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The membrane-associated coenzyme F,,,-reducing hydrogenase of Methanobacterium formicicum was
purified 87-fold to electrophoretic homogeneity. The enzyme contained o, 3, and -y subunits (molecular weights
of 43,600, 36,700, and 28,800, respectively) and formed aggregates (molecular weight, 1,020,000) of a
coenzyme F,,q-active o,3,y, trimer (molecular weight, 109,000). The hydrogenase contained 1 mol of flavin
adenine dinucleotide (FAD), 1 mol of nickel, 12 to 14 mol of iron, and 11 mol of acid-labile sulfide per mol of
the 109,000-molecular-weight species, but no selenium. The isoelectric point was 5.6. The amino acid sequence
I-N;-P-N,-R-N;-EGH-N¢-V (where N is any amino acid) was conserved in the N-termini of the a subunits of the
F 4;0-hydrogenases from M. formicicum and Methanobacterium thermoautotrophicum and of the largest subunits
of nickel-containing hydrogenases from Desulfovibrio baculatus, Desulfovibrio gigas, and Rhodobacter capsu-
latus. The purified F,,,-hydrogenase required reductive reactivation before assay. FAD dissociated from the
enzyme during reactivation unless potassium salts were present, yielding deflavoenzyme that was unable to
reduce coenzyme F,,,. Maximal coenzyme F ,,,-reducing activity was obtained at 55°C and pH 7.0 to 7.5, and
with 0.2 to 0.8 M KCl in the reaction mixture. The enzyme catalyzed H, production at a rate threefold lower
than that for H, uptake and reduced coenzyme F,,,, methyl viologen, flavins, and 7,8-didemethyl-8-
hydroxy-5-deazariboflavin. Specific antiserum inhibited the coenzyme F,,,-dependent but not the methyl

viologen-dependent activity of the purified enzyme.

The methanogenic bacteria that oxidize H, and reduce
carbon dioxide (4H, + CO, = CH, + 2H,0) obtain energy
for growth by a chemiosmotic mechanism that couples ATP
synthesis to electron transport (7). At least one step in the
CO, reduction pathway (15) is driven by the reduced form of
the physiological electron acceptor, coenzyme F,,, (F,).
Many H,-oxidizing methanogens studied to date have two
distinct hydrogenases (18, 19, 28). One (F,,,-hydrogenase)
reduces F,,, and also the artificial electron acceptor methyl
viologen (MV). The other (MV-hydrogenase) reduces MV
but not F,,,. F,,o-hydrogenases from several H,-oxidizing
methanogens have been purified and characterized (11, 14,
27, 37, 41). All of these enzymes form large aggregates with
molecular weights of 720,000 to 1,300,000 and contain nickel
and iron-sulfur centers. The enzymes from Methanobacte-
rium thermoautotrophicum (14), Methanobacterium formici-
cum (28), and Methanococcus voltae (27) also contain flavin
adenine dinucleotide (FAD), which is required for reduction
of F 5o (28).

The location of F,,,-hydrogenases on the cytoplasmic
membrane (4, Sa, 26) is consistent with an involvement in
H,-driven electron transport coupled to ATP synthesis. The
F,,o-hydrogenase of M. formicicum is membrane-associated
(4, 5a) and is a component of the formate hydrogenlyase
system in this organism (5). Here we describe the purifica-
tion of this hydrogenase and compare its properties with
those of F,,,-hydrogenases from other carbon dioxide-re-
ducing methanogenic bacteria.

MATERIALS AND METHODS

Purification. Methanobacterium formicicum JF-1 (DSM
2639) was cultured with 89 mM formate and H,-CO, (4:1),
harvested, and stored as described before (33). Anaerobic
procedures were as described before (30), except that so-
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dium dithionite was omitted from buffers. Vacuum degassed
refers to solutions made anaerobic by eight cycles of alter-
nate evacuation and pressurization with O,-free N, (82 kPa).
Cell paste was flushed with N, for 30 min and suspended in
twice its weight of vacuum-degassed breakage buffer (75 mM
potassium TES [N-tris(hydroxymethyl)methyl-2-aminoeth-
anesulfonic acid, pH 7.5], 15 mM MgCl,, 3 mM 2-mercap-
toethanol, 10 g of DNase I per ml). The suspended cells
were broken anaerobically by one passage through a French
pressure cell (Aminco model FAO73) at 138 MPa (20,000
1b/in®). The cell lysate was collected into serum bottles under
N, and stored as frozen pellets in liquid N,. All subsequent
steps were done aerobically at 4°C. Cell lysate was made to
2% (vol/vol) in Triton X-100, mixed gently for 1 h on a
rocking platform, and centrifuged (20 min, 30,000 X g, 5°C).
The supernatant solution was loaded onto a column (5 by 12
cm) of DEAE-cellulose (Whatman DE-52) equilibrated with
buffer A (50 mM potassium TES [pH 7.5], 10 mM MgCl,, 5%
[vol/vol] glycerol, 2 mM 2-mercaptoethanol). The column
was then washed with 1.5 bed volumes of buffer A, and
hydrogenase was eluted (4 ml/min) with a linear gradient of
KCI (0 to 0.5 M, 5 bed volumes). F,,,-hydrogenase eluted in
0.18 to 0.28 M KClI, while MV-hydrogenase (28) eluted in
0.28 to 0.41 M KCl. Fractions with a high ratio of F,,,-
dependent to MV-dependent activity were pooled and made
to 40% saturation (0°C) with (NH,),SO,, followed by cen-
trifugation (19,000 X g, 30 min, 4°C). The supernatant
solution was made to 70% saturation (final concentration)
with (NH,),SO, and centrifuged (19,000 X g, 30 min, 4°C).
The precipitated protein pellet was suspended in 60 ml of
buffer A containing 1 M KCl and loaded onto a column (2.6
by 10 cm) of Phenyl Sepharose CL-4B (Pharmacia, Inc.)
equilibrated with the same buffer. The column was washed
(2 ml/min) with 4 bed volumes of this buffer, and hydroge-
nase activity was eluted with 3 bed volumes of a linear
gradient decreasing from 1 to 0 M KCl and simultaneously






