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Methyl coenzyme M methylreductase from acetate-grown Methanosarcina thermophila TM-1 was purified
16-fold from a cell extract to apparent homogeneity as determined by native polyacrylamide gel electropho-
resis. Ninety-four percent of the methylreductase activity was recovered in the soluble fraction of cell extracts.
The estimated native molecular weight of the enzyme was between 132,000 (standard deviation [SD], 1,200) and
141,000 (SD, 1,200). Denaturing polyacrylamide gel electrophoresis revealed three protein bands correspond-
ing to molecular weights of 69,000 (SD, 1,200), 42,000 (SD, 1,200), and 33,000 (SD, 1,200) and indicated a
subunit configuration of o, 8,v;. As isolated, the enzyme was inactive but could be reductively reactivated with
titanium (III) citrate or reduced ferredoxin. ATP stimulated enzyme reactivation and was postulated to be
involved in a conformational change of the inactive enzyme from an unready state to a ready state that could
be reductively reactivated. The temperature and pH optima for enzyme activity were 60°C and between 6.5 and
7.0, respectively. The active enzyme contained 1 mol of coenzyme F,;, per mol of enzyme (M., 144,000). The
K,s for 2-(methylthio)ethane-sulfonate and 7-mercaptoheptanoylthreonine phosphate were 3.3 mM and 59

M, respectively.

Methanogenic bacteria obtain energy for growth by reduc-
ing carbon dioxide to methane or converting the methyl
group of acetate, methanol, or methylated amines to meth-
ane. 2-(Methylthio)ethane-sulfonate (CH5-S-CoM) is a com-
mon intermediate that is reductively demethylated to CH, by
methyl coenzyme M methylreductase. The extensively stud-
ied methylreductases have a native molecular weight of
approximately 300,000 and a subunit composition of a,f,7y,.
In addition, these methylreductases contain 2 mol of a
nickel-containing tetrahydrocorphin (coenzyme F,;;) per
mol of enzyme (M,, 300,000). The methylreductase from
Methanobacterium thermoautotrophicum AH is the most
extensively characterized (11, 14, 15, 26, 29-31, 33, 34, 36);
the enzyme is one component of the H,-dependent methylre-
ductase system, which has been reconstituted with protein
fractions Al, A3a, and A3b, purified protein A2, and C (the
methylreductase) (26, 34, 36). Only components A2 (34) and
the methylreductase (15) have been purified to homogeneity.
As isolated, the methylreductase must first be reactivated
which is thought to occur by reduction of Ni(II) to Ni(I) in
F,5, (4). Reductive reactivation requires components A3a,
A2, and ATP. H, is oxidized by a hydrogenase in component
A3b to provide electrons for the reactivation. Titanium (III)
citrate can replace H, and component A3b as an alternative
source of electrons. Once reactivated, the electron donor to
the methylreductase is 7-mercaptoheptanoylthreonine phos-
phate (HS-HTP) and the products of the reaction are CH,
and the heterodisulfide of HS-CoM and HS-HTP. The het-
erodisulfide is then reduced by H, and component Al to
2-mercaptoethanesulfonate (HS-CoM) and HS-HTP.

Methyl coenzyme M methylreductases from Methanosar-
cina spp. have not been extensively characterized. Here we
present a characterization of the methylreductase from ace-
tate-grown Methanosarcina thermophila which displays
novel features. The enzyme as isolated had a subunit com-
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position of «;3;v; and a native molecular weight of approx-
imately 144,000. Reduced ferredoxin could reductively reac-
tivate the enzyme; ATP was not required but stimulated the
reactivation.

MATERIALS AND METHODS

Organism, culture conditions, and preparation of cell ex-
tracts. M. thermophila (45) was grown on acetate, and
extracts were anaerobically prepared with a French pressure
cell as described previously (38).

Separation of membranes and soluble components by su-
crose density gradient centrifugation. All manipulations were
performed in a Coy anaerobic chamber (Coy Laboratory
Products, Ann Arbor, Mich.)-containing N,-H, (95:5). Su-
crose solutions were in 50 mM potassium phosphate buffer
(pH 7.0) containing 10 mM ethylene glycol and 10 mM
2-mercaptoethanol. The solutions were layered in polycar-
bonate centrifuge tubes (16 by 78 mm) fitted with gas-tight
screw caps. The gradient contained the following percent
(weight/volume) sucrose layers: 75%, 1.0 ml; 30%, 1.5 ml;
25%, 1.5 ml; and 20%, 3.5 ml. The cell extract (1.0 ml) was
layered over the gradients and centrifuged in a Beckman 50
Ti fixed angle rotor (90 min, 250,000 X g, 4°C). Fractions
were collected anaerobically and stored at —20°C until use.

Enzyme assay. The general anaerobic procedures for en-
zyme assays were as previously described (37). Methyl
coenzyme M methylreductase assays were performed at
55°C in butyl rubber-sealed Wheaton (Milville, N.J.) serum
vials (8 ml) that contained N, at 1 atm (101 kPa) of pressure.
The standard assay (0.5 ml) contained 100 mM MES [potas-
sium 2-(N-morpholino)ethanesulfonate] (pH 6.5 at 55°C), 2
mM ATP, 20 mM MgCl,, 5 mM CH,;-S-CoM, 1 mM titanium
(I1I) citrate, 100 oM HS-HTP, and 50 to 100 pg of protein.
The reaction mixture was preincubated for 1 min at 55°C.
Reactions were initiated by the addition of the enzyme.
Methane was analyzed by gas chromatography with a Varian
3700 gas chromatograph equipped with a Porapak QS col-
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umn, nitrogen carrier gas (15 ml min™'), and a flame ioniza-
tion detector. Rates were calculated from the linear portion
of the time course and were expressed as milliunits (1 mU is
equal to 1 nmol of CH, formed per min).

Enzyme purification. All procedures for purification of the
methyl coenzyme M methylreductase were done in the Coy
anaerobic chamber at 23°C. The cell extract (40 ml) was
applied to a 2.5- by 15-cm Q-Sepharose column (Pharmacia
LKB Biotechnology, Inc., Piscataway, N.J.) equilibrated
with 50 mM potassium phosphate buffer (pH 7.0) containing
10 mM ethylene glycol and 10 mM 2-mercaptoethanol. The
column was developed with 300 ml of a linear gradient from
0 to 1 M KClI applied at 4 ml min~!. The peak fraction of
methyl coenzyme M methylreductase activity eluted at 0.43
M KCI. The most active fractions were pooled and diluted
with an equal volume of 2 M potassium acetate in 50 mM
potassium phosphate buffer (pH 7.0) containing 10 mM
2-mercaptoethanol. The protein solution was applied to a
Phenyl-Superose 5/5 column (Pharmacia) equilibrated with
50 mM potassium phosphate buffer (pH 7.0) containing 1 M
potassium acetate and 10 mM 2-mercaptoethanol. The col-
umn was washed with 1 M potassium acetate in the same
buffer at 0.25 ml min~'. Methyl coenzyme M methylreduc-
tase eluted in the pass-through fraction. Glycerol was added
to a final concentration of 10% (wt/vol) before the enzyme
was stored in liquid N,. The carbon monoxide dehydroge-
nase (CODH) enzyme complex (41), the nickel/iron-sulfur
and corrinoid/iron-sulfur components of the complex (2),
and ferredoxin (39) were purified as described previously.

Analytical. Protein was determined by the Bradford assay
(9) with the Bio-Rad protein dye reagent (Bio-Rad Labora-
tories, Richmond, Calif.) and bovine serum albumin (Sigma
Chemical Co., St. Louis, Mo.) as a standard. Coenzyme F 5,
was quantitated using a molar extinction coefficient of 21,000
M~! cm™! (43) after release from the methylreductase by
boiling the purified enzyme in 80% methanol (11).

Polyacrylamide slab gel electrophoresis was performed
under denaturing (with sodium dodecyl sulfate) or nondena-
turing (without sodium dodecyl sulfate) conditions on 1.5-
mm, 10% polyacrylamide gels as described previously (22).
Protein was stained with Coomassie brilliant blue R-250
(Sigma). The native molecular weight was electrophoreti-
cally determined by the method of Hedrich and Smith (17)
with 5, 6, 7, 8, and 10% polyacrylamide gels and also by gel
filtration with a Superose 12/30 column (Pharmacia). Purified
methyl coenzyme M methylreductase (1 mg) and molecular
weight standards (ferritin, catalase, aldolase, bovine serum
albumin) were applied to a column equilibrated with 50 mM
potassium phosphate buffer (pH 7.0) containing 150 mM
KCI. The flow rate was 0.25 ml min~?.

N-terminal analysis was performed as follows. Purified
methyl coenzyme M methylreductase was electrophoresed
on a 10% denaturing polyacrylamide gel. The methylreduc-
tase was electroblotted onto a polyvinylidene difluoride
membrane (Millipore Corp., Bedford, Mass.) as described
previously (24). N-terminal sequences were determined on a
model 470 gas phase peptide sequencer (Applied Biosys-
tems, Inc., Foster City, Calif.) at the Virginia Polytechnic
Institute and State University Protein Sequencing Facility.
The phenylthiohydantoin derivatives were identified with an
on-line Applied Biosystems liquid chromatograph.

Chemicals. Titanium (III) citrate was prepared and stored
under N, as described previously (44). HS-HTP was synthe-
sized as described previously (28) and was stored under N,.
All chemicals were of reagent grade or better and of the
highest purity available from Sigma or Fisher Scientific
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TABLE 1. Representative purification of methyl coenzyme M
methylreductase from M. thermophila

Ste Vol Protein Total Spact Yield Purification
P (m) (mg) mU* (mUmg) (%) (fold)
Cell extract 40 409 5,603 14 100 1
Q-Sepharose 10 40 2,745 69 49 S
Phenyl superose 5 8.5 1,905 224 34 16

“ One milliunit equals 1 nmol of methane formed per min.

(Pittsburgh, Pa.). Molecular weight markers for native poly-
acrylamide gel electrophoresis and gel filtration were from
Pharmacia. Molecular weight markers for denaturing poly-
acrylamide gel electrophoresis were from Bio-Rad.

RESULTS

Purification. Approximately 94% of the methyl coenzyme
M methylreductase activity in cell extracts (15 mU/mg) of M.
thermophila was recovered in the soluble fraction after cells
were lysed in a French pressure cell; no activity was
detected in the membrane fraction. The enzyme from M.
thermophila was purified 16-fold from the cell extract (Table
1) to apparent homogeneity, as indicated by a single protein
band after nondenaturing gel electrophoresis (Fig. 1A). The
purified enzyme was fully active after 11 h at 4°C or after
three freeze-thaw cycles. The enzyme lost 28% of the
original activity after 2 h at 23°C under a N, atmosphere.

Properties. Methylreductase activity was optimum at 60°C
and between pH 6.5 and 7.0 (Fig. 2). Nondenaturing slab gel
electrophoresis by the method of Hedrick and Smith (17) or
gel filtration with a Superose 12 column, gave estimated M,s
of 132,000 (standard deviation [SD], 1,200) and 141,000 (SD,
1,200), respectively. Denaturing electrophoresis resolved
three subunits «, B, and vy, with M_s of 69,000 (SD, 1,200),
42,000 (SD, 1,200), and 33,000 (SD, 1,200), respectively (Fig.
1B). Determination of molecular weights was based on three
replicate determinations. Scanning densitometry indicated a
1.0:1.2:1.1 ratio, which suggested a subunit configuration of
a;B,y; with a molecular weight of 144,000. The visible
spectrum of the purified enzyme showed a band at A,,, (data
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FIG. 1. (A) Native polyacrylamide gel electrophoresis of the
fractions obtained during the purification of methyl coenzyme M
methylreductase from M. thermophila. Lanes: 1, 20 ng of cell
extract; 2, 20 pg of partially purified methylreductase from the
Q-Sepharose column (Table 1); 3, 20 wg of purified methylreductase
from Phenyl-Superose column (Table 1). (B) Purified methylreduc-
tase (20 pg) run under denaturing conditions (with sodium dodecyl
sulfate). Molecular weight markers include rabbit muscle phospho-
rylase b (97,400), bovine serum albumin (66,200), hen egg white
ovalbumin (42,700), bovine carbonic anhydrase (31,000), and soy-
bean trypsin inhibitor (21,500).






