Critical Reviews in Biochemistry and Molecular Biology, 27(6):473-503 (1992)

Biochemistry of Methanogenesis

James G. Ferry

Department of Anaerobic Microbiology, Virginia Polytechnic Institute and State University,

Blacksburg, Virginia 24061-0305.

Referee: Prof. Ralph S. Wolfe, Dept. of Microbiology, University of lllinois at Urbana-Champaign

ABSTRACT: Methane is a product of the energy-yielding pathways of the largest and most phylogenetically
diverse group in the Archaea. These organisms have evolved three pathways that entail a novel and remarkable
biochemistry. All of the pathways have in common a reduction of the methyl group of methyl-coenzyme M
(CH,-S-CoM) to CH,. Seminal studies on the CO,-reduction pathway have revealed new cofactors and enzymes
that catalyze the reduction of CO, to the methyl level (CH,-S-CoM) with electrons from H, or formate. Most
of the methane produced in nature originates from the methyl group of acetate. CO dehydrogenase is a key
enzyme catalyzing the decarbonylation of acetyl-CoA; the resulting methyl group is transferred to CH,-S-CoM,
followed by reduction to methane using electrons derived from oxidation of the carbonyl group to CO, by the
CO dehydrogenase. Some organisms transfer the methyl group of methanol and methylamines to CH,-S-CoM;
electrons for reduction of CH,-S-CoM to CH, are provided by the oxidation of methyl groups to CO,.

KEY WORDS: methanogenesis, one-carbon metabolism, metalloproteins, electron transport, Archaea.

I. INTRODUCTION

Biological methanogenesis occurs in a di-
versity of anaerobic habitats such as the rumen,
the lower intestinal tract, sewage digestors, land-
fills, freshwater sediments of lakes and rivers,
rice paddies, hydrothermal vents, and coastal ma-
rine sediments. The conversion of complex or-
ganic matter to methane requires a microbial food
chain (consortium) composed of at least three
interacting metabolic groups of anaerobic micro-
organisms. The fermentative bacteria degrade
polymers to H,, CO,, formate, acetate, and higher
volatile fatty acids, while the acetogenic bacteria
convert the latter to acetate and either H, or for-
mate. Methanogenic organisms constitute the fi-
nal group in the consortium. About two thirds of
the methane produced in nature derives from re-
duction of the methyl group of acetate, and about
one third from reduction of CO, with electrons
from H, or formate. Lesser amounts of methane
are produced by the oxidative and reductive dis-
mutation of methanol or methylamines. Re-
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cently, methanogenic organisms have been de-
scribed that produce methane from dimethyl
sulfide or reduce CO, with primary, secondary,
and cyclic alcohols as electron donors.'-> All of
the pathways are variations on the theme of methyl
group reduction to methane, the major energy-
conserving step. Methanogenic microorganisms
represent the largest and most diverse group within
the Archaea.®’

Several excellent reviews have appeared re-
cently on the biochemistry of methanogenesis
from specific substrates or specific organisms and
the bioenergetics of methanogenesis.®'' This re-
view includes advances from the past 5 years on
the biochemistry of methanogenesis from each
of the major substrates. Other recent reviews have
covered the genetics and general aspects of meth-
anogenic organisms.5'2-!4

Il. REDUCTION OF CARBON DIOXIDE
TO METHANE

The reduction of CO, to CH, with H, or
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formate as the electron donor (Reactions 1 and
2) was the first pathway of methanogenesis to be
studied. The

4H, + CO, — CH, + 2H,0

AG” = —130.4 kl/mol CH, ()"

4HCOO- + 4H* — CH, + 3CO, + 2H,0
AG® = —119.5 kJ/mol CH, (2)"

CO,-reduction pathway (Figure 1) is derived
mostly from studies with Methanobacterium
thermoautotrophicum strains AH and Marburg;
although they are classified as strains of the same
species, the fact that they are only distantly re-
lated may explain some differences reported be-
tween them. Studies with these organisms have
revealed several novel cofactors (Figure 2) in-
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volved in the CO,-reduction pathway and other
pathways for methanogenesis; the structure and
function of these cofactors is the subject of a
recent review.'¢

A. Reduction of Carbon Dioxide to the
Formyl Level

The reduction of CO, to the formyl level is
catalyzed by formyl-methanofuran dehydroge-
nase. The structure of methanofuran (MF) is
shown in Figure 2;!” variations in structure are
dependent on the genus.'® Formyl-MF is the first
stable intermediate in the pathway. The reaction,
unlike all other CO, fixation reactions, involves
bonding of CO, to a primary amine followed by
a two-electron reduction (Reaction 3). Enzyme
activity in the reverse

CO, + MF + H, — formyl-MF + H,0

18

AG® = 416 kJ/mol 3)

e __ Methanofuran (MF)

i

n"
R .CrCHzNHCH
N0 Formyl-MF
MF
Tetrahydromethanopterin
(H4MPT)
U
H N-
EO & }_‘{) 5-formyl-H4MPT
IS\K'

H2044
H

=Nt
C=N15 Methenyl-H,MPT

’5\K(‘:H
Fa20 rea (H2)
H
H-C—N=
1 110 F
420 ox
A

FIGURE 1. The pathway of CO,-reduction to CH,. (Modified from DiMarco et al.'®) (See
Figure 2 for the complete structures of cofactors.)
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FIGURE 2. The structures of one-carbon carriers and cofactors involved in methanogenic pathways.

direction is linked to the reduction of either meth-
ylviologen or coenzyme F,,, in cell extracts of
M. thermoautotrophicum strain Marburg; the nat-
ural electron donor for the physiologically rele-
vant direction is unknown.'® The minimum struc-
ture recognized by the enzyme is the furfurylamine
moiety of MF.?® Enzyme activity is rapidly in-
hibited by cyanide, an observation that is con-
sistent with the presence of a cyanide-sensitive

metal site.'® The formyl-MF dehydrogenase pur-
ified from M. thermoautotrophicum strain Mar-
burg is a 110,000-Da iron-sulfur enzyme that
contains at least two subunits with apparent mo-
lecular masses of 60,000 and 45,000 Da.?' The
enzyme also contains one molecule of either mo-
lybdopterin adenine dinucleotide, molybdopterin
hypoxanthine dinucleotide, or molybdopterin
guanine dinucleotide (Figure 2).?? More than 60%
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of formyl-MF dehydrogenase activity is associ-
ated with the pellet obtained after ultracentrifu-
gation of M. thermoautotrophicum cell ex-
tracts.'® Further studies are necessary to determine
the location of the enzyme; however, its asso-
ciation with the membrane would support the
proposal that the endergonic reduction of CO, to
formyl-MF with H, (Reaction 3) is driven by a
sodium gradient as opposed to hydrolysis of
ATP.>*¢ In cell extracts of M. thermoautotro-
phicum strain AH, the synthesis of formyl-MF
from H, and CO, requires activation by the het-
erodisulfide (CoM-S-S-HTP) of the two coen-
zymes involved in the final step (Reaction 10) of
the pathway.?” Thus, CO,-reduction to CH, is
depicted as a circular pathway (Figure 1) to in-
dicate that the first and last steps are linked through
CoM-S-S-HTP. Results suggest that CoM-S-S-
HTP activates an unknown electron carrier re-
quired for electron flow from H, for the reduction
of CO, to formyl-MF;*® ferredoxin is a likely
candidate because the unknown carrier can re-
duce metronidazole.

B. Reduction of the Formyl Group to the
Formaldehyde Level

Prior to reduction, the formyl group is trans-
ferred to 5,6,7,8-tetrahydromethanopterin
(H,MPT), as shown in Reaction 4, and then con-
verted to the methenyl derivative by a dehydrat-
ing cyclization as shown in Reaction 5.

formyl-MF + HMPT — 5-formyl-H,MPT
+ MF

18

AG®” = —4.4 kJ/mol @

5-formyl-H,MPT + H* —
5,10-methenyl-H,MPT* + H,O

18

AG” = —4.6 kJ/mol ®))

The structure of H,MPT is shown in Figure 2;*
variations in the structure are found in various
genera.'63%3! Reaction 4 is catalyzed by formyl-
MF:H,MPT formyltransferase (FTR). The ftr gene
encoding the oxygen-insensitive enzyme (a te-
tramer of identical subunits with M, = 41,000)
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from M. thermoautotrophicum strain AH has been
sequenced and expressed in Escherichia coli in
a catalytically active form.’? Although H,MPT
is structurally related to tetrahydrofolates, the
amino acid sequence deduced from the ftr gene
has no significant identity with other folate-de-
pendent proteins. Conversion of 5-formyl-H,MPT
to the 5,10-methenyl derivative (Reaction 5) is
catalyzed by cyclohydrolase. The oxygen-stable
5,10-methenyl-H,MPT* cyclohydrolase purified
from M. thermoautotrophicum strain AH is com-
posed of two identical 41,000-Da subunits;* the
enzyme has been partially purified from M. ther-
moautotrophicum strain Marburg.3* The cycloh-
ydrolase purified from the extreme thermophile
Methanopyrus kandlei is a 42,000-Da monomer
that contains no prosthetic groups and requires
high concentrations of potassium phosphate for
activity.*

The reduction of 5,10-methenyl-H,MPT* to
the formaldehyde level with reduced coenzyme
F,5 1s shown in Reaction 6a. Coenzyme F,,,

5,10-methyl- HMPT* + F,,H, —
5,10-methylene-H,MPT + F,,, + H*

AG® = +6.5kI/mol  (6a)"

(F,5) is an obligate two-electron carrier (redox
potential near — 350 mV) that donates or accepts
a hydride ion (structure®’, Figure 2). The 5,10-
methylene-H,MPT derivative is also formed no-
nenzymatically with formaldehyde. The 5,10-
methylene-H,MPT dehydrogenase catalyzing
Reaction 6a has been purified aerobically from
M. thermoautotrophicum strain Marburg.>* When
assayed by monitoring the disappearance of 5,10-
methylene-H,MPT, activity becomes increas-
ingly dependent on F,,, as an electron acceptor
during the purification procedure or after expo-
sure to air. This behavior is explained by the
recent discovery that a genetically distinct de-
hydrogenase (H,-forming) utilizes protons as an
electron acceptor replacing F,,,.3%*° In addition,
H, serves as an electron donor in the forward
direction (Reaction 6b). Thus, the

5,10-methenyl- HMPT* + H, —
5,10-methylene-H,MPT + H*

AG” = —5.5kI/mol  (6b)*






