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INTRODUCTION by substrate analogs, including the potent inhibitor of metha-

Over 40 years ago, the laboratory of Ralph Wolfe deter-
mined that coenzyme M (CoM) is a central cofactor in metha-
nogenesis, serving as a key C, carrier (43, 59, 60). Using a
combination of 'H nuclear magnetic resonance and infrared
spectroscopy, Taylor and Wolfe determined the structure of
CoM to be 2,2'-dithiodiethanesulfonic acid. CoM is found in
all methanogens and is involved in the final steps of methane
formation, accepting methyl groups from methylcobalamin to
form methylcoenzyme M, which is subsequently reductively
demethylated, yielding methane (59, 60). While many metha-
nogenic archaea can synthesize CoM, some methanogenic ar-
chaea, such as Methanobrevibacter ruminantium (former name,
Methanobacterium ruminantium), have an obligate growth re-
quirement for the coenzyme met only by supplementing
growth medium with rumen fluid containing CoM synthesized
by other methanogens (5, 58). Subsequent radiolabel experi-
ments revealed that CoM was actively translocated across the
membrane in M. ruminantium in a process which was inhibited
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nogenesis bromoethanesulfonate (7).

Screens of eukaryotic tissues and cell extracts of a variety of
prokaryotes in the late 1970s suggested that CoM was specific
to methanogenesis (6). For the next 30 years, the paradigm of
CoM being a unique cofactor in methanogens stood unchal-
lenged until this small organic cofactor was found to play a key
role in microbial alkene metabolism (1), a metabolism not
sampled in previous CoM screens (6). Analysis of available
enzyme structures containing various bound adducts of CoM
exposed common themes linking the role of CoM in metha-
nogenesis with its role in alkene metabolism. In addition, such
structural examinations reveal a unique role for CoM as a
handle in directing catalysis of small, chemically nondescript
organic substrates.

CoM (2-mercaptoethanesulfonate) is one of several atypical
cofactors discovered in methanogenic archaea that are essen-
tial for biological reduction of CO, to methane (43, 60). CoM
was first isolated and characterized by McBride and Wolfe in
the early 1970s (43, 60) and was shown to function as a methyl
group carrier in methanogenesis. CoM, the smallest organic
cofactor presently known, is also the only known cofactor con-
taining a sulfonic acid functional group. The sulfonic acid moi-
ety in CoM is separated from the reactive thiol group by an
ethyl group (Fig. 1).



446 KRISHNAKUMAR ET AL.

¢
! 4

FIG. 1. Structure of CoM (mercaptoethane sulfonic acid).

It was later found that CoM is a key cofactor in the pathway
of propylene metabolism in Xanthobacter autotrophicus Py2
(1), Rhodococcus rhodochrous strain B276 (39), and Mycobac-
terium rhodesiae strain JS60 (13, 14). A four-step CoM-depen-
dent pathway converts propylene and CO, to acetoacetate,
which feeds into central metabolism (2, 16). In this process,
CoM is used to activate and convert highly electrophilic ep-
oxypropane, formed from propylene epoxidation, into a nu-
cleophilic species that undergoes carboxylation (1).

Crystal structures of CoM bound to three different enzymes
have been solved, including methyl-CoM reductase (19), which
liberates methane in methanogenesis, and two enzymes in-
volved in propylene metabolism, R-hydroxypropylthioethane-
sulfonate dehydrogenase (R-HPCDH) (36) and 2-ketopropyl-
CoM disulfide-oxidoreductase (2-KPCC) (48, 50). The latter
structures provide templates for modeling CoM binding to two
additional enzymes that utilize CoM as a cofactor, S-HPCDH
and epoxyalkene CoM transferase (EaCoMT). Together, these
structures provide significant insights into the enzyme mecha-
nisms and the critical role(s) of CoM in catalysis.

CoM
CoM Biosynthesis

The enzymes necessary for CoM biosynthesis were originally
identified based on isotope labeling patterns of CoM purified
from three different methanogens grown on labeled acetate,
sulfolactic acid, or sulfite and from examination of catalytic
activities in cellular extracts (66, 69). In addition, radioactive
labeling experiments identified cysteine as the source of the
thiol group in enzymatic transformation of sulfoacetaldehyde
to CoM, the final step of CoM biosynthesis (68). To date, four
key enzymes from the methanogenic CoM biosynthetic path-
way have been identified and characterized in vitro (25, 27, 70).
For more information on methanogenic coenzyme biosynthe-
sis, including CoM, the reader is referred to two recent and
detailed reviews (26, 67).

While much is known concerning the biosynthesis and role
of CoM in methanogens, less is known of CoM biosynthesis in
bacteria. In Xanthobacter strain Py2, all of the CoM biosyn-
thetic genes analogous to those found in methanogens reside
on a linear megaplasmid along with genes for enzymes of
aliphatic alkene and epoxide metabolism (38). Previous studies
have shown that the biosynthesis of CoM is induced by pro-
pylene in both Xanthobacter strain Py2 and Rhodococcus
rhodochrous B276 (39). Another recent study found the CoM
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pathway to be active in aerobic vinyl chloride and ethane as-
similation pathways of Mycobacterium rhodesiae strain JS60
(14). CoM-dependent epoxyethane metabolism has been ob-
served in all mycobacterial strains studied, and an in-depth
analysis of 10 strains suggested that CoM-mediated pathways
are universal in alkene-assimilating mycobacteria (13).

The involvement of CoM in these two different processes
tempts speculation on the evolutionary origins of the genes
involved in its biosynthesis. The fact that CoM is involved in
alkene metabolism in bacteria and methanogenesis in archaea
would lead one to consider that the biosynthetic genes evolved
independently. Alternatively, given that homologs of genes
involved in CoM biosynthesis are found on a megaplasmid in
both Xanthobacter and Rhodococcus (38), one would be led to
consider that the genes were acquired by lateral gene transfer.
Further examination of CoM biosynthetic pathways in me-
thanogenic archaea and in bacteria may provide insights into
the evolutionary history of this process.

CoM in Methanogenesis

The metabolic pathways for methane production, regardless
of growth substrate, converge via the activities of a variety of
methyltransferases to a common metabolic reaction in which
methylated CoM (methyl-CoM) is reductively cleaved by the
activity of Ni-dependent methyl-CoM reductase (MCR) to
form methane (61, 71). MCR, the primary enzyme responsible
for microbial production of methane, catalyzes heterodisulfide
formation between coenzyme B (CoB) and methyl-CoM,
liberating methane from the latter in the process. Crystal struc-
tures of native and ligand-bound MCR from Methanother-
mobacter marburgensis (former name, Methanobacterium ther-
moautotrophicum), a 300-kDa heterohexamer, reveal an
intersubunit nickel-porphinoid coenzyme F,5, present at each
active site, with a narrow methyl-CoM channel to the active
site that is shielded from solvent upon binding of the “second
substrate” CoB (19). Combining structural data with kinetic
and electron paramagnetic resonance (EPR) data yields a
mechanism for methane formation consisting of nucleophilic
attack of Ni(I) on the methyl group of CoM, forming methyl-
Ni(III). This mechanism represents an alternative to a previ-
ously proposed mechanism where Ni(I) attack on the thioether
sulfur of CoM results in a Ni(II)-S-CoM intermediate (see
reference 18 for a review of MCR mechanisms). Although the
details of the intermediates are in dispute, methane and CoM-
S-S-CoB are released as products.

Structural analysis of substrate-bound MCR reveals that
CoM recognition is facilitated by direct interactions with the
CoM sulfonate moiety, forming a salt bridge with Arg120 and
hydrogen bonds to the peptide nitrogen of Tyr444 and a water
molecule that bridges to the peptide oxygen of His364 (19).
The ethylene portion of CoM lies in a hydrophobic region
between the lactam ring of F,5, and the phenyl ring of Phe443;
the thiol sulfur is bonded to the porphinoid nickel atom. The
recognition of the extended region connecting CoM and CoB
in the heterodisulfide complex is facilitated by a ring of five
Phe and Tyr side chains that form a hydrophobic “funnel” (19).
It was also noted that the four known methylation sites occur
at the active site, enhancing the hydrophobicity of this region.
These relatively unreactive aromatic and aliphatic groups are
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FIG. 2. Comparison of CoM usage in epoxide carboxylation (A) and methanogenesis (B).

postulated to help prevent damage from highly reactive radical
intermediates upon reduction of methyl-CoM with CoB (19,
34). Tt has been proposed that the release of the heterodisul-
fide product may be promoted by disruption of MCR-CoM
interactions, since in the CoM-S-S-CoB product complex,
CoM and its sulfonate are translated out of the binding pocket
(19).

In addition to MCR interaction, CoM is involved in a num-
ber of other enzymatic processes in methanogenic archaea. For
example, most methanogens contain thio:fumarate reductase,
which catalyzes the reduction of fumarate, with CoM and CoB
as electron donors (8, 30). Similarly, many methanogens con-
tain a heterodisulfide reductase that catalyzes the reduction of
CoM-S-S-CoB, a product formed through the reduction of
fumarate and the reduction of methyl-CoM during methano-
genesis (29).

CoM in Propylene Metabolism

In the late 1990s, CoM was determined to be a cofactor in
the pathway of propylene metabolism in Xanthobacter autotro-
phicus (1). In X. autotrophicus and other alkene-oxidizing bac-

teria, alkenes such as ethylene and propylene are oxidized to
form aliphatic epoxides (16, 17). Aliphatic epoxides are toxic
molecules, reacting indiscriminately with nucleophilic groups
on proteins and DNA. Therefore, their synthesis and sub-
sequent degradation must be tightly controlled. The detox-
ification of epoxides is accomplished by a series of reactions
involving ring opening via nucleophilic attack of either glu-
tathione or water to form covalent adducts by the activities of
glutathione S-transferase and epoxide hydrolases (31, 63-65).
While these detoxification strategies are nonproductive in
some organisms, other organisms couple these processes to
energy generation in reactions that require CoM (16, 17). In
this process, alkene epoxidation is followed by conjugation
with CoM and subsequent carboxylation to the metabolite
acetoacetate in a pathway in which the chemical characteristics
of CoM play a key role in binding and orienting conjugated
substrates for catalysis (Fig. 2).

It is intriguing that CoM was found to be the cofactor for
epoxide carboxylation, not only because CoM was thought to
be an exclusively methanogenic coenzyme but also given the
availability of other thiols, such as glutathione, lipoic acid,
cysteine, or homocysteine, that could participate in this type of
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chemistry. CoM is not only the smallest organic cofactor
known but also the only known cofactor containing a sulfonic
acid functional group. Elegantly simple in structure, the sul-
fonic acid moiety is separated from the reactive thiol group by
an ethyl group spacer (Fig. 1). The advantage of using CoM in
the epoxide carboxylation pathway is twofold. First, the small
size of CoM allows formation of 2-hydroxypropyl-CoM conju-
gates of manageable size (in contrast to bulky glutathione-
alcohol conjugates formed by glutathione S-transferases) for
the subsequent stereoselective dehydrogenation and reductive
carboxylation steps in the pathway (Fig. 2). Second, the nega-
tively charged sulfonate moiety of CoM provides a unique
molecular handle that can be utilized to properly orient sub-
strates for specific oxidation-reduction chemistry or stereospe-
cific catalysis. This is a very important feature in the context of
alkene metabolism because short-chain alkene and epoxide
substrates lack distinctive chemical groups that could confer
specificity.

Similarities in CoM Ultilization during Methanogenesis
and Propylene Metabolism

There are some interesting similarities between the path-
ways of epoxide carboxylation (Fig. 2A) and methanogenesis
(Fig. 2B) with respect to CoM utilization. In both cases, the
initial group transfer involves S-alkylation of CoM to form a
thioether intermediate. In the case of methanogenesis, this
reaction is carried out by vitamin B,,-dependent methyltrans-
ferases. In methanogenic methyltransferases, zinc plays an in-
tegral role in activation of the thiol group of CoM for accep-
tance of a methyl group from various donors (22, 55).
Analogously, the zinc atom in EaCoMT functions in the acti-
vation of CoM as well, in this instance for attack on the elec-
trophilic epoxide substrate (9). In both methanogenesis and
epoxide carboxylation, reductive dealkylation of a CoM
thioether occurs, in the former system to generate methane
and in the latter to form an enolate that undergoes carboxy-
lation (11, 48, 50). In addition to Xanthobacter and Rhodococ-
cus, other organisms where CoM-dependent alkene metabo-
lism has been identified and studied include strains of
Mycobacterium (14), Nocardioides (41), Pseudomonas, and
Ochrobactrum (15). Several strains of these microorganisms
are able to grow on and degrade ethene and vinyl chloride in
a monoxygenase-catalyzed reaction, yielding chlorooxirane
and ultimately epoxyethane (14). In Mycobacterium strain
JS60, the epoxyethane ring is opened via the enzymatic activity
of EaCoMT (14). While the downstream reactions are not well
understood for these organisms, a hypothetical pathway has
been proposed (16).

Our understanding of the role of CoM as a carrier molecule
in alkene oxidation and methanogenesis has been facilitated by
investigation of the three-dimensional structures of the key
enzymes complexed with substrates, products, and/or inhibi-
tors. Three-dimensional structures are a complement to de-
tailed biochemical and kinetic studies and can be extremely
informative for developing mechanistic models for enzymes
that can be investigated further experimentally. The three-
dimensional structures of two enzymes of the propylene
oxidation pathway in Xanthobacter, namely, R-HPCDH and
2-KPCC, have been solved (36, 48). Ligand-bound crystal
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structures have revealed the molecular determinants for CoM
recognition and its efficacy as a cofactor, defining a key role for
CoM in specifically binding and orientating substrates for
carboxylation and stereoselective catalysis. In both of these
enzymes, strategically placed positively charged amino acids
(arginine and lysine) interact with the negatively charged
sulfonate group of the substrate, thereby orienting it properly
for catalysis. A common pattern of interaction between these
amino acids and substrate sulfonates suggests a structural sig-
nature for CoM binding. In the sections below, structures
(where available) and newly created homology models of en-
zymes which bind CoM or its conjugates are analyzed in detail
in order to better define the structural signature for CoM
recognition.

EaCoMT: ZINC-MEDIATED ACTIVATION OF
THE CoM THIOL

Reactions Catalyzed by EaCoMT and Related
Alkyl Transferases

EaCoMT catalyzes the nucleophilic attack of CoM on ep-
oxypropane (and other short-chain epoxides), thereby forming
a hydroxyalkyl-CoM thioether conjugate (Fig. 2). EaCoMT
belongs to a subset of the family of alkyl transferases for which
zinc is crucial in activation of a thiol for nucleophilic attack (17,
42). Other examples of this family are the Ada protein, which
is involved in DNA repair (44, 45), betaine:homocysteine
methyltransferase (10), cobalamin-independent methionine
synthases (MetE) (24, 42), and various methanogenic methyl-
transferases (MtaA, MtbA, and MtsA) (56).

EaCoMTs were first identified in X. autotrophicus (4) and
Rhodococcus rhodochrous (3) as enzymes which catalyze the
addition of CoM to R- or S-epoxypropane. As previously
stated, EaCoMTs are also found in species such as Mycobac-
terium rhodesiae, Nocardioides sp. strain JS614, Pseudomonas
putida, and Ochrobactrum sp. strain TD, all of which metabo-
lize ethene and vinyl chloride (13, 14, 41). EaCoMTs from
these organisms share high sequence identity and similarity
(Fig. 3A), and a phylogram of these EaCoMT proteins indi-
cates that the proteobacterial Pseudomonas putida and
Ochrobactrum sp. strain TD genes cluster together in the same
lineage as the genes from the high-GC, gram-positive bacte-
rium Mycobacterium rhodesiae (Fig. 3B). EaCoMT amino acid
sequences from the high-GC, gram-positive bacteria Nocardio-
ides sp. strain JS614 and Rhodococcus rhodochrous also cluster
together in a sister lineage to that in which Mycobacterium
resides. It is also worth noting that the EaCoMT from the
propylene-degrading bacterium X. autotrophicus clusters dis-
tinctly from those of the ethane- and/or vinyl chloride-degrad-
ing organisms. This may be a result of selective pressure for
substrate specificity of EaCoMT for propylene as opposed to
ethane or vinyl chloride in X. autotrophicus.

Comparison with MetE (Zinc) Alkyl Transferase

Sequence alignment of EaCoMTs reveals the HXCX,,C mo-
tif (Fig. 3A) shared by the “MetE” subclass of transferases,
enzymes that use zinc to activate a thiol group (72). In contrast
to Xanthobacter, Rhodococcus, Nocardioides, and Mycobacte-



VoL. 72, 2008

A.

ROLE OF COENZYME

M IN ALKENE METABOLISM

Ochrobactrum NGCDIIQLDEFVWPYGIGDWEVEAINYAMDGIS-CD SGTPGYLPEENDKE 223
Pseudomonas NGCDIIQLDEFVWPYGIGDWEVEAINYAMDGIS~CD AGTPGYLPEENDKE 223
Mycobacterium NGCDIIQLDEFVWPYGIGDWEVEAINYAMDGIS-CD GNYSGTPGYLPEENDKE 239
Nocardioides NGCDIIQIDEFVWPYGMGDWE IEVLNAAVEGVS~-SQI SGTPGYFPDDEDTE 239
Rhodococcus LGCDIIQLDEFVWPYGMGDWE IEILNKAVEGVD-CQ GNYSGTPAYLPDDEERE 239
Xanthobacter LGVDFIQIDEFTWPYFFEDWAIEAFNAAVDGVKNAKI TPAYYPDETAAS 238
Ochrobactrum FGAWVLDKRTSESAQPERAAATIFPKVLETNIT. TGPDDLKPLIDYN—-———~ WN 278
Pseudomonas FGAWVLDKRTSESAQPERAAAIFPKVLETNIT. TGPDDLKPLIDYN—-———~ WN 278
Mycobacterium FGAWVLDKRTSESAQPERAPAIFPKVLETNIT. TGPDDLKPLIDYN—-———~ WN 294
Nocardioides FGAWVLDHRPTDAPAPQAAVPIFPEVLGANI GRTGPDDLKLLVDNN === =~ WE 294
Rhodococcus FGAWVLDHRPTDAPAPHGAEAIFPKVLDANIDVLNYEVGRTGPDYLKPLLNHN-———~ WS 294
Xanthobacter GEIFDLTKRKAEATKATATGS IVPKAYEARLD SCGRRSDDLSGLHVMKNHPLPDN 298
Ochrobactrum RPFVAGVIDVKSTITETAD- - - . 297
Pseudomonas RPFVAGVIDVKSTITETAD-- - - - - 297
Mycobacterium RPFVAGVIDVKSTITETADEVADRIRSVLEFVPAEQLATLS GLVNLNRMVSASKLHAL 354
Nocardioides KDFVAGIIDVKSTVTETADEVADRIRAVLEFVPAERLGLS GLINLPRMISAGKLRAL 354
Rhodococcus KNFVAGVVDVKSTVTE TADEVADRIRAVLEYVPADRLGLS GLINLPRMIAASKLRAL 354
Xanthobacter VSFWAGVIDVKSTITE TADEVANRIRRLLEIVPADRLGVT GLILLOQRYIAQDKLHAL 358
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FIG. 3. (A) Multiple-sequence alignment of EaCoMT protein sequences, performed using ClustalW (62). (B) Evolutionary relationships of six
taxa. The evolutionary history was inferred using the neighbor-joining method (54). The bootstrap consensus tree, inferred from 500 replicates (20),
is taken to represent the evolutionary history of the taxa analyzed (20). Branches corresponding to partitions reproduced in <50% of bootstrap
replicates are collapsed. The percentages of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates)
are shown next to the branches (20). The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used
to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method (73) and are given as numbers of
amino acid substitutions per site. All positions containing alignment gaps and missing data were eliminated only in pairwise sequence comparisons.

Phylogenetic analyses were conducted in MEGA4 (57).

rium EaCoMTs, all of which have the full complement of the
motif, the Pseudomonas and Ochrobactrum enzymes have only
the histidine and the first cysteine (Fig. 3A). In addition to the
zinc binding motif, there are other regions in the sequences
that are highly conserved among these enzymes (data not
shown).

The EaCoMT from Xanthobacter has been the subject of
intensive characterization (4, 9, 37). Xanthobacter EaCoMT is
a hexameric protein containing 1 Zn atom per subunit and is
highly specific for CoM as the organic thiol substrate (37).
When a range of other thiols were tested, only 3-mercaptopro-
pionate, 2-mercaptoethanol, and cysteine served as substrates,
but even these had very low affinities and specific activities
relative to those observed for CoM (37).

EaCoMT, like MetE, is believed to coordinate the substrate
thiol at a zinc center, thereby lowering the pK, of the thiol such
that it can be deprotonated and serve as a nucleophile for
attack on the second substrate, epoxypropane (9). For MetE,
extended X-ray absorption fine structure analysis has shown
that the zinc environment changes from a 2S + 2N/O environ-

ment to a 3S + 1N/O environment upon binding homocysteine
(23, 52, 72). As noted above, two cysteine residues and a
histidine serve as the protein ligands for the zinc center. Re-
cent crystallographic studies of MetE enzymes from Thermo-
toga maritima (53) and Arabidopsis thaliana (21) have intro-
duced some controversy as to the nature of the fourth ligand
and the mechanism for thiol group activation. However, the
structural studies of T. maritima MetE (53) support the ex-
tended X-ray absorption fine structure analysis of MetE from
Escherichia coli (52, 72) and demonstrate that a Glu residue
serves as the fourth exchangeable ligand for the Zn center of
the enzyme. For T. maritima MetE, when the homocysteine
thiol coordinates the zinc, the glutamate carboxylate moves
away from the zinc, increasing the coordination distance (53).

Homology Modeling of EaCoMT Based on the Crystal
Structure of 7. maritima MetE

The crystal structure of EaCoMT has not yet been deter-
mined. However, the high similarity between Xanthobacter au-
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X.autotrophicus MLIRGEDVTIPTSMVGNY PNPRWWDAQFARTWIGDQEPPDALIQESLEDAVAAIARDQER 60

T.maritima = = = == ==ececoeo PTITTIGSFPQTPEVREKMRSKYRKG--EISKEEYEAFIKEQIKKAIELQEE 446
X.autotrophicus AGLDIISDGRVHGDNYAEQALYYYYRRLG-~-YDLKGGYLGFPIYSRLHAGTLTGEVRRHG 123
T.maritima IGLDVL~--~-~-VHGEFERTDMVEFFAEKLNGIATTONGWVLSYGSRCYRPPIIYGTVTRPE 508
X.autotrophicus AIMVEQAKALKKATGKPTEVQYTGVQALTQATNDLHYKSSRDRAMATIAKAINEDIREVDA 178
T.maritima PMTLKEITYAQSLTEKPVKGMLTGPVTIMSWSYYREDIPEREIAYQIALAINEEVKDLEE 568
X.autotrophicus LOVDF IQIDE—— e —sinnsy FTWPYFFEDWAIEAFNAAVDGVEKNAKI GNWGGT 227
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FIG. 4. (A) Sequence alignment of MetE (zinc-dependent methionine synthase) from 7. maritima and XecA (EaCoMT) from X. autotrophicus
Py2 with zinc binding motif, highlighted in green. (B) Homology model of the structure of XecA/EaCoMT from X. autotrophicus Py2, based on
the structure of MetE generated using the CPH model (40) server. (C) Structural representation of the zinc binding site of EaCoMT, based on

the homology model.

totrophicus EaCoMT and T. maritima MetE sequences, de-
picted in the alignment shown in Fig. 4A together with the
available structures of MetE (21, 53), provides the basis for
constructing a homology model of EaCoMT (Fig. 4B) and
rationalizing the zinc binding site in the X. autotrophicus en-
zyme (Fig. 4C).

Similar to T. maritima MetE, the homology model suggests
that X. autotrophicus EaCoMT has a specific glutamate
(Glu275 in the case of EaCoMT) likely to serve as the ex-
changeable “N/O” ligand. Importantly, this Glu residue is con-
served in EaCoMTs from all of the aforementioned bacteria,
even though the second Cys residue believed to coordinate the
zinc is missing in the EaCoMT enzymes from Pseudomonas
and Ochrobactrum.

With the exception of the missing Cys in EaCoMTs in
Pseudomonas and Ochrobactrum, homology models indicate
that the substrate-binding site is conserved in all EaCoMTs.
One end of the substrate-binding pocket contains zinc bound
to the HXCX,,C motif, while the other end consists of a hy-
drophobic pocket containing Trp, Phe, and Tyr. Also found in
the substrate-binding site are two positively charged residues,
arginine and lysine, both of which are conserved in EaCoMTs

from Rhodococcus, Mycobacterium, Ochrobactrum, Pseudomo-
nas, and Nocardioides. The details of the specific amino acid
residues implicated in zinc and CoM binding in the various
EaCoMTs are summarized in Fig. SA. The CoM-binding ar-
ginine residue in the Rhodococcus, Mycobacterium, Ochrobac-
trum, Pseudomonas, and Nocardioides EaCoMTs is conserved
with respect to both sequence and three-dimensional structure.
Interestingly, the same arginine residue in Xanthobacter
EaCoMT is structurally conserved but is distal in sequence
from the conserved arginines present in other EaCoMTs. It is
intriguing that the architecture of the substrate-binding site is
conserved even though residues are contributed from different
regions of sequence space.

In the crystal structure of 7. maritima MetE, the homocys-
teine sulfhydryl group coordinates the zinc ion (53). The dis-
tance between the thiol and the zinc ion is ~3.2 A. In order to
envision both substrate-enzyme interactions and the alkyl
transfer reaction of EaCoMT, the homocysteine-bound MetE
structure was superimposed on that of EaCoMT obtained from
homology modeling. This superimposes the zinc exactly at the
putative zinc binding site, consisting of His218, Cys220,
Cys341, and Glu275. Also, the resulting position of homocys-



VoL. 72, 2008

A.

ROLE OF COENZYME M IN ALKENE METABOLISM 451

His Cys |[Cys |Glu |Arg |Lys

X.autotrophicus 218|220 341 275 104 1309 !

R.rhodochrous 219 221 [337 [276 |279 305 L,,,

M.rhodesiae 219 [221 337 [276 [279 [30s . -'.': x - .:: "
0l 0

Nocardioides sp. 219 (221 [337 276 |[279 |30s " H

Strain JS614 & po

P.putida strain AJ 203 [205 |— [260 [263 |[289 "’r 3 "

Zl
Ochrobactrum sp. Strain |203  |205 |—  |260 [263 |289 /
™ His'
C L ] l Lys 'I.\”
.‘('ﬂl ‘Cc“
Arg ,

r

;‘"3 f ; 3

FIG. 5. (A) Amino acid residues involved in CoM and zinc binding in EaCoMTs from X. autotrophicus, R. rhodochrous, M. rhodesiae,
Nocardioides sp. strain JS614, P. putida, and Ochrobactrum sp. strain TD. (B and C) Stereo views of the key residues of the zinc binding sites in
X. autotrophicus, R. rhodochrous, M. rhodesiae, and Nocardioides sp. strain JS614 (B) and in P. putida and Ochrobactrum sp. strain TD (C). Docking
of substrates was carried out using the program O (32), and in situ minimization of the models with the bound substrates was carried out using
the DS modeling suite of programs, which uses a CHARMm minimization protocol.

teine near zinc implies that it serves as a Zn ligand. The
distances between the zinc ion and its ligands (namely, the two
cysteines, histidine, and the thiol group) are consistent with
those observed in the crystal structure (~3.2 A) of MetE.
Using the position of the thiol group of homocysteine in the
EaCoMT model as a starting point, a CoM molecule was
modeled (with manual docking using the program O [32]) in
the homocysteine binding site such that the CoM thiol is su-
perimposed on the thiol of homocysteine. Subsequent rigid
body rotation of CoM about the fixed thiol was performed to
look for conserved basic residues that could provide ligands for
the CoM sulfonate group. In situ ligand minimization was then
initiated to remove any poor contacts in the models. The re-
sulting generalized substrate-binding sites of Xanthobacter,
Rhodococcus, Nocardioides, and Mycobacterium EaCoMTs
with bound CoM are shown in Fig. 5B, and the zinc- and
CoM-binding sites of the Pseudomonas and Ochrobactrum
enzymes are shown in Fig. 5C. The minimized models reveal
that arginine and lysine residues are positioned to form
favorable electrostatic interactions with the sulfonate group
of CoM. These residues approach CoM from opposing sides
and place sulfonate oxygen atoms of CoM and side chain
nitrogens of arginine and lysine residues in positions similar
to those observed in crystal structures of R-HPCDH and
2-KPCC. These structures, which are discussed in depth in
the following sections, reveal that these positively charged
residues are positioned in such a way that their interaction
with the sulfonate group of CoM facilitates proper binding
and orientation of the alcohol and keto group substrates of
R-HPCDH and 2-KPCC for dehydrogenation and thioether
bond cleavage, respectively.

Model-Based CoM-Binding Determinants of EaCoMT

In EaCoMT, the distance between the CoM sulfonate group
and the positively charged residues gives insight into the spec-
ificity of EaCoMT toward CoM and not other thiols. Studies
have shown that when thiols such as 3-mercaptopropionate,
2-mercaptoethanol, and cysteine are compared with CoM for
the ability to serve as substrates for alkyl transfer reactions
catalyzed by EaCoMT, the enzyme shows very low levels of
activity and high K, values, indicating low affinities for these
thiols (37). This discrimination between thiols could be ex-
plained by the favorable interaction between the CoM sulfo-
nate and the positively charged residues on EaCoMT. For
effective zinc-mediated activation of the thiol group of CoM to
take place, the electrostatic interaction between the thiol and
zinc is critical. This implies that thiol activation is facilitated by
interactions between EaCoMT and the rest of the substrate
conjugate (i.e., the sulfonate moiety). Electrostatic interactions
with the enzyme help to avoid translation of the substrate and
subsequent disruption of the thiol-zinc interaction.

Although the EaCoMTs discussed above belong to a phylo-
genetically diverse group of microorganisms, their sequences
are highly conserved. Analyses of the homology models not
only have provided insights into the alkyl transfer reaction and
substrate-binding modes but also have underscored the efficacy
of the sulfonate group of CoM to act as an electrostatic handle
for orienting conjugated substrates for catalysis. First, the ho-
mology models have revealed that Glu275 is likely to be the
exchangeable ligand of the active-site zinc. Second, the above
studies have yielded insight into the structural conservation of
putative substrate-binding sites in EaCoMTs. The substrate-
binding pockets of these enzymes feature conserved arginine
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and lysine residues that provide favorable electrostatic inter-
actions with the sulfonate group of CoM. The arginine and
lysine residues are placed strategically with respect to their
distance and the way they approach the sulfonate to accom-
modate and orient the thiol for proper catalysis. As previously
stated, the sulfonate group of CoM functions as a handle in key
electrostatic interactions with conserved basic residues to en-
sure proper binding and orientation of the substrate for zinc-
mediated thiol activation. The reaction carried out by the
EaCoMT also ensures that the resultant alkyl groups have the
sulfonate moiety of CoM conjugated to them. This is of great
importance, since the alkyl groups themselves lack any special
chemical groups which could aid in specific binding to enzymes
that utilize them as substrates.

R- AND S-HPCDH: ROLE OF CoM IN
STEREOSELECTIVE CATALYSIS

R- and S-HPCDH and the “Other” Stereoselective Enzyme
Pair, Tropinone Reductases I and II

R- and S-HPCDH catalyze the NAD "-dependent oxidation
of 2-R- and 2-S-hydroxypropyl CoM (R- and S-HPC), respec-
tively, to the achiral product 2-ketopropyl CoM (2-KPC).
These enzymes belong to the short-chain dehydrogenase re-
ductase (SDR) family of enzymes and have the classic serine,
tyrosine, and lysine catalytic triad (33, 35). The dehydrogenase
pair of enzymes is one of only two pairs of stereoselective
enzymes known to act on different substrate enantiomers in a
common pathway. The other pair is the tropinone reductases I
and II from the plant Datura stramonium, which catalyze the
oxidation of the 3-keto group of tropine to tropinone and
pseudotropine, respectively (46, 47). A model was proposed to
explain how the two enzymes facilitate stereoselective catalysis.
According to this model, differentially placed positively
charged residues in the substrate-binding sites of these en-
zymes could provide the switch necessary to stereoselectively
position and orient substrates in a correct fashion with respect
to the active-site residues.

Roles of Specific Residues in R-HPCDH
Binding and Catalysis

Biochemical and mechanistic studies of native and mutant
R-HPCDH enzymes have identified two specific arginine res-
idues (Argl52 and Argl96) that interact with the sulfonate
moiety of 2-hydroxypropyl-CoM, thereby imparting specificity
for the R-enantiomer (12). The elucidation of the three-dimen-
sional structure of R-HPCDH confirmed these roles for
Argl52 and Argl96 and provided additional mechanistic in-
sights (36). Figure 6A shows the amino acid environment of
the bound product 2-ketopropyl CoM at the substrate-binding
site of R-HPCDH. The major interactions between the sulfo-
nate group of CoM and the side chains of Argl96 and Argl52
are electrostatic, and Trp195 acts as a backstop to prevent
translation of the substrate during catalysis. A very interesting
feature of the substrate-binding pocket is the presence of two
methionines flanking the substrate-binding pocket from two
sides. These methionines appear to be shielding the substrate-
binding site from the bulk solvent. The structure also suggests
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FIG. 6. (A) Stereo views of key residues in the substrate-binding
sites found in the structure of R-HPCDH (PDB accession no. 2CFC.pdb).
(B) Superimposition of the structure of R-HPCDH (cobalt blue) and a
homology model of S-HPCDH (orange) based on the R-HPCDH
structure. The arrow indicates the difference in the substrate-binding
site. (C) Key residues implicated in substrate binding in the S-HPCDH
homology model.

that upon substrate binding, these methionine residues could
shield the electrostatic interactions between both the sulfonate
group and the positively charged arginines and between the
substrate hydroxyl group and the active site from competitive
interactions with the solvent.

Modeling S-HPCDH Based on the Structure of R-HPCDH:
Deciphering CoM Specificity Determinants for HPCDHs

Effective hydride abstraction by short-chain dehydrogenases
is dependent on the correct orientation of the hydride with
respect to the nicotinamide and the correct orientation of the
substrate hydroxyl group with respect to the Tyr of the catalytic
triad (12). In order to provide the structural basis for stereo-
selectivity for both S- and R-HPCDH, a homology model of
S-HPCDH was constructed. Comparison of the crystal struc-
ture of R-HPCDH and the homology model of S-HPCDH
clearly shows that although the overall architectures of both
enzymes are very similar, clear differences can be seen in the
substrate-binding region (Fig. 6B). The structure of R-
HPCDH, combined with the homology model of S-HPCDH,
provides a structural basis for stereoselectivity and also reveals
key enzyme-substrate interactions, especially with respect to
the sulfonate-binding site. Although residues in the active site
are superimposable, the Arg residues (Argl52 and Argl96)
observed to be critical for binding the sulfonate moiety of CoM
in R-HPCDH are replaced in S-HPCDH by Metl47 and
GInl191, respectively. These side chains would not support
binding of substrate in the same manner as that observed for
R-HPCDH. The absence of sulfonate-binding residues at the
active site implies that the S-HPCDH substrate cannot be
bound in the same mode as R-HPC bound to R-HPCDH.

Superimposition of S-HPC on R-HPC-bound R-HPCDH
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provided a starting point for modeling S-HPC bound to the
active site of S-HPCDH. Rigid body reorientation of CoM
places the sulfonate moiety within hydrogen bonding distance
of two positively charged residues (Arg205 and Lys208) (Fig.
6C). As in the case of R-HPCDH, substrate binding is facili-
tated by two positively charged sulfonate-binding groups
shielded by two flanking methionine residues (Met147 and
Met188) (Fig. 6C). The sulfonate-binding sites in R- and S-
HPCDH represent analogous sites involving different sets of
amino acid residues at spatially disparate positions on the
respective enzymes. Superimposition of R- and S-HPCDH pre-
dicts independent sulfonate-binding sites in these enzymes. As
shown in Fig. 7, it is clear that although the orientations of
active-site residues and NAD™ are the same, the sulfonate and
methyl groups are switched to position the hydrogen and hy-
droxyl groups of the substrate for hydride and proton abstrac-
tion, respectively. These structures underscore the effective-
ness of CoM conjugated to small substrate molecules that lack
innate chemical groups for use as a chemical handle.

2-KPCC: ROLE OF CoM IN ALIGNING SUBSTRATE FOR
ELECTRON TRANSFER AND THIOL-DEPENDENT
REDUCTIVE CLEAVAGE

Reactions Catalyzed by 2-KPCC and Other DSORs

The final reaction in the pathway of epoxypropane ring
opening and carboxylation is the CO,-dependent cleavage of
2-KPC to produce acetoacetate and CoM (11). 2-KPCC is a
homodimeric protein composed of 57-kDa subunits containing
one molecule of flavin adenine dinucleotide (FAD) per sub-
unit (2, 4, 11). The enzyme belongs to the family of disulfide
oxidoreductase (DSOR) enzymes, which catalyze diverse reac-
tions involving the two-electron reduction of substrate. All
members of this family of enzymes contain a redox-active cys-
teine pair which participates in the reduction of the substrate
molecule (49).

The reaction catalyzed by 2-KPCC is initiated when
NADPH reduces the enzyme-bound flavin cofactor, which
then reduces the oxidized cysteine pair (Cys82 and Cys87) (11).
2-KPC then binds, followed by nucleophilic attack of the in-
terchange cysteine thiol on the substrate thioether sulfur, re-
sulting in heterolytic cleavage of the S-C bond. This step rep-
resents a fundamentally novel reaction with respect to the
DSOR family, in that a thioether is attacked by cysteine rather
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than a disulfide. With the exception of mercuric reductase, all
other known members of the DSOR family of enzymes attack
a disulfide bond. The cleavage of thioether results in formation
of a stabilized carbanion of acetone and a mixed disulfide of
cysteine and CoM. Enolacetone then serves as a nucleophile
for attack on CO, in the carboxylation step. In the final step,
CoM is regenerated by reduction of the mixed disulfide of
CoM and the interchange thiol.

Crystal Structure of 2-KPCC and Conformational
Changes upon Ligand Binding

The crystal structure of 2-KPCC has been solved (48), and it
is structurally homologous with the DSOR family of enzymes.
Relative to other DSOR enzymes, the most divergent parts of
the 2-KPCC sequence provide two insertions that fill in the
active-site region, providing a more compact, hydrophobic ac-
tive site for recognition of a much smaller substrate than those
used by other DSOR enzymes. Comparison of the substrate-
bound and native structures reveals that substrate binding pro-
motes a conformational change in which the substrate is en-
capsulated with the ketopropyl moiety in a hydrophobic
environment devoid of bulk solvent (48, 50). This opens a
hydrophobic channel where CO, is postulated to enter and,
upon binding, block access to bulk solvent. Encapsulation pro-
motes formation of acetoacetate over the protonation and
formation of the metabolically unproductive product acetone.
The structure of substrate-bound 2-KPCC indicates that the
substrate 2-KPC is bound to the active site primarily through
electrostatic interactions between two Arg side chains (Arg56
and Arg365) of 2-KPCC and the sulfonate group of the sub-
strate. The side chains of Arg56 and Arg365 approach from the
sides and interact directly with the CoM sulfonate group
through both side chain and main chain interactions. The
ketopropyl moiety has a hydrogen bond to water, which in turn
is hydrogen bonded to an adjacent histidine residue. This ar-
rangement has implications about the mechanism of enolate
stabilization (see below).

Structure-Based Catalytic Mechanism of 2-KPCC

The structure of CoM-bound 2-KPCC revealed that the for-
mation and stabilization of an enolate intermediate may be
facilitated by the interaction of a His-oriented water molecule
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FIG. 8. Stereo representation of the substrate-binding site of
2-KPCC, showing the bound substrate 2-KPC (PDB accession no.
1MO9.pdb). All figures were prepared using Swiss PDB viewer (28)
and rendered using Povray (http://www.povray.org/povlegal.html).

with the oxo-group of the substrate. Recent structures, in-
cluding mixed-disulfide- and CoM-disulfide-bound states of
2-KPCC, have led to a nearly complete structure-based cata-
lytic mechanism (50). The detailed catalytic mechanism of
2-KPCC, including the roles of NAD and FAD, has been
described previously (48, 50). It was found that the mixed
disulfide state of the enzyme has the CoM bound to a sulfonate
in a manner analogous to that of the substrate 2-KPC, an
interaction driven primarily via electrostatic interactions with
arginine residues. A well-ordered water molecule found within
hydrogen bonding distance of the disulfide suggests a role in
protonation of the mixed disulfide upon product reduction and
release. The electron density features adjacent to the mixed
disulfide are consistent with either acetone (the product) or
acetate (a component of the crystallization buffer) and define
an anion-binding pocket that could be important in stabilizing
the developing charge during the formation of acetoacetate in
the subsequent carboxylation reaction.

SIMILARITIES IN CoM-BINDING DETERMINANTS

Of particular relevance to the present study are detailed
enzyme-substrate interactions that properly orient the sub-
strate for thioether bond cleavage (Fig. 8). In all of the struc-
tures and homology models described above, the methanogen-
and propylene-metabolizing CoM-utilizing enzymes recognize
the CoM sulfonate by using one or more arginine residues, and
the ethylene moiety of CoM is located in a hydrophobic region.
Together, these features act to position the key reactive thiol at
the respective enzyme active site. The substrate-binding pocket
of 2-KPCC is strikingly similar to that of R- and S-HPCDH,
which consists of two arginine residues approaching from op-
posing sides. In 2-KPCC, a phenylalanine side chain (Phe57)
acts as a backstop, preventing further translation of the sub-
strate. This is analogous to the role played by Trpl95 in R-
HPCDH. Also, as seen in R-HPCDH, 2-KPCC has two methi-
onines (Met140 and Met361) flanking the substrate, thereby
shielding the electrostatic interactions between the substrate
and the enzyme from the surrounding environment. Homology
modeling suggests that EaCoMT also recognizes CoM in a
similar fashion, with two basic residues poised to form favor-
able electrostatic interactions with the CoM sulfonate.

In contrast with the propylene-metabolizing enzymes de-
scribed above, the structure of CoM-complexed MCR reveals
that the sulfonate interacts with only one basic residue,
Argl20, but has additional hydrogen bonds to the peptide
nitrogen of Tyr444 and a water molecule that bridges to the
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peptide oxygen of His364 (19). The CoM ethylene spacer is
positioned in a hydrophobic region located between F,;, and
Phe443, positioning the thiol near the porphinoid nickel atom.
This is reminiscent of the thiol ligation of Zn** observed in
EaCoMT. It has been proposed that release of the heterodi-
sulfide product of MCR may be promoted by disruption of CoM
interactions, since in the CoM-S-S-CoB product complex, the
CoM and its sulfonate are uprooted from the binding pocket
(19). Product formation may also favor release in 2-KPCC,
where the alternative anion-binding site postulated to bind
acetoacetate shares an Arg residue with the CoM sulfonate-
binding site. Product binding would result in two negative
charges adjacent to a CoM sulfonate-binding Arg residue, trig-
gering product release.

The nature of the substrate-binding pocket of 2-KPCC re-
flects the role of CoM in aligning the substrate for electron
transfer and thiol-dependent reductive cleavage. The sulfonate
moiety again, in this context, is used as a handle to properly
orient the “business end” of the molecule toward the active-
site cysteines for catalysis. It should be noted that proper
alignment of the thioether bond of 2-KPC with respect to the
interchangeable cysteine is the key to cleavage and reduction
of the substrate. Similar to MCR in methanogenesis, this is
brought about by positioning key basic residues such that they
form favorable electrostatic interactions with the CoM sulfo-
nate group, while the ethylene spacer is localized through van
der Waals interactions with neighboring aliphatic or aromatic
residues.

CONCLUSIONS

Specific binding and orientation of short-chain alkenes and
their derivatives at the active sites of the enzymes that bind and
transform them are a challenge due to the lack of innate
chemical groups in these compounds. The above studies sug-
gest that microorganisms have circumvented this problem by
conjugating these reactants with a small but unique cofactor,
CoM, whose use was previously thought to be limited to
methanogenesis. CoM serves as a handle to bind and properly
orient these substrates at the active sites of the enzymes, and
its specific role is discussed in three different contexts. In
EaCoMTs, the sulfonate group of CoM is utilized to align the
thiol group of CoM for nucleophilic activation by zinc. The
alignment of substrates is promoted by a CoM/sulfonate-bind-
ing motif containing arginine and lysine residues conserved
across many genera of microorganisms, suggesting a common
CoM-binding motif. In the stereospecific dehydrogenases, the
substrate-binding site is structured such that the sulfonate
groups of two very similar substrates are bound at different
sites on structurally similar enzymes, allowing stereoselective
catalysis. In 2-KPCC, the CoM-binding site has exploited in-
teractions between the enzyme and sulfonate to align the sub-
strate thioether linkage with the active-site cysteine. It should
be noted that the CoM/sulfonate-binding sites in EaCoMT are
less compact than those in R-HPCDH, S-HPCDH, and
2-KPCC. This could reflect the fact that the latter enzymes
catalyze highly specific reactions, such as stereospecific catal-
ysis and reductive cleavage/carboxylation, as opposed to the
relatively simple group transfer reaction catalyzed by the
former enzyme.
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