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Abbreviations used: AdoMet, S-adenosylmethionine; B12-DMBI,
cobalamin, 5,6-dimethylbenzimidazolylcobamide; B12-HBI, 5-hydro-
xybenzimidazolylcobamide; CODH, carbon monoxide dehydrogenase;
Ni/Fe-S, nickel/iron-sulfur component of CODH; Co/Fe-S, corrinoid/
iron-sulfur component of CODH; DEAE, diethylaminoethyl; DMBI,
5,6-dimethylbenzimidazole; EPR, electron paramagnetic resonance;
F430, a nickel-tetrapyrrole derivative; H4MPT, 5,6,7,8-tetrahydro-
methanopterin; H4SPT, 5,6,7,8-tetrahydrosarcinapterin; HBI, 5-hydroxy-
benzimidazole; HS-CoA, coenzyme A; HS-CoM, coenzyme M,
2-mercaptoethanesulfonic acid; CH3-S-CoM, methylated coenzyme M,
2-(methylthio)ethanesulfonic acid; HS-HTP, 7-mercaptoheptanoyl-
threonine phosphate; CoM-S-S-HTP, the heterodisulfide of HS-CoM
and HS-HTP; MAP, methyltransferase activation protein; MFR,
methanofuran; MT1, methanol:5-hydroxybenzimidazolylcobamide
methyltransferase; MT2, Co-methyl-5-hydroxybenzimidazolylcobamide:
HS-CoM methyltransferase; PAGE, polyacrylamide gel electrophoresis;
SDS, sodium dodecyl sulfate
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GENERAL INTRODUCTION

1.1. Methanogenic archaea

The production of methane as a major catabolic product is unique to
methanogens, that differ in a number of aspects from other micro-
organisms. Phylogenetically, methanogens belong to the Archaea
[84,85], the third grouping next to Eucarya and Bacteria (Fig. 1).
Archaea are characterized by a number of specific properties. The
membranes contain lipids composed of isoprenoids ether-linked to
glycerol or other carbohydrates [16]. In addition, the cell walls are
composed of proteins, glycoproteins, or polysaccharides [35], and lack
peptidoglycan containing muramic acid [34]. Furthermore, archaea
contain DNA-dependent RNA polymerases that are insensitive to the
antibiotics rifampicin and streptolydigine [88]. In the archaea two major
lineages can be distinguished (Fig. 1). One, comprises most of
extremely thermophilic, sulfur-dependent micro-organisms for which
the name crenarchaeota is suggested [85]. It is a physiologically

Fig. 1. Universal phylogenetic tree showing the three domains. Branching order and
branch lengths are based on 16S rRNA sequence comparison [84,85].
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Table 1. Conversion of methanogenic substrates.
∆G°' (kJ/mol CH4)

CO2 + 4H2 )) CH4 + 2H2O -130.4
4HCOOH )) CH4 + 3CO2 + 2H2O -119.5
4CO + 2H2O )) CH4 + 3CO2 -185.5
2CH3CH2OH + CO2 )) CH4 + 2CH3COOH + H2O -116a

CH3COO- + H+ )) CH4 + CO2 -36.0
4CH3OH )) 3CH4 + CO2 + 2H2O -106
CH3OH + H2 )) CH4 + H2O -112.5

4CH3NH2 + 2H2O )) 3CH4 + CO2 + 4NH3 -76.7
2(CH3)2NH + 2H2O )) 3CH4 + CO2 + 2NH3 -74.8
4(CH3)3N + 6H2O )) 9CH4 + 3CO2 + 4NH3 -75.8
4CH3SH + 2H2O )) 3CH4 + CO2 + 4H2S -51
2(CH3)S + 2H2O )) 3CH4 + CO2 + 2H2S -52.2

a Other short-chain alcohols like isopropanol may also be utilized

relatively homogeneous group, whose niches are entirely thermophilic
[84]. The other group is phenotypically heterogeneous, comprising the
extreme halophiles, the sulfate-reducing species (the genus Archeo-
globus), two types of thermophiles (the genus Thermoplasma and the
Thermococcus-Pyrococcus group), and three methanogenic lineages (the
Methanococcales, the Methanobacteriales, and the Methanomicro-
biales). For this group the name euryarchaeota is proposed [85].

The methane-producing archaea can truly be termed cosmopolitan.
Methanogens exhibit extreme habitat diversity. Species have been
isolated from virtually every habitat in which anaerobic biodegradation
of organic compounds occurs, including freshwater and marine
sediments, digestive and intestinal tracts of animals and insects, and
anaerobic waste digesters [89]. Additional isolates have also been
obtained from extreme environments such as geothermal springs and
both shallow and deep-sea hydrothermal vents [89]. Morphologically,
methanogens are also divers and occur as rods, cocci, packets of cocci
(sarcinas), filaments, spirilla, and angular plates [58]. The physio-
logically most salient feature is the extreme catabolic specialization of
methanogens. As a group they can only use a small number of simple
compounds for methanogenesis and growth (Table 1). Many methano-
gens use only one or two substrates. A major consequence of this
substrate specialization is that in most anaerobic habitats, methanogens
are dependent on other organisms for their substrates. Therefore, a food
web of interacting groups of anaerobes is required to convert most



11

organic matter to methane. During the last 5 years, methanogens were
isolated that where able to convert substrates like methane thiol,
dimethylsulfide, tetramethylammonium, and secondary alcohols [48,67,
83]. The latter alcohols are solely used as electron donors. The broadest
versatility in substrate use is displayed by the methyl-group utilizing
methanogens, such as Methanosarcina barkeri. This organism is able to
grow on H2/CO2, methanol, acetate, CO, and mono-, di- and trimethyl-
amine. The conversion of methanol by M. barkeri strain MS (DSM
800) [13] is studied in this thesis.

1.2. Corrinoids

Since the pioneering studies of Barker and associates [43], methano-
gens are known to contain considerable amounts of corrinoids, com-
pounds that are structurally related to vitamin B12 [42,51]. In order to
discuss their role in methanogenesis from methanol, a short general
introduction to the corrinoids seems appropriate.

Almost 50 years ago, the red cobalt complex vitamin B12 was firstly
isolated as the antipernicious factor present in liver. By 1956 it was
structurally characterized as a porphyrin-like nucleotide-containing
complex, in which pyrroles are linked by three methine bridges and one
direct bond [18]. This so-called corrin [90] contains a cobalt
coordinated to the nitrogen atoms of the pyrroles (Fig. 2). The cobalt
atom may occur in three redox states, Co(III), Co(II), and Co(I), which
display quite different chemical properties. Co(III) is six-coordinated by
four equatorial nitrogens of the tetrapyrroles and by two axial ligands.
In vitamin B12 the lower or α-ligand is 5,6-dimethylbenzimidazole,
whereas the upper or β-ligand is a cyanide group (Fig. 2). Corrinoids in
which the base is bound to the cobalt atom are named "base-on". When
coordination is absent or replaced by an exogenous ligand the designa-
tion "base-off" is used. One-electron reduction of Co(III) results in a
pentacoordinated Co(II) corrinoid, which has only one axial ligand.
Reduction of Co(II) results in the formation of the square-planar, four-
coordinated Co(I) corrinoid, one of the strongest nucleophiles in nature
[18]. No α- or β-ligands are present. Oxidoreductive conversions
between the three redox states of cobalt are of key importance in the
biochemistry of corrinoids [59].

The various corrinoids isolated over the years usually differ in their
α-ligand (Fig. 2) [25]. The most abundant corrinoid encountered in
nature, called cobalamin, contains 5,6-dimethylbenzimidazole as its
base [25]. Methanogens do not contain cobalamins, but instead three
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Fig. 2. Structure of corrinoids from bacterial origin showing the variability of the
nucleotide portion.

other types of cobamides, base-containing corrinoids, have been found:
factor III, pseudo-vitamin B12 and 5-methylbenzimidazolylcobamide.
Factor III, which contains 5-hydroxybenzimidazole (HBI) as a base, is
the prevalent cobamide found in the Methanobacteriales and the
Methanomicrobiales. Its presence seems to be restricted to the methano-
gens [65]. Since the term factor III is also used to denominate an inter-
mediate in cobyrinic acid biosynthesis, the abbreviation B12-HBI is
preferred [51]. Pseudo-vitamin B12, containing adenine as a base, is the
predominant cobamide of the Methanococcales though it is also found
in Bacteria [65]. 5-Methylbenzimidazolylcobamide was isolated from
"Methanothrix" (Methanosaeta) soehngenii, and this corrinoid is present
in non-methanogens as well [41]. Obviously, cobamides of different
structure occur in methanogens. Whether these variations in base
composition effect the respective reactions of the cobamides, is not
clear. It is notable, however, that vitamin B12 could be substituted for
B12-HBI in Methanobacterium thermoautotrophicum without affecting
the growth rate [66].

Over the years several β-ligands have been described, including water,
CN-, OH-, NO2

-, SO3
- [25,50], but only two have been shown to

perform a coenzyme function, viz. methyl-B12 and 5-deoxyadenosyl-B12

[18]. The latter derivative, also known as coenzyme B12, serves as a
cofactor in various enzymatic reactions in which a hydrogen atom is
displaced by a substituent on an adjacent carbon atom [2]. The C-C
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rearrangement reactions proceed via a radical reaction induced by the
protein-bound coenzyme [45]. As yet, this type of B12-mediated reaction
has not been encountered in methanogens and will therefore not be
considered further. The methylated corrinoids are catalysts in biological
methyl transfer reactions [44,59] that will be discussed below in some
detail.

1.3. Biochemistry of methanogenesis

The results of the investigations on the biochemistry of methano-
genesis have been thoroughly reviewed during the past decade [7,21,
22,36,69,82]. In this process, three basic metabolic pathways can be
distinguished: the pathway from H2/CO2, from acetate, and from
methanol. Methanogenic processes using other substrates are less well
studied but seem to have many properties in common with these basic
pathways [81]. In the following sections an overview will be given of
the methanogenic metabolism of M. barkeri, notably methanogenesis
from methanol. Methane production from acetate, H2/CO2, methyl-
amines, and methylsulfides will only be briefly discussed with emphasis
on the methyltransferase reactions involved.

1.3.1. Methanol reduction to methane

In 1938 Schnellen [54] obtained a pure culture of a sarcina-like
methanogen, which he named Methanosarcina barkeri [13] and which
was able to grow at the expense of methanol. From that time on, many
attempts were made to elucidate the pathway by which methanol was
reduced to methane. After the discovery that methylcobalamin could
serve as a precursor for methanogenesis in extracts of M. barkeri,
Blaylock and Stadtman [10] suggested that methanol fermentation
might involve an enzyme-catalyzed transfer of the methyl group from
methanol to cobalamin, followed by a reductive methylation to
methane. Later they reported the enzyme-catalyzed formation of
methylcobalamin from cob(I)alamin and methanol [11], and the system
involved was resolved into four components [9,12]: a high-molecular
weight corrinoid-containing enzyme, a ferredoxin-like compound, a
protein with unknown function, and a heat- and acid-stable cofactor.
The formation of methylcobalamin from methanol and electro-
chemically prepared cob(I)alamin required the presence of those four
components as well as ATP and H2. Another indication of the possible
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Fig. 3. Scheme of methanogenesis from methanol. The cycle of activation-
inactivation of methanol:5-hydroxybenzimidazolylcobamide methyltransferase (MT1)
is indicated by the dashed lines. [Co(III)], [Co(II)], and [Co(I)] represent the
various oxidation states of the cobalt of the corrinoid prosthetic groups of MT1.
MT2, Co-methyl-5-hydroxybenzimidazolylcobamide:coenzyme M methyltransferase;
HS-CoM, coenzyme M; HS-HTP, 7-mercaptoheptanoylthreonine phosphate.

involvement of corrinoids was the presence of rather copious amounts
of B12-HBI. In M. barkeri grown on methanol 4.1 nmol of corrinoid per
milligram of cell dry weight was found [42]. After the discovery of
coenzyme M (HS-CoM) and its central role as methyl carrier in
methanogenesis, the role of B12 in the process became uncertain [55].
Studies on the corrinoid protein of M. barkeri continued, though quite
some doubt remained [86]. The work of Van der Meijden et al.
definitely established a role for B12-HBI in the conversion of methanol
[72]. Today, the role of corrinoids in methanogenesis is, finally, fully
appreciated.

A scheme of the reactions involved in the conversion of methanol to
methane in M. barkeri is presented in Fig. 3. Reduction of methanol to
methane proceeds via methylated coenzyme M (CH3-S-CoM) [57],
which is synthesized from methanol and 2-mercaptoethanesulfonic acid
(HS-CoM) by the combined action of two methyltransferase [73]. The
first methyltransferase, methanol:B12-HBI methyltransferase (MT1),
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contains a corrinoid which is methylated by methanol, when it is
present in its fully reduced Co(I) state. Next, the methyl group is
transferred to HS-CoM by Co-methyl-5-hydroxybenzimidazolyl-
cobamide:HS-CoM methyltransferase (MT2). Both enzymes are
insensitive to 2-bromoethanesulfonic acid, the typical inhibitor of the
CH3-S-CoM reductase system.

MT1 has been purified from M. barkeri by a factor 5.7, as determined
from the increase of the specific corrinoid content [76]. Nevertheless,
the enzyme preparation was over 90% pure, which indicates MT1

comprises of about 15% of the soluble protein in the cell-extract.
Purification required strict anoxic conditions and, even then, major loss
in activity occurred. Native MT1 showed an apparent molecular mass of
122 kDa and an α2β configuration with two subunits of 34 kDa and one
subunit of 53 kDa [76]. Per molecule of protein 3.4 molecules of B12-
HBI were found. The corrinoid was tightly, but not covalently bound to
the holoenzyme, and it was completely lost upon dissociation of the
enzyme into its subunits by treatment with SDS and 2-mercaptoethanol
[76]. For stability, the enzyme required the presence of divalent cations,
preferably Mg2+. MT1 is only active if the corrinoids are present in the
fully reduced Co(I) state [75]. In the presence of viologen dyes, flavins,
or oxygen oxidation of the reduced corrinoids readily occurs. Yet,
reactivation is possible by the combined action of ATP and a reducing
system consisting of H2, hydrogenase, and ferredoxin [74,77]. ATP is
required in only catalytic amount. Its role remained, however, unknown
[56,72,76,78]. GTP, CTP and, to some extent, UTP were able to
substitute for ATP in the resolved system [76]. In crude extracts,
hydrogen could be replaced by CO [76] and pyruvate plus coenzyme A
(HS-CoA) [74], but not by the powerful reducing agent titanium(III)-
citrate [78]. Addition of a protein fraction which was eluted just in
front of MT1 during a first DEAE-cellulose purification step, stimulated
the overall methyltransferase reaction when added together with hydro-
genase and ferredoxin [76]. The fraction contained at least one protein
component, called component S. Activity was sensitive to boiling and
oxygen. The protein involved was not further characterized [68].

As a result of the MT1 reaction, an enzyme containing a firmly bound
methyl-corrinoid is obtained [75]. Methylated MT1 and non-protein-
bound methylcobalamin both are substrates of the second methyltrans-
ferase MT2 [73]. The protein is highly specific for HS-CoM as methyl
group acceptor [73,87]. MT2 is insensitive to oxygen and is composed
of a single polypeptide with a molecular mass of 38 kDa [87]. In M.
barkeri two isoenzymes are present that differ in electrophoretic and
immunological properties and that can be separated by hydroxylapatite
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chromatography [27]. The N-terminal amino acid sequences of the
isoenzymes are only 55% similar [87]. Isoenzyme I predominates in
methanol-grown cells (about 90%), whereas isoenzyme II is mainly
present (about 80%) in cells grown on H2/CO2, trimethylamine or
acetate [27,87]. For the MT2 isoenzyme I a function in the conversion
of methanol and for the MT2 isoenzyme II a function in the conversion
of trimethylamine has been suggested [87].

In the final step of methanogenesis CH3-S-CoM is reduced to methane
by the methylreductase system. This system has been extensively
studied in M. thermoautotrophicum [70]. In this organism it consists of
four enzymes or enzyme complexes catalyzing the following reactions.
(i) The reduction of CH3-S-CoM by 7-mercaptoheptanoylthreonine
phosphate (HS-HTP) which results in the generation of methane and the
heterodisulfide of HS-CoM and HS-HTP (CoM-S-S-HTP). (ii) The

Fig. 4. Alternative pathways for the methanol methyl group oxidation. Roman
numbers next to arrows indicate the different routes proposed in the text. H4SPT,
5,6,7,8-tetrahydrosarcinapterin; F420, a 8-hydroxy-5-deazaflavin derivative; X,
unknown one-carbon carrier suggested by Blaut and Gottschalk [8].
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reduction of a still unknown electron acceptor by hydrogenase. (iii)
Transfer of the electrons of the unknown electron acceptor to a still
unknown electron donor. (iv) Reduction of CoM-S-S-HTP by the
unknown electron donor. Reaction (iv) and probably also reaction (iii)
play a role in energy conservation [46]. The enzyme methylcoen-
zyme M reductase catalyzes the reductive demethylation of CH3-S-
CoM, reaction (i), and contains, as prosthetic group, 2 molecules of a
nickel-tetrapyrrole called F430. In cell-free and resolved systems methyl-
coenzyme M reductase is generally almost completely inactive. The
enzyme can be reactivated to a few percent of the in vivo activity in an
H2- and ATP-dependent enzyme-catalyzed reaction [30]. The activation
mechanism is poorly understood. Since active methylcoenzyme M
reductase contains F430 in the highly reduced Ni(I) state [53] activation
might imply the reduction of as-isolated Ni(II) into Ni(I).

1.3.2. Methanol oxidation to CO2

In absence of hydrogen, M. barkeri oxidizes part of the methanol to
CO2 to generate the reducing equivalents needed for the reduction of
the remainder of the methanol to methane. The oxidation route of
methanol is not fully understood. Early experiments with [14C]methanol
revealed incorporation of label in "yellow fluorescent compound" as
one of the intermediates in methanol oxidation [15]. Following its
structural elucidation the compound is now known as 5,10-methenyl-
5,6,7,8-tetrahydrosarcinapterin (methenyl-H4SPT) [71] (see below).
Experiments with whole cells of M. barkeri and Methanosarcina mazei
strain Gö1 conclusively showed that a reaction between methanol and
the formal redox level of formaldehyde is driven by a sodium-motive
force [46]. The reaction (sequence) remains to be established and only
a number of possible alternatives may be formulated (Fig. 4). One
alternative (I) is the oxidation of methanol by use of a methanol
dehydrogenase and an unknown one-carbon carrier [8]. In this case
methanol would enter the oxidation pathway at the level of methylene-
H4SPT. However, the presence of methanol dehydrogenase has never
been demonstrated. Other alternatives could be the MT1-dependent
activation of methanol (III) or CH3-S-CoM synthesis (II), followed by
the methyl group transfer to tetrahydrosarcinapterin (H4SPT) (see
below) or a direct methylation of H4SPT by methanol catalyzed by a
novel methyltransferase (IV) [37,46]. The oxidation of methyl-H4SPT
then follows the reversed CO2 reduction route discussed in the next
section.
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1.3.3. Methanogenesis from H2 and CO2

The conversion of CO2 to methane can formally be considered to
proceed through the stages of formate, formaldehyde, and methanol.
During this process the carbon atom remains bound to three different
C1-carriers (Fig. 5). In the first step carbon dioxide is reduced and
bound to the first carrier, named methanofuran (MFR), yielding formyl-
methanofuran. Hereafter, the formyl group is transferred to the next
C1-carrier 5,6,7,8-tetrahydrosarcinapterin (H4SPT). This compound is a
structural analog of tetrahydrofolate and is used as a one-carbon carrier
at the formyl, formaldehyde, and methyl level. In M. thermoauto-
trophicum 5,6,7,8-tetrahydromethanopterin (H4MPT) is used, which is
nearly identical to H4SPT except for the absence of one glutamyl group
in the sidechain [71]. 5-Formyl-H4SPT is subsequently dehydrated to
yield 5,10-methenyl-H4SPT, which is reduced via 5,10-methylene-
H4SPT to 5-methyl-H4SPT .

The transfer of the methyl group of methyl-H4SPT to HS-CoM is
catalyzed by an integral membrane protein [23] and proceeds in a two-
step process in which methyl-B12-HBI is an intermediate [49,79]. The
enzyme complex catalyzing the overall reaction has been isolated from
M. thermoautotrophicum strain Marburg and ∆H [26,38]. The former
protein had an apparent molecular mass of 670 kDa and was composed
of seven different subunits of 34, 28, 24, 23, 21, 13, and 12 kDa. It
contained 7.6 mol B12-HBI, 37 mol non-heme iron, and 34 mol acid-
labile sulfur per mol of enzyme. The corrinoid was bound to the
23-kDa polypeptide [26]. Comparison of the N-terminal amino acid
sequences of the subunits to the DNA-sequence of a 3.5-kb trans-
cription unit of the M. thermoautotrophicum strain Marburg chromo-
some revealed that the 21-kDa, 23-kDa, and 24-kDa polypeptides
constitute an integral part of the enzyme [63]. No such evidence is
available for the four other polypeptides. However, the preparation was
inactive when one of these four polypeptides was missing [26]. The
purified enzyme from M. thermoautotrophicum strain ∆H was isolated
as a 100-kDa protein, according to non-denaturating polyacrylamide gel
electrophoresis (PAGE), and contained 0.2 mol B12-HBI per mol of
protein. When the protein was boiled in sample buffer and analyzed
with SDS-PAGE polypeptides of 35, 33, and 31 kDa were observed
[38]. However, Gärtner et al. [26] demonstrated that the polypeptide
pattern of the purified methyltransferase drastically changed by this
treatment. The enzyme of M. barkeri has not been purified so far.

The methyl-H4SPT:HS-CoM methyltransferase reaction is dependent
on reducing conditions and is stimulated by ATP [79]. In cell-free
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Fig. 5. Scheme of methanogenesis from H2 and CO2 in Methanosarcina barkeri.
The activation of methyl-H4SPT: HS-CoM methyltransferase (MT), indicated by
the open arrow, is accomplished by H2 and ATP that can be replaced by
titanium(III)citrate. MFR, methanofuran.

extracts of M. thermoautotrophicum stimulation is accomplished by the
combined action of ATP and CoM-S-S-HTP [39,40]. Ti(III)citrate is
able to substitute for these requirements [26,38,40,79]. Ti(III)citrate,
reducing conditions and ATP are all involved in generating the Co(I)
form of the corrinoid [23,40,79]. Hereafter, the protein is able to accept
the methyl group of methyl-H4MPT [23,38,79]. The precise function of
ATP in this process is unclear.

The standard free energy change (∆G°') associated with the methyl-
H4SPT:HS-CoM methyltransferase reaction is -29.7 kJ/mol [36]. At first
it was considered unlikely that this would be a site for energy conser-
vation, since there was no precedent for energy conservation being
coupled to a methyl group transfer reaction. Experiments with inverted
vesicles of M. mazei strain Gö1, however, clearly demonstrated that this
reaction was coupled with the generation of a sodium motive force [6].
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Since the transfer of the methyl group of methyl-H4MPT to hydroxy-
cobalamin was also associated with sodium translocation [5], it was
assumed that the transfer reaction from methyl-H4MPT to the
membrane-bound corrinoid is the actual exergonic step promoting the
extrusion of sodium. The sodium-motive force thus generated can be
converted into a proton-motive force by means of a sodium-proton
antiporter, thus allowing synthesis of ATP by proton-translocation [46].
Immunological evidence exists that the purified proteins catalyzing the
methyl-H4MPT:HS-CoM methyltransferase reaction are identical to the
membrane-bound corrinoid proteins of unknown function already
described in 1986 [62]. Interestingly, membrane-associated corrinoids
are found in all methanogens tested so far [14].

As a result of the methyl-H4MPT:HS-CoM methyltransferase reaction
CH3-S-CoM is produced which is reduced to methane as described
above (section 1.3.1.).

1.3.4. Methanogenesis from acetate

Conversion of acetate by methanogens proceeds by the cleavage of
the molecule into a methyl group and a carbonyl group (Fig. 6). The
methyl group is reduced to methane with electrons derived from
oxidation of the carbonyl group to CO2. The overall ∆G°' is -36 kJ/mol
for this reaction which is nearly equal to the energy required for syn-
thesis of one molecule of ATP under standard conditions (+32 kJ/mol).
This makes acetate a poor substrate for growth. Methanogenesis from
acetate starts by converting acetate to acetyl-CoA at the expend of one
ATP per acetate [21]. This is a considerable investment considering the
small amount of energy available for ATP synthesis. Hereafter, acetyl-
CoA is converted by the carbon monoxide dehydrogenase (CODH)
complex. Although the name suggest otherwise the primary function of
CODH is cleavage of acetate. The enzyme complex not only catalyzes
cleavage of the C-C and C-S bond of acetyl-CoA, it also oxidizes CO
to CO2 (hence its name) and transfers the methyl group to H4SPT (Fig.
6).

In Methanosarcina thermophila the CODH complex consists of five
subunits which can be resolved into two enzymic components: a 200-
kDa CO-oxidizing nickel/iron-sulfur (Ni/Fe-S) component which
contains 89 and 19 kDa subunits, and a 100 kDa corrinoid/iron-sulfur
(Co/Fe-S) component, which contains 60 and 58 kDa subunits [1]. The
fifth subunit of the complex (71 kDa) has not been characterized. The
Ni/Fe-S component cleaves the C-C and C-S bond of acetyl-CoA at the
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Fig. 6. Scheme of methanogenesis from acetate in Methanosarcina thermophila as
proposed by Ferry [22]. The M above the rectangle represents the active site metal
center of the Ni/Fe-S component. The cycle of activation-inactivation of the Co/Fe-
S component is indicated by the dashed lines. [Co(II)] and [Co(I)] represent the
oxidation states of the cobalt of the corrinoid prosthetic group of the Co/Fe-S
component. CODH, carbon monoxide dehydrogenase.

Ni-Fe site. Hereafter, the methyl group can be transferred to the
corrinoid of the Co/Fe-S component. Electron paramagnetic resonance
(EPR) spectroscopy demonstrated that the Co/Fe-S component
maintained the 5-hydroxybenzimidazolyl base of the cob(II)amide
uncoordinated to the central cobalt atom [32]. Activation requires a
reduction to the Co(I) state with a midpoint redox potential (E0') of
-486 mV (pH 7.8) and is accomplished by electrons donated directly by
the CO-oxidizing Ni/Fe-S component [1,32]. In M. barkeri an E0' of
-426 mV has been reported for this reduction [29]. Since the CO/CO2

couple has an E0' of -517 mV, reduction of the cobalt center of the
Co/Fe-S component would be exergonic. Indeed, ATP is not required
for reduction of the cobalt to the Co(I) state.

The Ni/Fe-S component is also able to reduce the 4Fe-4S cluster of
the Co/Fe-S component (E0'= -502 mV at pH 7.8) [1,32]. The role of
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the Fe-S cluster is unknown but it is suggested that it may be involved
in electron transfer from the Ni/Fe-S component to the corrinoid [32].
With the cobalt in the fully reduced Co(I) state the Co/Fe-S component
is able to accept the methyl group from the Ni/Fe-S component and a
methylated corrinoid intermediate is produced [1,80]. The methyl group
is subsequently transferred to H4SPT [24,28]. The C1-unit of methyl-
H4SPT is converted to CH3-S-CoM and methane as described in section
1.3.3. and 1.3.1., respectively.

1.3.5. Methanogenesis from methylamines and methylsulfides

At the biochemical level, methane formation from mono-, di-, and
trimethylamine is only poorly investigated. When grown on trimethyl-
amine M. barkeri contains a trimethylamine:HS-CoM methyltransferase
activity [47]. By the action of this enzyme(system) dimethylamine and
CH3-S-CoM are produced. The reaction requires the presence of ATP
and H2, which suggests a reaction mechanism analogously to the
MT1/MT2 system (section 1.3.1.). The second methyltransferase could
be MT2 isoenzyme II [87]. Besides dimethylamine, monomethylamine
is also observed as a transient intermediate during the conversion of
trimethylamine by cell extracts [47]. This and the fact that methanol-
cultured cells are unable to convert mono-, di-, or trimethylamine could
suggest that these three substrates are each converted by distinct indu-
cible enzymes.

A selected number of methylotrophic methanogens are capable of
growth on dimethylsulfide. Methane thiol is transiently produced during
growth on dimethylsulfide but can also be used as a substrate for
growth [48]. Cell extracts of methanol- and trimethylamine-cultured
cells are unable to convert dimethylsulfide or methane thiol, which
suggests that these substrates are converted by distinct inducible
enzymes [48].

1.4. Methyltransferase reactions in non-methanogens

Methyl group transfers are associated with a number of key cellular
functions, including regulation of gene expression, protein synthesis,
and metabolic processes such as neurotransmitter biosynthesis. While
the bulk of biological methyl transfer reactions use S-adenosyl-
methionine (AdoMet), a condensation product of ATP and methionine,
as the methyl donor [33], some reactions employ methyl-corrinoids.
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Besides their function in methanogenesis (see above), corrinoid-
dependent methyltransferases are also involved in biosynthesis of
methionine and acetate [44]. The methyl transfer reactions concerned
with the production of the latter two compounds will be discussed
briefly.

1.4.1. Methionine synthesis

Cobalamin-dependent methionine synthase (EC 2.1.2.13) catalyzes the
transfer of the methyl group from 5-methyl-tetrahydrofolate to homo-
cysteine, to produce tetrahydrofolate and methionine. During turnover,
the cobalamin cofactor of methionine synthase shuttles between methyl-
cobalamin and cob(I)alamin [4]. As isolated from Escherichia coli, the
136-kDa protein is inactive, with cobalt in the Co(II) form. Activation
requires catalytic amounts of the highly reactive methyl donor AdoMet
and a reducing system with a redox range of about -350 mV [3]. The
inactive Co(II) state of the enzyme has an E0' as high as -526 mV for
the Co(II)-to-Co(I) reduction [3]. Here, AdoMet is the driving force for
the thermodynamically unfavorable reduction of cob(II)alamin: it
facilitates the reduction by trapping traces of cob(I)alamin formed as
methylcobalamin [3]. It should be noted that neither AdoMet nor its
methanogenic structural counterpart S-adenosylmethylcoenzyme M are
involved in the reductive activation of corrinoid-dependent methano-
genic methyltransferases [78].

The crystal structure of a 27-kDa methylcobalamin-binding fragment
of methionine synthase revealed that the 5,6-dimethylbenzimidazole
ligand of the corrinoid is not coordinated to the cobalt, but is kept
instead in an hydrophobic pocket [19,20]. The lower ligand position is
substituted by histidine 759 of the protein. It is suggested that the
protein is able to modulate the reactivity of the corrinoid prosthetic
group in this way [19].

1.4.2. Acetate synthesis

The acetogenic bacteria produce acetate from two more or less
reduced C1-compounds via the energy-yielding reductive acetyl-CoA
pathway [17]. The central enzyme in this pathway is CODH, which
synthesizes acetyl-CoA from a methyl group donated by a Co/Fe-S
protein, a carbonyl group (CO), and HS-CoA. In fact, the reaction is
identical but oppositely directed to the cleavage of acetyl-CoA during
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methanogenesis from acetate (section 1.3.4.). The methyl group bound
to the cobamide of the Co/Fe-S protein is derived from methyl-tetra-
hydrofolate. Synthesis of acetate has been most thoroughly studied in
Clostridium thermoaceticum [52]. Here, the 88-kDa Co/Fe-S protein is
isolated with the cob(II)amide in an inactive "base-off" form [52].
Activation requires a reduction to the Co(I) state with an E0' of -504
mV [31]. Electrons derived from the oxidation of CO to CO2 catalyzed
by CODH (E0' = -517 mV) can accomplish this reduction [52]. ATP is
not required for the activation process.

In the acetogen Sporomusa ovata corrinoid-dependent methyltrans-
ferases are also involved in synthesis of methyl-tetrahydrofolate from
methanol and methoxybenzoates. Methyl transfer from methanol to
tetrahydrofolate is catalyzed by a 40-kDa corrinoid-containing protein
[60,64]. Conversion of 3,4-dimethoxybenzoate requires a different
methyltransferase. Both reactions are strictly dependent on Ti(III)citrate
and catalytic amounts of ATP, that may be required for the reduction of
the cobalt of the corrinoid cofactors to the Co(I) form [64]. The
corrinoid of the 40-kDa methyltransferase has a p-cresolyl-group as its
lower ligand, which cannot coordinate to cobalt [61]. Instead, a his-
tidine ligand from the protein ligates to the cobalt atom [60,61]. It has
been suggested that this lends the cob(I)amide a remarkable stability
towards oxidation [60,61].
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OUTLINE OF THE THESIS

Although the stimulating effect of ATP on methanogenesis from
methanol was already reported in 1963, the exact mechanism by which
this universal energy carrier acts upon that process is still unknown. To
elucidate this mechanism the strictly ATP-dependent methanol:HS-CoM
methyltransferase reaction was studied in M. barkeri strain MS.

In Chapter 2 the enhanced resolution of the components involved in
the methanol:HS-CoM methyltransferase reaction is reported. Here, it is
revealed that besides MT1, MT2, hydrogenase, and ferredoxin, one more
protein is required for the overall reaction and more specifically in the
activation of MT1. The component is called Methyltransferase Activa-
tion Protein (MAP).

The purification and characterization of the ferredoxin concerned with
the activation of MT1 is described in Chapter 3. The redox properties of
the 2[4Fe-4S] cluster of the protein are extensively studied.

To figure out what makes B12-HBI the preferred candidate as a pros-
thetic group for methanogenic corrinoid proteins as opposed to the
ubiquitously occurring cobalamin (B12-DMBI), the electrochemistry of
the former corrinoid will be studied in Chapter 4. It is demonstrated
here that the HBI base is the weaker ligand, and thus favors "base-off"
formation as compared to the DMBI base of cobalamin.

In Chapter 5 the purification of MAP is reported. The protein was
shown to interact with ATP during the activation of MT1. Moreover,
MAP became phosphorylated by catalyzing the transfer of the γ-phos-
phoryl group of ATP, which elucidated the function of ATP during the
activation of MT1.

Chapter 6 describes the activation mechanism of MT1. Here, the
function of MAP and ATP is discussed in relation to the reduction of
the corrinoids of MT1 to the Co(I) level.

In addition, the first step in the oxidation of methanol was studied
(Chapter 7). The methyl group of methanol was shown to be directly
transferred to H4MPT. The reaction was catalyzed by a membrane
associated protein.

Finally, in Chapter 8 results with respect to the conversion of
methanol by M. barkeri and the reductive activation of corrinoid
containing methyltransferases in methanogens are summarized as
conclusively remarks.
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