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Abstract
Methyltransferases that employ cobalamin cofactors, or their analogues the cobamides, as
intermediates in catalysis of methyl transfer play vital roles in energy generation in anaerobic
unicellular organisms. In a broader range of organisms they are involved in the conversion of
homocysteine to methionine. Although the individual methyl transfer reactions catalyzed are simple
SN2 displacements, the required change in coordination at the cobalt of the cobalamin or cobamide
cofactors and the lability of the reduced Co+1 intermediates introduces the necessity for complex
conformational changes during the catalytic cycle. Recent spectroscopic and structural studies on
several of these methyltransferases have helped to reveal the strategies by which these conformational
changes are facilitated and controlled.

Introduction
Although organic chemists have long been fascinated with the adenosylcobalamin-dependent
enzymes that employ radical chemistry, it has become apparent over the last few decades that
the majority of enzymes that employ cobalamin cofactors actually catalyze methyl transfer
reactions and use methylcobalamin or its structural homologues the methylcobamides1 as
intermediates in the methyl transfers. The discovery of the third domain of organisms, the
Archaea, and the genome sequencing of many unicellular organisms, have contributed to our
realization that methyl cobamides play essential roles in energy generation in many anaerobic
organisms (reviewed in [1]). In contrast, in humans and other mammals, there is only one
cobalamin-dependent methyltransferase, namely methionine synthase. Cobamides and
cobalamin have not been found in fungi, or in higher plants, but many algae acquire cobalamins
through a symbiotic relationship with bacteria, and they use cobalamin primarily as a cofactor
for methionine synthase [2]. Table 1 lists some of the better-studied family members. However
it is clear that there are many more still to be characterized. As an example, the recently
determined genome sequence of Methanosarcina acetivorans contains 15 putative corrinoid
protein sequences with unknown functions [3].

In methylcobalamin the dimethylbenzimidazole base is coordinated to the cobalt in the α-axial
position as shown in Figure 1A. When methylcobalamin or methylcobamides are bound to
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methyltransferases, the nucleotide base is always dissociated. In most methyltransferases, a
histidine ligand from the protein is coordinated in the α-axial position of the bound cofactor
(Figure 1B), and a central issue currently being addressed in this field is the significance of
this dramatic ligand substitution.

In this review, we will focus on a few family members that have been particularly well
characterized both structurally and spectroscopically. These examples will serve to illustrate
some of the features of this family and some of the issues that remain to be clarified.

Some well-studied examples of corrinoid-dependent methyltransferases
Cobalamin-dependent methionine synthase

Methionine synthase catalyzes the transfer of a methyl group from methyltetrahydrofolate to
homocysteine, as illustrated in Figure 2A. The enzyme is a single polypeptide of 136 kDa,
comprising four modules [4]. The first two modules are the homocysteine-binding acceptor
domain and the methyltetrahydrofolate-binding donor domain, both of which are TIM (α8β8)
barrels [5]. These domains retain the ability to catalyze methyl transfers to and from exogenous
cobalamin: the homocysteine-binding domain catalyzes methyl group transfer from
methylcobalamin to the bound acceptor to form methionine and cob(I)alamin, while the folate-
binding domain catalyzes transfer from methyltetrahydrofolate to exogenous cob(I)alamin
[4]. Thus the individual substrate-binding domains are methyltransferases in the same sense
as the donor- and acceptor-binding polypeptides that react with separate corrinoid proteins in
the enzyme complexes in Methanosarcina barkeri that are listed in Table 1.

The third module binds methylcobalamin, and consists of two domains: a Rossmann domain
that interacts with the α-surface of the cofactor and the pendant dimethylbenzimidazole
nucleotide, and a “cap” domain, a four helix-bundle that packs against the β-face of the cofactor
[6]. The Cap:Cob conformation has only been seen in a proteolytic fragment containing
residues 649–897, and it is not known if this conformation is assumed by the full-length
enzyme. Access of substrates bound to the first two modules of the enzyme to the cobalamin
cofactor clearly requires major conformational changes that would displace the cap and
alternately position donor and acceptor modules above the cofactor [5]. These proposed
conformers, Cap:Cob, Hcy:Cob and Fol:Cob, are illustrated as cartoons in Figure 2A.

The final module in methionine synthase is required for reactivation of the enzyme when the
cobalamin cofactor is oxidized to form cob(II)alamin [7]. X-ray structures of this module have
been determined for both the E. coli [8] and human [9] enzymes. The structure of a C-terminal
fragment of methionine synthase in the reactivation conformation (AdoMet:Cob, Figure 2A)
is shown in Figure 3A [10••]. In contrast to the structure of the methylcobalamin form of
methionine synthase in the His-on Cap:Cob conformation (Figure 1B), the cofactor in the
reactivation conformation is now His-off (Figure 1C). Spectroscopic analysis of a full length
His759Gly mutant indicated that in the AdoMet:Cob conformation the cob(II)alamin is five-
coordinate, with a water in one of the axial positions [11]. Thus the model emerged of a change
in protein conformation providing the energy needed to dissociate the histidine from cobalt
when the enzyme enters the reactivation conformation. The structure of the fragment revealed
another role for the histidine ligand. In this His-off form, the histidine now makes intermodular
hydrogen-bonding interactions with residues in the activation module that are predicted to
stabilize the activation conformation by 3–5 kcal/mol (Figure 3C). These intermodular
interactions may explain the previously puzzling observation that while the methylcobalamin
form of methionine synthase inter-converts between AdoMet:Cob and catalytic conformations,
the cob(I)alamin form of the enzyme does not [12]. It will be extremely interesting to see
whether similar intermodular interactions are made by histidine in the cob(I)alamin form of
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the Fol:Cob conformation. Such contacts could be the mechanism that prevents this catalytic
intermediate from accessing adenosylmethionine and leading to futile cycling.

Methionine synthase, like many other corrinoid-dependent methyltransferases, transfers its
methyl groups to a sulfur atom in the acceptor substrate homocysteine. At physiological pH
values, homocysteine is present as the thiol rather than the more nucleophilic thiolate.
Activation of the thiol substrates has been shown to involve a catalytically essential zinc ion.
Zinc was found in the homocysteine-binding domain of cobalamin-dependent methionine
synthase, where it was shown to be coordinated by three cysteines from the protein [13].
Addition of homocysteine resulted in a change in coordination from three thiol residues and
one oxygen or nitrogen ligand to four thiol residues, and the displaced ligand was initially
assumed to be a water molecule. However, very recently, it was shown that the fourth ligand
in the unliganded enzyme was actually an Asn234, and that addition of homocysteine results
in the displacement of this ligand with inversion of geometry around the zinc site and a
considerable movement of the zinc away from Asn234 [14**]. Zinc is presumed to serve as a
Lewis acid to stabilize the thiolate of homocysteine. However the inversion of geometry at the
zinc site (Figure 4A) suggests that it may play a role not only in nucleophilic activation of the
thiolate for methyl transfer but also in facilitating product dissociation as homocysteine is
converted to the weaker thiol ether ligand methionine by methylation.

Corrinoid iron-sulfur protein—a component of the acylCoA synthase complex
The corrinoid iron-sulfur protein (AcsCD) serves as an intermediate in the transfer of a methyl
group between methyltetrahydrofolate and a nickel center of acylCoA synthase (Figure 2B).
This methyl group is ultimately carbonylated and incorporated into acetylCoA.
Methyltetrahydrofolate is bound to a donor methyltransferase, AcsE, which catalyzes methyl
transfer to the cobamide (corrinoid) bound to AcsCD. Uniquely, in this system the acceptor
substrate is a metal center on acylCoA synthase. The enzyme consists of two subunits, the
larger of which contains the 4Fe-4S center.

Initial spectroscopic studies established that the cobamide cofactor of AcsCD exhibited a
“base-off” spectrum under all conditions [15]. Optical and electron paramagnetic spectroscopy
can be used to distinguish cob(II)alamin with an axial nitrogen ligand from “base-off” cob(II)
alamin, but can not distinguish between four coordinate cob(II)alamin and five-coordinate cob
(II)alamin with an oxygen ligand such as water coordinated ito one of the axial positions.
Magnetic circular dichroism and computational analysis can be used to distinguish these two
alternatives [16] and these methods were used to show that the corrinoid iron-sulfur protein in
the Co(II) form is actually five-coordinate with a water axial ligand [17•]. Magnetic circular
dichroism is also useful for distinguishing six-coordinate methylcobalamin with an axial water
ligand from five-coordinate methylcobalamin, and the “base-off” methylated corrinoid iron-
sulfur protein was shown to be six coordinate [17•].

The x-ray structure of a closely related corrinoid iron-sulfur protein from Carboxydothermus
hydrogenoformans revealed that the cobamide cofactor (presumably in the Co+2 oxidation
state) is five coordinate as expected from the spectroscopy, with a water in the β-axial position
[18••]. The small subunit is a TIM barrel, while the larger subunit consists of three domains:
an N-terminal domain that binds the iron-sulfur center, a central domain that is a TIM barrel,
and a C-terminal domain with a Rossmann fold. The cobamide is positioned between the small
subunit and the C-terminal domain of the large subunit. In this position, access to the cofactor
by either the methyltransferase or acylCoA synthase would be blocked, so a conformational
change would be needed to expose the cobalt (Figure 2B). Thus this conformation may be
analogous to the Cap:Cob conformation seen in the cobalamin-binding module of methionine
synthase. The iron-sulfur center is about 52 Å away from the cobalt in this structure. Since
earlier studies had indicated that this center is responsible for the reduction of Co+2 to Co+1
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during reductive activation of the corrinoid iron-sulfur protein [19], a conformational change
would also be required to bring the corrinoid cofactor and the iron-sulfur center into proximity
for electron transfer.

Like methionine synthase, the corrinoid iron-sulfur protein accepts a methyl group from
methyltetrahydrofolate. The structure of the methyltetrahydrofolate-binding methyltransferase
AcsE has recently been determined [20,21••]. There is no obvious proton donor for protonation
of the tetrahydrofolate-leaving group, and instead, the nitrogen of Asn199 forms hydrogen
bonds to both N5 and O4 of methyltetrahydrofolate (Figure 4B). Mutation of Asn199 results
in a 25,000-fold decrease in kcat/Km, with only a minor effect on the binding of
methyltetrahydrofolate. The authors propose that protonation of methyltetrahydrofolate would
lead to the formation of a new hydrogen bond to the oxygen of this asparagyl residue in which
N5-H would serve as the donor, a proposal that is very similar to the mechanism proposed for
stabilization of the transition state accompanying protonation of hypoxanthine in purine
nucleotide phosphorylase [22]. The interactions of methyltetrahydrofolate with the folate-
binding module of methionine synthase are also very similar [5], although in this case,
mutations of the homologous active site asparagyl residue have not been characterized.

Methanol-coenzyme M methyltransferase
The enzyme complex from Methanosarcina barkeri consists of three subunits: MtaC contains
the 5-hydrobenzimidazolylcobalamide cofactor that interacts with the methanol-binding donor
methyltransferase MtaB and the coenzyme M-binding acceptor methyltransferase MtaA. Both
MtaB [23] and MtaA [24] require zinc for activity, and in both cases the zinc is thought to
mediate electrophilic activation of the bound substrate. The MtaC subunit shows 35%
homology with the cobalamin-binding domain of MetH, and the α-position of the corrinoid is
ligated by His136 from this subunit [25]. A structure of a homologue of MtaC, specified by
orf1948 from Moorella thermoacetica, has been determined [26], but this structure was
obtained from crystals of an N-terminally truncated fragment lacking the “cap” domain. In M.
barkeri, MtaB and MtaC form a tight complex, the structure of which was recently determined
[27••]. This represents the first structure in which a substrate-binding module is docked with
the corrinoid-binding module, and is illustrated in Figure 3B. In this structure, the “cap” of
MtaC is displaced in a fashion similar to that seen in the structure of the AdoMet:Cob
conformation of methionine synthase (Figure 3A), allowing MtaB to occupy the β-face of the
cofactor.

Methanol, with a pKa of ~16, is an extremely challenging substrate to activate for methyl
transfer. More generally, donor substrates, in contrast to acceptor substrates, often provide very
poor leaving groups for methyl transfer and require substantial activation. These donor
substrates include aromatic O-methyl ethers, methanol and various methylamines. A major
remaining issue in the field concerns the mechanisms for activation of these challenging methyl
donors. While zinc is essential for the activation of methanol, it is lacking in the donor substrate-
binding sites of other methyltransferases. In monomethylamine methyltransferase a unique
active site residue, pyrrolysine, is thought to be involved in covalent catalysis to activate the
amine leaving group and facilitate methyl transfer [28]. And in methyltetrahydrofolate-binding
domains, the strategy described above for the corrinoid iron-sulfur protein of forming a new
hydrogen bond between protonated methyltetrahydrofolate and an active site asparagine
appears to be operative. These diverse strategies for activation are reflected in the lack of
sequence homologies in the various donor substrate binding domains.

Role of His as the lower axial ligand to cobalamin
Why is the dimethylbenzimidazole nucleotide always dissociated when cobamides bind to
methyltransferases and why in some, but not all of these enzymes, is a histidine from the protein
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coordinated? We know from model studies that the affinity of the coordinated base for the
cobalt is highly sensitive to the electron-donating properties of the upper axial ligand in cob
(III)alamins and also to the oxidation state of the cobalt [29,30]. Thus the conversion of base-
on to base-off cob(III)alamin is highly unfavorable when a weakly electron donating ligand
like water is present in the β-position, and much less unfavorable with strongly electron
donating methyl or propyl ligands [30]. The equilibrium between base-on and base-off forms
of cob(II)alamin is intermediate between those measured for methylcobalamin and
propylcobalamin [29]. Measurements of these equilibria with methionine synthase establish
that the trends are remarkably similar, even though in this case the His-on/His-off transition is
accompanied by major conformational changes [31•]. The equilibrium between the His-on and
His-off forms of enzyme in the methylcobalamin state favors the His-on form by about 2.5
kcal/mol. In contrast, when the enzyme is in the cob(II)alamin form, the equilibrium shifts to
favor the His-on form by only 0.5 kcal/mol. Hence, the histidine ligand serves as a sensor of
the alkylation and/or oxidation state of the cofactor, and allows access to the activation
conformation only when cob(II)alamin forms. This striking finding requires that the free
energies needed for transition from one protein conformation to another be relatively small, so
that the affinity of the histidine for the cobalt in different alkylation and oxidation states exerts
a dominant effect. These studies also showed that flavodoxin binding further biases the
equilibrium towards the reactivation conformation by preferentially binding to this protein
conformation.

According to this view, a major function of the histidine ligand is to control access to the
reactivation (AdoMet:Cob) conformation and thus prevent futile cycling. We know that the
degree of futile cycling is actually very low in methionine synthase [12]. Why is there no
requirement for histidine in the corrinoid iron-sulfur protein? As shown in Figure 2B, this
enzyme, uniquely, can be reactivated by simple reduction of the cob(II)amide to a cob(I)amide,
without the necessity to couple reduction to an exergonic reaction like methylation by
adenosylmethionine or ATP hydrolysis. Thus futile cycling is not a problem for the corrinoid
iron/sulfur protein.

A remaining challenge will be to obtain structures of a complete methyltransferase complex
in each of its major conformational states. Because it has proved extremely difficult to
crystallize mobile multi-domain or multi-subunit proteins, immobilization strategies (e.g.
disulfide cross-linking) may be useful. We are also challenged to determine whether histidine
ligation/displacement actually facilitates catalytic methyl transfers. Comparisons of the
reactivity of cobamides and cobalamin with their parent methyltransferase modules in trans
may be misleading, because the methylcobamides are then 6-coordinate, with an axial water
ligand, whereas the appropriate comparison for methyl transfer in the physiological catalytic
cycle may be with a transiently 5-coordinate MeCbl. It is tempting to believe that histidine
association would provide considerable stabilization to the transition state during methyl
transfer to cob(I)alamin.

Conclusions
A salient property of the cobalamin- and cobamide-dependent methyltransferases is the
displacement of the dimethylbenzimidazole nucleotide of the cofactor on binding to the
apoprotein and in most cases, its replacement by a histidyl ligand from the protein. The recent
structural and spectroscopic studies described in this review have helped to clarify the role of
the histidine ligand. It acts as a sensor of the oxidation and alkylation state of the cobalt of the
cofactor, controlling access to the appropriate protein conformations at various stages of the
catalytic cycle.
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Figure 1. (A) The structure of methylcobalamin
The cobalt in methylcobalamin, which is formally in the +3 oxidation state, is coordinated by
four equatorial ligands contributed by the corrin ring and by two axial ligands. The β-axial
ligand (the upper axial ligand in the orientation shown here) is the methyl anion in
methylcobalalamin, while the lower axial ligand (the α ligand) in the free cofactor is a
dimethylbenzimidazole nucleotide substituent of the D-ring of the corrin [32]. (B) The
structure of methylcobalamin in the cobalamin-binding module of methionine synthase
[6]. The dimethyl-benzimidazole nucleotide has dissociated, and cobalt is coordinated by
His759 from the protein. His 759 is linked by a network of hydrogen bonds to Asp757 and
Ser810. A signature Asp-X-His-X-X-Gly----Ser-Leu motif is diagnostic of the His-on state of
cobalamin in many corrinoid proteins. While methylcobalamin is preferentially six-coordinate,
cob(I)alamin is planar four-coordinate, due to the electron density of the lone pair of electrons
that remain after transfer of the methyl group as a carbocation. As the cofactor cycles in
catalysis between methylcobalamin and cob(I)alamin forms, the changes in preferred
coordination geometry require that histidine dissociation be coupled with methyl transfer
[33]. This histidine dissociation is accompanied by uptake of a proton, presumably due to
protonation of the His-Asp-Ser ligand triad [34]. (C) The structure of cobalamin in the
reactivation conformation of methionine synthase [10••]. In this structure Nε of His759 has
rotated away from the cobalt of the cofactor, and is now 5.6 Å displaced from its position in
(B). The structures in B and C are similarly oriented with respect to the cobalamin-binding
domain while those in A and C are aligned based on the corrin rings. D. Cartoon of the change
in cobalt coordination required for reduction of cob(II)alamin to cob(I)alamin and
subsequent alkylation in His-on methyltransferases. Reactivation involves reduction of cob
(II)alamin to cob(I)alamin and methylation of cob(I)alamin to regenerate methylcobalamin. In
methionine synthase flavodoxin serves as the electron donor [35], and adenosylmethionine
serves as the methyl donor for reactivation [7]. Cob(II)alamin is preferentially five-coordinate,
and in methionine synthase His759 is coordinated in the α-axial position. Its reduction to cob
(I)alamin is facilitated by dissociation of the histidine ligand. Binding of flavodoxin to the cob
(II)alamin form of the enzyme results in dissociation of His759 from the cobalt, and uptake of
a proton [36]. Following reduction to cob(I)alamin, methyl transfer from adenosylmethionine
initially results in the formation of His-off methylcobalamin and the rate-limiting step in
reactivation is the appearance of His-on methylcobalamin [37].
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Figure 2. The catalytic cycles and proposed conformations of three well-studied methyltransferases
(A) Methionine synthase The cobalamin cofactor is alternately methylated by CH3-H4folate
bound to the Fol domain (b, requiring the Fol:Cob conformation cartooned on the right) and
demethylated by homocysteine bound to the Hcy domain (a, Hcy:Cob). Occasionally, the cob
(I)alamin cofactor undergoes oxidation. Return of the inactive cob(II)alamin species to the
catalytic cycle require a reductive reactivation, in which adenosylmethionine bound to the C-
terminal domain (c, AdoMet:Cob) serves as the methyl donor [7]. In E. coli, flavodoxin serves
as the source of electrons for reductive activation [35], while in humans the source of electrons
is methionine synthase reductase, a protein with homology to both flavodoxin and NADPH-
ferredoxin (flavodoxin) oxidoreductase [38,39]. The remaining conformation (d, Cap:Cob) has
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only been seen in crystals of the isolated cobalamin-binding module. While the cartoon shows
all four domains, x-ray structures of the full length protein have never been obtained, and the
cartoons are based on docking of the N-terminal and C-terminal halves of the protein in a
plausible manner. (B) Acetyl-CoA synthase. The 5-hydroxymethylbenzimidazolyl cobamide
cofactor of the corrinoid iron/sulfur protein (AcsCD) is alternately methylated by CH3-H4folate
bound to the AcsE methyltransferase (b, Fol:Cob) and demethylated by transfer of the methyl
group to Ni+1 in acetyl CoA synthase (a, ACS:Cob). When the cob(I)amide undergoes
occasional oxidation to cob(II)amide, it is returned to the catalytic cycle by reduction by the
Fe4-S4 cluster on the large subunit (AcsC) of the corrinoid iron/sulfur protein (c, Fe-S:Cob).
This cluster is in turn re-reduced with electrons derived from ferredoxin or from enzymes
coupled to ferredoxin. The remaining conformation (d, Cap:Cob) is the one seen in the isolated
corrinoid iron-sulfur protein [18••]). (C) Methanol:coenzyme M methyltransferase. The
corrinoid-binding protein MtaC forms a complex with MtaA (the coenzyme M-binding
methyltransferase) and MtaB (the methanol-binding methyltransferase). During catalysis the
complex cycles between CoM:Cob (a) and Methanol:Cob (b) conformations. The latter
complex has been characterized crystallo-graphically in the absence of MtaA. Activation of
the cob(II)amide cofactor requires reduction by ferredoxin and is coupled to ATP hydrolysis
by the action of the MAP protein (c, ATP:Cob). The Cap:Cob conformation (d) is hypothetical.
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Figure 3. (A) Structure of the reactivation (AdoMet:Cob) conformation of methionine synthase
[10••]
This structure was obtained with a fragment of the enzyme containing only the cobalamin-
binding and adenosylmethionine-binding modules. The AdoMet-binding module is shown in
blue, the cobalamin-binding domain in red, and the cap in tan. To reduce the conformational
flexibility yet at the same time keeping the active site intact, a strategy of disulfide cross-linking
between the two modules was used. Two cysteine mutations, Ile690Cys (in the cap domain)
and Gly743Cys (in the cobalamin-binding domain) were introduced. The resulting disulfide
cross-link sufficiently favored the conversion from His-on to His-off such that the protein
crystallized in the AdoMet:Cob conformation. Nε of His-759 has moved 5.6 Å away from the
cobalt towards the AdoMet binding module and is involved in an intermodular hydrogen
bonding contact. (B) Structure of the MtaBC complex [27••] of methanol:coenzyme M
methyltranferase, shown in the same orientation as methionine synthase in (A). MtaB forms a
decorated TIM barrel (yellow), with the zinc atom (gray sphere) located at the C-terminal
opening of the barrel in close proximity to the corrinoid of MtaC. The zinc is ligated by two
cysteines and a glutamate, while the identity of the fourth ligand remains unclear. The
sequences containing these three ligands bear no resemblance to sequences associated with
zinc binding in other family members, despite the fact that the closest structural relative of
MtaB is the homocysteine-binding domain of methionine synthase. Methanol is not present in
the MtaBC complex, but if coordinated to the zinc by its hydroxyl oxygen, could be positioned
appropriately for methyl transfer to the cobalt of the 5-hydroxybenzimidazolyl cobamide of
MtaC, MtaC consists of two domains, a corrinoid-binding domain (red) and a four helix bundle
or cap (tan) with an N-terminal extension (light blue). (C) Details of the intermodular
interaction of His-off methionine synthase. His759 forms a hydrogen bond to Glu1069 and
a water mediated hydrogen bond with Asp1093. This contact is expected to stabilize the His-
off form in the AdoMet:Cob conformation.
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Figure 4. (A) The homocysteine binding domain of methionine synthase in the presence or absence
of homocysteine[14**]
This panel shows a tructure superposition of the MetH resting state (gray) and the Hcy bound
state (green) with Zn(R) representing the zinc atom at the resting state (no substrates bound)
and Zn(H) the zinc atom at the Hcy bound state. Binding of homocysteine leads to an inversion
of geometry at the active-site zinc and the displacement of Asn234 from the zinc coordination
sphere. The zinc moves 2 Å on binding of homocysteine. (B) The CH3-H4folate-binding
domain of the corrinoid iron-sulfur protein methyltransferase AcsE [41•]. CH3-H4folate is
unprotonated in this structure and N5 accepts a hydrogen bond from Asn199.
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TABLE 1
CORRINOID-DEPENDENT METHYLTRANSFERASES

Enzyme complex Protein designation Organism Reference

Methionine synthase MetH Escherichia coli Homo sapiens [1]

Coenzyme M methyltransferases

 monomethylamine:CoM MtmBCA Methanosarcina barkeri [40,41]

 dimethylamine:CoM MtbB1CA Methanosarcina barkeri [42]

 trimethylamine:CoM MttB1CA Methanosarcina barkeri [43]

 methanol:CoM MtaBCA Methanosarcina barkeri [25]

 dimethylsulfide:CoM MtsAB Methanosarcina barkeri [44]

 tetramethylammonium:CoM MtqBCA Methanococcoides sp. [45]

Energy-conserving
methyltetrahydromethanopterin: coenzyme
M methyltransferase

MtrA-H Methanobacterium thermoautotrophicum [46]

Veratrol:H4folate O-demethylase OdmABCD Acetobacterium dehalogenans [47,48]

Vanillate:H4folate O-methyltransferase MtvABC Moorella thermoaceticum [49]

AcylCoA synthase/CO dehydrogenase AcsABCDE Moorella thermoaceticum [20]

Methylchloride:H4folate methyltransferase CmuAB Methylobacterium sp. [50]

Methyl groups are transferred as carbocations from the cofactor to acceptor substrates, which are typically thiols such as homocysteine or coenzyme M
(ethanethiol sulfonate), leaving the pair of electrons that formed the methyl-carbon bond of the cofactor so that the cobalt is now formally in the +1
oxidation state. The donor substrate then transfers a methyl group to the cofactor, reforming methylcobalamin. Substrate-binding components of these
complexes may be either separate proteins, or modules of a protein that also contains the corrinoid-binding domain. Where structures of these substrate-
binding components have been determined, they are TIM (α8β8) barrels (e.g. the homocysteine- and methyltetrahydrofolate-binding domains of
methionine synthase [5]; the methyltetrahydrofolate-corrinoid-iron/sulfur protein methyltransferase that transfers methyl groups to the corrinoid-iron/
sulfur protein [20]; the MtaB component of the methanol-coenzyme M methyltransferase from Methanosarcina barkeri [27••]; and the methylamine-
binding domain (MtmB) of the monomethylamine:coenzyme M methyltransferase [28]).
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