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Life on the thermodynamic edge: Respiratory growth 
of an acetotrophic methanogen
Divya Prakash*, Shikha S. Chauhan*, James G. Ferry†

Although two-thirds of the nearly 1 billion metric tons of methane produced annually in Earth’s biosphere derives 
from acetate, the in situ process has escaped rigorous understanding. The unresolved question concerns the mech-
anism by which the exceptionally marginal amount of available energy supports acetotrophic growth of metha-
nogenic archaea in the environment. Here, we show that Methanosarcina acetivorans conserves energy by 
Fe(III)-dependent respiratory metabolism of acetate, augmenting production of the greenhouse gas methane. An 
extensively revised, ecologically relevant, biochemical pathway for acetotrophic growth is presented, in which 
the conservation of respiratory energy is maximized by electron bifurcation, a previously unknown mechanism of 
biological energy coupling. The results transform the ecological and biochemical understanding of methanogenesis 
and the role of iron in the mineralization of organic matter in anaerobic environments.

INTRODUCTION
Methanogenic archaea, methanogens, are essential players in the global 
carbon cycle, producing 1 billion metric tons of methane annually, 
of which two-thirds derives from the methyl group of acetate by 
acetotrophic species. They are terminal organisms of microbial food 
chains that decompose biomass to methane in Earth’s diverse an-
aerobic biospheres. As methane accounts for about 30% of net 
anthropogenic radiative forcing, acetotrophic methanogens are ac-
countable for a significant share of the global warming that affects 
climate change (1). Accordingly, it is proposed that the evolution of 
efficient acetotrophic methanogens produced a methanogenic burst 
in the end-Permian carbon cycle that contributed to a sharp increase 
in global warming and Earth’s greatest mass extinction (2).

Acetotrophic methanogens are important players in Earth’s 
ecology, yet their role is fragile, considering that they live on the 
thermodynamic edge (3, 4). On the basis of present understanding, 
it is not abundantly clear how acetotrophic methanogens conserve 
enough energy for growth under ideal laboratory conditions, let 
alone in competitive environments (5). The current acetoclastic 
pathway relies strictly on a fermentative mode, where the carbonyl 
group of acetate is oxidized with electrons transferred to the endog-
enous electron-accepting methyl group that produces methane (4). 
The net free energy available for growth is exceedingly small con-
sidering the requirement for activation of acetate by adenosine tri-
phosphate (ATP) (Eq. 1) (3). The energy available by fermentative

   CH  3    CO  2   H (aq ) →  CO  2  (g ) +  CH  4  (g) DG° ′= − 36 kJ / mol  (1)

methanogenesis is in stark contrast to acetotrophic nonmethano-
genic anaerobes from the domain Bacteria that use exogenous elec-
tron acceptors such as ferric iron for respiration (Eq. 2) (6).

   

 CH  3   COO−

 

+ 24Fe  (OH)  3  (s) (ferrihydrite ) →
     8  Fe  3    O  4  (s) (magnetite )  +  2  HCO  3  − +  36  H  2   O  +   H   +      

DG°′= − 707 kJ / mol

    

  (2)

The possibility of respiratory-driven acetotrophic growth of 
Methanosarcina acetivorans was advanced by the recent finding that 
membrane vesicles from acetate-grown cells generate a Na+ gradient 
that drives ATP synthesis dependent on the oxidation of ferredoxin 
(Fdx) and the reduction of Fe(III) citrate (7). Furthermore, the effects 
of ferrihydrite amendment on the population dynamics of metha-
nogens in rice field soil slurries support the proposal that rice cluster 
1 (RC-1) methanogens may conserve energy by reducing Fe(III) (8). 
Notably, methanogens are of ancient origin, and Fe(III) reduction 
has been suggested to be of importance in the early evolution of res-
piration (9). However, Fe(III)-dependent respiratory growth has not 
been reported for any methanogenic pathway. Here, we show respi-
ratory metabolism of acetate by M. acetivorans dependent on the 
reduction of ferrihydrite that produces a twofold increase in growth 
and augments production of the greenhouse gas methane. A revised, 
ecologically relevant, biochemical pathway is proposed, where electron 
bifurcation (EB) maximizes the conservation of respiratory energy. 
EB is a recently discovered mechanism of energy conservation in 
anaerobic microbes, where an electron pair is bifurcated with transfer 
of one electron to an acceptor with a more negative redox potential 
driven by transfer of the second electron to an acceptor with a more 
positive potential (5). The results document respiratory energy con-
servation previously unrecognized for any methanogenic species, 
which transforms the ecological and biochemical understanding of 
methanogenesis and the role of iron in anaerobic environments.

RESULTS
An investigation of respiratory-driven acetotrophic growth of 
M. acetivorans was prompted by the previous finding that everted mem-
brane vesicles from acetate-grown cells generate a Na+ gradient de-
pendent on the reduction of Fe(III) (7). Acetotrophic growth, gaged 
by protein production (Fig. 1A), was enhanced by supplementing 
the medium with 20 mM ferrihydrite. Growth with ferrihydrite was 
twofold greater when the medium was further supplemented with 
0.2 mM anthraquinone-2,6-disulfonate (AQDS), in which the trend 
was reflected in cell counts (Fig. 2). The low concentration of added 
AQDS was intended only as a mediator of electron transport to fo-
cus on the more ecologically relevant ferrihydrite. This concentra-
tion of AQDS had no individual effect on the growth parameters 
(Fig. 1). Results obtained for cultures amended with ferrihydrite 
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Structure and function of an unusual flavodoxin from
the domain Archaea
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University of Malang, 65145 Malang, East Java, Indonesia

Edited by Mary E. Lidstrom, University of Washington, Seattle, WA, and approved November 11, 2019 (received for review May 21, 2019)

Flavodoxins, electron transfer proteins essential for diverse me-
tabolisms in microbes from the domain Bacteria, are extensively
characterized. Remarkably, although genomic annotations of fla-
vodoxins are widespread in microbes from the domain Archaea,
none have been isolated and characterized. Herein is described the
structural, biochemical, and physiological characterization of an
unusual flavodoxin (FldA) from Methanosarcina acetivorans, an
acetate-utilizingmethane-producingmicrobe of the domainArchaea.
In contrast to all flavodoxins, FldA is homodimeric, markedly less
acidic, and stabilizes an anionic semiquinone. The crystal structure
reveals an flavin mononucleotide (FMN) binding site unique from
all other flavodoxins that provides a rationale for stabilization of
the anionic semiquinone and a remarkably low reduction potentials
for both the oxidized/semiquinone (−301 mV) and semiquinone/
hydroquinone couples (−464 mV). FldA is up-regulated in acetate-
grown versus methanol-grown cells and shown here to substitute
for ferredoxin in mediating the transfer of low potential electrons
from the carbonyl of acetate to the membrane-bound electron
transport chain that generates ion gradients driving ATP synthesis.
FldA offers potential advantages over ferredoxin by (i) sparing iron
for abundant iron-sulfur proteins essential for acetotrophic growth
and (ii) resilience to oxidative damage.

electron transport | methanogenesis | anaerobic | greenhouse gas |
global warming

Flavodoxins (Fld) are electron-transfer proteins essential for
diverse metabolisms in microbes from the domain Bacteria,

whereas organisms from the domain Eukarya contain multido-
main flavoproteins evolved from ancestral flavodoxin genes (1,
2). Flds were discovered over 50 y ago in Cyanobacteria and
Clostridia growing in low-iron conditions where they serve as
electron carriers in enzyme systems operating at potentials near
that of the hydrogen electrode (3, 4). Flds contain 1 molecule of
redox active flavin mononucleotide (FMN) that is noncovalently
bound. All Flds characterized are highly acidic proteins con-
taining between 140 and 180 residues that are divided into short-
chain and long-chain types differing by a 20-residue loop of yet
unknown function (2). The protein environment of FMN stabi-
lizes the neutral form of the semiquinone (sq), producing dra-
matic shifts in the reduction potentials for each of 2 1-electron
reductions of the flavin. The FMN of Flds cycle between the sq
and hydroquinone (hq) for which the reduction potentials are
below −101 mV for free flavin (5, 6).
Genome annotations for Flds are widespread among microbes

in the domain Archaea. Although characterizations of Flds from
the domain Bacteria are abundant, none from Archaea are
reported. Metabolically diverse species of the domain Archaea
are present in a variety of environments where they play major
roles in the biogeochemical cycling of carbon, nitrogen, and
sulfur. Methane-producing species (methanogens) are the largest
group in the domain for which annotations of genomes include
an abundance of Flds (https://www.ncbi.nlm.nih.gov/pubmed)
not yet investigated. Methanogens are terminal organisms of
microbial food chains that decompose plant biomass to methane

in Earth’s diverse anaerobic environments. The process produces
an annual 109 metric tons of methane of which two-thirds derives
from the methyl group of acetate by acetotrophic species. As at-
mospheric methane accounts for about 30% of net anthropogenic
radiative forcing, acetotrophic methanogens are responsible for a
substantial share of global warming and adverse climate change
(7). The evolution of efficient acetotrophic methanogens, repre-
sented by Methanosarcina acetivorans, is proposed to have pro-
duced a methanogenic burst in the end-Permian carbon cycle,
contributing to a dramatic increase in global warming and Earth’s
greatest mass extinction (8).
M. acetivorans has emerged as a model for understanding the

biochemistry of acetotrophic Methanosarcina species. In the
acetoclastic pathway, the C-C bond of acetate is cleaved by
the CO dehydrogenase/acetyl-CoA decarbonylase (CODH/ACD),
yielding a methyl group that is reduced to methane with elec-
trons derived from oxidation of the carbonyl group to CO2 that is
also catalyzed by the CODH/ACD (9). Electrons are channeled
through a membrane-bound electron transport chain that begins
with the Rnf complex and generates sodium and proton gradients
driving ATP synthesis (10–13). Initially guided by findings that
ferredoxin (Fdx) is an electron donor to Rnf homologs in the
domain Bacteria, a Fdx isolated fromM. acetivorans was shown to

Significance

A flavodoxin from the domain Archaea has been characterized.
It is the first of any flavodoxin shown to stabilize an anionic
semiquinone, providing a platform for understanding how the
protein environment modulates the reduction potentials of
flavins. The unusual flavodoxin plays an electron transport role
in the pathway of acetate conversion to methane in Meth-
anosarcina acetivorans, a model methanogen for investigating
the process by which two-thirds of the 1 billion metric tons of
methane are produced annually in Earth’s anaerobic bio-
spheres with a substantial contribution to global warming
effecting climate change. Homologs of the gene encoding the
flavodoxin are uniformly distributed in diverse acetotrophic
methanogens consistent with a wider range of electron
transport functions awaiting discovery.
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ferredoxin:disulfide reductase from the domains Archaea
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Disulfide reductases reduce other proteins and are critically

important for cellular redox signaling and homeostasis.Metha-
nosarcinaacetivorans is amethane-producingmicrobe from the

domain Archaea that produces a ferredoxin:disulfide reductase

(FDR) for which the crystal structure has been reported, yet

its biochemical mechanism and physiological substrates are

unknown. FDR and the extensively characterized plant-type

ferredoxin:thioredoxin reductase (FTR) belong to a distinct

class of disulfide reductases that contain a unique active-site

[4Fe-4S] cluster. The results reported here support a mecha-

nism for FDR similar to that reported for FTR with notable

exceptions. Unlike FTR, FDR contains a rubredoxin [1Fe-0S]

center postulated to mediate electron transfer from ferre-

doxin to the active-site [4Fe-4S] cluster. UV-visible, EPR,

and Mössbauer spectroscopic data indicated that two-elec-

tron reduction of the active-site disulfide in FDR involves

a one-electron-reduced [4Fe-4S]1� intermediate previously

hypothesized for FTR. Our results support a role for an

active-site tyrosine in FDR that occupies the equivalent posi-

tion of an essential histidine in the active site of FTR. Of note,

one of seven Trxs encoded in the genome (Trx5) and metha-

noredoxin, a glutaredoxin-like enzyme from M. acetivorans,
were reduced by FDR, advancing the physiological under-

standing of FDR’s role in the redox metabolism of methano-

archaea. Finally, bioinformatics analyses show that FDR ho-

mologs are widespread in diverse microbes from the domain

Bacteria.

Disulfide reductases are universal in nature, where they inter-

act with protein and small molecule substrates required for redox

control and response to oxidative stress. Disulfide reductases

include thioredoxin reductase (TrxR),7 an NAD(P)H-dependent

flavoenzyme containing an active-site disulfide that transfers

reducing equivalents fromthe flavin to thedisulfideof thioredoxin

(Trx) by a disulfide-exchange mechanism (1, 2). However, plant

ferredoxin:thioredoxin reductase (FTR) is devoid of flavin and

contains a novel active-site [Fe4S4] cluster (3, 4).Methanosarcina
acetivorans, classified in the domain Archaea, produces a plant-

type ferredoxin:disulfide reductase (FDR) alsodevoidof flavin that

contains an active-site [Fe4S4] cluster revealed by the crystal struc-

ture (5). FDR is representative of a diverse family of disulfide

reductases proposed to have evolved from an ancestral plant-type

FTR catalytic subunit tomeet a variety of specific ecological needs

(6, 37).

Preliminary characterization of FDR involved ferredoxin

(Fdx)-dependent reduction of GSSG, a nonphysiological sub-

strate absent in methane-producing species from the domain

Archaea (methanoarchaea) (5). Although FDR homologs are

widely distributed among diverse methanoarchaea, the physio-

logical redox substrates are unknown (6, 7). Trx is a potential

physiological substrate for FDR from M. acetivorans, as it

encodes seven Trx homologs (Trx1–Trx7) and a NADPH-de-

pendent TrxR shown to reduce only Trx7 (8). However, NADP

is not a primary electron carrier in methanoarchaea. Instead,

the primary electron carriers are coenzyme F420 (F420) and Fdx,

underscoring the physiological importance of the Fdx-depen-

dent FDR.

Trxs are small redox proteins that reduce the disulfide bonds

of proteins that are key to controlling a diverse array of essential

processes in organisms from the domains Bacteria and Eukarya

(1). Remarkably, little is known of the biochemistry and physi-
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Elucidating the Process of Activation of Methyl-Coenzyme M
Reductase

Divya Prakash,a Yonnie Wu,a Sang-Jin Suh,b Evert C. Duina

Department of Chemistry and Biochemistry, Auburn University, Auburn, Alabama, USAa; Biological Sciences, Auburn University, Auburn, Alabama, USAb

Methyl-coenzyme M reductase (MCR) catalyzes the reversible reduction of methyl-coenzyme M (CH3-S-CoM) and coenzyme B
(HS-CoB) to methane and heterodisulfide CoM-S-S-CoB (HDS). MCR contains the hydroporphinoid nickel complex coenzyme
F430 in its active site, and the Ni center has to be in its Ni(I) valence state for the enzyme to be active. Until now, no in vitro
method that fully converted the inactive MCRsilent-Ni(II) form to the active MCRred1-Ni(I) form has been described. With the
potential use of recombinant MCR in the production of biofuels and the need to better understand this enzyme and its activation
process, we studied its activation under nonturnover conditions and achieved full MCR activation in the presence of dithiothrei-
tol and protein components A2, an ATP carrier, and A3a. It was found that the presence of HDS promotes the inactivation of
MCRred1, which makes it essential that the activation process is isolated from the methane formation assay, which tends to result
in minimal activation rates. Component A3a is a multienzyme complex that includes the mcrC gene product, an Fe-protein ho-
molog, an iron-sulfur flavoprotein, and protein components involved in electron bifurcation. A hypothetical model for the cellu-
lar activation process of MCR is presented.

The highest heat of combustion per mass unit (55.7 kJ/g) among
all the hydrocarbons makes methane an important source of

clean renewable energy (1). At the same time, it is also a potent
greenhouse gas, with surplus methane production in the geologi-
cal cycle leading to a slow increase in atmospheric methane con-
centrations. Understanding the mechanism of methane forma-
tion and activation is important for controlling methane emission
and improvement of the production of alternative fuels in the
form of natural gas. Methyl-coenzyme M reductase (MCR) is the
central enzyme in biological methane formation by methanogenic
Archaea and consumption by anaerobic methanotrophs (2–4).
For the methane production, it catalyzes the exergonic conversion
of methyl coenzyme M (CH3-S-CoM) and coenzyme B (HS-CoB)
into methane and the heterodisulfide of coenzyme B and coen-
zyme M (CoB-S-S-CoM [HDS]):

CH3-S-CoM � H-S-CoB^ CH4 � CoM-S-S-CoB,

�GO� � �30 kJ · mol�1

MCR is composed of three different subunits, �, �, and �,
forming an (���)2 heterohexamer (5). Each molecule of MCR
contains two molecules of the cofactor F430, a Ni-porphinoid, as a
prosthetic group (6–8). The binding sites of two coenzymes F430

are roughly 50 Å apart, forming two separated structurally iden-
tical active sites. The active-site region of MCR contains five post-
translationally modified (PTM) amino acids (5, 9) comprising
1-N-methyl-His�257, S-methyl-Cys�452, 5-methyl-Arg�71, and
2-methyl-Gln�400, and thio-Gly�445. The role of these modifica-
tions is not known. In addition, MCR has been subjected to nu-
merous spectroscopic and crystallographic studies. Despite this,
the details of the catalytic mechanism are still not clear (10–13).

It is well established that the MCRred1-Ni(I) form is active,
while the other two major forms that can be detected in purified
enzyme and whole cells, MCRox1-Ni(III) and MCRsilent-Ni(II), are
inactive (14–18). The MCRred1 form can be obtained by incubat-
ing Methanothermobacter marburgensis cells either with H2 or CO
(15, 19); however, it is extremely O2 sensitive due to the low mid-
point potential of the Ni(II)/Ni(I) couple in F430, which is esti-

mated to be around �650 mV (versus a hydrogen electrode; pH 7)
(20). Moreover, the MCRox1 form can be converted to the
MCRred1 form by incubating it with the reductant Ti(III) citrate
(17). In order to study the reaction mechanism or to explore the
role of the PTMs, it is important to develop a cell-free system
capable of activating inactive MCR. No cell-free system that can
fully convert MCRsilent to MCRred1 has been reported to date.
Small amounts of activation, however, were reported using cellu-
lar components purified directly from cell extract using column
chromatography (21, 22). In the first fractionation step, three
fractions were discovered: A, an unknown fraction; B, which
turned out to be HS-CoB; and C, MCR itself. Fraction A was
further fractionated and contained A1, an F420-reducing hydroge-
nase; A2, an ATP-binding protein; A3a, an uncharacterized iron-
containing protein; and A3b, a methyl-viologen-reducing (F420-
nonreducing) hydrogenase. The activation of MCR was measured
by detecting methane formation in the headspace of a closed bot-
tle containing a solution with Ti(III) citrate, component A2,
MCR, the column fraction containing A3a, ATP, CH3-S-CoM,
and HS-CoB. A maximum activity of �0.1 �mol min�1 mg�1 was
obtained (21–23). Since then, methods have been established to
preserve the active form of MCR during cell harvesting, prepara-
tion of cell extract, and subsequent protein purification proce-
dures (14–18). In this case, enzyme can be obtained with a specific
activity of up to 100 �mol min�1 mg�1 (17). The low activity
obtained upon activation makes it clear that the activation process
is not well understood. It is possible that the small amount of
activation was due to the presence of traces of MCRox1 that can be
activated in the presence of Ti(III) citrate. It is also possible that
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Ruminants, such as cows, sheep, and goats, predominantly ferment
in their rumen plant material to acetate, propionate, butyrate, CO2,
and methane. Whereas the short fatty acids are absorbed and me-
tabolized by the animals, the greenhouse gas methane escapes via
eructation and breathing of the animals into the atmosphere. Along
with the methane, up to 12% of the gross energy content of the
feedstock is lost. Therefore, our recent report has raised interest in
3-nitrooxypropanol (3-NOP), which when added to the feed of
ruminants in milligram amounts persistently reduces enteric meth-
ane emissions from livestock without apparent negative side effects
[Hristov AN, et al. (2015) Proc Natl Acad Sci USA 112(34):10663–
10668]. We now show with the aid of in silico, in vitro, and in vivo
experiments that 3-NOP specifically targets methyl-coenzyme M
reductase (MCR). The nickel enzyme, which is only active when its
Ni ion is in the +1 oxidation state, catalyzes the methane-forming
step in the rumen fermentation. Molecular docking suggested that
3-NOP preferably binds into the active site of MCR in a pose that
places its reducible nitrate group in electron transfer distance to Ni(I).
With purified MCR, we found that 3-NOP indeed inactivates MCR at
micromolar concentrations by oxidation of its active site Ni(I). Concom-
itantly, the nitrate ester is reduced to nitrite, which also inactivates
MCR at micromolar concentrations by oxidation of Ni(I). Using pure
cultures, 3-NOP is demonstrated to inhibit growth of methano-
genic archaea at concentrations that do not affect the growth of
nonmethanogenic bacteria in the rumen.

methanogenesis | methyl-coenzyme M reductase | enteric methane |
greenhouse gas | climate change

Since the agricultural and industrial revolution 200 y ago, the
methane concentration in the atmosphere has increased from

less than 0.6 to 1.8 ppm. The present concentration is only 0.45%
of that of CO2, but because methane has a 28- to 34-fold higher
global warming potential than CO2 on a 100-y horizon, it contrib-
utes significantly to global warming (1). On the other hand, the
lifetime of atmospheric methane is relatively short relative to CO2.
Accordingly, the climate response to reductions of methane emis-
sions will be relatively rapid. Thus, measures targeting methane
emissions are considered paramount to mitigate climate change (2).
One of the main anthropogenic sources of atmospheric methane

are ruminants (cattle, sheep, goats), the number of which has grown
in parallel with the world population. Presently, there are about 1.5
billion cattle, 1.1 billion sheep, and 0.9 billion goats raised by
humans (3). Ruminants emit about 100 million tons of methane per
year, which corresponds to ∼20% of global methane emissions (4).
In the rumen (Fig. 1), plant material is fermented by anaerobic

bacteria, protozoa, fungi, and methanogenic archaea in a trophic
chain, predominantly yielding acetate, propionate, butyrate, CO2,
and methane with H2 as intermediate (5, 6). Whereas organic acids
are absorbed and metabolized by the animals, methane escapes the
rumen into the atmosphere via eructation and breathing of the
animals. The generation of methane by methanogenic archaea in

the intestine of domestic ruminants lessens feed efficacy, as up to
12% of the gross energy ingested by the animal is lost this way (7).
Methane (CH4) formation is the main H2 sink in the rumen. It

is formed by methanogenic archaea at the bottom of the trophic
chain mainly from carbon dioxide (CO2) and hydrogen (H2) (Fig.
1). However, the methane eructated by ruminants contains only
minute amounts of H2; the concentration of dissolved H2 in the
rumen is near 1 μM (8), equivalent to a H2 partial pressure of
near 140 Pa. Because at 1 μM, H2 formation from most substrates
in the rumen is exergonic (9), the low H2 concentration indicates
that H2 is consumed in the rumen by the methanogens more
rapidly than it is formed by other microorganisms (10). The H2
concentration increases substantially only when methane forma-
tion from H2 and CO2 is specifically inhibited by more than 50%
(10, 11). Already a small increase in the H2 concentration (8)
leads to both down-regulation of H2-generating pathways (12)
and up-regulation of H2-neutral and H2-consuming pathways
such as propionate formation, resulting in additional energy

Significance

Methane emission from the ruminant livestock sector—a by-product
from enteric fermentation of plant biomass in the ruminant di-
gestive system—is produced by methanogenic archaea and repre-
sents not only a significant amount of anthropogenic greenhouse
gases contributing to climate change but also an energy loss and a
reduction in feed efficacy. The present study elucidates the devel-
opment and the unique mode of action of the highly specific in-
hibitor 3-nitrooxypropanol (3-NOP), which is targeting the nickel
enzyme methyl-coenzyme M reductase in rumen archaea that cat-
alyzes the methane-forming reaction. At the very low effective
concentrations recently applied in vivo (dairy and beef cattle),
3-NOP appears to inhibit only methanogens and thus to be at-
tractive for development as a feed supplement.
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