cleavage activity, it is proposed
that the Ni-Fe center binds the carbonyl group and oxidizes
it to CO,. This proposed function is supported by the ability
of the Ni/Fe-S component to oxidize CO and reduce a
ferredoxin purified from M. thermophila (2). The CODH
complex from M. thermophila also catalyzes the synthesis of
acetyl-CoA from CoA, CO, and CHI in vitro (1); however,
it is unlikely that this is a physiologically significant reaction
in vivo.

The component enzymes from the M. thermophila com-
plex have been characterized in greater detail by EPR
spectroscopy (24). The CO-oxidizing Ni/Fe-S component
contains three species of Fe-S clusters with EPR properties
similar to those reported for C. thermoaceticum acetyl-CoA
synthase (40, 41). Two of the Fe-S centers in the M.
thermophila Ni/Fe-S component have EPR spectra typical of
bacterial 4Fe-4S centers; however, the third Fe-S center has
an EPR spectrum which is atypical of 4Fe-4S centers. The
CO-reduced Ni/Fe-S component also exhibits the spin-cou-






