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Abstract

Most methanogenic archaea use the rudimentary hydrogenotrophic
pathway—from CO2 and H2 to methane—as the terminal step of micro-
bial biomass degradation in anoxic habitats. The barely exergonic process
that just conserves sufficient energy for amodest lifestyle involves chemically
challenging reactions catalyzed by complex enzymemachineries with unique
metal-containing cofactors. The basic strategy of the methanogenic energy
metabolism is to covalently bind C1 species to the C1 carriers methanofu-
ran, tetrahydromethanopterin, and coenzyme M at different oxidation
states. The four reduction reactions from CO2 to methane involve one
molybdopterin-based two-electron reduction, two coenzyme F420–based hy-
dride transfers, and one coenzyme F430–based radical process. For energy
conservation, one ion-gradient-forming methyl transfer reaction is suffi-
cient, albeit supported by a sophisticated energy-coupling process termed
flavin-based electron bifurcation for driving the endergonic CO2 reduction
and fixation. Here, we review the knowledge about the structure-based cat-
alytic mechanism of each enzyme of hydrogenotrophic methanogenesis.
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INTRODUCTION

In the anaerobic zone of ecosystems, anaerobic bacteria, fungi, and protozoa decompose poly-
meric organic material (e.g., cellulose) to monomeric (e.g., glucose) organic material. Fermenting
bacteria complete the degradation process by releasing organic acids,H2, and CO2.Many of these
simple molecules serve as substrates for methanogenic archaea, which convert them to methane
(CH4), the smallest organic compound. On Earth, 1 Gt of biological CH4 is annually produced in
anaerobic habitats, including oceans, ponds, paddy fields, and intestinal tracts of animals (mainly
ruminants and insects) (88, 114).Moreover,CH4 can be industrially produced by digesting organic
wastes in biogas generators and then applied as a biofuel.

The formed CH4 is oxidized back to CO2 mainly by aerobic methanotrophic bacteria using
O2 as the final electron acceptor and anaerobic methanotrophic archaea (ANME) (79). Most of
the residual CH4 diffuses as inert gas into the atmosphere and is slowly degraded to CO2 by
photochemical reactions. Although the atmospheric concentration of CH4 is ca. 1.8 ppm and that
of CO2 is ca. 400 ppm (114), one CH4 molecule is considered to have a much stronger effect
(∼30-fold) on global warming and climate change than one molecule of CO2 (117). In the last
100 years, the atmospheric CH4 concentration has constantly increased (89). A small amount of
the produced CH4 is stored in deep-sea sediments as methane hydrate that accumulated over
millions of years (5).
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In this review, we describe the recent progress of research on the catalytic mechanism of
enzymes involved in hydrogenotrophic methanogenesis based on the crystal structure of the
enzyme−substrate complexes, as well as on enzymological and biophysical analyses of the
enzymes.

OVERVIEW OF THE HYDROGENOTROPHIC
METHANOGENIC PATHWAY

Coenzymes and Prosthetic Groups

The biochemical reduction of CO2 to CH4 within the methanogenic pathway involves several
coenzymes and metallocofactors that serve either as one-carbon carriers or as redox carriers in
the form of cosubstrates or prosthetic groups (Figure 1). Most of these coenzymes were, mean-
while, also identified in other microorganisms besides methanotrophic archaea, which execute the
reverse methanogenic pathway. The first methanogenic C1-unit carrier is methanofuran (MFR),
which is also used for degrading lactate to CO2 in sulfate-reducing archaea such as Archaeoglobus
fulgidus (75) and for formaldehyde oxidation to CO2 by some methylotrophic bacteria (18). MFR
is an amino-methyl furan tyramine derivative that has the capability to bind a C1 unit as a formyl
to its amino group (4). In methylotrophic bacteria, MFR contains a tyrosine residue instead of a
tyramine, which is connected to 12–24 glutamate residues covalently attached at its end by form-
ing amide bonds with either their α- or γ-carboxyl groups (49, 50). Tetrahydromethanopterin
(H4MPT), the second C1 carrier of methanogenic archaea, is, as MFR, used by sulfate-reducing
archaea and methylotrophic bacteria (18, 75). H4MPT is a structural and functional analog of
tetrahydrofolate (115) and acts as an equivalent C1 carrier by binding C1 units in the form of
N5-formyl-; N5,N10-methenyl-; N5,N10-methylene-; and N5-methyl-. Its side chain is modified in
Methanosarcinales by prolongation with one α-linked glutamate and in methylotrophic bacteria by
omission of the phosphate and hydroxyglutarate groups (18, 20, 128). Coenzyme M (CoM-SH,
2-mercaptoethylsulfonate), the third C1 carrier of methanogenesis, is also used in the epoxide
metabolism of aerobic bacteria (3, 20, 72). CoM-SH binds a methyl group to form the thioether
methyl-S-CoM.

The first redox carrier is coenzyme F420. Its deazaflavin structure resembles that of flavins
(FAD and FMN), but its redox potential (F420/F420H2, E°′ = −340 mV) is similar to that of
NAD(P) [NAD(P)+/NAD(P)H,E°′ = −320 mV] (37). The second electron carrier is coenzyme B
(CoB-SH, 7-mercaptoheptanoylthreonine phosphate), so far only discovered in methanogens and
ANME. Its terminal thiol group is oxidized with CoM-SH to a heterodisulfide (CoM-S-S-CoB)
(20, 80); the redox potential is E°′ = −140 mV (114).

Besides the ubiquitous cofactors FAD, molybdopterin/tungstopterin, iron-sulfur clusters,
and cobalamin, prosthetic groups in methanogenic enzymes also include unusual cofactors
like noncubane [4Fe-4S] clusters, the iron guanylylpyridinol (FeGP) cofactor, and coenzyme
F430.

Hydrogenotrophic Methanogenic Pathway

In the dominant hydrogenotrophic methanogenic pathway (Figure 1), CH4 and H2O are pro-
duced fromCO2 andmolecular hydrogen (H2), whose presence largely determines the occurrence
of this process:

4H2 + CO2 → CH4 + 2H2O�G° = −131 kJ/mol.
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Figure 1

Overview of the hydrogenotrophic methanogenic pathway including the structure of the coenzymes. Abbreviations: HS-CoB, coenzyme
B; HS-CoM, coenzyme M; Eha/Ehb, energy-converting [NiFe]-hydrogenases a and b; Fmd/Fwd, molybdopterin/tungstopterin-
dependent formylmethanofuran dehydrogenase; Frh, F420-reducing [NiFe]-hydrogenase; Ftr, formyltransferase; Hdr-Mvh,
heterodisulfide reductase–[NiFe]-hydrogenase; H4MPT, tetrahydromethanopterin; Hmd, H2-forming methylene-H4MPT de-
hydrogenase; Mch, methenyl-H4MPT cyclohydrolase; Mcr, methyl–coenzyme M reductase; Mer, methylene-tetrahydromethanopterin
reductase; MFR, methanofuran; Mtd, F420-dependent methylene-H4MPT dehydrogenase; Mtr, methyltransferase.

It starts with the reductive fixation of CO2, which results in a formyl group bound to MFR
(123). The formyl group is transferred to H4MPT (11, 22), followed by a ring-closure reaction to
methenyl-H4MPT+ (10, 21, 108). The methenyl carbon is further reduced to methylene and then
to methyl via hydride transfer from F420H2, the reduced form of coenzyme F420 (61, 109). Under
Ni-sufficient conditions (Ni2+ > 5μM in themedium), F420H2 is regenerated byH2 oxidation (29,
67). Under Ni-limiting conditions (Ni2+ < 0.2 μM), F420H2 is recycled by coupling the reduction
of methenyl-H4MPT+ byH2 with the oxidation of the formedmethylene-H4MPT by F420 reduc-
tion (2). The subsequent exergonic methyl group transfer from methyl-H4MPT to CoM-SH is
coupled to Na+-ion translocation across the cytoplasmic membrane (34). This reaction is the only
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HCOO– channel

Carboxy-lysine
and [Zn-Zn] center

a b

FwdA

MFR

FwdC

FwdD

FwdBTungstopterin

FwdA

FwdC

FwdD FwdB

FwdG

FwdF

Figure 2

(a) Crystal structure of Fwd fromMethanothermobacter wolfeii in the tetrameric form Fwd(ABCDFG)4 (PDB: 5T61). One
FwdABCDFG module is shown as a ribbon diagram and the others by surface presentation with different colors. (b) Catalytic
mechanism (123). W, tungstopterin, Zn, carboxylysine, and MFR are shown in balls and sticks and colored in black, blue, gray, dark
green, and light green, respectively. Abbreviations: Fwd, tungstopterin-dependent formylmethanofuran dehydrogenase; MFR,
methanofuran; PDB, Protein Data Bank.

ion-gradient-forming process in hydrogenotrophic methanogenesis. The resulting chemiosmotic
energy is essentially used to produce ATP from ADP and phosphate by Na+ translocation (A1A0-
ATP synthase) (33, 34).Methyl-S-CoM is finally reduced with the reducing agent CoB-SH (20) to
the end product CH4 and the heterodisulfide of coenzymes M and B (CoM-S-S-CoB) (112). Both
CoM-S-S-CoB and ferredoxin are reduced by oxidizing H2 integrated into a recently discovered
energy-coupling process termed flavin-based electron bifurcation (FBEB) (46, 48, 59, 94, 114).
Reduced ferredoxin drives the first endergonic CO2 reduction reaction (59) and thus saves ATP
or ion-motive energy. As a portion of reduced ferredoxin and methyl-H4MPT is abstracted for
anabolic purposes, an ion-gradient-consuming process takes a small portion of the Na+ gradient
to generate reduced ferredoxin by oxidizing H2 (65, 110, 111, 113) (Figure 1).

THE ENZYME REACTION CAPTURING CO2

The initial step in hydrogenotrophic methanogenesis is the reductive CO2 fixation catalyzed
by formylmethanofuran dehydrogenase. Two isoenzymes exist, Fmd and Fwd, carrying molyb-
dopterin and tungstopterin as prosthetic groups, respectively (8, 52–54, 91, 92). The recent crystal
structure of Fwd fromMethanothermobacter wolfeii (123) (Figure 2) reveals a modular architecture,
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composed of the two separated catalytic modules, formate dehydrogenase (FwdBD) and metallo-
hydrolase (FwdA), and an electron-conducting module (FwdFG) integrated into a huge dimeric
Fwd(ABCDFG)2 or tetrameric Fwd(ABCDFG)4 protein complex (123) (Figure 2a). The central
electron-conducting module is made of a dimer of two polyferredoxins carrying 16 [4Fe-4S] clus-
ters that are connected in the M. wolfeii enzyme to an hourglass-like tetramer by two additional
[4Fe-4S] clusters.

The inert linear CO2 is first reduced to formate in the formate dehydrogenase module. The
buried reactive center is only accessible from outside by a narrow and hydrophobic channel suit-
able for CO2 and not for larger and polar compounds. The tungstopterin is reduced by a low-
potential ferredoxin mediated by a series of [4Fe-4S] clusters of FwdFG. Thus, CO2 reduction
becomes exergonic (�G°′ = −16 kJ/mol) (114). As the tungstopterin site is highly similar to that
of bacterial formate dehydrogenases, an analogous mechanism is assumed (123).

The generated formate molecules cannot be released but are forced to migrate via a 43-Å-
long, hydrophilic channel to the active site of the metallohydrolase module on which formate is
conjugated with MFR (Figure 2b). A mechanism was proposed in which a binuclear Zn2+ center
and a strictly conserved aspartate act as acid/base catalysts for the amidation reaction (123). Inter-
estingly, the formyl-MFR formation is endergonic (�G°′ = +16 kJ/mol) (60, 114) but proceeds
without ATP consumption, which is in contrast to the tetrahydrofolate-dependent C1 metabolism
in bacteria requiring one ATP for formate activation (16).We speculate that the high local formate
concentration in the tightly closed channel shifts the equilibrium toward formyl-MFR (123). The
function of 46 [4Fe-4S] clusters in the 800-kDa apparatus remains obscure. One possibility is that
the four tungstopterin active sites, localized more than 200 Å apart from each other, are connected
via an electronic wire that may store electrons and maintain the W(IV)/Mo(IV) state to suppress
the back reaction from surplus formate in the channel to CO2.

THE FORMYL- TO METHYL- CONVERSION AT THE
THERMODYNAMIC EQUILIBRIUM

Formyl-Methanofuran: H4MPT Formyltransferase

Formyltransferase (Ftr) catalyzes the reversible formyl-transfer reaction from formyl-MFR to
H4MPT to generate N5-formyl-H4MPT (�G°′ = −4.4 kJ/mol) (11, 22, 104). According to
crystal structures from Methanopyrus kandleri,Methanosarcina barkeri, and A. fulgidus Ftr (27, 71)
(Figure 3a), the dimeric form is essential for catalysis, but a tetrameric form conferred stability,
as shown for the M. kandleri enzyme (104–106). The Ftr ternary complex structure reveals sub-
strate binding sites in two neighbored clefts localized in two monomers (1). Formyl-MFR binds
first, and subsequent H4MPT binding induces conformational changes of its binding site to ad-
just an optimal geometry between the reacting formyl carbon of the furanamide and N5 of the
pterin groups, coinciding at the buried dimer interface. The metal-free transamidation reaction
is started by a nucleophilic attack of N5 on the formyl carbon, thus forming a tetrahedral anion
intermediate that is stabilized by the strictly conserved Glu245 acting as an acid/base catalyst (1)
(Figure 3b).

Methenyl-H4MPT Cyclohydrolase

Methenyl-H4MPT cyclohydrolase (Mch) catalyzes a condensation reaction of formyl-H4MPT
to methenyl-H4MPT+ (�G°′ = −4.6 kJ/mol) (10, 21, 108). The X-ray structure of Mch revealed
a homotrimeric complex (36) (Figure 3c) with a deep active site cleft placed between the two
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Figure 3

Ftr fromMethanopyrus kandleri and Mch from Archaeoglobus fulgidus. (a) Crystal structure of Ftr complexed with formyl-MFR and
H4MPT (shown as balls and sticks) in the tetrameric form (PDB: 2FHJ). One monomer is shown as a ribbon diagram and the others by
surface presentation with different colors. (b) Catalytic mechanism. The nucleophilic attack of N5 of H4MPT on the formamide-C of
formyl-MFR is facilitated by Glu245, which enhances the electrophilicity of the latter and may stabilize the tetrahedral oxyanion
intermediate by protonation. Then, formyl-H4MPT is formed (1). Ser209 and solvent molecules linked with Glu53 are presumably
involved in the protonation/deprotonation of the amine group. (c) Structure of trimeric Mch bound with formyl-H4MPT (PDB:
4GVS). One monomer is shown as a ribbon diagram and the others by surface presentation with different colors. (d ) Catalytic
mechanism. The N10 of formyl-H4MPT nucleophilically attacks the formyl carbon forming a tetrahedral C14a hydroxyl intermediate
(119). The key catalytic player is Glu186, which protonates the thereby generated anionic tetrahedral intermediate, accepts a proton
from the formed N10 ammonium ion, and facilitates dehydration by protonating the C14a hydroxyl group. Arg183 modulates the
acid/base capabilities of Glu186. Abbreviations: Ftr, formyltransferase; H4MPT, tetrahydromethanopterin; Mch, methenyl-H4MPT
cyclohydrolase; MFR, methanofuran; PDB, Protein Data Bank.

domains of each monomer. According to the Mch-formyl-H4MPT complex structure, the pterin
and phenyl groups are oriented nearly perpendicularly, which optimally positions the reacting
N10 and formyl carbon relative to each other for a nucleophilic addition (119) (Figure 3d). The
conserved Glu186 acts as an acid/base catalyst. The crucial roles of Glu186 and the neighbored
Arg183 have been substantiated by site-directed mutagenesis.
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Methylene-H4MPT Dehydrogenases

The hydrogenotrophic methanogenic pathway employs two types of methylene-H4MPT dehy-
drogenases (97, 109, 132) catalyzing the reversible reduction ofmethenyl-H4MPT+ tomethylene-
H4MPT by hydride transfer. The F420-dependent methylene-H4MPT dehydrogenase (Mtd) uses
F420H2 as an electron donor (�G°′ = + 5.5 kJ/mol) (109) and is structurally characterized as a ho-
mohexameric protein complex (15, 38) (Figure 4a). The crystal structure of the Mtd−methenyl-
H4MPT+−F420H2 complex indicates that the fixed interdomain crevice imposes constraints on
the deformable multicyclic substrate rings (15). As a consequence, the phenyl-imidazolidine-
tetrahydropyrazine rings of methenyl-H4MPT+ and the deazaisoalloxazine ring of F420H2 are
arranged roughly parallel to each other in a manner to avoid collisions and, in parallel, to create
a favorable hydride transfer geometry prior to the reaction (Figure 4b). The compressed confor-
mation, documented as a distance of 2.7 Å between the hydride-transferring C14a and C5 atoms,
enhances the catalytic activity perhaps via a tunneling effect, as reported for NADP-dependent
methylene-H4MPT dehydrogenase (55) and flavoproteins (43).

H2-forming methylene-H4MPT dehydrogenase (Hmd), also termed [Fe]-hydrogenase
(Figure 4c), uses H2 as an electron donor (�G°′ = −5.5 kJ/mol) (51, 62, 68, 85, 97, 100–103,
132) and is therefore the only enzyme in nature that directly uses a hydride from H2 for hydride
transfer reactions. H2 activation/cleavage in the homodimeric enzyme is primarily achieved by
a unique prosthetic group, the FeGP cofactor (97) (Figure 4d). Mechanistically, the closure of
the intersubunit active site cleft upon methenyl-H4MPT+ binding results in an expulsion of the
H2O molecule ligated to the Fe(II) center (51, 57, 121) (Figure 4c,d). H2 occupies the empty Fe
coordination site and is heterolytically cleaved. The resulting hydride is transferred to the C14a
of methenyl-H4MPT+. Recent mimic compounds have not only underpinned the 2-OH group
as a base (96) but also offered perspectives for biotechnological applications (81, 96).

F420-Dependent Methylene-H4MPT Reductase

Methylene-tetrahydromethanopterin reductase (Mer) catalyzes a reversible hydride transfer from
F420H2 to methylene-H4MPT to generate F420 and methyl-H4MPT (�G°′ = −6.2 kJ/mol) (70,
104, 114). The crystal structures of Mer fromM. kandleri,Methanothermobacter marburgensis, and
M. barkeri (7, 107) reveal homodimeric and homotetrameric forms with a triose-phosphate iso-
merase α8β8 barrel fold of the monomer as reported for some flavin-dependent oxidoreductases
(6). The electron donor F420 is bound to the polypeptide in a pronounced butterfly conforma-
tion at the C-terminal side of the central β sheet. Interestingly, the central pyridine ring with the
hydride-transferring C5 is kept outside the plane by a nonprolyl cis-peptide between Gly61 and
Val62, where Val62 acts as a backstop of F420 at its re-face. Methylene-H4MPT binding at the
si-face of F420 is not established yet due to the lack of structural data. However, similar general
principles of hydride transfer as described for Mtd may also be valid for Mer. Heterologous pro-
duction ofMer failed for a long time, probably because of the nonprolyl cis-peptide bond; recently,
however, it succeeded for theMethanocaldococcus jannaschii enzyme (73).

F420-Reducing [NiFe]-Hydrogenase

F420-reducing [NiFe]-hydrogenase (Frh) is a group 3 [NiFe]-hydrogenase and catalyzes the
reversible hydrogenation of F420 using electrons from H2 (�G°′ = −10 kJ/mol) (29). Both cryo–
electron microscopy and crystal structures revealed a huge protein complex with a molecular
mass of 1.25 MDa made up of an FrhAGB protomer assembled via a tight dimer to a dodecameric
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Figure 4

Mtd fromMethanopyrus kandleri and Hmd fromMethanococcus aeolicus. (a) Homohexameric structure of Mtd
in complex with methenyl-H4MPT+ and F420H2 (PDB: 3IQE). One monomer is shown as a ribbon
diagram and the others by surface presentation with different colors. The active site crevice is located
between two domains of one subunit covered by a loop from another subunit. (b) Catalytic mechanism. The
pro-S hydride on C5 of F420H2 is directly transferred to the pro-R position of C14a of methenyl-H4MPT+
(15). (c) Homodimeric Hmd structures in the open (PDB: 6HAC) and closed (PDB: 6HAV) forms, both with
the FeGP cofactor. One monomer is shown as a ribbon diagram and the other by surface presentation. The
closed form is induced by binding of methenyl-H4MPT+. (d ) Catalytic mechanism. The FeGP cofactor
contains an Fe(II) center ligated with one acyl-methyl substituent and one N of guanylylpyridinol, two CO,
one cysteine sulfur, and one H2O (not shown here). The catalytic cycle starts with a domain closure and
H2O ligand removal. H2 binds to the resulting 5-coordinated Fe(II) and becomes heterolytically cleaved.
The proton is abstracted by the deprotonated 2-OH group of the FeGP cofactor, and the hydride of the
postulated Fe-H intermediate is transferred to the C14a of methenyl-H4MPT+ (57). Abbreviations: FeGP,
iron guanylylpyridinol cofactor; H4MPT, tetrahydromethanopterin; Hmd, H2-forming methylene-H4MPT
dehydrogenase; Mtd, F420-dependent methylene-H4MPT dehydrogenase; PDB, Protein Data Bank.
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MtrA

MtrBCDFG

MtrE

MtrH

ba

Intracellular

Extracellular
CobalaminNa+

Na+

Zn(II) CH3-S-CoM
CH3-H4MPT

H4MPT

CH3

Co(III)

His

Co(I)

HS-CoM

Figure 5

The MtrA–H complex. (a) Schematic representation of the structure and catalytic mechanism (34). MtrB−G constitute the membrane
part, MtrH is weakly attached to the membrane part, and the soluble MtrA domain carries the cobalamin cofactor (pink). (b) Structure
of the MtrA cytoplasmic homolog fromMethanothermus fervidus (PDB: 5LAA). The prosthetic group, cobalamin (ball and stick), sits at
the C-terminal end of the parallel β sheet in an exposed manner. Abbreviations: HS-CoM, coenzyme M; H4MPT,
tetrahydromethanopterin; Mtr, methyltransferase; PDB, Protein Data Bank.

quaternary structure (74, 120). The internal space of the hollow cube is connected to bulk solvent
by pores with a diameter of ca. 8 Å. No convincing hypothesis exists concerning the purpose of
the enormous size of the Frh complex and its voluminous cavity. FrhA contains the canonical
[NiFe]-center for H2 cleavage, and FrhG hosts three [4Fe-4S] clusters for single electron transfer
to FrhB that harbors a [4Fe-4S] cluster and an FAD required for the hydride transfer to F420.

SODIUM-ION TRANSLOCATING METHYL-TRANSFER PROCESS

Na+-Ion Translocating Methyl-H4MPT: Coenzyme-M Methyltransferase

Methyl-H4MPT: coenzyme M methyltransferase (MtrA−H) carrying the cofactor 5-
hydroxybenzimidazolyl cobamide, a cobalamin derivative (34), catalyzes the methyl transfer
from methyl-H4MPT to CoM-SH (�G°′ = −30 kJ/mol) coupled with Na+ translocation. This
reaction is a two-step process (30, 31, 40, 41, 127) (Figure 5a): transfer of the methyl group (a)
from methyl-H4MPT to Co(I) (�G°′ = −15 kJ/mol) and (b) from methyl-Co(III) to CoM-SH
(�G°′ = −15 kJ/mol) (34). The demethylation from methyl-Co(III) is Na+ dependent, which
suggests a connection of the second step with Na+-ion translocation across the cytoplasmic mem-
brane (31, 127). The membrane protein has been found as a homotrimeric Mtr(ABCDEFGH)3
complex (118). MtrE hosts a potential Zn2+ well suited for CoM-SH methylation and an aspar-
tate in a highly conserved segment of the membrane-spanning region probably involved in Na+

translocation (34). MtrH contains the site of methyl-H4MPT demethylation and MtrA, the site
of cobalamin cofactor binding.

Structure of the MtrA Subunit

Structural information about the MtrA–H complex is only available for MtrA fromM. jannaschii
and the cytoplasmic MtrA homolog from Methanothermus fervidus (Figure 5b). MtrA adopts a
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Rossmann-like open α/β fold (23), but, most remarkably, the cobalamin in MtrA binds to the
opposite side of the central β sheet compared to all other cobalamin-dependentmethyltransferases
adopting the same overall fold (122). Nevertheless, MtrA contains the His-Glu-proton-donor
triad at the lower distal Co(III) binding site, a common trait of these methyltransferases despite
their different positions. In MtrA, the His-Glu-proton-donor triad is connected to a conserved
elongated segment,which only loosely attaches to theMtrA core.Possible conformational changes
might be induced by the different position of the His imidazolium in the Co(III)-His on and
Co(I)-His off configurations (122). On this basis, we speculate that the cytoplasmic part of MtrA
attached to MtrH swings as a consequence of methyl-Co(III) formation to the CoM-SH binding
site localized at MtrE. Then, the chemical energy of the methyl-Co(III) demethylation reaction
is transformed via the elongated segment of MtrA into mechanical energy of the membrane-
spanning region of MtrE to open a passage for Na+ (34) (Figure 5a).

CH4-PRODUCING REACTION

Methyl–Coenzyme M Reductase

Methyl–coenzyme M reductase (Mcr) catalyzes the CH4-forming reaction in all variants of the
methanogenic pathway (112) and the first CH4-activating reaction in the anaerobic CH4 oxida-
tion pathway of ANME (42, 63, 99). The reversibility of the Mcr reaction was experimentally
demonstrated using the enzyme fromM. marburgensis (90). Recently, evidence has been provided
that Mcr homologs catalyze the anaerobic oxidation of butane, propane, and ethane (17, 64).

The chemically intricate reductive thioether cleavage of methyl-S-CoM to CH4 is energeti-
cally far away from the conventional hydride transfer chemistry described above and has no direct
mimic in organic chemistry.The enormous synthetic challenge forced evolution to develop, exclu-
sively for theMcr reaction, a new prosthetic group, the coenzyme F430 (28, 66, 84), and a new elec-
tron donor,CoB-SH, including the biosynthesis machinery behind. F430 is apparently designed for
reaching a highly reactive but just manageableNi(I) oxidation state {E°′[Ni(I)/Ni(II)]< −600mV}
to reductively attack the inert C-S bond (112). The instability of the Ni(I) state, which is already
oxidized to Ni(II) at a too-low cellular redox potential, is a serious handicap for the organism.
Therefore, a sophisticated machinery to regenerate Ni(I) with ATP consumption exists (86). For
the same reason, Mcr from methanogenic archaea is purified as an inactive MCRsilent [EPR-silent
Ni(II) state] or MCRox1 state [exhibiting EPRox1 Ni(III) signal] (35, 87), which can be activated to
the MCRred1 state [EPRred1 Ni(I) signal] afterward by enzymological activation methods (35, 86,
87, 131). Only the MCRox1 state can also be activated by a chemical method. However, even in
strictly anaerobic media, the MCRred1 form is steadily converted to the MCRsilent state (35).

Mcr has been structurally characterized at high resolution from several organisms, albeit solely
in inactive Ni(II) states. Architecturally,Mcr is constructed as an (αβγ)2 heterohexameric complex
(Figure 6a) with F430 (Figure 6b) deeply embedded inside the protein matrix and only accessible
from bulk solvent by a 30-Å-long, narrow channel. In the MCRox1-silent [EPR-silent Ni(II) state]
structure, CoM-SH is bound in front of F430 with its sulfur coordinated to the upper axial Ni
ligation site. CoB-SH is accommodated in the channel with its threonine-phosphate group plug-
ging the entrance and the heptanoyl thiol group pointing toward the front side of F430. In the
MCRsilent structure, the CoM-S-S-CoB heterodisulfide is covalently bound to the Ni(II) of F430

by the sulfonate-oxygen of the coenzyme M moiety (26).

Catalytic Mechanism

Two major types of catalytic mechanisms, controversially discussed in the past, were proposed
for the Mcr reaction. The key difference between them is how Ni(I) attacks methyl-S-CoM
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Figure 6

Structure and catalytic mechanism of Mcr. (a) The crystal structure of Mcr fromMethanothermobacter marburgensis. The heterohexamer
contains two active sites; each of them contains F430 (yellow), CoM-SH (green-blue), and CoB-SH (dark blue) (PDB: 5A0Y). One αβγ

unit of the Mcr heterohexamer (αβγ)2 is shown as a ribbon diagram and the other by surface presentation, in which the α, β, and γ

subunits are differentiated by colors. (b) Chemical structure of F430. (c) The methyl radical mechanism (82, 112, 129, 130). (i) The S-C
bond of methyl-S-CoM is attacked by the reactive Ni(I), forming (ii) a planar methyl radical and a Ni(II)-S-CoM intermediate.
(iii) The methyl radical captures the H atom from neighbored CoB-SH, thereby producing CH4 and a CoB thiyl radical. (iv) CH4 is
released, and a heterodisulfide thiyl radical is formed. (v) One electron of the latter is transferred to Ni(II) for regenerating Ni(I).
(d ) Modified amino acid residues at the active site (26, 93, 124). A thioglycine, 1-N-methyl-histidine, S-methyl-cysteine,
5-methyl-arginine, 2-methyl-glutamine, and didehydroaspartate are found inM. marburgensisMcr (highlighted by a larger ball). In
addition, 6- and 7-hydroxytryptophane were found inMethanotorris formicicusMcr and an ANME-1 archaeon MCR, respectively (99,
126). Abbreviations: ANME, anaerobic methanotrophic archaea; CoB-SH, coenzyme B; CoM-SH, coenzyme M; CoB-S-S-CoM,
heterodisulfide of CoM-SH and CoB-SH; Mcr, methyl–coenzyme M reductase; PDB, Protein Data Bank.

(112). In the first scenario, Ni(I) nucleophilically attacks the methyl group of methyl-S-CoM,
forming a transient methyl-Ni(III) intermediate that breaks into CH4 and a coenzyme M thiyl
radical (26). The second scenario starts with an attack of Ni(I) onto the sulfur of methyl-S-CoM,
resulting in a transient methyl radical and a CoM-S-Ni(II) intermediate (82) (Figure 6c). Recent
biochemical and spectroscopic analyses detected the latter intermediate, which strongly supports
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the methyl-radical mechanism (95, 130). EPR and UV/visible spectroscopic data showed that
only one of the two active sites of Mcr is active, suggesting cooperativity between them similar
to that in an opposed piston engine (32, 116). The observed large conformational changes of
CoB-SH toward Ni and porphinoid ring distortions (24) in one active site might be driven by
exergonic events at the counteractive site.

Posttranslational Modifications

Mcr contains several posttranslational modifications in the α subunit adjacent to the active site
that might affect the enzymatic activity (26, 58, 93, 124, 126) (Figure 6d). Recently, genes for
methyltransferases responsible for the methyl-arginine modification (19) and the methyl-cysteine
modification (76), and for a thioglycine-forming enzyme (77) were deleted, indicating no essen-
tial influence on the Mcr reaction but not excluding an effect under special environmental con-
ditions of life. The recent successful production of Mcr from Methanothermococcus okinawensis in
the mesophilicMethanococcus maripaludis allowed site-directed mutagenesis experiments for more
profound mechanistic studies (69).

ELECTRON-BIFURCATING REACTION FOR
FERREDOXIN REDUCTION

Heterodisulfide Reductase/Hydrogenase Complex

The regeneration of the C1 carrier CoM-SH and the reducing agent CoB-SH from CoM-S-S-
CoB is used to fuel the endergonic ferredoxin reduction via an FBEBmechanism (12–14, 59). The
process is initiated by H2 oxidation, and the two electrons (E°′ = −414 mV) are transferred to the
bifurcating flavin, which is endowed with two single-electron redox potentials, FADH−/FADH �

and FADH �/FAD, of different energy. Then, the electrons of FADH− are donated toward two
directions (125): The first high-potential electron is transferred to the high-potential electron
acceptor, CoM-S-S-CoB (E°′ = −140 mV), and the second low-potential electron to the low-
potential electron acceptor ferredoxin (E°′ ≈ −500 mV). These reactions run twice. The FBEB
process is catalyzed by the HdrABC–MvhAGD complex (44–48, 94), whose crystal structure from
Methanothermococcus thermolithotrophicus was recently elucidated (125) (Figure 7a). Both hexa-
meric protomers of the heterododecameric protein complex are composed of an HdrA core (host-
ing the central bifurcating FAD and 6 [4Fe-4S] clusters) and three arms branching off; each arm
catalyzes a redox process at its end. The electron-donating arm consists of MvhA ([NiFe] cen-
ter) andMvhG (three [4Fe-4S] clusters), which corresponds to a [NiFe]-hydrogenase module and
MvhD ([2Fe-2S] cluster), the adaptor to HdrA. The high-potential electron-accepting arm con-
sists of HdrB (two noncubane [4Fe-4S clusters]), the site of CoM-S-S-CoB reduction and HdrC
(two [4Fe-4S] clusters), the adaptor to HdrA. The low-potential electron-accepting arm is postu-
lated to extend to the periphery of the ferredoxin-like domain of HdrA, the proposed binding site
for exogenous ferredoxin. The first static picture of the HdrABC–MvhAGD complex provides an
interrupted electron transfer chain (distance longer than 15 Å between electron carriers) between
the [NiFe]-center and FAD as well as between FAD and the ferredoxin-binding domain, whereas
electrons can flow from FAD to the noncubane [4Fe-4S] clusters. How conduction/interruption
between FAD and the three distant redox processes and their coordination is achieved during
FBEB is not understood yet. Although the structural data offer several plausible scenarios, the N-
terminal domain of HdrA appears to play a key role. Its [4Fe-4S] cluster may electronically link
FAD with the H2-cleaving [NiFe] center by a swinging process and with the [4Fe-4S] clusters of
the ferredoxin-binding domain conformationally rearranged upon ferredoxin binding.
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a b
Noncubane [4Fe-4S] clusters

[2Fe-2S]
cluster

[NiFe] center

FAD
HdrA

MvhG

MvhA

MvhD

HdrB

HdrC

Noncubane [4Fe-4S] clusters

CoB-SH

CoM-SH

Figure 7

The HdrABC–MvhAGD complex. (a) Overall dimeric structure ofMethanothermococcus thermolithotrophicus enzyme (PDB: 5ODC).
One HdrABC–MvhAGD unit is shown as a ribbon diagram and the other by surface presentation, in which the subunits are
differentiated by colors. The cofactors are shown by balls and sticks. (b) The CoM-S-S-CoB reduction site. Two novel noncubane
[4Fe-4S] clusters clamp the substrate between the two closest Fe. The two-electron reduction of the disulfide is achieved by a
one-electron oxidation of each noncubane [4Fe-4S] cluster. Abbreviations: CoB-SH, coenzyme B; CoM-SH, coenzyme M; Hdr,
heterodisulfide reductase; Mvh, [NiFe]-hydrogenase; PDB, Protein Data Bank.

Noncubane [4Fe-4S] Cluster

The CoM-S-S-CoB reduction on HdrB is accomplished by a unique catalytic principle (125).
HdrB harbors two identical noncubane [4Fe-4S] clusters each composed of a [3Fe-4S]-[2Fe-2S]
unit that shares one Fe and one inorganic sulfur. Remarkably, one of the bridging sulfurs orig-
inates from a cysteine. CoM-S-S-CoB settles between the closest Fe of two facing clusters, as
deduced from the trapped ternary complex (Figure 7b). Disulfide is homolytically cleaved, and
the coenzyme M and B sulfurs covalently bind to the noncubane [4Fe-4S] clusters. The thereby
oxidized noncubane clusters are reduced one-by-one by two one-electron steps by which CoB-
SH and CoM-SH are successively released. Thus, both noncubane clusters together operate like a
flavin. Time-dependent crystal-soaking experiments revealed that CoB-SH is released first upon
one-electron reduction of the noncubane [4Fe-4S] cluster and CoM-SH second (125). This type
of disulfide reduction is presumably widespread in biochemistry because the noncubane [4Fe-4S]
clusters are bound to the CCG sequence motif, CX31–39CCX35–36CXXC, which is conserved in
many bacteria and archaea (39, 83).

CONCLUSIONS AND FUTURE PERSPECTIVES

In themost recent decades, all the cytosolic enzymes of hydrogenotrophicmethanogenesis,mostly
in complex with their substrates/products, were structurally characterized and a rather detailed
picture of the catalytic process was established, involving biochemical, kinetic, and site-directed
mutagenesis data. For gaining deeper insights into the catalytic mechanism, current studies have
to be completed and novel biophysical methods including time-resolved techniques have to be
tested out on the complex reactions of methanogenesis. In particular, cryo–electron microscopy,
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substantially advanced in recent years,might be applied for structure determination of the energy-
conserving membrane complex Mtr, for exploring enzymes like Mcr in the active state [so far it
has only been characterized in an inactive state (26, 98, 112)], and for identifying distinct confor-
mational states in the catalytic cycle of enzymes like the HdrABC–MvhAGD complex (125). A
complete understanding of methanogenic energy metabolism, in addition, requires the identifica-
tion and characterization of enzymes recruited for the biosynthesis of all coenzymes and prosthetic
groups. In parallel, strain characterization, development of basic genetic tools (78), and regulation
studies on enzyme expression in various methanogenic organisms, e.g., in dependency of metals,
in particular of Ni2+, have to be continued (2). Biotechnological applications of hydrogenotrophic
methanogenesis are related to individual enzymes, e.g., [Fe]-hydrogenase (56), and also to the en-
tire pathway (9, 25).
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