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During the methanogenic fermentation of acetate by Methanosarcina thermophila, the CO dehydrogenase
complex cleaves acetyl coenzyme A and oxidizes the carbonyl group (or CO) to CO,, followed by electron
transfer to coenzyme M (CoM)-S-S-coenzyme B (CoB) and reduction of this heterodisulfide to HS-CoM and
HS-CoB (A. P. Clements, R. H. White, and J. G. Ferry, Arch. Microbiol. 159:296-300, 1993). The majority of
heterodisulfide reductase activity was present in the soluble protein fraction after French pressure cell lysis.
A CO:CoM-S-S-CoB oxidoreductase system from acetate-grown cells was reconstituted with purified CO
dehydrogenase enzyme complex, ferredoxin, membranes, and partially purified heterodisulfide reductase.
Coenzyme F,,, (F,,,) was not required, and CO:F,,, oxidoreductase activity was not detected in cell extracts.
The membranes contained cytochrome b that was reduced with CO and oxidized with CoM-S-S-CoB. The
results suggest that a novel CoM-S-S-CoB reducing system operates during acetate conversion to CH, and
CO,. In this system, ferredoxin transfers electrons from the CO dehydrogenase complex to membrane-bound
electron carriers, including cytochrome b, that are required for electron transfer to the heterodisulfide
reductase. The cytochrome b was purified from solubilized membrane proteins in a complex with six other
polypeptides. The cytochrome was not reduced when the complex was incubated with H, or CO, and H, uptake
hydrogenase activity was not detected; however, the addition of CO dehydrogenase enzyme complex and

ferredoxin enabled the CO-dependent reduction of cytochrome b.

The methanogenic members of the domain Archaea obtain
energy for growth by three principal pathways: (i) the fermen-
tation of acetate to CH, and CO, (13), (ii) reduction of CO, to
CH, with formate or H, (42), and (iii) conversion of the methyl
groups of methanol or methylamines to CH, (23). Most of the
methane in nature derives from acetate. In the first steps of the
fermentation, acetate is converted to acetyl coenzyme A
(acetyl-CoA) that is cleaved at the C-C and C-S bonds by a
CO dehydrogenase enzyme complex, yielding enzyme-bound
methyl and carbonyl groups. The methyl group is transferred
to tetrahydrosarcinapterin (H,SPT) by an unknown process
and then to coenzyme M (2-mercaptoethanesulfonic acid;
HS-CoM) catalyzed by CH;-H,SPT:HS-CoM methyltrans-
ferase. The resulting CH;-S-CoM is reductively demethylated
to methane catalyzed by methylreductase (reaction 1), utilizing
the electron donor HS-HTP (7-mercaptoheptanoylthreonine
phosphate), hereafter referred to as coenzyme B (HS-CoB):

CH,-S-CoM + HS-CoB — CH,, + CoM-S-S-CoB (1)

The heterodisulfide CoM-S-S-CoB, formed as a consequence
of reaction 1, is reduced to the corresponding active sulfhydryl
forms of the cofactors (reaction 2) by heterodisulfide reduc-
tase:

2e” + 2H* + CoM-S-S-CoB — HS-CoM + HS-CoB (2)

The electron pair required for reaction 2 derives from oxida-
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tion of the carbonyl group of acetyl-CoA to CO, by the CO
dehydrogenase complex. Exogenous CO can substitute for the
carbonyl group. Ferredoxin is the electron acceptor for the CO
dehydrogenase complex (1) and is required for methanogen-
esis from acetate in cell extracts (16, 20). Reactions 1 and 2 are
common to all pathways for methanogenesis, and electron
transport leading to reduction of the heterodisulfide is coupled
to the generation of ion gradients for ATP synthesis (33). The
generation of an ion gradient during the fermentation of
acetate implies a membrane-bound electron transport chain;
however, the involvement of membranes is unresolved. Mem-
branes are not required for the CO-dependent reduction of
CoM-S-S-CoB by extracts of acetate-grown Methanosarcina
barkeri (20); however, the authors point out that the in vivo
reaction differs considerably from that in extracts, and there-
fore the results do not rule out a participation of membrane-
bound carriers.

Two heterodisulfide-reducing systems have been described.
In the pathway for methanol utilization by Methanosarcina
mazei GO1 (32) and Methanolobus tindarius, a coenzyme F,,,
(F420)H, dehydrogenase donates electrons from F,, H, to
membranes which contain cytochrome b and heterodisulfide
reductase (11). In CO,-reducing species, a hydrogenase is the
proposed electron donor to membrane-bound carriers which
donate electrons to a soluble heterodisulfide reductase (10,
19); cytochromes are not involved in this system. Here we
describe the reconstitution of a novel CO:heterodisulfide
oxidoreductase system from acetate-grown Methanosarcina
thermophila in which ferredoxin is the electron donor to a
membrane-bound electron transport chain including cyto-
chrome b.

The name CoB is used here to replace HS-HTP. The name,
coined by Wolfe (43), is more indicative of a cofactor function
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and consistent with the first published report which referred to
the cofactor as “component B” (35).

MATERIALS AND METHODS

Materials. HS-CoB and CoM-S-S-CoB were synthesized as
previously described (4, 34). The 7-bromoheptanoic acid was
from Schweizer-Hall, South Plainfield, N.J. Dimethoxybenzi-
dine was from Eastman Kodak Co., Rochester, N.Y. F,,,
purified from Methanobacterium formicicum, was a gift from
Steve Baron. All other chemicals were of reagent grade and
obtained from Sigma Chemical Co., St. Louis, Mo., or Fisher
Scientific, Pittsburgh, Pa.

Preparation of cell extract, soluble proteins, and mem-
branes. M. thermophila TM-1 (44) was grown on acetate,
harvested anaerobically, and stored in liquid N, as previously
described (38). All steps were performed anaerobically under
an atmosphere of N, and at 4°C unless noted otherwise.
Manipulations were performed in an anaerobic chamber (Coy
Laboratory Products, Ann Arbor, Mich.) containing N, and H,
(95:5). Cell extract was prepared anaerobically as described
before (41) except that buffer A or buffer B was used where
indicated. Buffer A was 100 mM bis-Tris HCl (bis[2-hydroxy-
ethyl]imino-tris[hydroxymethylJmethane; 2-bis[2-hydroxyethyl]
amino-2-[hydroxymethyl]-1,3-propanediol), pH 6.8, containing
10% glycerol. Buffer B was 50 mM potassium phosphate, pH
6.8. Soluble proteins and membranes were obtained by sucrose
gradient ultracentrifugation of cell extract (prepared with
buffer A) as previously described (40) except that buffer C was
used in the gradient. Buffer C was 50 mM bis-Tris HCI, pH 6.8,
containing 10% glycerol.

Enzyme preparations. (i) Cytochrome b. Cell extract (pre-
pared with buffer B) was centrifuged at 150,000 X g for 2.5 h.
The pellet, containing the membrane fraction, was suspended
in an equal volume of aerobic buffer B containing 4% (vol/vol)
Triton X-100 and placed on a rocking platform (20 cycles per
min) for 4 h at 4°C. The solubilized membranes were centri-
fuged at 150,000 X g for 1 h, and the supernatant solution was
stored at —20°C until use. The solution (2 ml, 15 mg of
protein) was loaded onto a Mono Q 10/10 column (Pharmacia)
preequilibrated with aerobic buffer B containing 0.2% (vol/vol)
Triton X-100. The column was washed with 2 column volumes
of the same buffer and then developed with a linear gradient
increasing from 0 to 1.0 M NaCl. The purification was also
performed anaerobically in an anaerobic chamber.

(ii) Heterodisulfide reductase. All manipulations were per-
formed anaerobically. Column chromatography was per-
formed with a fast protein liquid chromatography system
(Pharmacia, Uppsala, Sweden) plumbed with oxygen-imper-
meable Saran (Pyramid Plastics Inc., Hope, Ark.) or PEEK
(Upchurch Scientific, Oak Harbor, Wash.) tubing. Cell extract
(made with buffer A) was centrifuged at 150,000 X g for 2.5 h,
and the supernatant solution was stored at —20°C until use.
The solution (2 ml containing 60 mg of soluble proteins) was
mixed with an equal volume of buffer D and applied to a Mono
Q 10/10 column. Buffer D was buffer C containing 0.2%
(vol/vol) Triton X-100 and 2 mM dithiothreitol. Triton X-100
was not necessary to solubilize the reductase since membranes
were removed by ultracentrifugation of cell extract; rather,
Triton X-100 seemed to improve the purification. The column
was washed with 2 column volumes of the same buffer. The
protein fraction, containing the partially purified reductase,
was batch eluted with 200 mM NaCl in buffer D.

(iii) CO dehydrogenase and ferredoxin. The CO dehydro-
genase enzyme complex and ferredoxin were purified to ho-
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mogeneity from M. thermophila as previously described (40,
41).

Enzyme assays. CO dehydrogenase activity was assayed at
21°C with methyl viologen (MV) or F,,, as the electron
acceptor as previously described (39). A unit of activity is 2.0
pmol of MV or 1.0 pmol of F,,, reduced per min. Heterodis-
ulfide reductase was routinely assayed at 21°C by monitoring
the oxidation of reduced viologen dye as described before (18)
except that MV was used in place of benzyl viologen. One unit
of activity is 1 wmol of CoM-S-S-CoB reduced per min.
Activity was also determined by analysis of free thiols by using
5,5'-dithiobis-2-nitrobenzoic acid (12) as described before (9).
Hydrogenase activity was determined by monitoring the reduc-
tion of MV as described previously (2).

Analytical methods. Protein concentrations were deter-
mined by the dye-binding method of Bradford (7), using
Bio-Rad dye reagent (Bio-Rad, Richmond, Calif.) and bovine
serum albumin as the standard. Ferredoxin was determined by
the bicinchoninic acid assay (Pierce, Rockford, Ill.), using
lyophilized ferredoxin purified from M. thermophila as the
standard.

Spectra were obtained with a Lambda 6 (Perkin-Elmer,
Norwalk, Conn.) spectrophotometer equipped with an end-on
photomultiplier tube and Perkin-Elmer computer software.
The cytochrome b content of membranes was calculated from
the absorption difference (4555 minus As,,), using an extinc-
tion coefficient of 17.5 mM~* cm ™! (37). Binding of CO to
reduced cytochrome was performed as described previously
(27), except where indicated, using a model 8452A diode array
spectrophotometer (Hewlett-Packard, Palo Alto, Calif.).

Protein samples were analyzed by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE), using the
Laemmli method (29) and 15% polyacrylamide slab gels as
described before (36). To avoid damage to heme centers,
protein samples were not exposed to 2-mercaptoethanol or
boiled prior to electrophoresis unless noted otherwise. Native
PAGE was performed as described above except that SDS was
omitted. Dimethoxybenzidine was used to stain gels for heme-
derived peroxidase activity as previously described (17).

RESULTS

Reconstitution of a CO:heterodisulfide oxidoreductase sys-
tem. Cell extracts contained heterodisulfide reductase activity
(MYV assay) of 1.0 U/mg of protein, similar to that reported for
acetate-grown M. barkeri (20). Following ultracentrifugation of
M. thermophila cell extract (300 mg of protein) in an anaerobic
sucrose gradient, the membrane and soluble fractions con-
tained 17 and 83%, respectively, of the total activity recovered
(283 U). The results suggest that the reductase is not intrinsic
to the membrane but do not rule out the possibility that the
enzyme is loosely associated with the membrane and is disso-
ciated during French pressure cell lysis. The enzyme was
partially purified by Mono Q column chromatography from the
soluble fraction of M. thermophila extracts to resolve it from
CO dehydrogenase, ferredoxin, and F,,,. The fractionation
resulted in a 70% recovery, with nearly a twofold increase in
specific activity (1.8 U/mg) obtained in the MV assay. Glycerol
was absolutely required to stabilize the heterodisulfide reduc-
tase activity during fractionation, an apparently unnecessary
condition to stabilize activity of the M. barkeri enzyme (20).

A CO:heterodisulfide oxidoreductase system was reconsti-
tuted with purified CO dehydrogenase complex, ferredoxin,
membranes, and the Mono Q fraction containing heterodisul-
fide reductase (Fig. 1). The activity of the system increased as
increasing amounts of ferredoxin were added to the standard






