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Methane-forming archaea are strictly anaerobic microbes and are essential for global carbon fluxes since they
perform the terminal step in breakdown of organic matter in the absence of oxygen. Major part of methane
produced in nature derives from the methyl group of acetate. Only members of the genera Methanosarcina and
Methanosaeta are able to use this substrate for methane formation and growth. Since the free energy change
coupled to methanogenesis from acetate is only — 36 kJ/mol CH,, aceticlastic methanogens developed efficient
energy-conserving systems to handle this thermodynamic limitation. The membrane bound electron transport
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Methanogenesis system of aceticlastic methanogens is a complex branched respiratory chain that can accept electrons from
Methane hydrogen, reduced coenzyme F4;q or reduced ferredoxin. The terminal electron acceptor of this anaerobic

respiration is a mixed disulfide composed of coenzyme M and coenzyme B. Reduced ferredoxin has an important
function under aceticlastic growth conditions and novel and well-established membrane complexes oxidizing
ferredoxin will be discussed in depth. Membrane bound electron transport is connected to energy conservation
by proton or sodium ion translocating enzymes (F40H, dehydrogenase, Rnf complex, Ech hydrogenase,
methanophenazine-reducing hydrogenase and heterodisulfide reductase). The resulting electrochemical ion
gradient constitutes the driving force for adenosine triphosphate synthesis. Methanogenesis, electron transport,
and the structure of key enzymes are discussed in this review leading to a concept of how aceticlastic
methanogens make a living. This article is part of a Special Issue entitled: 18th European Bioenergetic Conference.

Energy conservation
Ion translocation
Anaerobic respiration
NADH dehydrogenase

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Methane producing microorganisms belong to the domain of the
Archaea and are of great interest because of their important ecological
function and their unique biochemical features. Methanogens are
strictly anaerobic organisms and are found in anoxic environments
such as fresh water sediments, tundra areas, swamps and the intestinal
tract of ruminants and termites as well as in man-made environments
such as rice fields, anaerobic digesters of sewage plants and biogas
plants [1,2]. The formation of methane belongs to the most important
global bioelement fluxes because it marks the end of the anaerobic
food chain for the recycling of carbon components from organic
matter [3]. In this process biopolymers are hydrolyzed to mainly sugars,
amino acids, purines, pyrimidines, fatty acids and glycerol. Fermentative
bacteria convert these organic compounds to simple carbonic acids
(e.g. propionate, butyrate and acetate), alcohols (e.g. ethanol, propanol
and butanol) and some other compounds (e.g. Hp, CO, and ketones).
These products are used as substrates by syntrophic bacteria, which
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form acetate and H, + CO, [4-6]. These end products of fermentative
degradation are then converted to methane by methanogenic archaea
[7]. The major part of the methane released from anaerobic habitats is
oxidized by aerobic bacteria. However, billions of metric tons of CHy
per year escape into the atmosphere where methane contributes to
global warming since it is a 20 times more potent greenhouse gas
than carbon dioxide [8,9]. In addition, methanogens are involved
in the formation of the so-called methane hydrates [10] which may
represent one of the largest sources of hydrocarbon on earth [11].
These methane-trapping, water-ice-like structures are naturally formed
at high pressures and low temperatures, and are found within ocean
continental slopes and in permafrost regions. There are indications
that climatic changes in the past were based on large releases of
methane into the atmosphere. Therefore, concerns have arisen about
the possible impacts of a temperature increase on the present deposits
of methane hydrates [12]. On the other hand methanogens are an
integral part of biogas reactors and essential for the production of the
combustible gas methane that is a renewable energy source, and is
used for the generation of electricity and heat. In Germany alone
more than 7000 biogas plant were built until 2011 producing about
3000 MW of electric power, a capacity that is comparable to the
performance of about three atomic power plants [13]. Moreover,
methane-enriched and purified biogas can be fed into gas distribution
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networks and can replace natural gas as a feedstock for producing
chemicals and materials. Hence, biogas production has a huge econom-
ical value and is of interest in order to substitute fossil fuels.

2. Acetate converting methanogens

Methanogenic archaea are divided into seven taxonomic orders each
of which is as distantly related to the other as humans are to slime
moulds. Species of the orders Methanobacteriales, Methanococcales,
Methanomicrobiales, Methanocellales, Methanopyrales and
Methanoplasmatales are obligate hydrogenotrophic organisms and
use H, + CO, (or in some cases H, + methanol) as substrate [14]. In
addition, most of them can oxidize formate that is converted to
H, + CO; and then used for methanogenesis. However, the obligate
hydrogenotrophic methanogens are not able to utilize acetate [15]
and are therefore not discussed in this review (for a detailed description
of these methanogens see [9,16-19]). The major part of methane in
nature derives from the methyl group of acetate but only two genera,
namely Methanosarcina and Methanosaeta, have been described to use
this substrate for methanogenesis and growth [20].

Members of the genus Methanosarcina have the broadest substrate
spectrum of all methanogens and use acetate, methanol and other
methylated C; compounds such as methylamines and methylated thiols
for methane formation. Some of them are also able to utilize H, + CO,
[21]. The species reveal a number of distinct morphological forms
including single cells and sarcina packages, as well as multicellular
packets and lamina [22]. Single cells are coccoid and are covered
by S-layer proteins that are sometimes overlaid by sheets of
heteropolysaccharides. This structure is called methanochondroitin
and closely resembles eukaryotic chondroitin [22]. Furthermore,
Methanosarcina species are unsurpassed among methanogens in
terms of metabolic, physiological and environmental versatility. These
capabilities are reflected in the genomes of Methanosarcina (Ms.)
acetivorans (5.7 Mbp), Ms. barkeri (4.8 Mbp) and Ms. mazei (4.1 Mbp)
that are more than twice as large as the genomes of obligate
hydrogenotrophic methanogens [23-25]. The genomes reveal
extensive genetic diversity and redundancy underlining the ability of
Methanosarcina strains to adapt to various environmental conditions.
In addition, the genomes indicate the potential for entirely unexpected
metabolic capabilities. One of the most interesting features is the fact
that Methanosarcina species obviously acquired hundreds of eubacterial
genes [26], among them many which encode subunits of key enzymes
of the energy conserving machinery.

Species of the genus Methanosaeta form rod-shaped cells and are
normally combined end to end in long filaments, surrounded by a
sheath-like structure [27]. While Methanosarcina species are metaboli-
cally versatile, members of the genus Methanosaeta are specialized on
acetate degradation. A minimal concentration of only 7-70 uM is need-
ed for growth indicating a high affinity to this substrate [28,29]. From
the genome sequences of Methanosaeta (Mt.) thermophila (1.9 Mbp)
[30], Mt. harundinacea (2.6 Mbp) [31] and Mt. concilii (3.0 Mbp) [32]
and from pathway reconstruction [30,33] it is evident that the key
enzymes of the core processes of methane formation from acetate are
similar to the ones found in Methanosarcina species.

3. Biochemistry of methanogenesis

In this review we will focus on methane formation from acetate and
will only briefly present data on methanogenesis from other substrates.
For further reading we refer to excellent reviews that have been
published in the last five years [9,16,20,34-36].

3.1. Methanogenic cofactors

Several unusual coenzymes and prosthetic groups participate in
methanogenesis of aceticlastic methanogens [37], which are

referred to as methanofuran (MFR), tetrahydrosarcinapterin
(H4SPT), 2-mercaptoethanesulfonate (coenzyme M or HS-CoM), N-7-
mercaptoheptanoyl-L-threonine phosphate (coenzyme B or HS-CoB),
coenzyme F450 (F420), coenzyme F43¢ and methanophenazine (Mph)
(Fig. 1). MFR und H4SPT are carriers of C-fragments between formyl
and methyl oxidation levels in the process of methanogenesis from
H, + CO, and methylated C; compounds. HS-CoM is a ubiquitous
methyl group carrier in the pathway of methanogenesis. The methylat-
ed form, CH3-S-CoM, is the substrate for the methyl-CoM reductase that
catalyzes the terminal step of methanogenesis. This enzyme contains
another unusual and unique methanogenic cofactor called coenzyme
F430 [38-40]. It is made of a reduced tetrapyrrole ring system that coor-
dinates a nickel ion [41,42]. HS-CoM, F,4,0 and Mph function as electron
carriers in methanogenesis (Fig. 1) [19,37]. F40 is a deazaflavine deriv-
ative with a midpoint potential of —360 mV and is a central electron
carrier in the cytoplasm of methanogens [43]. HS-CoB is used as
electron donor in the process of methane formation from CH3-S-CoM
as catalyzed by the methyl-CoM reductase (Fig. 2) [44,45]. The last
unusual cofactor discovered in Methanosarcina species was Mph
(Fig. 1). It functions as electron carrier within the cytoplasmic
membrane with a mid-point potential of —165 mV that replaces
quinones that are not present in methanogens. This cofactor represents
a 2-hydroxyphenazine derivative that is linked via an ether bridge to a
pentaisoprenoid side chain [46-48].
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Fig. 1. Chemical structure of electron carriers involved in methanogenesis. (A) F420,
(B) Mph, (C) CoM-S-S-CoB (the parts of the molecule representing coenzyme M and B
are indicated). Only the oxidized form of the reactive part of the cofactors is shown. The
positions for reduction are indicated in red.



1132 C. Welte, U. Deppenmeier / Biochimica et Biophysica Acta 1837 (2014) 1130-1147

3.2. Methane formation from acetate

As mentioned above the major part of methane produced in nature
derives from the methyl group of acetate. So far only two genera,
Methanosarcina and Methanosaeta, were found to use this substrate for
methane formation and growth. At first glance the conversion of acetic
acid to methane and carbon dioxide seems simple:

CH; —COOH—CH, + CO,. (1)

However, the biochemistry of this process is complex and involves
many interesting enzymes (Fig. 2). In Methanosarcina strains the so-
called aceticlastic pathway of methanogenesis starts with the activation
of the carboxyl group of acetate by ATP-dependent phosphorylation,
catalyzed by an acetate kinase. Then a phosphotransacetylase converts
the resulting acetyl-phosphate to acetyl-CoA [1,49]. In obligate
aceticlastic Methanosaeta species activation of acetate is performed by
an acetyl-CoA synthetase forming acetyl-CoA, AMP and pyrophosphate
(PP;) from acetate, HS-CoA and ATP [28,30,50]. PP; can be hydrolyzed
by a pyrophosphatase to drive the reaction [28,50] (Fig. 2). One
consequence of these basic differences is that the minimum threshold
concentration for acetate is much lower in Methanosaeta than in
Methanosarcina species. At high acetate concentrations the faster
growing Methanosarcina species out-compete Methanosaeta species,
but at acetate concentrations below 1 mM members of the genus
Methanosaeta prevail [29,50]. The acetyl-CoA synthetase has been
purified from Mt. concilii and Mt. thermophila [28,51,52] and showed
activities of 55 and 26 U/mg protein and low K, values of 0.86 mM
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and 0.4 mM,, respectively. In contrast, the K, value of the acetate kinase
in Methanosarcina species can be as high as 48 mM [53]. Hence, the high
affinity of the acetyl-CoA synthetase to acetate could be the reason for
the low threshold concentration in Mt. thermophila. The key reaction
of aceticlastic methanogenesis is the cleavage of acetyl-CoA into its
methyl and carbonyl moiety by the action of a CO dehydrogenase/
acetyl-CoA synthase (Fig. 2). The enzyme of Methanosarcina species is
composed of a five-subunit complex (CdhABCDE) [54-57]. It has been
shown that CdhC is responsible for the cleavage of the C-S bond and
transfers the acetyl moiety to the so-called cluster A composed of a
binuclear Ni-Ni-site and a [4Fe4S] cluster. After cleavage of the C—C
bond the methyl group is transferred to the corrinoid containing
subcomplex CdhDE, which in turn transfers the methyl group to the
methanogenic cofactor H4SPT. The CO moiety is then oxidized to CO,
by the subcomplex CdhAE (Fig. 2). The electrons are used for ferredoxin
(Fd) reduction (for details please see James G. Ferry's review [1]). The
critical factor for electron transfer from enzyme-bound CO to Fd is the
active site C composed of an NiFe3S, cluster bridged to an exogeneous
Fe atom [58]. It is postulated that the removal of the CO,, produced in
the course of the aceticlastic pathway, optimizes the thermodynamic
efficiency of growth. The conversion of CO, to HCO53 is performed by
an extracellular carbonic anhydrase [1].

In the subsequent reaction the methyl-group bound to H4SPT is
transferred to HS-CoM (Fig. 2). This exergonic reaction is catalyzed by
a membrane bound methyltransferase (MtrA-H) that couples methyl-
group transfer to sodium ion extrusion across the cytoplasmic
membrane resulting in the generation of an electrochemical sodium
ion gradient [59-61]. Subsequently, methyl-S-CoM is reduced to
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Fig. 2. Pathways of methanogenesis. Carbon fluxes through the three pathways of methanogenesis in Methanosarcina and Methanosaeta strains. Red arrows indicates aceticlastic
methanogenesis with the different acetate activation mechanisms in Methanosarcina and Methanosaeta. Blue arrows indicate reactions of methylotrophic methanogens. Green arrows
indicate the pathway of hydrogenotrophic methanogenesis by a subgroup of Methanosarcina strains, e.g. Ms. mazei.
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methane, catalyzed by the methyl-CoM reductase. Electrons derive
from coenzyme B, causing the formation of a mixed disulfide from coen-
zyme M and coenzyme B which is called heterodisulfide (CoM-S-S-CoB)
[62,63]. CoM-S-S-CoB functions as terminal electron acceptor of an
anaerobic respiratory chain that is described in Sections 4.2 and 4.3.

3.3. Methanogenesis from H, + CO, and methylated compounds

Members of the family Methanosarcinaceae can grow on methylated
C; compounds (e.g. methanol and methylamines) in the absence of H,
(Fig. 2). This pathway is referred to as methylotrophic methanogenesis.

4 CH;0H—3 CH, + 1 CO, + 2 H,0 2)

The methyl groups are channelled into the central pathway by
substrate-specific soluble methyltransferases that catalyze the transfer
of the methyl group to HS-CoM [64]. To generate reducing equivalents
for methane production, parts of the methyl groups are oxidized. In gen-
eral, three out of four methyl groups are reduced to methane and one
methyl group is oxidized to CO,. In the oxidative branch of the pathway
the methyl group is transferred from methyl-CoM to H,SPT (Fig. 2). This
endergonic reaction is driven by a sodium ion potential and catalyzed by
the membrane bound methyl transferase MTR [59] that couples the
transfer reaction with the vectorial import of two Na™ ions across the
membrane into the cytoplasm. The methyl group in H4SPT is then
stepwisely oxidized forming formyl-H,SPT with the reducing equiva-
lents being used for F45q reduction. After transfer of the formyl group
to MFR the formyl-MFR dehydrogenase catalyzes the oxidation to CO,
and MFR. The electrons are transferred to Fd forming reduced Fd
(Fdieq) [65]. In summary, the oxidation of the cofactor bound methyl
moiety is the exact reversal of the CO,-reducing pathway as described
above and provides reduced cofactors (2 FioH; and Fdeq) in the
absence of H,. In the reductive branch of the pathway three out of
four methyl-S-CoM molecules are reduced by the HS-CoB-dependent
methyl-S-CoM reductase reaction leading to the formation of 3 CHy
and 3 CoM-S-S-CoB (Fig. 2). Further conversion of CoM-S-CoB is
described in Section 4.

In Methanosarcina species, hydrogenotrophic methanogenesis from
H, + CO, starts with the H> and MFR-dependent reduction of CO, to
formyl-MFR (Fig. 2). The reaction is catalyzed by a formyl-MFR
dehydrogenase and electrons are delivered by low potential Fd, that is
reduced by the Ech hydrogenase at the expense of the proton gradient
(Section 4.3) [35]. In Methanosarcina species the formyl group is then
transferred to H4SPT and the resulting formyl-H4SPT is stepwisely
reduced to methyl-H4SPT. The electrons derive from reduced Fjyq
(Fa20H2) that is produced by the F4,0-reducing hydrogenase (Frh) [66].
The reactions for methyl group transfer and reduction are the same as
described for the aceticlastic pathway of methanogenesis (Fig. 2)
(Section 3.2). At this point it is important to mention that the mecha-
nisms of CO, reduction in hydrogenotrophic methanogens and the
mode of energy conservation is different from Methanosarcina species
and other members of the order Methanosarcinales [34]. The process
of redox driven ion translocation across the membrane in members of
the order Methanosarcinales is based on cytochromes. This group of or-
ganisms will be discussed in detail in this review. In contrast, obligate
hydrogenotrophic methanogens lack cytochromes and cannot couple
membrane bound electron transfer reactions with the extrusion of
protons or sodium ions. However, they are forced to produce reduced
ferredoxin with a midpoint potential of about —500 mV to catalyze
the first step of methanogenesis, the reduction of CO, to formyl-MFR.
This problem is solved by a cytoplasmic enzyme complex that couples
the exergonic process of H,-dependent CoM-S-S-CoB reduction to the
endergonic H,-dependent reduction of Fd. As the electrons derived
from hydrogen oxidation are used for one exergonic (CoM-S-S-CoB)
and one endergonic (Fd) reduction reaction, this process is called
electron bifurcation. Electron bifurcation was first described for the

butyryl-CoA dehydrogenase/Etf complex from Clostridium kluyveri
[67] and later proposed by Thauer et al. [34] for the hydrogenase/
heterodisulfide reductase complex (MvhAGD/HdrABC) from methano-
genic archaea. Subsequently, this was confirmed by purification
and characterisation of the enzyme from Methanothermobacter
marburgensis [34,68). For Methanococcus maripaludis, a central role for
electron bifurcation in methanogenesis was also detected [69,70].
Although this process allows obligate hydrogenotrophic methanogens
to circumvent the dissipation of an ion gradient to drive the endergonic
reduction of Fd with Ha, no energy is conserved in this reaction. The only
process that leads to ion translocation in these organisms is the transfer
of sodium ions during transfer of the methyl group from H4MPT (close
homologue of H4SPT) to HS-CoM as catalyzed by the membrane
bound methyltransferase Mtr (Section 3.2). This electrochemical
sodium ion gradient is subsequently used for ATP synthesis.

CH; —H,MPT + CoM —SH—>CH; —S—CoM + H,MPT (3)

The electrochemical sodium ion gradient generated by methyl group
transfer is also found in cytochrome-containing methanogens during
growth on H,/CO, and acetate but these organisms have many more
opportunities to generate primary ion gradients as will be discussed in
the next sections.

4. Reactions and compounds of the electron transport chain of
aceticlastic methanogens

4.1. Membrane bound electron transport and energy conservation

Aceticlastic methanogens must possess efficient energy-conserving
systems to cope with thermodynamic limitation because methane
formation from acetate is coupled to a change of free energy of only
— 36 kJ/mol CH4. As mentioned above, one or even two ATP molecules
are spent for acetyl-CoA formation in the aceticlastic pathway of
methanogenesis. However, it is obvious that there is no site for ATP
regeneration by substrate level phosphorylation. Therefore, it is appar-
ent that ATP synthesis is accomplished by the interaction of ion
translocating enzymes and ATP synthases. Na™ extrusion by methyl-
group transfer as catalyzed by the membrane bound methyltransferase
Mtr [59-61,71] has already been mentioned as one ion translocating
mechanism. The ratio of sodium ion translocation per methyl group
transfer is about 2, which fits to the thermodynamics of this reaction
(AGY = —29 KkJ/mol) [72]. The other aspect of energy conservation
concerns the formation of heterodisulfide, which marks the end of the
processes leading to methane formation (Fig. 2). In recent years it
became evident that the reduction of CoM-S-S-CoB and the oxidation
of reduced cofactors (Fdeq, F420H> and H,) are catalyzed by membrane
bound electron transport system in Methanosarcina species that couple
the redox reaction with the translocation of protons or sodium ions
(Fig. 3) [35,73]. In Methanosaeta species the respiratory chain is simpler
and only Fd,.q dependent reduction of the heterodisulfide was observed
[33] (Section 6). Methanogens are the only microorganisms known to
produce two primary ion gradients, Afiy,+ and Afiy ., at the same
time [74]. This finding raised the question whether the A;Aq ATP syn-
thase found in methanogens [75-77] uses both ions for ATP synthesis
or whether Na*/H™ antiporters convert one gradient into the other.
Recent studies on the AjAp ATP synthase of Ms. acetivorans finally
provided the answer. With the help of ATP hydrolysis assays and by
analyzing ion transport in inverted membrane vesicles it was demon-
strated that the A;Ap ATP synthase from Ms. acetivorans uses both H*
and Na™ for energetic coupling leading to ATP synthesis [78]. The
Ms. acetivorans Na™/H™ antiporter Mrp is hypothesized to be used
for optimization of the thermodynamic efficiency of the ATP synthase
by adjusting the ratio of Afin,+ and Afiy+ [79]. The actual values of
electrochemical ion gradients have been measured only in a few
bacteria and archaea. For Ms. mazei and Ms. barkeri, Afiy +/F was in the
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Fig. 3. All ion-translocating enzymes of Ms. mazei in action. (A) methylotrophic methanogenesis, (B) hydrogenotrophic methanogenesis. The scheme gives an overview of ion translocation
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and Ech are replaced by the Na™-translocating Rnf complex.

range of —0.12 to —0.15 V [80,81]. Together with the chemical Na™
gradient (about —30 mV) [82] the value for the total electrochemical
ion potential Af,,/F) adds up to —0.15 to —0.18 V. Synthesis of ATP as
catalyzed by the ATP synthase is a highly endergonic reaction and
depends on the cellular concentrations of ATP, ADP, and P;. This
correlation is described by the phosphorylation potential (AGp)
and has been determined only for the hydrogenotrophic methanogen
Methanococcus voltae (AG, = 43.3 kJ/mol) and the aceticlastic
methanogen Methanosaeta concilii (AG, = 45 kj/mol). The number of

ions needed by the ATP synthase to phosphorylate ADP is given by Eq. (4).

AG

» = —N x Fx A, (With ALy, = sumof Apiy,, and Afiy,) (4)

Taking together these values and considering Eq. (4) we can con-
clude that the methanogenic ATP synthase needs 3-4 translocated
ions (H' or Na™) to synthesize one molecule of ATP. As indicated
above this value is highly dependent on the actual electrochemical ion
potential and on the concentration of ATP, ADP and P; within the cell
and may vary depending on growth conditions. The reactions and the
components involved in the energy transducing systems will be
described in the next sections.

4.2. Electron transport chain using reduced F,5o or molecular hydrogen as
electron donors

To describe the processes of energy conservation of aceticlastic
methanogens it is necessary to have a look at electron transport

processes that take place during growth on H, + CO, and methylated
C; compounds. As indicated above, the hydrogenotrophic pathway of
methanogenesis produces CoM-S-S-CoB that contains a disulfide bridge
and is used as terminal electron acceptor. Indeed, it has been shown that
membrane preparations of Ms. mazei catalyze a Hy-dependent CoM-S-
S-CoB reduction, whereas methyl-CoM or other disulfide compounds
do not serve as electron acceptors [83]. The electron transport system
is referred to as H,:heterodisulfide oxidoreductase and is involved in
methanogenesis from H, 4 CO».
H, + CoM—S—S—CoB—HS—CoM + HS—CoB (5)

The redox reactions are catalyzed by two membrane bound enzymes
(Fig. 3A/B): i) the Mph-reducing hydrogenase (Vho) (Section 5.1)
oxidizes H, and transfers the electrons to the Mph pool within the
cytoplasmic membrane. Two protons are released at the extracellular
side when the H, molecule is oxidized, and Mph takes up two protons
in the course of reduction, so a vectorial proton translocation with the
stoichiometry of 2H*/2e™ can be observed [84]. ii) The heterodisulfide
reductase catalyzes the final step in the anaerobic respiratory chain of
Methanosarcina species. This reaction involves the two-electron reduc-
tion of CoM-S-S-CoB to the free thiols HS-CoB and HS-CoM. Electrons
are provided by reduced Mph (Mph,.q). This reaction is also coupled
to a transfer of 2H"/2e ™ [84] (Fig. 3A/B).

Reduced F49 (Fs20H) and CoM-S-S-CoB are formed in
methylotrophic methanogens during methanogenesis from meth-
anol and methylamines (Section 3.3, Fig. 2). A system referred to
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as F4p0:heterodisulfide oxidoreductase oxidizes F4,0H, at the expense of
CoM-S-S-CoB reduction (Fig. 3B) [85,86] (an alternative pathway is
presented in [87]).

COM—S—S—C0B + FyoH,—HS—CoM + HS—CoB + F, (6)

It has been shown that Mph is reduced by the membrane bound
F420H, dehydrogenase from Ms. mazei with F450H; as electron donor
(Section 5.3). In the course of the reaction 2H*/2e™ are transferred
across the cytoplasmic membrane. The resulting Mph,eq acts as
substrate for the heterodisulfide reductase which also transfers two
protons in the course of CoM-S-S-CoB reduction (Section 4.1). Hence,
the electron transport chain is composed of a F450H, dehydrogenase
and the heterodisulfide reductase connected by Mph (Fig. 3b). Similar
to the H,:heterodisulfide oxidoreductase, electron transport and H™
translocation are strictly coupled, as indicated by stoichiometries of
4H*/2e [85].

The ratios of proton translocation and electron transport fit well to
the thermodynamic requirements. The midpoint potentials of the
electron carriers under standard conditions are —414 mV for Hy/2H™,
—360 mV for F40H2/F420 [43], — 165 mV for Mph/Mph;eq and
—143 mV for CoM-S-S-CoB/HS-CoM + HS-CoB [48]. Taking into
account the electrochemical proton potential Ap of —180 mV in
Ms. mazei [35] the translocation of two protons is possible when H, or
F420H; are used for Mph reduction (Eq. (7)).

n =2 x 2AE°/Ap (7)

(with AE” = midpoint potential under standard conditions, Ap =
electrochemical proton potential, n = number of ions translocated
[88]).

The situation is different for the Mph,.q dependent reduction of CoM-
S-S-CoB because under standard conditions the reaction is only slightly
exergonic (—4.2 kJ/mol). Therefore, it was assumed that proton translo-
cation as catalyzed by the heterodisulfide reductase is indirectly con-
nected to the highly exergonic reduction of methyl-CoM (— 30 kJ/mol)
[89]. The methyl-CoM reductase keeps the concentration of the
substrate of the heterodisulfide reductase high (CoM-S-S-CoB) and of
the products low (HS-CoM and HS-CoB). It thus shifts the reaction
equilibrium in favour of the heterodisulfide reductase reaction.
Therefore, it is tempting to speculate that the AG’ value under cellular
conditions is negative enough for the translocation of two protons [35].

4.3. Reduced ferredoxin as electron donor

During recent years it became evident that the above described elec-
tron transport systems have to be extended because additional enzymes
participate in the respiratory chain of Methanosarcina species. The key
element of the extended view is Fd that can function as electron accep-
tor or electron donor in membrane bound electron transport (Figs. 3-5).

As described above, Fd,q derives from the oxidation of the carbonyl
group of acetyl-CoA in the aceticlastic pathway of methanogenesis [55].
During methylotrophic growth, Fd is reduced in the course of formyl-
MFR oxidation [90-92] (Fig. 2). Interestingly, the pathway of the oxida-
tion of Fd,¢q differs in members of the genus Methanosarcina. Ms. mazei
and Ms. barkeri take advantage of the Ech hydrogenase (Section 5.1.2)
and the electrons are transferred to protons to form molecular hydrogen
[92-95] (Fig. 4A). In the hydrogenase-negative strains Ms. acetivorans
and Ms. thermophila the reaction is catalyzed by the recently described
Rnf complex [96,97] (Section 5.2 and Fig. 4B).

Since the discovery of the Ech hydrogenase it was suggested that the
enzyme could contribute to the electrochemical ion gradient [93] be-
cause of homologies to certain subunits of complex I of the respiratory
chain of bacteria and eukaryotes. Furthermore, the idea of an energy
conservation potential of the Ech hydrogenase was based on growth
data, experiments on resting cells and cell suspensions [93,94,98,99].

Many scientists took up the hypothesis but direct experimental
evidence for a redox-driven ion transfer as catalyzed by the Ech hydrog-
enase was lacking. In 2010, it was finally demonstrated that the Ech
hydrogenase indeed translocates protons in the course of the oxidation
of Fdieq (Figs. 3A and 4A) [95]. The experiments clearly showed
that membrane vesicles of Ms. mazei couple the oxidation of Fd,eq to
hydrogen evolution and ATP formation. Furthermore, the addition of a
protonophore resulted in a complete inhibition of ATP formation with-
out inhibiting hydrogen production by Ech hydrogenase. In contrast, the
addition of a sodium ionophore did not change the ATP formation rate.
These results led to the conclusion that Ech hydrogenase acts as primary
proton pump during the oxidation of Fdeq.

Under standard conditions, the Fd,.q-dependent H, formation
has a AGY value change of —19.3 kJ/mol with midpoint potentials of
Fd/Fd.eq = —500 mV and H,/2H' = —414 mV. Taking into account
the electrochemical ion potential of Ms. mazei of —0.18 V the Ech hy-
drogenase could translocate about one proton per hydrogen molecule
formed under standard conditions [35,95]. The analysis of deletion
mutants showed that Ech hydrogenase is indeed an important enzyme
in aceticlastic methanogenesis of Ms. barkeri [92] and Ms. mazei [94]
because a deletion of the ech genes led to an inability of both strains
to grow on acetate. Trimethylamine and methanol could still be used
as carbon and energy sources by the Ms. mazei Aech mutant, but growth
rates were lower, less biomass was produced and accelerated substrate
consumption was observed [94].

In summary, the Ech hydrogenase acts as primary proton pump and
represents an additional energy-coupling site in aceticlastic and
methylotrophic methanogenesis when Fd,.q is formed from acetyl-
CoA and formyl-MFR, respectively. Taking these data together, a new
model of the Fd: heterodisulfide oxidoreductase system in Ms. mazei
can be drawn and the long discussed hypothesis of proton translocation
by Ech hydrogenase can be confirmed. The current model indicates that
H, is formed from Fd,.q as catalyzed by the Ech hydrogenase thereby
translocating one proton across the cytoplasmic membrane. The
hydrogen molecule diffuses out of the cell and is oxidized by the Mph-
reducing hydrogenase (Vho) that transfers electrons to Mph and
releases two protons to the extracellular side of the membrane. The
last part of the Fd: heterodisulfide oxidoreductase system is the
heterodisulfide reductase as terminal enzyme of the anaerobic respira-
tory chain that also contributes to the electrochemical proton gradient
by the transfer of 2H"/2e~ (Figs. 3, 4). Under autotrophic growth
conditions, the Ech hydrogenase functions in the reverse direction as
compared to respiration (Fig. 3A): it reduces Fd by oxidizing hydrogen
to supply low-potential reducing power for CO, reduction [90-92].
Additionally, Fd,eq is needed in biosynthetic reactions to produce
acetyl-CoA [100] and pyruvate [101]. However, the reduction of Fd
(E® = —500 mV [34]) by molecular hydrogen (E = —414 mV) is
unfavourable under standard conditions and is highly endergonic in
natural habitats with very low partial H, pressures (e.g. at a H, pressure
of 5 PaAE’ = —286 mV [92]). This is why it has been proposed that the
process is coupled to the dissipation of an ion gradient [92,102,103].
Indeed, the reverse reaction of Ech hydrogenase produces Fd,cq from
H; coupled to the inflow of protons into the cytoplasm that drives this
endergonic reaction.

In Ms. acetivorans and probably in Ms. thermophila, an active Ech
hydrogenase is absent [24,104-106] and its function in Fd-dependent
respiration is taken over by the Rnf complex (Fig. 4B) [96,97,105].
Genes encoding the Rnf complex are upregulated under aceticlastic
growth conditions [107] and also proteome studies indicate that the
Rnf complex is more abundant when acetate is the growth substrate
[105]. Furthermore, Ms. acetivorans mutants lacking the Rnf complex
are unable to grow on acetate [96,97]. Taken these observations togeth-
er, an important role of the Rnf complex in aceticlastic methanogenesis
was assumed. Evidence for this hypothesis comes from the investigation
of bacterial Rnf complexes that couple the oxidation of Fd;eq with the
reduction of NAD™ thereby translocating sodium ions [108,109].
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Fig. 4. Process of ion translocation during acetate utilization. (A) Ms. mazei, (B) Ms. acetivorans. The scheme gives an overview of ion translocation events and does not indicate the mech-
anism of ion translocation. Vho, Mph-reducing hydrogenase; Ech, Ech hydrogenase; Rnf, Rnf complex; Hdr, heterodisulfide reductase; Mtr, methyl-H,SPT-coenzyme M methyltransferase;

A1Ao, ATP synthase; CM, cytoplasmic membrane.

Very recently it was demonstrated that the Rnf complex is indeed
part of the electron transport chain in Ms. acetivorans (Fig. 4B) [96,97].
Furthermore, it was shown that the complex catalyzes Na* transport
across the membrane coupled to electron transport from Fd;.q to Mph
by a combined approach with ARnf mutants and 22Na™ transport stud-
ies [97]. The overall free energy change of this reaction is — 68 kJ/mol
that would allow for the translocation of 3 Na* per 2 electrons. Thus,
this novel coupling site for the electron transport chain not only
provides the missing link in the electron transport chain of Ech
hydrogenase-negative Methanosarcina species but is also the major
contributor to the overall energetics of methanogenesis from acetate
in Ms. acetivorans.

Interestingly, Fd-dependent electron transport in the membrane
fractions of the Ms. acetivorans ARnf and also the Ms. mazei AEch
mutants was still observable [94,97] although the mutant strains were
not able to grow on acetate [96,97]. The remaining Fd: heterodisulfide
oxidoreductase activity was obviously insufficient to sustain growth
on acetate. However, this indicates that in Ms. acetivorans and
Ms. mazei a second membrane protein exists that is able to funnel
electrons from Fd..q into the respiratory chain. In analogy to
Mt. thermophila, this role might be fulfilled by the F450H, dehydrogenase
lacking FpoF (Section 6).

5. Characteristics of the key enzymes

In the next chapters the key features of the enzymes involved
in membrane bound electron transport of Methanosarcina and
Methanosaeta species will be described.

5.1. Hydrogenases

Five types of hydrogenases have been described in methanogenic
archaea, four of which belong to the superfamily of nickel-iron hydrog-
enases [8,110]. Among the aceticlastic methanogens, H, is used as an
electron donor by Methanosarcina species with the exception of
Ms. acetivorans that does not produce detectable levels of hydrogenase
[106]. Methanosaeta strains, in contrast, do not contain annotated hy-
drogenase genes in their genomes [30-33]. In Methanosarcina species
that are able to use H; as electron donor the F45¢-reducing hydrogenase
(Frh), the Mph-reducing hydrogenase (Vho) and the energy-converting
hydrogenase (Ech) are present (Fig. 5). The core of these enzymes is
built of a small electron transfer subunit and a large catalytic subunit.
The latter subunit contains a binuclear nickel iron centre that is ligated
by cysteine residues at the N-terminus (RxCGxCxxxH) and C-terminus
(DPCxxCxxH/R) [8]. A gas channel connects the surface with the active



C. Welte, U. Deppenmeier / Biochimica et Biophysica Acta 1837 (2014) 1130-1147 1137

A) VhoA H,

2e 2H*
VhoG

out

VhoC Mph
Mphred
in
2 H*

B)
H+
A
\( \ out
EchA EchB
A J
EchD EchC in
EchE
2H* H?

I:dred Fdox

Fig. 5. Structure of hydrogenases. Schematic overview of subunits and prosthetic groups found in the Mph-reducing hydrogenase Vho (A) and Ech hydrogenase (B). Red colour indicates

the initial oxidizing subunit, blue colour indicates membrane integral subunits.

site [111]. The small subunit contains three linearly arranged iron-
sulfur clusters, a proximal and a distal [4Fe4S] cluster and one central
[3Fe4S] cluster [112]. It is responsible for electron transport from the
catalytic centre to the surface of the complex [113]. Besides the core
subunits methanogenic [NiFe] hydrogenases are equipped with several
other polypeptides depending on their physiological function.

In this context, the F450-reducing hydrogenase has to be mentioned.
This protein is found in the cytoplasm and is not directly involved in
energy conservation in Methanosarcina species [87,114]. The enzyme
is involved in hydrogenotrophic methanogenesis and provides F450H;
for the reduction of methenyl-H4SPT to methyl-H,4SPT. In addition to
the small and large subunit the complex contains an FAD carrying
subunit (FrhB) that is able to reduce F40 [8] and is homologous to
FpoF (Section 5.3).

5.1.1. Methanophenazine-reducing hydrogenase

This type of hydrogenase is only found in methanogens that contain
cytochromes such as Methanosarcina species and other members of the
family Methanosarcinaceae (Fig. 5A). The protein is membrane bound
and can be purified only in the presence of detergents [115,116]. The
structural genes of the Mph-reducing hydrogenase are arranged in the
order vhoG-vhoA that were identified as those encoding the small and
the large subunit of the NiFe hydrogenase from Ms. mazei [117]. An
additional open reading frame (vhoC) encodes a membrane spanning
cytochrome b [118-120]. Later on it was found that in Ms. mazei three
isoenzymes are present (VhoGAC, VhtGAC, VhxGAC) that are almost
identical and cannot be separated by purification [115]. Therefore, the
isoenzymes are combined and are referred to as Mph-reducing hydrog-
enases (Vho) in this review. Comparison of the sequencing data of VhoG
with the experimentally determined N-terminus of the small subunit
indicates the presence of a Tat-dependent leader peptide, whereas the
large subunit lacks any known targeting signal for export. Therefore, it
is evident that the large subunit is cotranslocated with the small subunit
across the cytoplasmic membrane. Overall, the Mph-reducing hydroge-
nase is highly homologous to many membrane bound cytochrome b

containing hydrogenases from bacteria and it has been shown that at
least part of the large subunit of the enzyme from bacteria is exposed
towards the periplasm [121]. Therefore, it is highly probable that the
active centre of the Mph-reducing hydrogenase is also located at the
extracellular face of the membrane. All amino acid residues involved
in the ligation of the Ni-Fe centre and of the iron-sulfur clusters are
conserved in the small subunit (VhoG) and the large subunit (VhoA)
of Mph-reducing hydrogenase in Ms. mazei, indicating that the [3Fe4S]
cluster and both [4Fe4S] clusters are present.

Electron transport studies with Ms. mazei membrane vesicles
showed the direct involvement of Mph-reducing hydrogenase in energy
conservation [84,120]. The enzyme was able to couple the oxidation of
H, with the reduction of its cytochrome b subunit and finally transferred
electrons to the water-soluble Mph analogue 2-OH-phenazine. Overall,
the reaction led to proton translocation with a stoichiometry of about
2H™"/2e™. Later on it was shown that also the native cofactor serves as
electron acceptor of the Mph-reducing hydrogenase [47].

Combining all published results it is possible to speculate about
the reaction mechanism of the Mph-reducing hydrogenase (Fig. 5A).
The first reaction involves the oxidation of H, by the bimetallic NiFe
centre of the large subunit. The remaining protons are released into
the extracellular space. The three linearly arranged iron-sulfur clusters
of the small subunit transfer the electrons to the heme groups present in
the membrane-integral cytochrome b subunit. In the last step, the
cytochrome b subunit reduces Mph with the help of two protons from
the cytoplasm. Hence, the overall process leads to the formation of
two scalar protons.

5.1.2. Ech hydrogenase

In Ms. mazei and Ms. barkeri, Ech hydrogenase (energy-conserving
hydrogenase) [102] (Fig. 5B) is responsible for membrane bound Fd,eq
oxidation (Section 4.3). The protein belongs to the phylogenetically
distinct group of multisubunit [NiFe] hydrogenases [122] that couple
hydrogen formation in the course of (poly)Fd oxidation with ion trans-
location. Hydrogenases of the Ech-type are thought to be among the
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most ancient energy-conserving proteins [110,123] and various
microorganisms were shown to contain Ech-type hydrogenases. Some
examples are the Coo [NiFe] hydrogenases of Rhodospirillum rubrum
[124] and Carboxydothermus hydrogenoformans [125], the Hyc and Hyf
[NiFe] hydrogenases of Escherichia coli [126,127] (also termed E. coli
hydrogenases 3 and 4, respectively) and the Mbh hydrogenase of
Pyrococcus furiosus that was demonstrated to translocate protons in
the process of Fd,eq oxidation [128].

Ech hydrogenases from Ms. mazei and Ms. barkeri contain six protein
subunits encoded in one operon (echABCDEF) that is highly upregulated
under aceticlastic growth conditions [129]. The enzyme consists of the
classical small and large hydrogenase subunits (EchC and EchE) of
[NiFe] hydrogenases with the large subunit harbouring four conserved
cysteine residues to coordinate the binuclear [NiFe] active site
(Fig. 5B). EchC contains one of the three [4Fe4S] clusters; the other
two are coordinated by the hydrophilic subunit EchF [93]. The three
clusters give rise to Sy, electron paramagnetic resonance (EPR) signals
ofg = 1.96,g = 1.89 and g = 1.92[130] with the latter two exhibiting
a pH-dependent shift in their redox potential. Forzi et al. [131] propose
that electrons deriving from the H, — 2H™ + 2 e~ reaction at the
[NiFe] centre migrate to the proximal [4Fe4S] cluster in EchC towards
the two clusters in EchF to be finally released from Ech hydrogenase
to reduce a 2[4Fe4S] Fd [93,131]. The Ech hydrogenase contains another
hydrophilic subunit (EchD) and two additional hydrophobic,
membrane bound subunits (EchA and EchB, [93,132]). The isolated
Ech hydrogenase of Ms. barkeri reduced and oxidized a 2[4Fe4S] Fd
purified from the same organism with high specificity (K, values of 1
and 7.5 pM for the reductive and oxidative reaction, respectively) and
concomitant oxidation or reduction of H, and H, respectively [92,93].
These results indicated that Ech hydrogenase forms the link between
the CO dehydrogenase/acetyl-CoA synthase reaction [55,100] and
membrane bound electron transport [92,93] by oxidizing Fd,.q that
derives from the oxidation of acetyl-CoA. The Ech hydrogenase does
not interact directly with Mph [93,94] but is dependent on the action
of the Mph-reducing hydrogenase (Sections 4.3 and 5.1.1) to funnel
electrons into the Mph pool. Regarding the ion translocating properties,
it has long been suggested that Ech hydrogenase is a site of ion translo-
cation in methanogenic bioenergetics [102,103,133]. Even before Ech
hydrogenase was recognized, experiments with resting cell suspensions
indicated that the steps involving Ech hydrogenase were linked to
energy conservation and ion translocation [98,134] which was further
substantiated by mutational studies of Ms. barkeri lacking Ech hydroge-
nase [92,135]. In 2010, we unequivocally demonstrated that Ech
hydrogenase translocates protons coupled to Fd,eq oxidation and
hydrogen evolution in Ms. mazei [95] identifying this enzyme as
additional site of energy conservation in methanogenic bioenergetics.
Regarding the mechanism of proton translocation in Ech hydrogenase
it is useful to study the similarities [136] and common ancestry
[102,110,133,136-139] of Ech hydrogenase and NADH dehydrogenase
L. This is particularly useful because a crystal structure of NADH dehy-
drogenase I (complex I) exists [140-142] that may give an insight into
the proton translocation machinery of Ech hydrogenase. One of the
key components in a redox-driven proton pump is the coupling of the
electron transport to the conformational change of the protein complex
allowing the translocation of protons. Although the structure of Ech
hydrogenase is not known, homology modelling to complex I [136] sug-
gests that the coupling site of Ech hydrogenase is formed at the interface
of the subunits EchC, EchE and EchB. The cavity between EchC and EchE
(small and large hydrogenase subunits) forms the interaction site
between the hydrophilic subunits and the hydrophobic membrane-
spanning arm (EchAB) with EchB as a membrane-integral interaction
partner to EchCE. Interestingly, the small and large hydrogenase
subunits of Ech-type hydrogenases are more closely related to NADH
dehydrogenase I than to the corresponding subunits of soluble [NiFe]
hydrogenases [143]. In the much larger NADH dehydrogenase, part of
the conformational change is originating from the reduction of cluster

N2 (homologous to the proximal [4Fe4S] cluster in EchC) leading to a
disconnection of cysteine residues and a subsequent conformational
change [144]. However, in [NiFe] hydrogenases, these cysteines are
absent [136] and structural analyses of soluble [NiFe] hydrogenases
indeed show that there is no conformational change upon reduction
of the cluster [145].

Another part of conformational change in NADH dehydrogenase
probably originates from the quinone reduction reaction that releases
the majority of the redox energy [145]. Due to the similarity of the
hydrogenase reaction (2H* + 2 e~ — H,) to the quinone reduction
reaction (Q + 2H™ + 2 e~ — QH,) as well as the high conservation
of EchB cytoplasmic loops, Efremov and Sazanov [136] assume that
the hydrogenase reaction leads to a conformational change in Ech
hydrogenase mediated by EchB towards EchA. EchA is homologous to
the Bacillus subtilis Na*/H* antiporter subunit MrpA [133,137,146]
and is probably responsible for the translocation of the proton.

5.2. The Rnf complex

The first Rnf-type complex was discovered in the bacterium
Rhodobacter (R.) capsulatus [147] where it was shown that a deletion
of the rnf genes leads to a loss in nitrogen fixation. Later on it was dem-
onstrated that the Rnf complex has a Fd: NADH oxidoreductase function
in Acetobacterium (A.) woodii [108,109,148-150] and Clostridium
ljungdahlii [151] and presumably many other bacteria [152-156]. It
shows similarities to the sodium translocating NADH quinone oxidore-
ductase complex of bacteria that has a different evolutionary ancestry
than complex 1[157,158].

The Fd: Mph oxidoreductase system of Ms. acetivorans is formed in
part by the membrane bound Rnf complex (Fig. 4B) [96,97]. The gene
cluster containing the classical rnf genes rnfABCDGE is co-transcribed
with two additional genes at the beginning and the end of the operon,
respectively [105]. The gene at the beginning of the rnf gene cluster
encodes a multi-heme cytochrome that was shown to be part of the
Rnf complex in Ms. acetivorans [96]. The additional gene at the end of
the gene cluster encodes a small hydrophobic protein that has no
homology to genes with a known function [105].

As the Ms. acetivorans Rnf complex (Fig. 6) has not yet been purified,
the here presented analysis of the Rnf subunits has mostly been per-
formed by sequence analysis and comparison to the better investigated
bacterial Rnf complexes of R. capsulatus and A. woodii. The Rnf complex
of Ms. acetivorans seems to be firmly integrated into the cytoplasmic
membrane by the subunits RnfA, RnfD and RnfE. RnfA and RnfE of the
E. coli Rnf complex were shown to be tightly membrane bound [159]
and are not predicted to contain any cofactors. Whereas the C- and N-
termini of the E. coli RnfA are directed towards the periplasm, the RnfE
C- and N-termini face the cytoplasmic site. Saaf et al. [159] state that
the RnfA/E subunits form a quasi-symmetrical complex possibly in-
volved in electron transfer or channel formation. Besides being bound
to the membrane, the Vibrio (V.) cholerae RnfD subunit was demonstrat-
ed to contain a FMN cofactor covalently bound to Thr-187 that is located
at the periplasmic side of the protein [160]. This threonine is a con-
served residue and the corresponding FMN binding site is present in a
variety of RnfD subunits of other bacteria [155,160]. This residue is not
conserved in the Ms. acetivorans RnfD subunit and the FMN prosthetic
group is probably missing. As the function of the FMN cofactor is un-
known, it is not possible to speculate about the biological implications
for the Ms. acetivorans Rnf complex. RnfG is membrane-associated and
probably bound to the membrane with one transmembrane helix as in-
ferred from homology with the A. woodii RnfG [149,155]. The V. cholerae
RnfG contains an FMN covalently bound to Thr-175 [160] that is
conserved in A. woodii (Thr-185, [149]) and also in Ms. acetivorans
(Thr-166). In V. cholerae and A. woodii, it is located at the periplasmic
side of the membrane indicating that also in Ms. acetivorans an FMN
cofactor could face the extracellular space. Although the crystal
structure of an RnfG homologue from Thermotoga maritima was solved
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Fig. 6. Rnf complex. Tentative model of the Rnf complex of Ms. acetivorans. The additional
small hydrophobic subunit (MA0665) is indicated as part of the membrane module.
The multi-heme cytochrome c is termed MAO0658. The exact topology of the subunits,
the electron flow and the sodium ion translocation mechanism have not been determined
in the methanogenic enzyme. Red colour indicates the initial oxidizing subunit, blue
colour indicates membrane integral subunits.

(Protein Data Bank (PDB) ID: 3DCZ, Joint Center for Structural Genomics
(JCSG)), the function of this FMN cofactor is not known. RnfB is probably
membrane-associated with one to three transmembrane helices. More
interestingly, it contains conserved cysteine residues that might coordi-
nate iron-sulfur clusters [105]. Starting at positions Cys-172, Cys-227
and Cys-246, three classical C-(X),-C-(X),-C-(X)3-CP motifs are
present that might coordinate three [4Fe4S] clusters. Bioinformatical
analysis indicates that an additional cluster might be coordinated
by a cysteine-rich motif starting at Cys-138 with the sequence
C-(X)3-C-(X)5-C-(X)3-CP [161]. In addition, a fifth iron-sulfur cluster
might be coordinated by an N-terminal domain with the consensus
sequence C-(X),-C-(X)4-C-(X)16-CP starting at Cys-50 in the
Ms. acetivorans RnfB subunit. However, the cofactor content of RnfB
remains to be elucidated experimentally. RnfC is a subunit that is tightly
associated with the membrane although it is not membrane bound
[149,157]. The C-terminus contains two conserved C-(X),-C-(X),-C-
(X)3-CP motifs indicating the binding of two [4Fe4S]| clusters
[147,162]. 1t was suggested that the RnfC subunit binds FMN
[157,163,164] but this has so far not been demonstrated experimental-
ly. Furthermore, RnfC is thought to be the NADH-interacting subunit
[157]. The R. capsulatus RnfC contains a conserved region [157] highly
homologous to bacterial NAD*-reducing hydrogenases [165-167],
bacterial complex I [163,164] and mitochondrial complex 1 [168,169].
However, this region (residues 122-155) is hardly conserved in
RnfC of Ms. acetivorans and experimental results validate that the
methanogenic complex does not interact with NADH/NAD™* [96,97].
The Ms. acetivorans Rnf complex also contains a c-type cytochrome sub-
unit [105]. It is membrane bound and represents so far the only c-type
cytochrome with an assigned function in methanogens [96], namely
the electron transport from the Rnf complex to methanophenazine.
Sequence analysis identifies five CXXCH and one CXXXCH motifs that
could bind six heme c groups. The membrane fraction of Ms. acetivorans
exhibits a peak at 554 nm upon reduction with Fd,.4 so the cytochrome
can be characterized as a css4-cytochrome [96].

The Ms. acetivorans Rnf complex oxidizes Fd,.q, presumably with the
polyferredoxin-like subunit RnfB [155]. How electrons finally reach the
multi-heme c-type cytochrome subunit to reduce Mph is not known but
probably involves the iron-sulfur clusters of RnfC and the FMN cofactor

of RnfG. Biegel et al. [155] suggest that the membrane bound subunits
RnfA, RnfD and RnfE are responsible for the Na™ translocation of
the A. woodii Rnf complex. However, the exact mechanism of electron
transport and ion translocation remains to be elucidated.

5.3. Characteristics of the F,50H> dehydrogenase

The F4,0H, dehydrogenase (also named Fpo = Fyyq:phenazine oxi-
doreductase) is found only in members of the order Methanosarcinales
and is absent in obligate hydrogenotrophic methanogens (Fig. 7). From
the point of view of the authors it is one of the most fascinating enzymes
found in methanogenic archaea. As described in Section 4.2, the protein
uses FqpoHz as electron donor and reduces the quinone analogue
methanophenazine [46]. Analysis of the proton-translocating activity
of the F40H, dehydrogenase showed that the enzyme can transfer
two protons across the membrane in the course of the reaction cycle.
This finding is in agreement with thermodynamic considerations as
indicated in Section 4.2. Hence, it represents an intrinsic proton-
translocating complex in members of the order Methanosarcinales
that significantly contributes to the formation of the Apy .

When the genome of Ms. mazei was sequenced it became evident
that the enzyme is encoded by 14 genes (fpoABCDFHIJ1J2KLMNO) [23]
that form an operon structure. The gene encoding the electron input
subunit FpoF has a different chromosomal location than the other fpo
genes. Hydropathy plots revealed that the deduced subunits from Fpo
A H, ], K, L, M and N are membrane-integral components forming
more than 50 transmembrane helices. A 115 kDa subcomplex of the ho-
loenzyme was purified comprising the hydrophilic subunits FpoBCDI
and FpoF. The latter subunit contained one flavin and two iron-sulfur
(FeS) clusters [170]. The other subunits contained three FeS clusters.
Later on a F4oH, dehydrogenase complex with a size of 400 kDa
could be partially purified that was capable of F450H; oxidation and
phenazine reduction, indicating the structural integrity of the complex
(unpublished results). However, up to now it was not possible to purify
the holoenzyme to homogeneity.

The amino acid sequences deduced from the genome sequence of
Methanosarcina species showed that the F450H, dehydrogenase is highly
homologous to bacterial and eukaryotic proton-translocating NADH:
quinone oxidoreductases (complex I). During the last years attempts
to crystallize bacterial complex I were successful and the three-
dimensional structure has recently been described by Sazanov and co-
workers. The results comprised the elucidation of the eight-subunit
hydrophilic domain of the Thermus (T.) thermophilus complex I up to
3.1 A resolution [144,171] and the analysis of the entire T. thermophilus
complex I at 4.5 A resolution [140]. Subsequently, the crystal structure
of the membrane domain from the E. coli complex I (missing Nqo8/
NuoH) with a resolution of 3.0 A was described [141]. Finally, the struc-
ture of the isolated T. thermophilus membrane domain containing
subunit Nqo8 was also solved [142] leading to the elucidation of the en-
tire structure of complex I from T. thermophilus at 3.3 A resolution [142].

The high homology of the F450H, dehydrogenase to complex I of
T. thermophilus prompted us to speculate about the structure and
function of the subunits in the methanogenic protein. For this purpose
the amino acid sequences of the F450H, dehydrogenase (with exception
of FpoF and FpoO that are not present in complex I) were analysed
by the protein structure prediction servers Cn3D 4.3 and RaptorX
[172,173] using the 3D structures of the subunits of complex I from
T. thermophilus as scaffold (PDB ID: 4HEA). Almost all the amino acid se-
quences of the Fpo subunits could be modelled into the given structure
of complex I (not shown) with the exception of subunit FpoJ1 and FpoJ2
of the methanogenic enzyme. Small differences in models between sub-
units of Fpo and Nqo were due to short insertion of amino acid stretches
(3-11 AS) and differences in the length of the N- and C- termini. Based
on the modelling it is tempting to speculate on the catalytic mechanism
of the Fpo complex and the critical structural elements involved in
electron transfer and H* translocation.
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H*?

H*? H*?

out

Fig. 7. Tentative model of the F450H, dehydrogenase. The figure indicates the subunit arrangement, prosthetic groups and the electron flow. Predicted discontinuous TM helices in
FpoHLMN are shown as light blue boxes. Putative helix HL is indicated by a dark blue box. Question marks indicate that the exact site of H* translocation is not known. The predicted
discontinuous TM helix of FpoL is marked by X because it might be inactive. The function of the hydrophilic subunit FpoO is not known. Therefore, its properties are not discussed. Red
colour indicates the initial oxidizing subunit, blue colour indicates membrane integral subunits.

a) IncomplexIof T. thermophilus subunits Nqo1, 2, and 3 serve as mod- that is situated close to the position of the isoalloxazine ring of F439

ule for electron input from NADH into a chain of FeS clusters found in
Nqgo9 and Nqo6 [144,171]. Homologues of the genes encoding Nqo1,
2, and 3 are absent from the genome of Methanosarcina species.
Instead, it was shown that subunit FpoF functions as an electron-
feeding device for the F40H, dehydrogenase.

[175] and might enable one or two of the conserved lysine residues
to interact with the phosphate group of F4,0. Besides the interaction
with F420H, when FpoF is bound to the Fpo complex, purified FpoF
can also interact with Fd and oxidizes Fd,.q with high specificity
(K for Fd = 0.5 uM) [86].

FpoF is an iron-sulfur flavoprotein that contains one FAD and two b) The membrane associated module of complex I is constituted of
[4Fe4S] clusters per single protein subunit (Fig. 7) [86]. The FpoF Nqo4, 5, 6 and 9 [171] that connects the NADH-oxidizing unit to
protein is not homologous to the Nqo 1, 2, and 3 proteins, which is the membrane-integral subcomplex. The corresponding counter-
on the one hand not surprising because it oxidizes F4,0H; and not parts in the F450H, dehydrogenase are FpoB, C, D and I (Fig. 7). In
NADH. On the other hand, the functional similarity as electron complex I, electrons are channelled from the input module (contain-
input module leads to a similarity in cofactor content: both proteins ing flavin and different FeS clusters as described above) via the FeS
contain a flavin to enable the switch from the two electron donors groups N6a and N6b to the terminal cluster N2, located in close vi-
NADH/F4,0H, to the one-electron accepting FeS clusters that are cinity to the quinone-binding site [171]. Subunit Nqo9 coordinates
also present in both subunits. FpoF is homologous to the FrhB sub- the tetranuclear clusters N6a and N6b that are similar to the 2
unit of the Fypo-reducing hydrogenase (FrhABG) [174]. Recently, [4Fe4S] Fd family. Clusters N6a and N6b are coordinated by cysteines
the structure of the FrhABG complex was modelled into data obtain- 53,56,59,and 108, and by cysteines 63,98, 101, and 104, respective-
ed by cryo-electron microscopy [175]. After refinement, a resolution ly. Cluster N2 is found in subunit Nqo6 and is bound by €45, C46,
of about 4 A for the FrhABG complex was reached. The modelling (€140 and C111. The unique coordination of cluster N2 by two con-
revealed that the FpoF homologue FrhB contains a novel fold not secutive cysteines is obviously important for the electron transfer
previously reported [175]. On the surface of the protein, a distinctive to quinone that is bound at the interface of the hydrophilic subunits
~35 A surface helix was observed that corresponds to the C-terminal and the membrane domain (see below) [142]. Sequence homology
helix. The core of the protein is formed by a mixed six-stranded beta and model comparison indicated that identical binding motifs for
sheet. Modelling of electron densities of cryo-electron microscopy [4Fed4S] clusters are present in Fpol and FpoB. Hence, it is tempting
data with and without F4;¢ revealed that the cofactor is probably to speculate that the FeS clusters are coordinated by C44, C47, C50,
located at a distance of 4 A to the flavin isoalloxazine ring inside a (€94 and C54, €84, C87, C90 in the case of Fpol and C61, C62, C156,
large pocket surrounded by conserved residues [175]. Part of the C126 in the case of FpoB, which includes the tandem cysteine
F4,0 binding site is built by the FrhB residues S209 and V210 that motif. In summary, it is highly probable that electron transport in
are located in a loop between two beta strands. In FpoF, this corre- the membrane associated module of the Nqo complex and the
sponds to the conserved S272 and V273 residues. These residues F420H> dehydrogenase is very similar. Besides the electron transfer
are part of a conserved sequence motif that is presumably used function, the membrane-associated module of Nqo is also responsi-
for F450 binding. The consensus motif in FrhB homologues is GXhG ble for quinone reduction, which will be described in the next
(h, hydrophobic residue), the actual sequence motif in FpoF is section.

GSVG. Another conserved region that is part of a three-stranded ¢) Quinone reaction chamber

beta sheet flanked by two short helices and probably involved in
F420 binding, is the conserved 163IGKGK region in FrhB. In FpoF,
this region is 225FTKGK. The consensus sequence as compared to
other FrhB homologues is [LIFYHW]-X-[RK]-G-[RK]. It forms a turn

Before the structure was elucidated, experimental evidence had
already been found that the C-terminal end of Nqo4 is the binding
site of the polar head of quinones, whereas the hydrophobic tail of
the electron acceptor is bound to the membrane-integral subunit
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Nqo8 [176]. The structural analysis revealed that the quinone bind-
ing site in complex I of T. thermophilus [ 142 ] forms a long and narrow
cavity and the reactive head of the quinone is in effective electron
transfer distance of the FeS cluster N2. Important structures for the
formation of the quinone chamber are TM1, TM6 and amphipathic
AH1 of Nqo8 and of TM1 from Nqo7 as well as hydrophobic areas
of subunits Nqo4/6. The residues lining the chamber of Nqo8 and
Nqo6 [142] are all highly conserved in FpoH and FpoB, respectively.
However, some residues in FpoB (G63, V64, and 167) possess smaller
side chains compared to their counterpart in Nqo8 (A47, 148 and
M51). In contrast, the residues in Nqo4 that form part of the hydro-
philic quinone-binding site are not conserved in FpoD. This finding is
not surprising, because the electron acceptor of the F4,0H, dehydro-
genase, Mph, is structurally different from quinones. Especially the
phenazine ring system is much larger and probably needs more
space in comparison to the quinone ring. In contrast, the hydropho-
bic part of Mph made up of 5 isoprenoid units is structurally similar
to the tail of quinones and might fit into a hydrophobic cavity that is
similar to the one in the Nqo complex.

Connection between the Q-site and membrane subunits: the
E-channel

Most of the interactions between the hydrophilic and the membrane
bound part of the Nqo complex involve subunit Nqo8 [142]. Most
striking is the fact that Nqo8 and Nqo10/11 form antiporter-like
half channels that are connected by the Nqo8 residues E130, E163,
E213 and Nqo7-D72 (referred to as E-channel). Thus, redox
reactions in the Q-site lead to conformational changes in the
half channels. These are caused by a chain of charged or polar resi-
dues that start from the Q-binding site and reach deep into the
membrane. As a result of conformational changes in the E-channel
it is likely that this chain of charged residues drive the transport of
protons across the membrane [142]. The comparison of subunits
Nqo6, 7, 8,10, and 11 showed that almost all of the residues forming
the E-channel are found in the corresponding positions in the ho-
mologous subunits FpoB, A H, ] and K indicating that the E-channel
might also be structural element of the F450H, dehydrogenase.
Function of the antiporter-like subunits Nqo12-14

The membrane integral subunits Nqo12-14 reach from Nqo8 to the
far end of the L-shaped complex [140-142]. These subunits share a
structurally similar core of 14 TM helices. Among them are discon-
tinuous TM helices (TM7 and 12) that are likely to be involved in
H™ translocation. In addition to the core helices, Nqo12 contains
the long amphipathic transversal helix HL that directly interacts
with the discontinuous TM helices of Nqo12-14 by a piston-like
motion. It probably represents the coupling element between
redox reaction and H™ translocation. The molecular piston is driven
by redox changes in cluster N2 and the quinone-binding site leading
to conformational changes in subunits Nqo7, 8,10, and 11 that are

o
=

m
—

directly connected to the HL helix of Nqo12. The movement of HL
drives a conformational change in the discontinuous helices of
Nqo12-14 leading to the translocation of three protons. Together
with the transfer of one H* through the E-channel the experimen-
tally determined ratio of 4H"/2e™ can be explained in a very con-
vincing way. The counterparts of Nqo12-14, subunits FpoLMN of
the F450H; dehydrogenase align very well with the core helices of
Nqo12-14 and also the transversal helix HL was detected in FpoL.
In addition, essential charged residues found in the Nqo12-14
discontinuous helices [141,177] are highly conserved indicating
that the discontinuous TM helices (TM7 and 12) could be present
in FpoLMN.

In summary, the overall structure of the critical elements for proton
translocation is obviously conserved between complex I and F4,oH, de-
hydrogenase. However, alignments and modelling indicated that FpoL
contains an insertion of 6 amino acids in discontinuous helices TM12
(position 414-419) (Fig. 8) that could lead to structural modification
and a loss of function (Fig. 7). The finding that the coupling efficiency of
F420H, dehydrogenase is only half of the one of complex I (2H"/2e ™) is
in line with this assumption. Besides the alterations in FpoL another
coupling site in the F430H, dehydrogenase might not be functional
or shut down, leaving two coupling sites. This hypothesis is sup-
ported by the fact that the midpoint potential of Mph/Mphyeq is in
the range of — 165 mV. Combined with the oxidation of F4,0H,
(—360 mV) the AG® value is only — 37.6 kJ/mol compared to a
AGY of —80.9 kj/mol for the NADH-dependent reduction of ubiqui-
none. In this connection, we also refer to Section 6 where the system
of energy conservation in Methanosaeta species is discussed.

However, there are remarkable similarities between complex I and
the F450H; dehydrogenase, indicating that the methanogenic enzyme
belongs to the family of enzymes that couple the oxidation of soluble
electron donors and reduction of membrane integral quinones and qui-
none analogues with the translocation of ions against the membrane
potential. Our brief comparison of F4»0H, dehydrogenase and the Nqo
complex omitted most of the marvellous details on structure and reac-
tion in the bacterial enzyme. Further studies using more sophisticated
protein modelling programmes are needed to confirm the observed
differences with respect to the input module and the binding of Mph
and to solve the problem of the mechanisms of energetic coupling in
the F430H, dehydrogenase that could be based on the shutdown of
one or two of the four proton channels found in complex 1.

5.4. Characteristics of the heterodisulfide reductase
In methanogenic archaea, two different types of heterodisulfide

reductases exist. The soluble heterotrimeric HdrABC enzyme performs
electron bifurcation [68] via the flavin-containing subunit HdrA

373 394
NuoL E. coli LRKSIPLVYLCFLVGGAALSALP. .. ... LVTAGFFSKDEILAGAMA. .N
Nd5 C. elegans NGNLBENFIQLOMLVTLFCLCGLI. .. ... FS.SGAVSKDFILELFFSNNY
NuoL S. coelicolor LRKYMPVTFVTFGLGYLAIIGFP. ..... GL.SGFFSKDKIIEAAFA. .K
Ngol2 T. thermophilus LWKHLPQTRWHALIGALALGGLP...... LL.SGFWSKPAILAATLTYPF
Nd5 H. sapiens LLKTMPLTSTSLTIGSLALAGMP. ... .. FL.TGFYSKPHIIETANMSYT
Nd5 Y. lipolytica LLSYLPYTYICITIASLSLMAMP. .. ... GL.TGYYTKDIIIESTYGSYS
NuoLn R. prowazekii LINKMPITYGNFLIGSLALIGIY...... PL.SGFYSKDLILEATYS. ..
Nd5 A. thaliana LASSHPLTYAMMLIGSLSLIGFP...... FL.TGFYSKDVILELAYTKYT
FpoL Mt. thermophila VGRYMRWTAGTMAIGGLALAGFP. ... .. GT.TGFFSKDEILVTAWEYGA
FpoL Mt. concilii VGKYMKWTMYTMLIGSLSLAGFP. ... .. LF.TGFFSKPEIIMIAYEYGI
FpoL Ms. mazei VGKVMPITAATMTIAALALAGFGIPGTSIGT .SGFMSKDPIIEAAYLFGE
FpoL Ms. acetivorans VGKVMPITAGTMATAALSLAGFGIPGTSIGT . SGFMSKDPIIENAYLFAE

Fig. 8. Alignment of the discontinuous transmembrane helix 12 in FpoL. Numbering is according to NuoL from E. coli (M. Sato et al. [177]). Residues forming TM12 are indicated by a yellow
box. Alignment was performed with Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). Amino acid sequence identification numbers (from top to bottom): YP_490518, NP_
006964, CAB44520, AAA97949, ADB78261, AGS44097, ADE30356, NP_085478, YP_843482, YP_004385204, AAF65739, NP_616438
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[16,68]. Electrons are delivered by the associated hydrogenase Mvh
[68], are bifurcated at the flavin in HdrA and are subsequently used to
couple the exergonic reduction of the heterodisulfide (catalyzed by
HdrBC) to the endergonic reduction of ferredoxin (Section 3.3)
[16,34,68]. The second type of heterodisulfide reductase is the
membrane bound HdrDE enzyme only present in the cytochrome-
containing Methanosarcinales (Fig. 9) [34]. Members of the HdrDE
protein family do not perform electron bifurcation and lack a homo-
logue to the flavin-containing subunit HdrA. Instead, HdrDE couples
Mph,eq Oxidation to the reduction of the heterodisulfide [84] with
concomitant proton extrusion [84,97]. Thus, it serves as the terminal
reductase in the anaerobic respiratory chain of cytochrome-containing
methanogens.

The HdrDE enzyme is firmly integrated into the membrane by the
cytochrome-containing subunit HdrE, which contains two b-type
hemes (Fig. 9) [178-180]. In the Ms. thermophila enzyme, one
heme group is high-spin, hexacoordinated and has a high midpoint
potential of —23 mV whereas the second heme group is low-spin,
pentacoordinated and has a low midpoint potential of —180 mV
[178]. Only the low-spin heme seems to be involved in catalysis [181]
whereas the exact function of the high-spin heme remains unknown.
The HdrD subunit forms the catalytic centre and contains two character-
istic cysteine-rich motifs (CX3;_3,CCX33_33CXXC, [182]) that coordinate
two [4Fe4S] iron-sulfur clusters. The apparent midpoint potentials for
the two clusters are —100 mV and —400 mV, respectively [178,181].
The low-potential cluster is not involved in redox cycling but instead
has a role in the stabilization of a radical intermediate. The absence of
a prosthetic group that could donate two electrons at once to the
heterodisulfide leads to a step-wise one-electron reduction of the
CoM-S-S-CoB creating a coenzyme M thiyl radical intermediate
[178,183]. This intermediate requires the low potential [4Fe4S] cluster
in order to remain stable and accessible for the second one-electron
reduction that leads to the formation of HS-CoM and HS-CoB [182].
Hence, the electron flow within HdrDE probably proceeds as follows:
Mph;eq — heme b; — [4Fe4S]; — CoM-S-S-CoB. Reduction of the
heterodisulfide happens at the [4Fe4S|y cluster, which was extensively
studied by different spectroscopic methods. However, the exact binding
of the heterodisulfide to the cluster remains to be elucidated. For a
detailed discussion of this FeS cluster the reader is kindly referred to
the review written by Hedderich et al. [182]. Simianu et al. [178] sug-
gested that the proton translocation mechanism of the heterodisulfide

CoM-SH + CoB-SH

CoB-S-S-CoM

reductase is similar to the quinone-dependent proton translocation
mechanism of the bacterial bc; complex. Two protons would directly
be released to the extracellular space upon partial oxidation leaving
Mph in a state corresponding to the semiquinone state. A subsequent
one-electron oxidation step would leave Mph in its fully oxidized
state. However, this mechanism has neither been confirmed nor
rejected by subsequent studies.

6. Novel aspects on energy conservation in
Methanosaeta thermophila

The energy conservation pathway of Methanosaeta species is less
well understood than that of the members of the genus Methanosarcina.
Part of the reason is that Methanosaeta species are less versatile and
solely depend on acetate as carbon and energy source. Thus, e.g. mutant
generation of central energy metabolism enzymes is not feasible. In
addition, there is no genetic manipulation system available to create
deletion mutants of Methanosaeta species. However, central features
of the energy conservation pathway have been investigated recently
and will be discussed.

The presence of the acetyl-CoA synthetase in Methanosaeta species
implies that two ATP equivalents are required for the activation of one
molecule of acetate whereas in Methanosarcina species only one ATP
is used for acetyl-CoA formation (see Section 3.2 for more details and
references therein). As a by-product, the acetyl-CoA synthetase
forms pyrophosphate that might be used by members of the genus
Methanosaeta to compensate for the ATP expense in the acetate activa-
tion reaction. The most prominent possibility is the hydrolysis of pyro-
phosphate by an ion-translocating, membrane bound pyrophosphatase.
Such enzymes have been characterized in Ms. mazei [184,185] but are
also present in other methanoarchaea [184]. However, the genomes of
Mt. thermophila, Mt. harundinacea and Mt. concilii [30-32] revealed
that membrane bound pyrophosphatases are not present in these or-
ganisms. The K, value of the Mt. thermophila soluble pyrophosphatase
is relatively high (0.3 mM, [28]) which might allow other enzymes to
make use of part of the pyrophosphate for the phosphorylation
of other cellular compounds. However, the number of described
pyrophosphate-using phosphorylating enzymes is very limited.
Mt. thermophila does not contain genes encoding a pyrophosphate-
dependent phosphofructokinase [28,186] whereas one gene shows a
low but significant homology to the gene encoding pyruvate phosphate

2 H*

Fig. 9. Simplified scheme of the HdrDE-type heterodisulfide reductase. Direct involvement of electron transport was demonstrated for the low-spin heme (heme bs) but not for the high-
spin heme (heme by;). The high potential FeS cluster ([4Fe4S]y) was also demonstrated to be involved in electron transport whereas the other, low potential FeS cluster ([4Fe4S],) is
involved in the stabilization of the thiyl intermediate that is formed during catalysis. For more details, see text. Blue colour indicates the membrane integral cytochrome b subunit.



C. Welte, U. Deppenmeier / Biochimica et Biophysica Acta 1837 (2014) 1130-1147

dikinase from Thermoproteus tenax [28,187]. This protein catalyzes the
reversible reaction between pyruvate, ATP and phosphate to phospho-
enolpyruvate, AMP and pyrophosphate. This reaction is part of the
central carbon metabolism and could provide a less costly route of
interconversion of central carbon metabolites. It can, however, not
account for the majority of PP; turnover from the acetate activation
reaction because the flux of substrate through the methanogenic
pathway is by far greater than the biosynthetic need for central carbon
metabolites. As to the current state of our knowledge it can be assumed
that the vast amount of the PP; generated in the acetate activation
reaction of Methanosaeta species is indeed hydrolyzed by a soluble
pyrophosphatase and that the free energy change associated with the
hydrolysis of the P— P anhydrous bond (AG” = — 20 kJ/mol [188]) is
dissipated as heat.

During methane production from acetyl-CoA in Methanosaeta spe-
cies, Fd is reduced and CoM-S-S-CoB is produced (Fig. 2). As described
in Section 4.3 Fd,eq is the electron donor to the membrane bound
Mt. thermophila electron transport chain [33] that leads to the reduction
of the heterodisulfide [33] (Fig. 10A). Other electron donors, e.g. Ha,
F420H> or NADH are not oxidized by Mt. thermophila membrane
fractions [33]. Regarding the identity of the terminal reductase, an
HdrDE-type membrane bound heterodisulfide reductase is encoded in
all sequenced Methanosaeta genomes [30-32] indicating that this en-
zyme forms the terminal reductase of the electron transport chain. In
contrast, the identity of the Fd,.4 oxidizing enzyme complex is puzzling.
The Mt. thermophila genome neither contains genes for an Ech hydrog-
enase nor for an Rnf complex. The same is true for the genomes of
Mt. harundinacea [31] and Mt. concilii [32]. However, Ech hydrogenase
and the Rnf complex are the only two membrane complexes known in
methanogens that oxidize Fd,eq4. Instead, all Methanosaeta genomes con-
tain genes encoding an F40H, dehydrogenase (fpoABCDHIJKLMNO)
without the F4p0H;-oxidizing subunit FpoF. The lack of FpoF leads to
the inability of the Mt. thermophila membrane fraction to oxidize cofac-
tor F4poH> (Fig. 10A) [33]. It was demonstrated that the fpo operon is
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highly transcribed in Mt. thermophila (unpublished results) indicating
an important function in metabolism. These findings led to the idea
that the incomplete F450H, dehydrogenase could be involved in Fd-
dependent electron transport. Two possibilities exist how the F4,0H; de-
hydrogenase could contribute to Fd,.q oxidation: (i) in Mt. thermophila
there is another yet unknown electron input subunit that productively
works with the core complex FpoA-O and is encoded elsewhere in the
chromosome. (ii) The core enzyme FpoA-O is catalytically active
without FpoF or other subunits channelling electrons directly into the
complex. Hence, the truncated complex would accept electrons directly
from Fd,.q without the need of an alternative electron input subunit. In
agreement with this idea is the hypothesis that some complex | homo-
logues in cyanobacteria and chloroplasts that do not contain Nqol1, 2,
and 3 homologues use Fd,q as electron donor [189-191].

In archaea other than Methanosarcina, complex I homologues have
hardly been investigated but are widely distributed. However, archaeal
genomes always lack Nqo1, 2, and 3 [138]. Obviously the evolutionary
event of the acquisition of nqo1, 2, and 3 happened after the separation
of bacteria and archaea. Methanogens and Archaeoglobus species are the
only archaea that utilize FpoF (or FqoF in Archaeoglobus) as replacement
for Nqo1, 2, and 3 and as an electron input subunit for F4poH, [192-194].
For the other archaea, however, no electron input protein has been
found and the functioning of complex I homologues remains unclear.
In light of the nature of the electron donor of the respective respiratory
systems it is noteworthy that Fd is ubiquitous in archaea and that many
archaea rely on Fd-dependent enzymes instead of enzymes that use
NAD™*/NADH as cofactor. Biochemical investigations revealed a huge
number of 2-oxoacid: Fd oxidoreductases, aldehyde: Fd oxidoreduc-
tases and glyceraldehyde: Fd oxidoreductase in archaea [195-201].
Therefore, it seems feasible that the truncated complex I of archaea
serves as Fd: quinone oxidoreductase. This is consistent with the
hypothesis that Mt. thermophila uses the truncated complex I homo-
logue Fpo for Fd,eq oxidation as described above. Fd could transfer
electrons to the iron-sulfur clusters in either FpoB or Fpol. When Fpol

3H* 2H* 2Na* 3-4 H*/Na*

f f f out

Fpo MPh Hdr Mtr CM

—_—
in
7N\ AA,
Fd Fd, -
red X CoM-S-S-CoB HS-CoM AN
HS-CoB 3->-COM CHg-H,SPT
T/’ CH, ATP ADP +P,
CH,;-S-CoM + HS-CoB

MM_2486 122 KLAR...... EVDIQEGDER - « « « « « s ettt ettt et ettt e e 136
MA1500 122 KLAR...... EVDIKEGDEK . « « « « « s ettt ettt et ettt e et e 136
Moar_A3407 122 KLAR...... EVDLEEGDEK - « « « + « e ettt ettt et ettt e e e 136
Mthe 1054 122 RIAVKKFSDKEVAELEAEAKRQAEEKKKAAAAAAKEKAAK . ... .. ... AKGKENKAKTKPSEGGEA| 180
Mcon 3064 126 FLATKRFSAKEVADLEAEAKRIAAEKAAAKKAAAKDAAAAGDKKPAKEGANAEKKKAVAKPAEGGAS| 193
Mhar 1414 122 DIAVGLYSDQELAELAEEARKAEEEKKRKAAEAAKAKKEKAAKAADEGDKGSGEKAAKKKKAE. . . .| 185

Fig. 10. Process of energy conservation in Methanosaeta species. (A) Model of electron transport and ion translocation during aceticlastic growth of Mt. thermophila. Fpo, F420H, dehydroge-
nase without input module FpoF; Hdr, heterodisulfide reductase; Mtr, methyl-H,SPT-coenzyme M methyltransferase; A;Ao, ATP synthase. (B) Alignment of Fpol homologues of different
methanogenic archaea. Fpol of Methanosaeta sp. contain a C-terminal extension with an accumulation of basic lysine residues. MM_2486, Ms. mazei NP_634510.1 (the corresponding

gene in the database contains a wrong start codon. In the alignment, the correct
Ms. barkeri YP_306860.1; Mthe_1054, Mt. thermophila YP_843478.1; Mcon_3064,

start amino acid further downstream was chosen); MA1500, Ms. acetivorans NP_616434.1; Mbar_A3407,
Mt. concilii YP_004385202.1; Mhar_1414, Mt. harundinacea YP_005920401.1.
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homologues of different Methanosarcina and Methanosaeta species were
compared it became apparent that the Fpol subunit of Mt. harundinacea,
Mt. concilii and Mt. thermophila is modified: in these organisms Fpol
contains a C-terminal extension with an accumulation of lysine residues
(Fig. 10B). Lysine is a basic amino acid and the basic C-terminal
extension could facilitate the interaction with the acidic Fd.

If the F40H, dehydrogenase in Methanosaeta species uses Fd;eq as
electron acceptor severe consequences on the efficiency of ion transloca-
tion can be postulated. The redox potential of Fd,.q, produced by the
acetyl-CoA synthetase/CO dehydrogenase, should be around —500 mV
[34] leading to a AE” of 335 mV between Fd,eq and the acceptor Mph
(AE” = —165 mV [48]). Thermodynamical maximum of translocated
protons is above 3. Hence, with Fd.q as electron donor F4,0H, dehydro-
genase could translocate 3H™/2e ™. As described in Section 5.3 the F450H,
dehydrogenase is According to Eq. (7) the very similar to complex I
and probably comprises four potential H transloacting channels
(three antiporter-like subunits and the E-channel) one of which might
be nonfunctional (FpoL) because of an insertion in TM12 (Section 5.3).
Interestingly, in Methanosaeta species subunit FpoL does not contain
such an insertion (Fig. 8) and it can be assumed that proton translocation
at this coupling site might be possible. Hence, we can speculate that with
Fd,eq @ maximum of three of the coupling sites are in action (Figs. 7 and
10) whereas with F450H, only two would be engaged (Figs. 3 and 7).

Regarding the energy balance of the whole respiratory process in
Mt. thermophila, we take into account 3H™/2e ™ translocated by F4,0H,
dehydrogenase, 2H"/2e ™ translocated by the heterodisulfide reductase
during the oxidation of Mph,.q coupled to the reduction of the
heterodisulfide and 2 Na™ translocated during the methyl transferase
reaction (Fig. 10). In total, the number would add up to seven
translocated ions during the breakdown of one acetate molecule.
Estimating that the ATP synthase is bi-functional as shown for that of
the relative Ms. acetivorans [78] and functions with a stoichiometry of
3 ions per ADP phosphorylation, 2 ATP molecules and one extra
translocated ion would be provided from one acetate molecule. Taking
into account the initial activation reaction of acetate in Methanosaeta
species that was shown to hydrolyze two ATP equivalents, it can be es-
timated that three mole acetate are needed to phosphorylate one mole
of ADP to ATP. The extrusion of only one extra ion per breakdown of a
substrate molecule is the minimal energy quantum to sustain life
[202], so Methanosaeta species really thrive at the energetical limit but
are nevertheless able to survive. In summary, these archaeal organisms
evolved very sophisticated mechanisms to conserve even very little
energy increments. Hence, Methanosaeta species are suitable
models to investigate the principal mechanisms of how cells synthesize
ATP under extreme energy limitation. Members of the genus
Methanosarcina also translocate about 7 ions per acetate molecule
(Fig. 4A/B): 1H*/2e™ by Ech hydrogenase [95], 2H™ by the Mph-
reducing hydrogenase [84] (or 3 Nat/2e™ in Ms. acetivorans by Rnf
[97]), 2H™/2e ™ by the heterodisulfide reductase [84] and 2 Na™ by
the methyl transferase [61]. Taking into account a maximal stoichiome-
try of the ATP synthase of 4 Na*/H* per ADP phosphorylation [78]1.75
ATP can be synthesized. However, the acetate activation reaction in
Methanosarcina species only requires one mole ATP per mole acetate.
Hence, the final energy yield is higher as compared to Methanosaeta.
This is reflected in the growth yields of Methanosarcina and
Methanosaeta species that are in the range of 3.0 g/mol acetate and
1.4 g/mol acetate, respectively [29,203,204]. On the other hand,
Methanosaeta species require a lower minimal acetate concentration
for growth [29] enabling them to thrive in ecological niches that contain
very low amounts of acetate.
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