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Methyl-coenzyme M reductase (MCR)1 catalyzes the chemical
step of methane formation by methanogenic organisms (eq 1).2

The reaction involves the two-electron reduction of CH3S-CoM
by N-7-mercaptoheptanoylthreonine phosphate (CoB-SH). High-

resolution structures of two different states of the inactive enzyme
have been determined by X-ray diffraction.3 In these inactive
forms, Factor 430 (F430), the nickel tetrahydrocorphinoid cofactor
of MCR, is in an “EPR-silent” Ni(II) oxidation state. Other forms
of MCR, however, contain F430 in EPR-visible states. Among
these, the active form, which is denoted red1, is unambiguously
assigned to Ni(I), based on the UV-visible and EPR spectral
correspondence with isolated Ni(I)F430.2,4 There are also inactive
forms, denoted ox1 and ox2, for which the Ni oxidation state
assignment is not so certain; either Ni(I) (d9) or Ni(III) (d7) are
plausible.2,5 Addition of the reductant Ti(III) citrate in vitro
converts ox1 to red1, and addition of chloroform eliminates the
red1 signal, but does not affect ox1.5,6 Moreover, red1 is formed
when the gas phase normally used for cell growth (80% H2/20%
CO2) is made more reducing (100% H2) while ox1 is formed when
the gas is made less reducing (80% N2/20% CO2).2,7 When H2-
treated cells are incubated in air, an EPR signal similar to ox1 is
observed, which is denoted ox2.2,7 These observations appear to
be compatible with a Ni(III) assignment. However, neither the
UV-visible nor EPR spectra of ox1 and ox25 correspond to those
of isolated Ni(III)F430Me5;8 the EPR spectrum of Ni(III)F430Me5

is typical for a macrocyclic Ni(III) complex.4,9 Moreover, it has
recently been found that ox1 and ox2 states can be generated by
treating growing cells with sodium sulfide and dithionite,
respectively,10 which might act as reductants. We have therefore

employed 35 GHz EPR and ENDOR11 spectroscopy to resolve
the oxidation state of Ni in the ox1, ox2, and red1 forms of MCR,
isolated from Methanobacterium thermoautotrophicumstrain
Marburg and prepared as described previously.10

EPR spectra of the holoenzyme states, MCRox1, MCRox2,
and MCRred1, as well as those of Ni(I)F430 and Ni(I)OEiBC all
are roughly axial withg| (∼2.20-2.25) > g⊥ > ge. For MCR
red1 and the models,g⊥ ≈ 2.06-2.07, while for MCRox1 and
ox2,g⊥ ≈ 2.14-2.15 (see Table 1; a more extensive compilation
is in Table S1 and 35 GHz spectra are shown in Figure S1,
Supporting Information). Regardless of the quantitative differences
in g⊥, this g value pattern is characteristic of a transition metal
ion with an unpaired electron in the dx2-y2 orbital, such as the d9

ions Cu(II) and Ni(I) in tetragonally elongated or square planar
geometry.12 In contrast, as is typical of d7 ions such as Co(II) or
Ni(III) (including Ni(III)F 430Me5;8 see Table S1), an ion with an
unpaired electron in the dz2 orbital hasg⊥ (∼2.2-2.3) > g| ∼
ge.12 Thus, the qualitative features ofall the EPR-visible states
of MCR are more characteristic of Ni(I) than of Ni(III) under
typical circumstances.

To obtain a more detailed picture of the electronic structure of
the ox1, ox2, and red1 states of MCR, we collected CW 35 GHz
ENDOR spectra from them, as described earlier for Ni(I)F430 and
Ni(I)OEiBC.13 Figure 1 displays the14N ENDOR spectra14 for
MCRox1, ox2, red1, and Ni(I)OEiBC taken at the magnetic field
corresponding to each sample’s maximumg value (gmax ≡ g1 )
2.20-2.24). The spectra are strikingly similar in that in each case
the hyperfine couplings to the pyrrole-like14N at gmax have the
valueA(14N) ≈ 26 MHz.15 Moreover, the “2-D” field-frequency
14N patterns show that the hyperfine interactions all are dominated
by an isotropic14N coupling in the range 26-31 MHz (see Telser
et al.13 and Figures S3, S4, and S5, Supporting Information). The
2-D patterns further show that the pyrrole-like nitrogen ligands
of these asymmetric macrocycles are of at least two slightly
different types.16,17 The patterns were analyzed to obtain the14N
hyperfine and quadrupole tensor parameters presented in Table
S2 (Supporting Information); the table also includes data for other
relevant complexes.

The large, roughly isotropic14N couplings for the equatorially
coordinated pyrrole-like ligands in MCRox1 and ox2 (Table S2)
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CH3S-CoM + CoB-SH f CH4 + CoB-SS-CoM (1)

Table 1. Electronic (g Tensor) Parameters for MCR States and
Models Determined by 35 GHz EPR at 2 K

complex g ) [g1 (max), g2 (mid), g3 (min)]

MCRred1 (this work) 2.2485(5), 2.070(1), 2.060(1)
MCRox1 (this work) 2.229(2), 2.166(2), 2.148(2)
MCRox2 (this work) 2.227(2), 2.140(5), 2.125(5)
NiIF430 (ref 13) 2.244, 2.063, 2.063
NiIOEiBC (ref 13) 2.204, 2.080, 2.063

a All samples were in aqueous solution, except for Ni(I)OEiBC,
which was in 2-methyltetrahydrofuran solution.

182 J. Am. Chem. Soc.2000,122,182-183

10.1021/ja992386n CCC: $19.00 © 2000 American Chemical Society
Published on Web 12/22/1999



are characteristic of a dx2-y2 odd-electron ground state, and confirm
that these EPR-visible forms of MCR share this state with such
d9 complexes as Ni(I)F430 and Cu(II)TPP.18 In contrast, the dz2

ground state, which is typical of low-spin d7 complexes, exhibits
very weak couplings to the equatorial ligands19 (e.g., in Co(II)-
TPP(py): aiso ) 3.1 MHz for the pyrrole nitrogens),20 and instead
has extremely strong couplings to axial ligands.9,21-24

Could MCRox1 or ox2 nonetheless be a Ni(III) species?
Electrochemical data disfavor this assignment. Formation of
Ni(III) in macrocyclic complexes occurs at very positive
potentials,8,25-27 requiring strong oxidants such as peroxydisul-

fate.24 In contrast, “ox” states appear without the use of strong
oxidants. Moreover, we find that “ox1” and “red1” states can
coexist in the presence of excess Ti(III) citrate reductant (see
Figure S6). Regardless, could the dx2-y2 ground state exhibited
by ox1 and ox2 be consistent with Ni(III) species? A dx2-y2 ground
state could occur in a trigonal bipyramidal (tbp) geometry, and
molecular mechanics calculations suggest that such a distortion
is possible for thefreeNi(II)F430 ligand.28 The crystal structures
of MCR show F430 to be planar with numerous H-bonds to peptide
amide nitrogens;3 thus, the “rigid binding to protein”3 makes
distortion ofboundF430 to tbp geometry less likely. Indeed, there
are no examples of tbp geometry with tetraazamacrocyclic
ligands.29 Tripodal ligands are required to obtain isolable tbp
complexes of, e.g., Cu(II) and Ni(I),30,31 and even such a tbp
complex of Ni(III), [NiDAPA(SPh)2]+, gives an EPR spectrum
indicating a dz2 ground state (see Table S1).32

Another means of obtaining a dx2-y2 Ni(III)F 430 is via strong
tetragonal compression (see Figure S2), as observed for Ni(III)
with two trans-cyano ligands in [Ni(CN)4(bpy)]-,33 and in
[Ni(TPP)(CN)2]-.34 The strongest possible ligands for ox1 and
ox2 are S-donors,10 and the structure of MCRox1-silent indeed shows
that CoM coordinates to Ni as CoM-S(H)-Ni(II). 3 However,
this ligand is weak and only the upper face is available for an
exogneous ligand,3 and model chemistry indicates that it is
unlikely that a single such ligand could invert the dz2 and dx2-y2

levels in a Ni(III)F430 species.9,22,23,35Indeed, MCD spectroscopy
shows that even the axial coordination of two cyanides to Ni-
(II)F430 gives a tetragonally elongated geometry with the energy
of the dz2 orbital well below that of dx2-y2.36

The fact that both MCRox1 and ox2 have roughly the same
14N isotropic hfc as the Ni(I) in red1, 26e aiso e 31 MHz (see
Figure 1 and Table S2), invalidates an alternative description for
MCRox1,2, i.e., that the ox1,2 EPR signals arise from a radical
and a high-spin Ni(II), spin coupled to give total spin,S ) 1/2
(RS•; S ) 1/2)-(Ni(II); S ) 1).

We conclude that neither ox1 nor ox2 are Ni(III) states. The
combined spectroscopic and chemical evidence further strongly
suggests that not only the red1 but the ox1 and ox2 states as well
all contain Ni(I)F430.
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Figure 1. 35 GHz CW 14N ENDOR spectra (2°K) at g1 (g|) of the
following (top to bottom): Ni(I)OEiBC,13 MCRox2, MCRox1, and
MCRred1. Ni(I)OEiBC shows a single type of14N at thisg value; the
closed circle indicatesA/2, the line passing through the circle indicates
twice the14N Larmor frequency (2ν(14N) ≈ 7 MHz), and the “goalposts”
indicate the quadrupole splitting (3P). For the MCR spectra, for which
the line shapes are grossly distorted by a variety of relaxation effects,
closed circles indicate half the average hyperfine coupling for14N (Aav/
2), while the braces above theν+ andν- branches indicate the quadrupole-
split peaks from at least two different types of14N. Experimental
conditions: see Figures S3, S4, and S5 for ox1, ox2, and red1,
respectively.
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