12

Enzymology of the Methanogenic
Fermentation of Acetate by
Methanosarcina thermophila

Birgit E. Alber, Andrew P. Clements, Peter E. Jablonski,
Matthew T. Latimer, and James G. Ferry

Department of Anaerobic Microbiology, Virginia Polytechnic Institute and State
University, Blacksburg, VA 24061, USA

1 SUMMARY

The initial step in the pathway of acetate fermentation to methane and carbon
dioxide by Methanosarcina thermophila involves an activation to acetyl-CoA
catalyzed by acetate kinase and phosphotransacetylase. A CO dehydrogenase
(CODH) complex, comprised of a CO-oxidizing Ni/Fe-S enzyme component
and a Co/Fe-S enzyme component, cleaves the C-C and C-S bonds of acetyl-
CoA. The Ni/Fe-S component is the proposed site for the cleavage reactions
and oxidation of the carbonyl group to CO,; a ferredoxin is the electron
acceptor. Carbonic anhydrase catalyzes the hydration of CO, to carbonic acid.
The Co/Fe-S component is thought to accept the methyl group from the
Ni/Fe-S component. The methyl group is ultimately transferred to HS-CoM
and CH,-S-CoM is reductively demethylated to methane catalyzed by the
CH;-S-CoM methylreductase.

2 INTRODUCTION

Approximately two-thirds of the methane produced in anaerobic freshwater
environments originates from the methyl group of acetate, and about one-third
from the reduction of CO, with electrons derived from the oxidation of H, or
formate. The pathways for conversion of the methyl group of acetate to
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methane and reduction of CO, to methane are fundamentally different but
merge at the final step in which CH;-S-CoM is reductively demethylated to
methane.

Most acetate-utilizing respiratory anaerobes in the Bacteria cleave acetyl-
CoA and oxidize the methyl and carbonyl groups completely to CO, [1].
However, the methanogenic Archaea ferment acetate by a pathway in which the
molecule is cleaved and the methyl group reduced to methane with electrons
derived from oxidation of the carbonyl group to CO, (reaction 1). Acetate-
utilizing anaerobes from

CH,COO~ + H* — CH, + CO, 1)
AG* = —36 kJ/mol [2]

both the Archaea and Bacteria domains contain CODH which catalyzes the
acetyl-CoA cleavage reaction [1]. Although most of the methane produced in
nature derives from the methyl group of acetate, only species in the genera
Methanosarcina and Methanothrix can utilize acetate for growth.

3 ACETATE KINASE AND PHOSPHOTRANSACETYLASE

Prior to cleavage by the CODH complex, Methanosarcina spp activate acetate
to acetyl-CoA [3,4] by the combined activities of acetate kinase (reaction 2) and
phosphotransacetylase (reaction 3). These enzymes are absent in acetate-grown

CH,COO~ + ATP —— CH,CO,PO,2~ + ADP )
CH,CO,PO,2” + CoA ——— CH,COSCoA + Pi 3)
CH,COO~ + CoA + ATP ——— CH,COSCoA + AMP + PPi (4)

Methanothrix soehngenii, but this organism contains high levels of acetyl-CoA
synthetase [5] which catalyzes the activation to acetyl-CoA (reaction 4). The
energy of one high-energy phosphate bond is apparently lost for each acetate
metabolized and represents a considerable investment when the small amount
of energy available for ATP synthesis (reaction 1) is considered. The acetate
kinase from M. thermophila is air stable and is purified from the soluble fraction
as an «, homodimer with a subunit M, of 53 kDa [6]. 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 [7]. The air-stable monomeric (M, = 42 kDa) phospho-
transacetylase is also purified from the soluble fraction of M. thermophila [8].
The amounts of both enzymes are several-fold higher in acetate-grown cells
when compared to methanol-grown cells [7,8]; thus, it follows that the genes
encoding both enzymes appear to be organized in an operon [9].
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4 CO DEHYDROGENASE

The five-subunit CODH enzyme complex from M. thermophila contains two
enzyme components: a 200 kDa CO-oxidizing Ni/Fe-S component which
contains 89 kDa and 19 kDa subunits, and a 100 kDa Co/Fe-S component
which contains 60 kDa and 58 kDa subunits [10]. The fifth subunit (71 kDa)
has not been characterized. The CO-oxidizing Ni/Fe-S component has several
properties in common with the CODH (acetyl-CoA synthase) from the homo-
acetogenic organism Clostridium thermoaceticum. Both enzymes, when reduced
with CO, exhibit a nearly identical EPR spectrum of a spin-coupled Ni-Fe-C
center which is the proposed site for synthesis or cleavage of the acetyl moiety
of acetyl-CoA [11-13]. In addition, the acetyl-CoA synthase and the Ni/Fe-S
component associate with a corrinoid-containing iron-sulfur protein and donate
electrons to the cobalt atom reducing it to the strongly nucleophilic Co'*
which can then accept a methyl group [10]. The Co/Fe-S component from
the M. thermophila CODH enzyme complex contains cobalt in factor III
(Coa-[a-(5-hydroxybenzimidazolyl)]-cobamide) which is in the base-off
configuration [10,14]. Redox titration of the Co?*/1* couple reveals a midpoint
potential of approximately —500 mV [14] similar to that reported for the
analogous C. thermoaceticum corrinoid/Fe-S protein which is also in the
base-off configuration [15]. The base-off configuration of corrinoids changes
the potential of the Co2*/!* couple to a less negative value which is within
range of physiological electron donors [10,15]. Both the Ni/Fe-S and Co/Fe-S
components of the CODH complex from M. thermophila contain Fe-S centers
[14] with properties similar to those reported for the analogous C. thermo-
aceticum proteins [16,17]. Two of the three Fe-S centers in the Ni/Fe-S
component have EPR spectra typical of bacterial-like 4Fe-4S centers; however,
the third Fe-S center has an atypical spectrum. It is not known which, if any,
of the Fe atoms from the Fe-S centers participate in formation of the Ni-Fe
center. The Co/Fe-S component contains a 4Fe-4S center with a midpoint
potential similar to the 4Fe-4S center present in the analogous C. thermo-
aceticum corrinoid/Fe-S protein (P.J. Jablonski, W.-P. Lu, S.W. Ragsdale and
J.G. Ferry unpublished).

In summary, the composition and properties of component enzymes in the
CODH complex from M. thermophila are consistent with a proposed acetyl-
CoA cleavage mechanism which is analogous to a reversal of the mechanism
proposed for acetyl-CoA synthesis in C. thermoaceticum [12,13]. In the pro-
posed mechanism, the Ni/Fe-S component cleaves the C-C and C-S bonds of
acetyl-CoA at a Ni-Fe site [10] and transfers the methyl group to the
Co'* atom of the Co/Fe-S component. It is further proposed that the Ni-Fe
center binds the carbonyl group and oxidizes it to CO,. The proposed function
is supported by the ability of the Ni/Fe-S component to oxidize CO and reduce
a ferredoxin purified from M. thermophila [10].

The CODH purified from M. barkeri has properties similar to the CO-
oxidizing Ni/Fe-S component of the M. thermophila complex [18,19] and can






