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ABSTRACT:We present the 1.2 Å resolution X-ray crystal
structure of a Ni-methyl species that is a proposed catalytic
intermediate in methyl-coenzyme M reductase (MCR), the
enzyme that catalyzes the biological formation of methane.
The methyl group is situated 2.1 Å proximal of the Ni atom
of the MCR coenzyme F430. A rearrangement of the
substrate channel has been posited to bring together sub-
strate species, but Ni(III)-methyl formation alone does not
lead to any observable structural changes in the channel.

Methane has potential as an alternative fuel but is also a
potent greenhouse gas, with surplus methanogenesis cur-

rently leading to a slow increase in methane concentrations
within the atmosphere. The major source of methane produced
in nature is the end product of the archaeal decomposition
of organic matter in strict anaerobic environments such as
lake sediments and the intestinal tract of animals.1 In the
methanogenic archaea, methyl-coenzyme M reductase (MCR)
catalyzes the final and rate-limiting step in methane bio-
genesis: the reduction of methyl-coenzymeM (methyl-SCoM, 2-
(methylthio)ethanesulfonate) by coenzyme B (CoBSH, N-7-
mercaptoheptanoylthreonine phosphate) to methane and a
heterodisulfide (Supporting Information (SI), Scheme S1).
The 273 kDa MCR enzyme contains two deeply buried active
sites, each containing a highly reduced Ni-tetrapyrrole cofactor,
named coenzyme F430 (F430).

2 The Ni atom in F430 is redox
active and has been proposed to shuttle between oxidation states
þ1, þ2, and þ3 during turnover1,3,4 (Scheme 1, path 1), while
other studies have suggested the involvement of only Ni oxida-
tion states þ1 and þ2 (SI, Scheme S2).5�7 The actual mechan-
ism remains elusive since no true catalytic intermediate of MCR
has ever been observed. However, a stable MCR-Ni(III)-methyl
(MCRMe) state can be artificially produced by treating the resting
active Ni(I) form of the enzyme (MCRred1) with methyl halide
(Scheme 1, path 2).8,9 Treatment of MCRMe with coenzyme M
(HSCoM, demethylated methyl-SCoM) generates MCRred1

along with the substrate methyl-SCoM, supporting this species
as a possible catalytic intermediate.8

The geometric and electronic structure of MCRMe was recently
characterized in solution by X-ray absorption spectroscopy (XAS)

and density functional theory (DFT).10 Here we describe the
X-ray crystal structure of the protein in this mechanistically
relevant state. To confirm that MCRMe could form in crystals,
a Ni K-edge XAS spectrum was obtained from a MCRred1

crystal treated anaerobically with methyl iodide, which demon-
stratedMCRMe formation in the crystal (SIMethods, Results, and
Figure S1).

X-ray diffraction data were collected on a MCRMe crystal,
and modeling and refinement led to final R-values of 13.2% and
15.6% for Rwork and Rfree, respectively (SI Methods, Results,
and Table S1). The electron density map at 1.2 Å resolution
contained two distinct species bound proximal to the Ni of F430.
Besides a background of bound HSCoM (added during pur-
ification to stabilize MCR), there was clear Fo � Fc difference
density, consistent with a Ni-coordinated methyl group
(Figure 1A). To deconvolute the multiple species from within
the active site, anomalous data generated from the native data
set (wavelength 0.98 Å) and at two additional wavelengths, 1.51
and 2.29 Å, were used (Figure 1B; SI Methods, Results, Table
S2, and Figure S2). The Ni�S distance refines to∼2.4 Å, which
is in line with the previous crystal structures containing
HSCoM2,11�13 and the distance reported by XAS.10 The Ni�C
distance refines to 2.07 and 2.10 Å in the two crystallographically
independent active sites in the asymmetric unit (the distance
determined by XAS for MCRMe in solution is 2.04 Å10). The
substrate channel contains a mixture of coenzyme B analogue
(CoB6SH (SI, Figure S3), a slow substrate added in crystal-
lization) and CoBSH (copurifies with the enzyme) (Figure 2).
The respective thiols of CoB6SH and the substrate CoBSH are
coincident and situated ∼8.7 Å away from the Ni in F430.

11 As
CoBSH is a substrate, the long distance between the thiol and
Ni(II) in the previous inactive MCR crystal structures has been
puzzling.2,11�13 Thus, a conformational change has been pro-
posed that would bring the CoBSH closer to the Ni,11,15 which is
consistent with recent transient kinetic studies revealing sub-
strate-triggered conformational changes in the catalytic resting
state MCRred1.

16

Our data suggest that if Ni(III)-methyl is an intermediate in
methane formation, its presence alone does not affect the
architecture of the MCR substrate channel, which appears
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unchanged compared to the structure of the channel in the
Ni(II) structures. The release of methane involves a proton-
ation step, which has been postulated to be provided by CoBSH
either via a CoM species (Scheme 1, path 1) or possibly via a
water molecule (Figure 2), two Tyr residues2 (TyrR333 and
Tyrβ367, whose hydroxyls point toward the Ni), or the C-ring
nitrogen of F430.

3 Since no catalytic intermediates of MCR have
been observed thus far by fast spectroscopic techniques, any
Ni(III)-methyl catalytic intermediate formed from the native
substrates must be fleeting during turnover. Recently transient
kinetic methods using the natural substrate, methyl-SCoM, and
the slow substrate CoB6SH enabled observation of a short-lived
Ni(III)-alkyl intermediate and its subsequent decay at catalyti-
cally competent rates.16 In contrast, when Ni(III)-methyl is
artificially generated using methyl iodide, as in this study, it
is relatively stable, enabling spectroscopic and biochemical
characterization.8,9

Interestingly, MCR is also implicated in “reverse” methano-
genesis in the anaerobic oxidation of methane within microbial
mats found at methane seeps in the deep ocean.17,18 The dis-
sociation energy of the C�H bond (þ439 kJ/mol) is larger than
in any other organic compound except benzene. Thauer and
Shima have proposed that in “reverse” methanogenesis only the
strong electrophile F430-Ni(III) of MCR is capable of breaking
the C�H bond in a modified “reversed” version of the Ni(III)-
methyl mechanism proposed for methanogenesis (Scheme 1,
path 1).19 The recent evidence of a Ni-(σ-alkane) intermediate in
the reaction of MCR is consistent with this proposal.20

The crystal structure of MCRMe is the first structure resem-
bling a postulated intermediate in one of the proposed mechan-
isms of MCR. The high resolution of the X-ray diffraction data,
coupled with anomalous diffraction at several wavelengths, has
enabled us to extract the relevant Ni-methyl structure from
confounding species. The active Ni(I) enzyme, its complex with
methyl-SCoM, substrate channel conformational changes, and
true catalytic intermediates trapped during turnover still wait to
be structurally defined.
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with PDB entry 3POT.

Scheme 1. (1) Proposed MCR Mechanism Involving a
Ni(III)-Methyl Intermediate and (2) Generation of a Ni(III)-
Methyl Species Using Methyl Iodidea

aThe resting Ni(I) state is circled with a dashed line. For clarity the axial
glutamine residue has been excluded.

Figure 1. Ni-methyl MCR electron density. (A) Stereo figure showing
positive Fo � Fc electron density (green mesh, contoured at 5σ) when
methyl is not included in the structural model. 2Fo� Fc electron density
(contoured at 1σ) is shown as blue mesh. (B) Anomalous electron
density map from X-ray diffraction data collected at wavelength 2.29 Å
(orange mesh, contoured at 5σ) (f 0 0 (electrons): sulfur, 1.14; nickel,
1.03). Coenzymes are shown in stick colored by atom (carbons from
CoB6SH, pale yellow; CoBSH, pale green; HSCoM, light gray);
coenzyme F430, dark gray with the Ni atom shown as a green sphere,
iodide as a purple sphere, and a water molecule as a red sphere. Protein is
shown as cartoon.

Figure 2. Final structural model and electron density. The final model
contains a 60:40 mixture of coenzyme B6 (CoB6SH) and coenzyme B
(CoBSH), 50% coenzyme M (HSCoM), 50% methyl, and 35% iodide.
Coenzymes are shown in stick colored by atom (carbon from CoB6SH,
pale yellow; CoBSH, pale green; HSCoM, light gray); coenzyme F430,
dark gray with the Ni atom shown as a green sphere, methyl displayed as
a gray sphere, iodide as a purple sphere, and a water molecule as a red
sphere. Protein is shown as cartoon. 2Fo � Fc electron density
(contoured at 1σ) is shown as blue mesh.



5628 dx.doi.org/10.1021/ja110492p |J. Am. Chem. Soc. 2011, 133, 5626–5628

Journal of the American Chemical Society COMMUNICATION

’AUTHOR INFORMATION

Corresponding Author
wilmo004@umn.edu

Present Addresses
#Department of Chemistry, Massachusetts Institute of Technol-
ogy, Cambridge, MA 02139, United States

)Shanghai R&D Center, New England Biolabs, Inc., Shanghai,
China 201204

Author Contributions
§These authors contributed equally to this work

’ACKNOWLEDGMENT

This work was supported by U.S. Department of Energy grant
DE-FG02-08ER15931 to S.W.R and supplement to C.M.W. and
by Minnesota Partnership for Biotechnology and Medical Geno-
mics grant SPAP-05-0013-P-FY06. We thank Stephan L. Ginell
and the staff at the SBC-CAT beamline 19-ID-D at the Advanced
Photon Source, Argonne National Laboratory, for valuable
assistance during X-ray data collection. Argonne is operated by
UChicago Argonne, LLC, for the U.S. Department of Energy,
Office of Biological and Environmental Research, under contract
DE-AC02-06CH11357. SSRL operations are funded by the U.S.
Department of Energy, Office of Basic Energy Sciences. The
SSRL Structural Molecular Biology program is supported by the
National Institutes of Health, National Center for Research
Resources, Biomedical Technology Program, and the U.S. De-
partment of Energy, Office of Biological and Environmental
Research. This publication was supported by Grant Number 5
P41 RR001209 from theNational Center for Research Resources
(NCRR), a component of the National Institutes of Health
(NIH). Its contents are solely the responsibility of the authors
and do not necessarily represent the official view of NCRR or
NIH. Computer resources were provided by the Basic Sciences
Computing Laboratory of the University of Minnesota Super-
computing Institute, and we thank Can Ergenekan for his
support. We also thank Ed Hoeffner at the Kahlert Structural
Biology Laboratory (KSBL) at the University of Minnesota.

’REFERENCES

(1) Thauer, R. K. Microbiology 1998, 144, 2377–2406.
(2) Ermler, U.; Grabarse, W.; Shima, S.; Goubeaud, M.; Thauer,

R. K. Science 1997, 278, 1457–1462.
(3) Duin, E. C.; McKee, M. L. J. Phys. Chem. B 2008, 112, 2466–

2482.
(4) Horng, Y. C.; Becker, D. F.; Ragsdale, S. W. Biochemistry 2001,

40, 12875–12885.
(5) Chen, S. L.; Pelmenschikov, V.; Blomberg, M. R.; Siegbahn, P. E.

J. Am. Chem. Soc. 2009, 131, 9912–9913.
(6) Pelmenschikov, V.; Blomberg, M. R. A.; Siegbahn, P. E. M.;

Crabtree, R. H. J. Am. Chem. Soc. 2002, 124, 4039–4049.
(7) Pelmenschikov, V.; Siegbahn, P. E. J. Biol. Inorg. Chem. 2003,

8, 653–662.
(8) Dey, M.; Telser, J.; Kunz, R. C.; Lees, N. S.; Ragsdale, S. W.;

Hoffman, B. M. J. Am. Chem. Soc. 2007, 129, 11030–11032.
(9) Yang, N.; Reiher, M.; Wang, M.; Harmer, J.; Duin, E. C. J. Am.

Chem. Soc. 2007, 129, 11028–11029.
(10) Sarangi, R.; Dey, M.; Ragsdale, S. W. Biochemistry 2009,

48, 3146–3156.
(11) Cedervall, P. E.; Dey, M.; Pearson, A. R.; Ragsdale, S. W.;

Wilmot, C. M. Biochemistry 2010, 49, 7683–7693.

(12) Grabarse, W.; Mahlert, F.; Duin, E. C.; Goubeaud, M.; Shima,
S.; Thauer, R. K.; Lamzin, V.; Ermler, U. J. Mol. Biol. 2001, 309, 315–330.

(13) Grabarse,W.;Mahlert, F.; Shima, S.; Thauer, R. K.; Ermler, U. J.
Mol. Biol. 2000, 303, 329–344.

(14) Dey, M.; Kunz, R. C.; Lyons, D. M.; Ragsdale, S. W. Bioche-
mistry 2007, 46, 11969–11978.

(15) Ebner, S.; Jaun, B.; Goenrich, M.; Thauer, R. K.; Harmer, J.
J. Am. Chem. Soc. 2010, 132, 567–575.

(16) Dey, M.; Li, X.; Kunz, R. C.; Ragsdale, S. W. Biochemistry 2010,
49, 10902–10911.

(17) Hallam, S. J.; Girguis, P. R.; Preston, C. M.; Richardson, P. M.;
DeLong, E. F. Appl. Environ. Microbiol. 2003, 69, 5483–5491.

(18) Scheller, S.; Goenrich, M.; Boecher, R.; Thauer, R. K.; Jaun, B.
Nature 2010, 465, 606–608.

(19) Thauer, R. K.; Shima, S. Ann. N.Y. Acad. Sci. 2008, 1125,
158–170.

(20) Scheller, S.; Goenrich, M.; Mayr, S.; Thauer, R. K.; Jaun, B.
Angew. Chem., Int. Ed. 2010, 49, 8112–8115.


