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Metabolic versatility in methanogens

Kyle C Costa and John A Leigh

Methanogenesis is an anaerobic metabolism responsible for
the generation of >90% of the methane formed on Earth today,
with important implications for fuels production and global
warming. Although methanogenic Archaea have been cultured
for over 70 years, key insights regarding electron flow and
energy conservation in methanogenesis have only recently
emerged. Fundamental differences between two metabolic
types of methanogenesis, hydrogenotrophic and
methylotrophic, are now understood, with implications for
metabolic versatility and the potential for engineering of
methanogens to utilize new substrates. The development of
model species with genetic and bioinformatic tools has
advanced the field and holds potential for further characterizing
and engineering of methanogenesis. Our understanding of a
related pathway, anaerobic methane oxidation, is in its infancy.
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Introduction

Methanogenesis is a form of anaerobic respiration that is
responsible for the global generation of approximately
one billion tons of methane annually. The organisms that
carry out this process, the methanogens, comprise a
phylogenetically diverse group of Euryarchaeota, and
can be classified into two groups, the hydrogenotrophs
and the methylotrophs [1°]. The hydrogenotrophs are
represented by five orders [1-3] and nearly all species
rely on the reduction of CO, to CHy. H is the dominant
electron donor but certain other electron sources can be
used as well. The methylotrophs are represented by the
order Methanosarcinales. In addition, a seventh order of
methanogens has been proposed [4-6]. Many methylo-
trophs are capable of reducing CO, to CHy, but the group
is characteristically able to generate CH, from a variety of
methyl compounds, or the methyl group of acetate. CO is

a substrate as well. Hydrogenotrophic methanogenesis
may be evolutionarily ancient, possibly having evolved
around the same time as the emergence of life on Earth,
while methylotrophic methanogenesis is thought to be
evolutionarily recent, possibly having evolved within the
last 500 million vyears [7-9]. Hydrogenotrophic and
methylotrophic methanogenesis are additionally distin-
guished by their mechanisms of energy conservation, as
described below.

Pathways of methanogenesis

Methanogenesis can occur from CO,, methyl compounds,
or acetate. The pathways are illustrated in Figure 1. In
methanogenesis from CQO,, first CO, is reduced to a
formyl group covalently attached to the carrier molecule
methanofuran (MFR). The formyl group is then trans-
ferred to the carrier tetrahydromethanopterin (HyMP'T)
and a dehydration results in cyclization to generate
methenyl-H4MPT. The methenyl group undergoes a
reduction to a methylene group, then another reduction
to a methyl group. The methyl group is then transferred
to the third carrier — the sulfhydryl-containing coen-
zyme M (HS-CoM) — concomitant with the export of
Na" across the cell membrane [10]. The methyl group is
finally reduced to CHy4 by the oxidation of HS-CoM
together with another sulfhydryl-containing coenzyme,
coenzyme B (HS-CoB), generating the heterodisulfide
CoM-S-5-CoB. The heterodisulfide is then reduced to
regenerate HS-CoM and HS-CoB.

In methanogenesis from methanol, methylamines, or
methylsulfides, the substrates enter the pathway as
methyl-S-CoM (Figure 1). Electrons for reduction of
methyl-S-CoM to CH4 come ecither from H,, or from
the oxidation of another methyl-S-CoM to CO, (methyl
disproportionation). In methanogenesis from acetate, the
methyl group enters the pathway as methyl-H4MPT, and
the carboxyl carbon is oxidized to provide electrons for
methyl reduction (aceticlastic methanogenesis). CO can
be oxidized to CO,, providing electrons for methanogen-
esis, or can be converted to acetyl-CoA, leading to a
partially acetogenic metabolism [11-13].

Hydrogenotrophic methanogenesis

Although some methylotrophic methanogens can use Hp,
the term hydrogenotrophic refers to those methanogens
that are restricted to CO; reduction using H; or certain
alternative electron donors. Recent work has shown that
hydrogenotrophic methanogens use electron bifurcation as
a primary means of energy coupling. Increasingly recog-
nized as an important mechanism in anaerobes, electron
bifurcation couples the reduction of a high-potential
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Pathways of methanogenesis. Reactions of hydrogenotrophic (solid
black lines), methylotrophic (dashed black lines), and aceticlastic (grey
lines) methanogenesis are shown. All pathways share the reductions of
methyl-S-CoM and CoM-S-S-CoB. In methylotrophic methanogenesis,
four methylated compounds enter at the level of methyl-S-CoM and one
is oxidized to generate the electrons for the reduction of the other three.
In aceticlastic methanogenesis, the methyl carbon of acetate enters at
the level of methyl-H4;MPT and is reduced to methane using electrons
from the oxidation of the carbonyl carbon. The number of electrons
transferred in each redox reaction is listed next to the appropriate
arrows. Numbers in blue are the energy yield of each reaction (AG”, kJ/
mol). Bold italicized numbers are for reactions important to energy
conservation or energy depletion. MFR, methanofuran; H4;MPT,
tetrahydromethanopterin; HS-CoM, coenzyme M; HS-CoB, coenzyme
B; F420H2, reduced form of the electron carrying coenzyme F450. AG
values are from [1°,15°°]. Figure adapted from [46].

substrate to the reduction of a low-potential substrate,
conserving the energy from the former reduction to drive
the latter reduction [1,14°,15°°,16,17°]. In the case of
hydrogenotrophic methanogenesis, electron bifurcation
couples the final, heterodisulfide-reducing step to the
initial reduction of CO, to formyl-MFR (Figure 1). The
pathway based on electron bifurcation centers around the
heterodisulfide reductase (Hdr) complex and is illustrated
in Figure 2. Although the mechanistic details of electron
bifurcation are unknown, a model is proposed in which
electrons from hydrogen (or another electron donor such as
formate) reduce a flavin contained in Hdr to generate
FADH,. This fully-reduced flavin is then oxidized step-
wise, to the semiquinone FADH and then to the fully
oxidized FAD, sending electrons equally to two reduction

Metabolic versatility in methanogens Costa and Leigh 71

steps: the exergonic reduction of the heterodisulfide CoM-
S-S-CoB to regenerate HS-CoM and HS-CoB, and the
endergonic reduction of a ferredoxin (Fd). The reduced Fd
is used in turn to reduce CO, to formyl-MFR. This
coupling renders methanogenesis cyclic, and the pathway
was recently named the Wolfe Cycle in honor of the many
contributions of Ralph Wolfe to its elucidation [17°,18°°].
In addition to the stoichiometric electron requirement for
the reduction steps of the pathway, an anaplerotic supply of
electrons is required at the CO; reduction step [18°°]. A
membrane-associated, energy-converting hydrogenase
that consumes chemiosmotic membrane potential supplies
these electrons through Fd reduction.

Methylotrophic methanogenesis

By contrast to hydrogenotrophic methanogenesis, electron
bifurcation is not an integral part of methylotrophic metha-
nogenesis [1°,19]. Instead, heterodisulfide reduction
occurs viaa membrane-bound electron transport chain that
exports protons, generating a chemiosmotic membrane
potential (Figure 1). When CO, is the carbon substrate,
electrons for its reduction come entirely from a membrane-
associated, energy-converting hydrogenase, at the expense
of chemiosmotic membrane potential.

Reverse methanogenesis

In the last several years, a group of Archaea related to
methanogens, the anaerobic methanotrophs (ANME),
have been identified and implicated in the anaerobic
oxidation of methane (AOM) to CO,. Genome sequences
suggest that the ANME organisms contain nearly all the
enzymes of the methanogenic pathway and apparently
run methanogenesis in reverse [20,21]. Although there is
little data regarding the biochemistry of reverse metha-
nogenesis, in one class of ANME organisms, methyl-S-
CoM reductase has posttranslational modifications and a
modified cofactor that are not found in the enzyme from
methanogens [22]. How anaerobic methane oxidation is
coupled to energy conservation is not understood. It was
thought that AOM was dependent on the association of
ANME organisms with bacterial partners that render the
pathway thermodynamically feasible by reducing sulfate
or nitrate. However, recent evidence suggests that in
some cases AOM coupled to sulfate or nitrate reduction
can be carried out solely by the ANME organism [21,23].
Although the study of ANME is in its infancy, these
organisms highlight another of the diverse ways the
methanogenic pathway can function.

Techniques in molecular biology for

characterizing and engineering methanogens
Genetic techniques have been instrumental in elucidating
the pathways of methanogenesis that occur iz vivo. Cur-
rently, tools for introduction of DNA, genetic selection,
and protein expression exist for two groups of methano-
gens: the Methanosarcinales and the Methanococcales, with a
focus on species of Methanosarcina and Methanococcus
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Figure 2
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The Wolfe cycle of hydrogenotrophic methanogenesis. Electron bifurcation occurs at the heterodisulfide reductase (Hdr) complex, reducing the
heterodisulfide CoM-S-S-CoM and ferredoxin (Fd). Reduced Fd is used for CO, reduction in the first step, rendering the pathway cyclical. A separate
flow of electrons through Fo0 provides for intermediate reduction steps in the pathway.

(reviewed in [24,25]). In addition to transformation, con-
jugal transfer of DNA from Escherichia coli into Methano-
coccus maripaludis [26] was shown, suggesting that inter-
domain conjugal DNA transfer may be useful to geneti-
cally manipulate other methanogens that lack established
genetic systems. Recently a transposon library was con-
structed for M. maripaludis, and for the first time a whole-
genome functionality screen was conducted on a member
of the methanogens [27°]. The ability to easily eliminate
genes and screen phenotypes in both hydrogenotrophic
and methylotrophic methanogens continues to show
promise for the characterization of methanogenesis.

A broad understanding of methanogenesis depends on
the development of accurate models for metabolism and
gene regulation. Although it is difficult to map metabolic
networks from a simple genetics approach, several models
have been developed iz si/ico describing how the genes
and proteins important for methanogenesis from a variety
of substrates interact. For Methanosarcina species, gen-
ome-scale metabolic models have been constructed that
accurately predict growth and metabolic flux [28°,29], and
in both Methanosarcina species and M. maripaludis, accu-
rate models of metabolism during syntrophic growth have
been established [30,31]. Also in M. maripaludis, operon
structure has been determined over the entire genome,
and an environment and gene regulatory /nfluence zet-
work (EGRIN) has been constructed using simple tran-
scriptomic datasets to generate hypotheses regarding the
regulation of various genes important to metabolism
[32,33°]. The EGRIN model has already identified two
transcription factors important for the regulation of core
metabolic genes, and generates many more hypotheses
about the interactions of other regulatory modules. Using

these models to understand metabolic flux and its regu-
lation will aid future engineering efforts with methano-
gens.

Pathways for alternative electron donors in
methanogenesis: the hydrogenotrophs
Hydrogenotrophic methanogens are almost exclusively
restricted to CO; as the carbon substrate for methanogen-
esis. This may be the result of the cyclical nature of the
pathway (Figure 2). Electron bifurcation couples hetero-
disulfide reduction to the generation of low-potential
electrons in the form of reduced Fd, and the necessity
to productively utilize this reduced Fd to reduce CO; to
formyl-MFR may limit the range of carbon substrates that
may be used for methanogenesis. If CO, enters the
pathway each time heterodisulfide reduction occurs,
the introduction of additional C1 substrates would pro-
duce a surfeit of intermediates. Only one species, Metha-
nosphaera stadtmanae, is thought to use reduced Fd other
than to reduce CO; to formyl-MFR. In this case, H; is
apparently produced from reduced Fd by an energy-
converting hydrogenase, generating a chemiosmotic
membrane potential, and allowing the organism to grow
on H, and methanol. Whether hydrogenotrophic metha-
nogens could be engineered to use an expanded range of
carbon substrates for methanogenesis depends on
whether a similar use of reduced Fd is feasible.

Although hydrogenotrophic methanogens may be meta-
bolically restricted with regard to carbon substrates,
recent work has shown that they are versatile in their
use of electron donors. All species can use H,, but many
can substitute formate, and a few can use certain alcohols.
Recent work has elucidated how electron donors enter
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the pathway. First, the electron donor must reduce the
electron carrier, coenzyme Fy5, to generate Fy0H,, the
reductant for the second (methenyl-H4MPT-reducing) and
third (methylene-H4yMPT-reducing) steps [1°]. Hydroge-
nases, formate dehydrogenases, and alcohol dehydrogen-
ases thatreduce F 4, are known. Second, the electron donor
must deliver electrons to the electron bifurcating center of
the Hdr complex, which then provides electrons for the first
(CO;-reducing) and last (heterodisulfide-reducing) steps of
the pathway. Previously F4,0H, was thought to generate
H,, which then delivered electrons to Hdr via an Hdr-
associated hydrogenase. However, it has now been shown
that, at least in the case of formate, H, is not an essential
intermediate, and formate dehydrogenase associates
directly with Hdr [14°,18°°,34°,35,36]. Any additional elec-
tron donors engineered for hydrogenotrophic methanogen-
esis would ideally reduce F4o and reduce Hdr, or be
converted into a substrate that does.

In addition to the stoichiometric requirements, an ana-
plerotic input of electrons is required at the CO; reduction
step to sustain the methanogenic cycle [18°°]. This is
provided by the membrane bound hydrogenase Eha,
which uses H; to reduce Fd. However, H; is unnecessary
even as an anaplerotic electron source if there is another
means to reduce Fd [34°]. Recently CO was shown to serve
in this capacity, and is thus a supplemental electron donor
for hydrogenotrophic methanogenesis. In addition,
although electron flow does not normally occur between
F 420 and Fd in hydrogenotrophic methanogenesis, a path-
way was discovered that enables this to happen [34°].
NADPH produced from F4,0H, reduces 1,3-diphospho-
glycerate to glyceraldehyde-3-phosphate, which is then
oxidized to 3-phosphoglycerate with the reduction of
Fd. 1,3-Diphosphoglycerate is regenerated from
3-phosphoglycerate with the expenditure of ATP, com-
pleting the glyceraldehyde-3-phosphate:Fd oxidoreduc-
tase (GAPOR) cycle [37].

CH, generation from CO; can also occur when electrical
current is supplied to cells: Methanobacterium palustre
generates methane from the direct application of elec-
trical energy [38]. Hence, although hydrogenotrophic
methanogens were traditionally thought to utilize H, as
the sole electron donor for CO, reduction to methane,
recent studies demonstrate that hydrogenotrophs possess
their own kind of metabolic diversity: broad utilization of
electron donors other than H,.

Pathways for alternative carbon donors in
methanogenesis: the methylotrophs

By contrast to hydrogenotrophic methanogens, the pathway
of methylotrophic methanogens is linear, and C1 substrates
can in principle enter the pathway at any level of reduction.
In addition to the long-known substrates methanol, meth-
ylamines, methylsulfides, and acetate, N,N,N-trimethyl-
glycine (glycine betaine), N,N,N-trimethylethanolamine
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(choline) and N,N-dimethylethanolamine were recently
reported as substrates for certain members of the Metha-
nosarcinales [39,40]. The use of CO by Methanosarcina
acetivorans in a partially acetogenic and formigenic
metabolism further highlights the versatility of the methy-
lotrophic methanogens [11-13]. The ability of methylo-
trophic methanogens to utilize acetate and methyl
compounds suggests possibilities for the engineering of
novel pathways of methanogenesis. Any pathway that pro-
duces acetate should theoretically generate CHy as a final
product. For example, Methanosarcina barkeri can produce
acetate from pyruvate fermentatively, and can produce CHy
from acetate [41]. Indeed, M. acetivorans was recently
engineered to contain a bacterial esterase resulting in the
capacity to generate methane from the methyl groups of
methyl-acetate and methyl-propionate [42°°]. In the case of
methyl-acetate, the acetate byproduct was then used in the
aceticlastic reaction to produce methane.

The ability to engineer methylotrophs to use organics
more complex than acetate raises the question: can the
capacity to utilize large organic molecules like sugars be
engineered in methanogens? CH4 generation from glu-
cose is thermodynamically favorable (AG” = —16.8 k] per
mole electrons), but not as favorable as glucose fermenta-
tion to ethanol (AG” = —56.5 k] per mole electrons),
suggesting an explanation for why this metabolism is
not naturally occurring: methanogens generating CHy
from glucose would be outcompeted by fermenters
[43,44]. However, methanogenesis from glucose could
be engineered by introducing systems for glucose trans-
port, activation [45], and oxidation to pyruvate.

Conclusion

Methanogenic Archaea are capable of generating
methane from a greater variety of small molecules than
previously appreciated. In hydrogenotrophic methano-
genesis, while the coupling of the heterodisulfide and
CO; reducing steps may exclude other carbon substrates,
alternative electron donors should be possible as long as
the capacity exists to reduce Fy4;¢, the flavin of Hdr, and
Fd. In the methylotrophs, the ability of methyl groups
and acetate to enter the methanogenic pathway suggests
possibilities for engineering the capacity to oxidize large
organic molecules. Future efforts may aim to increase the
already surprisingly broad substrate repertoire of these
organisms, and increasingly accurate metabolic models
will aid in directing flux through metabolic pathways of
interest. Contrary to what was believed only a decade ago,
the prospects for characterizing and engineering novel
metabolic substrates for methanogenesis are bright.
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