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ABSTRACT: Methyl-coenzyme M reductase (MCR) catalyzes the final and rate-limiting step in methane
biogenesis: the reduction of methyl-coenzyme M (methyl-SCoM) by coenzyme B (CoBSH) to methane and a
heterodisulfide (CoBS-SCoM). Crystallographic studies show that the active site is deeply buried within the
enzyme and contains a highly reduced nickel-tetrapyrrole, coenzyme F439. Methyl-SCoM must enter the
active site prior to CoBSH, as species derived from methyl-SCoM are always observed bound to the Fyu3
nickel in the deepest part of the 30 A long substrate channel that leads from the protein surface to the active
site. The seven-carbon mercaptoalkanoyl chain of CoBSH binds within a 16 A predominantly hydrophobic
part of the channel close to Fy43, with the CoBSH thiolate lying closest to the nickel at a distance of 8.8 ATt
has previously been suggested that binding of CoBSH initiates catalysis by inducing a conformational change
that moves methyl-SCoM closer to the nickel promoting cleavage of the C—S bond of methyl-SCoM. In order
to better understand the structural role of CoBSH early in the MCR mechanism, we have determined crystal
structures of MCR in complex with four different CoBSH analogues: pentanoyl, hexanoyl, octanoyl, and
nonanoyl derivatives of CoBSH (CoBsSH, CoB¢SH, CoBgSH, and CoBoSH, respectively). The data
presented here reveal that the shorter CoBsSH mercaptoalkanoyl chain overlays with that of CoBSH but
terminates two units short of the CoBSH thiolate position. In contrast, the mercaptoalkanoyl chain of CoB¢SH
adopts a different conformation, such that its thiolate is coincident with the position of the CoBSH thiolate. This
is consistent with the observation that CoBsSH is a slow substrate. A labile water in the substrate channel was
found to be a sensitive indicator for the presence of CoBSH and HSCoM. The longer CoBgSH and CoBySH
analogues can be accommodated in the active site through exclusion of this water. These analogues react with
Ni(II)-methyl, a proposed MCR catalytic intermediate of methanogenesis. The CoBgSH thiolate is 2.6 A
closer to the nickel than that of CoBSH, but the additional carbon of CoBoSH only decreases the nickel
thiolate distance a further 0.3 A. Although the analogues do not induce any structural changes in the substrate
channel, the thiolates appear to preferentially bind at two distinct positions in the channel, one being the
previously observed CoBSH thiolate position and the other being at a hydrophobic annulus of residues that

lines the channel proximal to the nickel.

Methanogenic archaea are organisms that under strict anaerobic
conditions derive energy by reducing compounds such as carbon
dioxide, methylamine, acetate, and methanol to methane (7, 2). The
global production of methane by these organisms is estimated at
one billion tons annually. Microbially produced methane is not
only a potential source of renewable energy but also a potent
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greenhouse gas, and as such study of this process has environmental
ramifications. In these microorganisms, methyl-coenzyme M reduc-
tase (MCR)' is the enzyme that catalyzes the final step in methano-
genesis, in which the substrates methyl-coenzyme M (methyl-
SCoM, 2-(methylthio)ethanesulfonate) and coenzyme B (CoBSH,
N-T-mercaptoheptanoylthreonine phosphate) are converted to
methane and a heterodisulfide (CoBS-SCoM) (Scheme 1) (3).
MCR is a 272 kDa protein with six subunits arranged in an
035y, oligomer (4). The known crystal structures show that MCR
has two active sites approximately 50 A apart that are deeply
buried within the enzyme (5). The active site pocket is comprised of
residues from subunits o, o, 8, and y, with a 30 A long substrate
channel leading to the enzyme surface (Figure 1). At the heart of
the active site pocket is coenzyme F3, which is a highly reduced
nickel-containing tetrapyrrole (6—38). Currently, 16 distinct enzy-
matic and complexed states of MCR have been spectroscopi-
cally characterized (Supporting Information, Scheme S1) (9—31).
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In the resting active state of the enzyme, denoted MCR ¢4y, the
redox-active nickel of Fy3 is present in the Ni(I) state (9, 16, 32).
MCR is extremely oxygen sensitive, and upon oxygen exposure the
enzyme enters an inactive Ni(II) state, denoted MCR jeqisient (6)-
In this state it cannot be converted back to the active Ni(I) form by

FIGURE 1: The active site and substrate channel in the MCR 4| _giient
crystal structure (PDB code 1hbn) (9). Coenzyme F439, CoBSH, and
HSCoM are drawn as stick colored by atom (carbon: dark gray). The
nickel is displayed as a green sphere and water as a red sphere.
Interactions are drawn as dashed lines, and the corresponding
distance is indicated in angstroms (A). The path of the substrate
channel was defined in the absence of F439, CoOBSH, HSCoM, and
water, with the surface closest to the viewer cut away. The figure was
generated using PyYMOL (http://www.pymol.org).

Scheme 1: Reaction Catalyzed by Methyl-Coenzyme M Reductase
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any known reducing agent, making this a challenging system
to study. Additional complications involve the tight asso-
ciation of coenzymes to purified MCR that are not easily
displaced as demonstrated by X-ray crystallographic and
kinetic studies (5, 33—35).

Despite the fact that MCR has been studied for decades,
no true catalytic intermediate has been observed, and the
actual mechanism remains elusive. Currently, three general
mechanistic schemes for the enzymatic reaction have been pro-
posed, each of which posit different chemistry to initiate cata-
lysis. Mechanism I involves Ni(I) acting as a nucleophile in
an Sn2-type reaction that generates Ni(IIl)-methyl as an
intermediate (Scheme 2A) (35—38). Mechanism I starts with
methyl-SCoM undergoing homolytic cleavage at the Ni(I)
to generate a methyl radical and a Ni(II)-SCoM species
(Scheme 2B) (39—41). A more recently proposed mechanism
III suggests protonation of coenzyme F430 promotes reductive
cleavage of the methyl-SCoM thioether bond (42).

Due to the stringent requirement to exclude O,, the available
MCR crystal structures are all in the inactive Ni(II) state. All but
one contain CoBSH and HSCoM (demethylated methyl-SCoM,
an inhibitor and substrate analogue) in the active site (PDB codes
lhbn, 1hbo, lhbu, le6y, and le6v) (5, 33, 34). Another crystal
structure has bound heterodisulfide product, CoBS-SCoM
(MCRgjjeni, PDB code 1Thbm, Scheme 1 and Supporting Informa-
tion, Scheme S1) (5, 33). All of these structures reveal that both
substrates access the active site through the same channel
(Figure 1). The binding site of HSCoM (and presumably
methyl-SCoM) is more deeply buried within the enzyme, and
so it must enter prior to CoBSH for productive chemistry to
occur. As binding of CoBSH in the absence of cosubstrate would
be inhibitory, it was suggested that a conformational change
upon methyl-SCoM binding might lower the K4 for CoBSH and
thus promote an ordered mechanism. Furthermore, it has been
suggested that CoBSH binding induces a conformational change
that brings the methyl-SCoM substrate into closer proximity to
the nickel, and this promotes C—S bond cleavage. To investigate
the proposed structural role of CoBSH in initiating catalysis, we
have solved the X-ray crystal structures of MCR in complex with
four different CoBSH analogues. CoBSH has a heptanoyl moiety
linked to the thiol group, and the analogues are pentanoyl-,
hexanoyl-, octanoyl-, or nonanoyl-containing derivatives of
CoBSH (CoBsSH, CoB4«SH, CoBgSH, and CoBoSH, respec-
tively; Figure 2) (3, 35, 43—47). In addition, we present a structure
in which the substrate channel predominantly lacks either
CoBSH or heterodisulfide product.

Scheme 2: Two of the Proposed Catalytic Mechanisms for Methyl-Coenzyme M Reductase: (A) Mechanism I; (B) Mechanism 11
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F1GURE 2: Drawing of CoBSH analogues: (A) N-5-mercaptopenta-
noylthreonine phosphate (CoBsSH); (B) N-6-mercaptohexanoyl-
threonine phosphate (CoB¢SH); (C) N-8-mercaptooctanoylthreonine
phosphate (CoBgSH); (D) N-9-mercaptononanoylthreonine phos-
phate (CoBySH).

MATERIALS AND METHODS

Materials. The organism Methanothemobacter marburgensis
(catalog OCMS2) was obtained from the Oregon Collection
of Methanogens (Portland, OR). All buffers and media reagents
were obtained from Sigma-Aldrich (St. Louis, MO). The gases
N, (99.98%), H,/CO, (80%/20%), and ultra high purity H,
(99.999%) were obtained from Cryogenic Gases (Grand Rapids,
MI). Titanium(III) citrate solutions were prepared from a stock
solution of 246 mM titanium(III) citrate, which was synthesized by
adding sodium citrate to titanium(III) trichloride (30 wt % solution
in 2 N hydrochloric acid) (Acros Organics, Morris Plains, NJ)
under anaerobic conditions and adjusting pH to 7.0 with sodium
bicarbonate (48). The concentration of titanium(III) citrate was
determined by titrating against a solution of methyl viologen.

Synthesis of Methyl-SCoM, CoBsSH, CoBsSH, CoBSH,
CoBgSH, and CoBySH. Methyl-SCoM was prepared from
HSCoM and methyl iodide (49). The homodisulfides CoBsS-
SCoBs, CoB4S-SCoBg, CoBS-SCoB, CoBgS-SCoBg, and CoB,S-
SCoBy were prepared as described from S-bromovaleric acid,
6-bromohexanoic acid (Sigma-Aldrich, St. Louis, MO), 7-bromo-
heptanoic acid (Karl Industries, Aurora, OH), 8-bromooctanoic
acid, and 9-bromononanoic acid (Matrix Scientific, Columbia, SC),
respectively (43, 46). The free thiol forms of CoBsSH, CoB¢SH,
CoBSH, CoBgSH, and CoBoSH were generated by the reduc-
tion of the homodisulfides as previously described (45). The
purity of the CoBSH analogues was determined by '"H NMR
spectroscopy. All compounds synthesized were stored in a
Vacuum Atmospheres chamber maintained at an oxygen level
below 1 ppm, as monitored continually with an oxygen analyzer
(model 317; Teledyne Analytical Instruments, City of Industry,
CA) until use.

M. marburgensis Growth and MCR,.,; Purification.
Buffer preparations and all manipulations were performed under
strict anaerobic conditions in a Vacuum Atmospheres chamber
maintained at an oxygen level below 1 ppm, as monitored
continually with an oxygen analyzer (model 317; Teledyne
Analytical Instruments, City of Industry, CA). MCR,.q; was
isolated from M. marburgensis cultured on H,/CO» (80%/20%)
at 65°Cina 14 L fermentor (New Brunswick Scientific Co., Inc.,
New Brunswick, NJ). Culture media were prepared as previously
described (20, 24). MCR o, was generated in vivo and purified as
described previously (20). The purification procedure routinely
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generates 65—75% MCR,q; as determined by UV—visible and
EPR spectroscopy.

Spectroscopy of MCR. UV—visible spectra of the Ni(I)-
containing MCR.q; were recorded in the anaerobic chamber
using a spectrophotometer (model USB4000-UV—vis; Ocean
Optics, Dunedin, FL). EPR spectra were recorded on a Bruker
EMX spectrometer (Bruker Biospin Corp., Billerica, MA),
equipped with an Oxford ITC4 temperature controller, a Hewlett-
Packard Model 5340 automatic frequency counter, and Bruker
gaussmeter. The EPR spectroscopic parameters included the
following: temperature, 70 K; microwave power, 10 mW; micro-
wave frequency, 9.43 GHz; receiver gain, 2 X 10* modulation
amplitude, 10.0 G; modulation frequency, 100 kHz. Double
integrations of the EPR spectra were performed and referenced
to a | mM copper perchlorate standard. The NMR data were
acquired at 298 K on a Bruker Avance DRX 500 MHz instru-
ment equipped with a TXI cryoprobe.

Preparation of MCR,.4; for Crystallization. All crystal-
lization experiments were performed in the anaerobic chamber in
which MCR was purified unless otherwise noted. MCR q; was
prepared in 50 mM Tris, pH 7.6, and excess HSCoM was
removed by buffer exchange using an Amicon Ultra centrifuge
filter with a 50 kDa cutoff membrane (Millipore). Typically,
2—3 mL of MCR,.q; was exchanged with 10—15 mL of 50 mM
Tris, pH 7.6. The enzyme was concentrated to 500—600 L, and
this process was repeated three times. The fraction of MCR o4 in
the purified MCR sample was calculated from the UV—visible
spectrum using extinction coefficients of 27.0 mM ™' cm ™" at
385 nm for Ni(I)-MCRq; and 9.15 mM " cm ™" at 420 nm for
Ni(II)-MCR ;eqisitent (20). The amount of MCR .q; in samples
used for crystallization was determined to be ~80%, and the
concentration of total enzyme used was in the range of about
120—150 uM (~32—40 mg/mL). All crystallization experiments
were performed anaerobically by incubating 2.0 4L of enzyme
solution in 50 mM Tris, pH 7.5, and 2.0 uL of reservoir solution
(100 mM Hepes-Na, pH 7.3/7.5/8.0; 150 mM magnesium acetate
(Mg(CH;C00),), and 20/22% (w/v) PEG 400) in a sitting drop
over 1 mL of reservoir solution at 9 °C. Triangular and
rectangular prismatic crystals with a bright yellowish green color
confirmed the presence of nickel coenzyme Fy3). The crystals
grew to a size of approximately 100—200 um in 4—35 days.
CoBSH-depleted crystals were obtained by incubating 2 uL of
a reaction mixture containing 139 uM MCR,.; and 13 mM
HSCoM with 2 uL of reservoir solution (100 mM Hepes-Na, pH
7.5, 150 mM magnesium acetate (Mg(CH3COO),), 22% PEG
400). Crystals of MCR complexed with the CoBSH analogues
were grown by cocrystallization. The CoBsSH cocrystals were
obtained by incubating 2 uL of enzyme solution containing
124 uM MCR¢41, 10 mM methyl-SCoM, and 1 mM CoBsSH
with 2 uL of reservoir solution (100 mM Hepes-Na, pH 7.5,
150 mM (Mg(CH;COO0),), 22% PEG 400). The crystals with
bound CoB4SH and CoBySH were obtained by cocrystallization
of 1 mM analogue with 142 uM MCR oq; and equilibrated with
2 uL of reservoir solution (100 mM Hepes-Na, pH 7.5, 150 mM
Mg(CH3COO0),, 20% PEG 400 for CoBsSH and 100 mM Hepes-
Na, pH 7.3, 150 mM Mg(CH;COO0),), 22% PEG 400 for
CoBySH). Crystals were cryoprotected in reservoir solution
containing 25% (v/v) PEG 400 by soaking for 2—5 min before
cryocooling in liquid nitrogen in the anaerobic chamber. Crystals
of CoBgSH bound to MCR were obtained by incubating 2 uL
of a mixture of 119 uM MCR 4 and 1 mM CoBgSH with 2 uL.
of reservoir solution (100 mM Hepes-Na, pH 7.3, 150 mM
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Mg(CH3COO0),), 20% PEG 400). Before cryoprotection, the
crystals were soaked for 5—10 min in a 100 mM solution of
methyl iodide.? The methyl iodide solution used for soaking was
prepared by adding a concentrated stock of methanolic solution
of methyl iodide to the reservoir solution. Soaked crystals were
quickly cryoprotected as described above and cryocooled in the
anaerobic chamber.

X-ray Diffraction Data Collection, Processing, and
Refinement. X-ray diffraction data were collected at 100 K on
a ADSC Quantum-315 detector at the APS Beamline 14-BM-C
(BioCARS). The wavelength of X-rays was 0.979 A. Data were
processed using HK1.2000 (50). As in the previous X-ray crystal-
lographic studies, the crystals belong to the monoclinic space
group P2, (a = 82A b= 118A c= 122A B = 92°), with one
MCR molecule (two active sites) per asymmetric unit (5, 33). For
refinement, REFMAC in the Collaborative Computational
Project Number 4 (CCP4) program suite was used (5/). A
random sample of 5% of the data across all resolution shells
was chosen to check refinement progress through calculation of
an Rp... The same reflections were used to calculate Rg. for all
structures, thus preventing bias due to high structural identity.
The remaining reflections were used in refinement (Ry,o,1). Model
building was done using the Crystallographic Object-Oriented
Toolkit (COOT) (52). The diffraction data and their models are
designated as MCRopysy, Where X is the number of carbons in
the alkanoyl portion of the analogue. Library files in CCP4 for
Fi30 and CoBSH were incorrect, and these were modified in
Monomer Library Sketcher in the CCP4 program suite by
comparison with schematic drawings from Grabarse et al. (33).
Coordinate and CCP4 library files for the different CoBSH
analogues were created in Monomer Library Sketcher. The
general model building and refinement strategy for all structures
was as follows. It was clear from the electron density in the
substrate channel and at the active site that mixtures of species
were present in all data sets. These could be visualized with
F,— F.and F, — F, difference electron density maps (Supporting
Information, Figure S1). The known positions of CoBSH and
HSCoM from the published Ni(II)-MCR crystal structures (PDB
codes 1hbn, 1hbo, 1hbu (33)) were used as guides to determine
which species could be present in each data set, and these were
then simultancously modeled into the electron density. By
alteration of their relative occupancies (in 10% increments)
followed by refinement, the ratio of occupancy between different
species was determined using the assumption that the average B-
factors for all molecular species bound should be similar to that
of F430 and adjacent well-ordered protein atoms within the active
site and substrate channel. The combinations of modeled ligands
were constantly reassessed throughout refinement based on the
remaining difference electron density. This included test refine-
ments of different ligand combinations during the latter stages,
thus using the optimized phases to check whether a different
combination of ligands could also explain the electron density.
Sensible chemical structures and interactions, along with keeping
the combined occupancies of sterically mutually exclusive species
<100%, were maintained throughout refinement. The model was
finally accepted when the difference electron density map was
minimal and the B-factors for the models converged.

*Methyl iodide was added with the intention of creating a Ni(III)-
methyl species. This was not achieved, but the diffraction quality of this
crystal was significantly better than crystals cocrystallized with CoBgSH
alone and so has been included in this study.

Cedervall et al.

The first structure refined was that of MCRcypssy. Initial
phases were generated by difference Fourier using a previously
determined crystal structure (PDB code 1mro (5)) but with all
nonbonded molecules, including water, removed from the model
except Fy30. Initial rigid body refinement followed by restrained
refinement of MCRcopssy reduced the Ryon to 26.5%. After
model building and subsequent rounds of restrained refinement
the Ryork Was 14.3% (Rpee 16.6%). Of the five structures only the
CoBsSH analogue is completely coincident with CoBSH, and so
particular care had to be used in teasing apart the ratios of the
two species in modeling the MCRopssy electron density. This
was done by initially refining 100% CoBSH in the substrate
channel. Positive F,, — F, difference density located at the carbon
where the shorter CoBsSH thiol might be expected to be indicated
the presence of a more electron-rich species than carbon, which is
consistent with the presence of the CoBsSH sulfur. The refine-
ment converged at a model containing a 50:50 mix of CoBSH and
the analogue. However, positive F, — F, difference density was
still present at the position of the CoBSH thiol; therefore, a water
molecule was added to the CoBsSH model at 50% occupancy,
and upon refinement this accounted for the electron density.
An illustration of the electron density quality from this structure
is shown in Supporting Information, Figure S2. An HSCoM-,
CoBSH-, and CoBSH analogue-free version of the refined
MCRcopssy structure was used as the starting model to generate
initial phases for the four other structures. After the initial round
of restrained refinement the R,y for these structures were
reduced to 14.5—15.6%.

RESULTS AND DISCUSSION

Crystal Structures of MCR. Five crystal structures were
determined, four of which are in complex with CoBSH analogues
differing in the number of carbons atoms in the alkanoyl por-
tion of the molecule. CoBSH is an N-7-mercaptoheptanoyl-
containing molecule, whereas the four CoBSH analogues contain
N-5-mercaptopentanoyl, N-6-mercaptohexanoyl, N-8-mercap-
tooctanoyl, or N-9-mercaptononanoyl moieties (Figure 2). The
corresponding crystal structures are designated as MCR¢opysH,
where X is the number of carbons in the alkanoyl portion of the
analogue. The other crystal structure is of MCR ¢qjc.siient (MCR
in the Ni(II) state in complex with HSCoM, designated here as
MCRpscom) that is CoBSH-depleted. The data sets have resolu-
tions from 1.3 to 1.8 A. Although the crystallizations were set up
with the MCR solution predominantly in the Ni(I)-MCR g
state, by the time X-ray diffraction data were collected the
crystals had been oxidized to the Ni(II)-MCReqi_sient State
(Supporting Information). Following data collection there was
no evidence for photoreduction of the Ni(IT) back to Ni(I) in
any of the crystals, as assessed by single crystal UV—visible
microspectrophotometry (Supporting Information and Figure
S3). Attempts to photoreduce the crystals using different wave-
lengths and temperatures were unsuccessful (Supporting In-
formation).

Overall, the resulting structures are very similar to each other
and to the previously published structures of MCR, with
differences mainly localized to the active site and substrate
channel. The two active sites in the ASU were refined indepen-
dently. Unless otherwise stated, there was no difference between
them. All five data sets contain a mixture of species bound to the
enzyme. There is always a background of CoBSH and HSCoM,
which copurify with MCR and cannot be fully removed by
extensive buffer exchange or by the addition of a CoBSH
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Table 1: X-ray Data Collection, Processing, and Refinement Statistics

data collection and processing statistics

name of data set MCRcopssH
measured reflections 1969388
unique reflections 553755
resolution (/0%)” 50.0—1.30
(1.35—1.30)
completeness (%)" 97.1 (78.1)
R-sym (%)™“* 5.5(32.9)
Ijol* 22.3(3.6)
space group P2,
refinement and model building statistics
resolution (A)* 20.49—1.30
(1.33—1.30)

no. of reflections in working set” 525817 (30239)
no. of reflections in test set” 27777 (1576)
R-work (%)¢ 14.32
R-free (%)¢ 16.56
ESU (A) R-work/R-free 0.044/0.046
no. of protein atoms 20087
no. of coenzyme atoms 218
no. of ligand atoms 37
no. of water molecules 2443
rms

bond lengths (A) 0.033

bond angles (deg) 2.693
Ramachandran plot (%)

favored 97.8

allowed 2.1

disallowed 0.1
average B-factor (A?)

protein 12.42

coenzymes 8.20

ligands 31.95

waters 22.95

over all 13.54
occupancy of HSCoM per active site (%)° 90/90
occupancy of CoBSH per active site (%)° 50/50

CoBSH analogue, occupancy per active site (% )"
other molecule, occupancy per active site (%)*

CoBsSH, 50/50

MCRcoBssH MCRuscom MCRcopssH MCRcoposH

2427498 1440665 1160543 1425506

446253 405349 211803 401701

50.0—1.40 50.0—1.45 50.0—1.80 50.0—1.45
(1.45—1.40) (1.50—1.45) (1.86—1.80) (1.50—1.45)

99.9 (100.0) 99.5 (99.7) 99.8 (100.0) 98.1 (95.4)

7.3 (44.7) 6.2 (44.0) 8.4 (47.7) 5.6 (42.5)

20.4 (4.0) 202 (3.2) 21.8 (3.9) 243(3.2)

P2| P21 P2] P21

19.89—1.40 20.15—1.45 19.93—1.80 20.07—1.45
(1.44—1.40) (1.49—1.45) (1.84—1.80) (1.48—1.45)

423854 (25833) 384868 (25791) 201128 (11193) 381474 (23611)

22348 (1331) 20362 (1319) 10625 (557) 20163 (1210)

13.04 13.47 14.95 13.58

15.53 16.22 19.54 16.44

0.049/0.051 0.056/0.059 0.121/0.119 0.057/0.060

19960 20265 19750 20036

220 180 24 272

62 52 26 49

2352 2516 1893 2432

0.033 0.032 0.028 0.032

2.625 2.468 2.059 2.549

97.5 97.6 97.2 97.7

2.4 23 2.7 2.1

0.1 0.1 0.1 0.1

13.35 12.12 17.22 12.73

9.24 7.25 11.24 8.27

35.48 28.29 33.76 32.92

24.89 23.85 26.79 24.09

14.57 13.40 18.02 13.93

50/50 100/100 90/90 90/85

50/50 30/30 50/50 40740

CoBSH, 50/50

acetate, 70/70

CoBgSH, 50/50

CoBySH, 60/60

“Values in parentheses correspond to the highest resolution shell. "R—sym = th,ZN i= 1 et —

LnciDI/> S nciN I sum over all reflections and all

observations N, with 7, j) intensity of the jth observation of reflection ikl and I;,;; mean intensity of the reflection 2kl. “R-work = Y [|F,| — |F.||/> | F,|, where
|F,| = observed structure factor amplitude and |F,| = calculated structure factor amplitude. “R-free, R-factor based on 5% of the data excluded from
refinement. “Occupancy of model in each of the two crystallographically independent active sites in the ASU.

analogue. HSCoM is added during purification of MCR, as it
stabilizes the resting active Ni(I) state (unpublished data), and
this leads to HSCoM occupancies between 50% and 100%
among the structures (Table 1). In contrast, CoBSH, which is
not added during purification, has occupancies ranging from
30% to 50%. As these confounding species have all been
described at high occupancy in other crystallographic studies,
the structural data of interest could be isolated (5, 33). In each
case, the additional electron density could be explained by
inclusion of the appropriate CoBySH model used in that experi-
ment at 50% or higher occupancy. The resulting models, along
with 2F, — F electron density, are shown in Figure 3. The Ry«
for the final structures range from 13.0% to 15.0% (Rpwee
15.5—19.5%). The X-ray data collection, processing, refinement,
and model building statistics are given in Table 1.

Analogues Shorter Than CoBSH: CoBsSH and CoBsSH.
CoBsSH is two methylene groups shorter than CoBSH, the MCR
substrate. The MCRc4pssy structure is to 1.3 A resolution. As
expected, the pentanoyl chain follows the path of the CoBSH
heptanoyl carbons down the substrate channel, and thus its thiol
is positioned in the same place as the second carbon preceding the
CoBSH thiol (Figures 3A and 4). There are no published MCR

kinetic studies using CoBsSH, but as it binds in the substrate
channel, it is likely to be an inhibitor.
CoBgSH is one methylene shorter than CoBSH and is a slow

substrate of MCR. In this case the 1.4 A resolution electron
density of MCRc,pgsy indicates that the analogue unexpectedly
binds in the substrate channel such that its thiol is virtually in the
same position as the thiol of CoBSH (Figures 3B and 4). The
hexanoyl chain is oriented so that it takes a shorter route down
the substrate channel between carbons 2 and 5 (with the carbonyl
carbon labeled as carbon 1) than CoBSH (Figure 4, Supporting
Information, Figure S4). This shortcut is not seen in any of the
other CoBySH complex crystal structures but presumably arises
because this CoB¢SH binding conformer is energetically more
favorable, although it is not clear from the structure why this
might be the case. CoBsSH binds very tightly to MCR, with an
apparent K; value of 0.1 uM (3).

Water Structure in the Absence of HSCoM. The electron
density for the MCR,pgsy crystal structure only supported the
modeling of 50% bound HSCoM. In the fraction of MCR
molecules where HSCoM is absent, the HSCoM binding site is
occupied by a network of four water molecules (Supporting
Information, Figure S5). Two waters are positioned close to the
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FIGURE 3: The active sites and substrate channels of the MCR crystal structures: (A) MCRcopssu; (B) MCReopesst; (C) MCRyscoms;
(D) MCRcopssh; (E) MCRcoposh. 2F, — F, electron density map around the CoBySH analogues; waters in the CoBSH binding part of the
channel and the acetate ion (contoured at 1¢) are shown as a blue mesh. The protein is drawn as a cartoon. CoBySH and acetate are drawn as stick
and colored by atom (carbon: CoBsSH, orange; CoB¢SH, pale yellow; CoBgSH, light blue; CoBoSH, magenta; acetate, white). Coenzyme Fg3¢
and HSCoM are drawn as stick colored by atom (carbon: F,3¢, dark gray; HSCoM, medium gray). The nickel is displayed as a green sphere, and
waters are displayed as red spheres. The figure was generated using PyMOL (http://www.pymol.org/).

absent sulfonate oxygen positions of HSCoM. Based on the
presence of positive difference electron density, a third water was
modeled ligated to the Ni and refined to a distance of ~2 A
(2.0and 2.1 A in the two active sites of the ASU) with no distance
restraint imposed between the Ni and water. This water is in a
similar position as the Ni coordinating sulfonate oxygen of the
heterodisulfide product in MCRyjep,, (Supporting Information,
Figure S6, and PDB codes 3m32 and 1hbm) (3, 33). The fourth
water was in the vicinity of the expected position of a bridging
water (W1) seen in other structures (Figures 1 and 3A,C).

Water Structure in the Absence of CoBSH. The 1.45 A
resolution electron density obtained for MCRygcom indicates
that the substrate channel contains only 30% CoBSH. Nine
ordered waters (W1—W?9), along with an acetate ion from the

crystallization solution, occupy the channel, with the acetate
positioned where the phosphothreonine linkage of CoBSH would
be (Figure 3C). Presumably one to two further waters would
replace the acetate under physiological conditions. Other than
W3 and W7, the waters form hydrogen bonds with protein
(Figure 5). One water (W2) occupies the same site as the CoBSH
thiol. Presumably due to the loss of favorable interactions that
exist when CoBSH is present, the hydrophobic side chain of
Valo482 adopts a second conformation modeled at 60% occu-
pancy (Supporting Information, Figure S7).

Position of the “ Bridging” Water, W1. The equivalent of W1
has previously been observed in MCR ¢q1_gient a0d MCR o1 gilent
crystal structures where, in the presence of CoBSH and HSCoM,
it is sited equidistant (3.2 A) between the two coenzyme thiols
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FiGure 4: Overlay of CoBSH (from PDB code lhbn) and the
different CoBSH analogues. CoBySH are drawn as stick with the
thiol represented by a sphere and colored as follows: CoBsSH,
orange; CoBeSH, pale yellow; CoBSH, light green; CoBgSH, light
blue; CoBgSH, magenta. The protein is drawn as a cartoon. Co-
enzyme F430 and HSCoM are drawn as stick colored by atom (carbon:
F430, dark gray; HSCoM, medium gray). The nickel is displayed
as a green sphere. The figure was generated using PyMOL (http://
www.pymol.org/).

(PDB codes 1hbn, lhbo, lhbu) and thus been termed the
“bridging water” (Figure 1) (5, 33). However, in the MCRyscom
structure, due to the presence of the more polarized W2 water,
W1 is displaced away from HSCoM to maximize the hydrogen
bond interaction with W2 (2.9 A to W2; 3.5 A to HSCoM thiol,
Figure 5). In the MCRpssy structure that also contained W2,
the electron density indicated that this repositioning of W1
toward W2 also occurred. In contrast, the MCRcopgsy structure
contained 100% thiol at the CoBSH position but a partial
occupancy of HSCoM (50%). In this case the electron density
for W1 indicated it had moved toward the nickel to form an
optimal hydrogen bond with a Ni-ligating water that was only
present in the absence of HSCoM (3.7 A to CoBSH thiol;
3.0 A to Ni- ligating water, Supporting Information, Figure S5).
In all structures reported here, W1 (if present) appears to be a
sensitive indicator of the relative electronegativity of the Ni-
ligated atom to that occupying the position of the CoBSH thiol
and was a useful check in the crystallographic modeling and
refinement process.

Flexibility in the Substrate Channel: Alternative Protein
Conformers. The binding site of HSCoM (and presumably

Biochemistry, Vol. 49, No. 35, 2010 7689

Arga 225 n?fc“ 29

\ / 31
l /s
'\\Y_B, ~2~.6 26, o— ¢’ Acetate
Metu480§% gH 3.'9‘\-’??6 \\O
od So. 28/ R 2.7
287 .

Meta324 C==0...., " c—%
26/ 30 @ Y Lysa'2562,
—=0 - B -“2 8 \
Leua320 €= R &) e
/NHz.,:_;,z by 5 Tyrp367
,\J-J’C\ B
Asna481 o 33 Yo
YV NH v
Valo482 2 @
135

1 (:\\Sc)3
HS—c HSCoM

FIGURE 5: Hydrogen-bonding diagram for the water structure mod-
eled in MCRyscom. The water molecules are named as in Figure 3C
(WI—W9); WA, WB, and WC are water molecules that are present in
all structures (i.e., in concert with the substrate CoBSH and the
CoBSH analogues). Interactions between surrounding residues and
the water molecules are drawn as dashed lines, and the corresponding
distance is indicated in angstroms (A).

methyl-SCoM) is more deeply buried within the enzyme, and so it
must enter prior to CoBSH for productive chemistry to occur.
As binding of CoBSH in the absence of cosubstrate would be
inhibitory, it was suggested that a conformational change
upon methyl-SCoM binding might lower the K4 for CoBSH
and thus promote an ordered mechanism. Compared to the Thbn
MCR oy 1-silent and Thbu MCR jeqic.silent Crystal structures, which
both have full-occupancy HSCoM, the lower occupancy of
HSCoM in the 1hbo MCR eq-silent Structure was associated with
significantly greater flexibility within the channel and the ability
to model a second conformation of a Gly-rich amino acid stretch
that formed part of the CoBSH channel. This suggested that
methyl-SCoM binding might cause the channel to become more
ordered, increasing the affinity of MCR for CoBSH by con-
formational restriction rather than a switch mechanism where the
structure reorganizes from one well-defined conformer to an-
other (33). In the MCRy5com data containing 30% CoBSH and
100% HSCoM, the F, — F_ difference electron density map at
one of the two independent active sites in the ASU contained
positive peaks that suggested the presence of an alternate
conformation also involving this part of the polypeptide
(Supporting Information, Figure S8). Using this as a guide, a
similar second conformation involving seven contiguous amino
acid residues of the same Gly-rich amino acid stretch ($366—372)
could be modeled and refined at 20% occupancy leaving no
residual difference density. Parts of the o subunit (a/111—129
and o/237—242) that are in close proximity to this stretch of
amino acids also exhibit second conformations, with the main-
chain carbonyl of 0'243 in van der Waals contact with the B ring
of Fy3 tetrapyrrole (Supporting Information, Figure S9). Mod-
eling these at 20% occupancy accounted for the weak positive
F, — F_difference electron density peaks observed in these areas.
The evidence of alternate conformers in these areas lends support
to the proposal that increased flexibility in the substrate channel
propagates through the protein (33).

The MCRcopgsy crystal structure contains 50% CoB4SH,
50% CoBSH, and 50% HSCoM. In this case there is no evidence
of an alternate loop conformation in either active site of the ASU.
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FIGURE 6: Stereo image of the annulus of aromatic amino acids proxi-
mal of coenzyme F 3. The protein is drawn as a cartoon with the side
chains of the aromatic residues drawn as white stick. CoBSH (from
PDB code 1hbn (9)), CoBgSH, and CoBySH are drawn as stick with
the thiols represented by spheres, and colored as follows: CoBSH, light
green; CoBgSH, light blue; CoBoSH, magenta. Coenzyme Fy30 and
HSCoM are drawn as stick colored by atom (carbon: Fy3¢, dark gray;
HSCoM, medium gray). The nickel is displayed as a green sphere. The
figure was generated using PyMOL (http://www.pymol.org/).

However, as CoBSH and CoBsSH combined are at 100%
occupancy, it is not surprising their favorable interactions with
the substrate channel would reduce conformational disorder,
despite the partial occupancy of HSCoM.

Analogues Longer Than CoBSH: CoBgSH and CoBySH.
Both analogues could be accommodated in the MCR substrate
channel (Figure 3D,E). The electron density supported final
models containing 50% CoBgSH for MCRcopgsp (1.8 A re-
solution) and 60% CoBoSH for MCRcposy (1.45 A resolution).
The phosphate headgroups are in identical positions to those
of CoBSH, CoBsSH, and CoB«SH (Figure 4) (5, 33). Both
analogues follow the crystallographically observed chain path
of bound CoBSH, with the extra atoms displacing the W1 water
and placing the thiols closer to the nickel (Figure 6). CoBoSH
does have a second conformer that deviates from the CoBSH
path, but the thiol position for this conformer and the CoBSH-
tracking conformer are identical (Figure 3E and Supporting
Information, Figure S10). Interestingly, the thiol of CoBgSH is
not coincident with the CoBoSH carbon that precedes the
CoBySH thiol (Figure 6). CoBgSH is an MCR inhibitor with
an apparent K; of 15 uM (3). CoBoSH has never been tested
for inhibition of MCR-catalyzed methane formation, but it is
reasonable to assume that it would be an inhibitor.

CoBySH Thiol-to-Nickel Spatial Relationship. The posi-
tion of CoBSH in previous crystal structures poses a conun-
drum (3, 33). In all the proposed catalytic mechanisms, CoBSH
must interact with species generated at the nickel. Perplexingly,
the sulfur of the CoBSH substrate is 8.8 A from the Ni(II) in the
MCR oy sitent ad both MCR ¢4 1_gilen¢ Crystal structures and 6.4 A
from the thiol of the substrate analogue HSCoM (Figure 1).
Modeling studies demonstrated that the addition of a methyl
group to HSCoM did not bridge this gap (35, 45, 53). Therefore, a
conformational change has been postulated that would enable
CoBSH to penetrate deeper into the substrate channel and thus
approach closer to any nickel-bound species. The heterodisulfide
product in the MCRg;, crystal structure has the CoBSH portion
in virtually the same place as in MCR yy;_gjient, g1Ving no clue to
possible structural changes that might occur to facilitate CoBSH
reacting with nickel-associated intermediates (5, 33).

Trigonometry suggests that if the alkanoyl chain of CoBSH or
its analogue is in an extended conformation, each additional unit
in the chain would lead to the thiol moving ~1.2 A toward the Ni.
Until this study there have been no crystal structures of CoBSH
analogues in complex with MCR, so mechanistic studies using
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Table 2: Distances from Analogue Thiols

CoByS—SCoM CoByS—Ni

distance (A) distance (A)
CoBsSH 7.11/7.11¢ 9.30/9.30
CoB¢SH 6.26/6.26 8.70/8.70
CoB-SH (substrate)” 6.37/6.39 8.73/8.77
CoBgSH 3.75/3.78 6.16/6.17
CoBySH 3.71/3.68 5.96/5.91

”Dlstances in the two crystallographically independent active sites in
the ASU. ’Distances in the 1.16 A resolution MCR 4 ilent Structure
(PDB code 1hbn) (33).

different chain length analogues of CoBSH assumed that shorter
analogues would trace the observed path of CoBSH and longer
analogues would penetrate about ~1.2 A deeper per additional
chain unit into the channel. In the case of the shortest analogue
CoBsSH, it does indeed follow the path of CoBSH, with the thiol
of CoBsSH being 2.8 A away from the thiol position of CoBSH.
However, due to the conformation CoBSH adopts when bound
in the substrate channel, the difference in the S—Ni distance is
small, the CoBsSH thiol being only 0.5 A farther from the Ni
than CoBSH (8.8 A for CoBSH vs 9.3 A for CoBsSH) (Table 2).
This is due to the alkanoyl chain of CoBSH not being in an
extended conformation from carbons 4 to 6 (carbon 1 is the
carbonyl carbon). CoB4SH, on the other hand, adopts a con-
formation that places its thiol in virtually the same position as the
thiol of CoBSH (Figure 4 and Table 2). This is consistent with
CoB¢SH being a substrate. However, the k., is 1000-fold lower
than for CoBSH (3, 35) although its K}, value (180 uM; Dey and
Ragsdale, in preparation) is similar to that of CoBSH (K,,, = 75
UM (3)). The reason for this may be that the shorter alkanoyl
chain may not enable the analogue thiol to approach the nickel
close enough for efficient catalysis and thus explain why CoBsSH
is such a poor substrate.

In the case of the longer CoByxSH analogues, the sulfur of
CoBgSH is 2.6 A closer to the Niion of F 430 than that of CoBSH
and 2.5 A closer to the thiol of HSCoM (Figure 6 and Table 2).
The CoBySH molecule follows the path of CoBSH and reaches
only a little further into the substrate channel than CoBgSH, with
the CoBoSH thiol positioned 2.9 A closer to the Ni than the thiol
of CoBSH (Figure 6 and Table 2). This is only 0.3 A closer than
the distance observed for the CoBgSH thiol, even though they are
noncoincident. The distance to the thiol of HSCoM is 2.6 A
closer than that of the substrate, CoBSH, only 0.1 A closer than
the CoBgSH thiol. The two analogue thiols are above an annu-
lar hydrophobic aromatic environment created by Phea330,
Tyra333, Phead43, Phef361, and Tyrf367 that lies between
them and F43, (Figure 6). As a result, penetrating further into the
channel may be energetically unfavorable, consistent with the
small difference in relative distances between the CoBgSH/
CoBySH thiols and the HSCoM thiol/F 434 nickel. The annulus
is proposed to be catalytically important in positioning methyl-
SCoM and stabilizing the methane product, and the tyrosines
have been proposed to be proton donors associated with
mechanism IT (Scheme 2B) (5, 33).

Thus, there appear to be three preferential distances for thiols
(including that of HSCoM) within the MCR substrate channel:
CoB4SH/CoBSH at 8.7-8.8 A, CoBgSH/CoB,SH at 5.9-6.2 A,
and HSCoM at 2.4 A from the nickel of F430 (Table 2).

Recent ENDOR, high-field continuous and pulse EPR
work has identified changes in nickel coordination when CoBSH
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is added to MCR,¢q;c (active Ni(I)-MCR,q; + HSCoM)
(14, 15, 18, 31). This generates up to 50% MCR,.4> Which is
comprised of two distinct nickel coordination geometries: an
axial MCRg», formally assigned as a Ni(Ill)-hydride and a
rhombic MCR 4>, in which the thiol of HSCoM is a Ni(I) ligand
(Supporting Information, Scheme S1). Formation of MCR 4>
could also be induced by addition of CoBSH substrate analogues
CoBS-CH; and CoBS-CF;, which have a chain length one unit
longer than substrate CoBSH (8, 53). The CoBS-CF; enabled "°F-
ENDOR studies to be performed and demonstrated that following
CoBS-CF; addition the remaining MCR q; species had Ni(I)— P
distances of 6.2—7.7 A. This distance range agreed with a CoBS-
CF; model created using the CoBSH position observed in the
MCR oy sitent crystal structure (53). However, in the MCRq»
species the Nl(I)— °F distances had shortened, indicating a move-
ment of ~2 A toward the nickel (MCReq2a Ni(I)— F, 4.0-5.5 A;
MCReqor Ni()—"°F, 4.5-5.7 A) In the case of the CoBgSH
analogue (the closest equivalent to CoBS-CF; used in this study)
the thiol to Ni(IT) distance lies between the distance ranges observed
in the CoBS-CFj studies, and so the fluorine(s) of the CoBS-CF; in
MCR.q» might penetrate a little further into the hydrophobic
annulus in the MCR 4, species. As the alkanoyl chain of CoBSH is
not fully extended, it could easily undergo a similar conformation
change to that observed in the MCR 45 state.

Reaction of MCR Ni(IIl)-Alkyl Species with CoBgSH
and CoBoSH. The two longer CoBySH analogues have
been shown to undergo alkylation when reacted with MCRps,
a [Ni(IIT)-propyl <= Ni(II)-propylsulfonate radical] formed from
reaction of Ni(I)-MCRq; with bromopropanesulfonate (BPS)
(Supporting Information, Scheme S1) (20, 23, 30, 45, 54). BPS is
a substrate of MCR,.q; in a reaction that involves a rapid
CoBSH-independent nucleophilic attack by Ni(I) on BPS to
displace bromide and generate MCRpg at a rate ~60-fold
faster than generation of methane from CoBSH and methyl-
HSCoM (20, 45). Certain thiols can eliminate the propylsulfo-
nate to yield a thioether product and regenerate MCR,qy,
although at a rate 1000-fold slower than methane formation (45).
Both CoBgSH and CoBySH can react with MCRpg to regenerate
MCR,.q;, but CoBSH cannot. The overall second-order rate
constant for the reactivation of MCR by CoBgSHis 160 M 's™!
whereas for CoBoSH the reaction is more sluggish (12 M~ 71)
CoBySH might be expected to be closer to the proximal Ni ligand.
It was therefore proposed that this caused steric interference and
explained why CoBoSH was a poorer reactivator of MCR than
CoBgSH. Our study has shown that the thiols of these two
analogues are placed such that they are approximately the same
distance (~3.7 A) from the thiol of HSCoM ligated to the Niatom
(Table 2). The Ni(II)-HSCoM bond is 2.4 A, whereas an
Ni(IIT)—alkyl bond is expected to be ~2 A (24, 33), indicating
that a conformational change is required to effect the nucleophilic
attack of the CoBgSH and CoBoSH thiols on an alkyl-bound
species. It would appear that a conformational change, such as
observed in MCR ¢, is required for this chemistry also (53).

A Ni(IIl)-alkyl species is akin to the first intermediate in
mechanism I of MCR-catalyzed methane formation, Ni(III)-methyl
(MCRye, Supporting Information, Scheme SI, Scheme 2A)
(11, 27). MCRy,e has been shown to be capable of generating
MCR¢q; and methyl-SCoM upon addition of HSCoM (which is
the reverse of mechanism I, step 1, Scheme 2A), similar chemistry
to the observed formation of a thioether product from the
Ni(Ill)-alkyl. Further addition of CoBSH following HSCoM
treatment of MCRy, led to methane and heterodisulfide forma-
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tion, the natural products of methanogenesis. Although this lends
credence to mechanism I, it should be noted that, like MCRpg,
MCRy,. in these experiments was generated artificially. The
MCRcoposy crystal structure demonstrates that the two addi-
tional methylene units in the alkanoyl chain, cf. CoBSH, do not
necessarily translate into direct interaction of the thiol with the
nickel proximal ligand. However, this could represent the favor-
able position for a CoBSH thiol interacting with the methyl group
of methyl-SCoM. Just as the alkanoyl chain of CoB¢SH has a
more extended conformation than CoBSH in the substrate
channel, CoBSH could also adopt a more extended conformation
so that its thiol was in a similar position as the thiol of CoBgSH,
priming it for reaction with a nickel-bound species.

If a significant conformational change is required early in
MCR-catalyzed chemistry, which would be a requirement of
mechanism [, catalysis may well involve a rearrangement of the
aromatic amino acid annulus due to the presence of the methyl
of methyl-SCoM, and this might enable deeper penetration of
CoBSH into MCR (Figure 6). All of the crystal structures in this
study, and those solved previously, are of the inactive Ni(Il)-
MCR, which appears to disfavor close approach to the nickel in
the absence of Ni(I)-bound methyl-SCoM, even in the case of
COBQSH.

CONCLUSION

The goal of this study was to induce structural changes within
the substrate channel and active site of MCR using analogues of
coenzyme CoBSH. It was hoped that this would shed light on the
nature of conformational changes that have been proposed to
occur in MCR catalysis. We have shown that the CoB,SH
analogues do not lead to any significant conformational changes
within the context of inactive Ni(II)-MCR. Therefore, it may be
that methyl-SCoM is the key coenzyme, in combination with a
nickel oxidation state of +1 (and +3), that triggers a conforma-
tional change bringing the thiol of CoBSH closer to the nickel.
Thus, the crystal structure of the Ni(I)-methyl-SCoM/MCR
complex may be the key to structurally define conformational
changes required for MCR-mediated chemistry.
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