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Methanogenesis plays an important role in the global carbon-
cycle. It is the last step in the anaerobic breakdown of biopolymers
in anaerobic microbial habitats. The overproduction of CH4 due to
increasing rice production and amounts of life stock has led to a
steady rise in the concentration of CH4 in the atmosphere over the
last century. This is a problem since CH4 is a potent greenhouse
gas.1 Although different compounds can be metabolized,2 all
pathways have in common the last step, the conversion of methyl-
coenzyme M (CH3-S-CoM) with coenzyme B (HS-CoB) into
CH4 and a mixed disulfide by the enzyme methyl-coenzyme M
reductase (MCR):

Central to this reaction is the nickel-containing tetrapyrrole,
cofactor 430 (F430). Different catalytic mechanisms have been
proposed for this reaction that can in principle be divided into two
basic models. In one model the key intermediate features a nickel-
methyl species.3,4 In the other model first a nickel-thiol bond is
formed which subsequently results in the release of the methyl group
as a methyl radical.5 Unfortunately no direct evidence is available
concerning the catalytic mechanism of this conversion. The
mechanism of this enzyme has been probed with substrate analogues
and inhibitors. The inhibitor coenzyme M can bind with its thiol
sulfur to the nickel in the 3+, 2+, and 1+ state.6-10 Until now a
nickel-methyl species has only been detected in free Ni(I)F430. In
aprotic solvents, Ni(I)F430M (pentamethyl ester of F430) reacts with
bromomethane (BrMe) to form methyl-Ni(II)F430M, which subse-
quently can be protonolyzed to CH4 and Ni(II)F430M.11,12 The
formation of a nickel-alkyl species in MCR was first proven by
reaction of MCR in the Ni(I)F430 state (MCRred1a, “a” for absence
of substrates) with 3-bromopropane sulfonate (BPS), denoted
MCRBPS. With the help of isotopic labeling of the C-3 carbon of
this compound with13C, it was shown that upon incubation with
BPS a bond was formed between the nickel (formally 3+) and the
C-3 carbon.13 Similar results were obtained with bromo-alkyl
sulfonate compounds that contain longer carbon chains.14 Here we
show that a nickel-methyl species is formed when the MCRred1a

state is incubated with BrMe.
Incubation of a MCRred1a preparation with BrMe results in the

loss of the electron paramagnetic resonance (EPR) signal of this
species and the formation of a new EPR signal designated MCRBrMe.
Complete conversion of the MCRred1signal into the MCRBrMe signal
was achieved by incubation of 0.8 mM MCR in 50 mM Tris/HCl
pH 9.0 with an approximately 50 fold excess of BrMe (added as a
saturated solution in 50 mM Tris/HCl pH 9.0). The signal decays
to an EPR silent form with at1/2 of 20 min. The electronic and

geometric structure of MCRBrMe was characterized in detail by CW
and pulse electron nuclear double resonance (ENDOR) and hyper-
fine sublevel correlation (HYSCORE) spectroscopy.15 Figure 1
shows CW EPR spectra recorded at W-band for the sample
preparation MCRred1a, MCRBrMe, and simulation, and simulations
using knowng values for MCRBPS

13 and MCRox1.16 MCRox1 is
the only other form with the nickel in the 3+ oxidation state. The
sixth ligand however, is a thiolate sulfur from coenzyme M. Table
1 shows that upon addition of either BPS or BrMe there is a
significant change in theg values in comparison to MCRred1a. An
X-band Davies ENDOR spectrum recorded atg3 is shown in Figure
2A, along with the simulations for1H and14N signals, and a13C
signal with the two carbon peaks being given byνrf ≈ |A3/2 (
ν13C|, whereA3 ) 44 MHz andν13C ) 3.3 MHz (see Figure S1
and S3 for additional spectra). A HYEND (hyperfine correlated
ENDOR) experiment which correlates ENDOR frequenciesνrf

directly against their hyperfine couplingsνhyperfinewas recorded at
g1,2 as shown in Figure 2B.17 In this plot the13C signals are resolved
from proton signals and the nitrogen signals are suppressed below
detection. This allows the13C hyperfine couplings to be read directly
from the graph,A1/2 ) 18 MHz. These data are supported by X-band
HYSCORE measurements (Figure S2). The large13C hyperfine
coupling shows unambiguously that the methyl group from BrMe
is directly coordinated to the nickel ion. The nitrogen signals in
Figure 2A are assigned to the four pyrrole nitrogens of F430 with
hyperfine couplings in the range ca. 25-35 MHz which are typical
values for F430 when the unpaired electron is in a nickel orbital
with a high dx2-y2 character. It is expected that the three proton
hyperfine couplings of the coordinated methyl group will have large
anisotropic hyperfine couplings as they are close to the spin density,
which is consistent with the ENDOR (Figure S2) and X-band
HYSCORE data (Figure S4) which feature proton ridges that can
be simulated with hyperfine couplings that range from-6 to +13
MHz (see Table 1).
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Figure 1. W-band (94.234 GHz) EPR spectra for the species MCRred1a

(a), MCRBrMe and simulation (dotted line) (b), and simulations for using
known g-values determined at W-band for MCRox1 (c) and MCRBPS (d).
The impurity marked with+ in the BrMe spectrum hasg-values of 2.130,
2.139, and 2.224, amounts to ca. 2% of the signal, and is an ox3 species.

Published on Web 08/21/2007

11028 9 J. AM. CHEM. SOC. 2007 , 129, 11028-11029 10.1021/ja0734501 CCC: $37.00 © 2007 American Chemical Society



The EPR structure and parameters are fully supported by density
functional theory (DFT) calculations.18,19 The single occupied
molecular orbital (SOMO) and the spin density are shown in Figure
3, and the calculated hyperfine couplings are given in brackets in
Table 1. The experimental carbon hyperfine interaction is particu-
larly well reproduced and shows that the Mulliken spin population
in an s-type orbital is-1% and in the p-type orbital is-8.4%
(experimental values calculated from the hyperfine interaction are
1% and 11.6%, respectively).20 The nickel has a spin population
of 81%. A comparison of the SOMO and spin density plot in Figure

3 shows that the SOMO is indeed mainly contributed to by a nickel
dx2-y2 orbital and that the methyl group orbitals do not contribute.
The spin density plot indicates that the carbon hyperfine interaction
is negative and thus results from a spin polarization mechanism.
The most reasonable picture of the H3C-Ni coordination is via an
interaction of the filled nickel dz2 orbital with the empty orbital
from the cation CH3+, indicating that the bromine atom is lost as
a bromide ion. This is very similar to the case where BPS is added
to MCRred1a to form MCRBPS. DFT calculations for this species
are also in excellent agreement with the experimental data, that is,
|A(13C)exp| ) (17.6( 0.5, 18.3( 0.5, 45( 1), A(13C)cal ) (-21.9,
-21.6,-43.1) MHz (see Supporting Information for the SOMO,
spin density, and other EPR parameters).

Experimental detection of a methyl-nickel species in the active
site of MCR adds plausibility to proposed mechanisms proceeding
via such intermediates with the natural substrates. Since Ni(III)
species are strong oxidants, species such as H3C-NiIIIF+

430 may
play a crucial role in C-H activation for “reverse methanogenesis”,
that is, anaerobic oxidation of methane.21
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Table 1. g-Values for Several Relevant MCR Species and for
MCRBrMe the g-Values and Methyl 13C and 1H Hyperfine
Couplingsa

complex g1 g2 g3

MCRred1a 2.061 2.070 2.250
MCRox1 2.153 2.168 2.231
MCRBPS 2.108 (2.017) 2.112 (2.079) 2.219 (2.157)
MCRBrMe 2.093 (2.021) 2.093 (2.062) 2.216 (2.159)

A1 [MHz] A2 [MHz] A3 [MHz]
13CMe

b -18 ( 2 (-23.7) -18 ( 2 (-23.5) -44 ( 2 (-42.4)
1HMe

c -6 to -4
(-7.4 to-7.2)

1 to 3
(-0.4 to-0.1)

10 to 13
(7.8 to 8.0)

a DFT values are given in brackets; the sign of the experimental hyperfine
couplings were assigned according to the calculation.b The tilt angle of
the 13C A matrix relative to theg matrix is ca.<10°, the simulations used
0°. c Experimental and DFT values show the range for the three methyl
protons.

Figure 2. (A) X-band Davies ENDOR spectrum measured at the field
position corresponding tog3 (low field end, see inset). Simulations for the
methyl13C and1H, and pyrrole14N nuclei are indicated by the dotted lines.
The high-frequency feature of the13C signal was measured with a higher
S/N (1) and is shown above the wide experimental spectrum. The horizontal
line indicates the proton Larmor frequency. (B) X-band HYEND spectrum
measured at the field position ofg1,2 (high field end, see inset). Protons
(Amax ≈ 7 MHz) and a strongly coupled13C nucleus are indicated.

Figure 3. Plot of (A) singly occupied molecular orbital and (B) the spin
density distribution (dark positive, light negative) of H3C-NiF+

430. Selected
computed structural data: Ni-CMe ) 0.197, Ni-O ) 0.216, Ni-N ) 0.219,
0.204, 0.211, 0.202 nm. The methyl radical coordination energy is-68.2
(BP86) and-51.9 kJ/mol (B3LYP). The coordination of the oxygen of the
GlnR′147 model is based on the crystal structure, but see Figure S5.
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