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Formate hydrogenlyase activity in a cell extract of Methanobacterium formicicum was abolished by removal
of coenzyme F,,,; addition of purified coenzyme F,,, restored activity. Formate hydrogenlyase activity was
reconstituted with three purified components from M. formicicum: coenzyme F,,,-reducing hydrogenase,
coenzyme F,,,-reducing formate dehydrogenase, and coenzyme F,,,. The reconstituted system required added
flavin adenine dinucleotide (FAD) for maximal activity. Without FAD, the formate dehydrogenase and
hydrogenase rapidly lost coenzyme F,,,-dependent activity relative to methyl viologen-dependent activity.
Immunoadsorption of formate dehydrogenase or coenzyme F,,,-reducing hydrogenase from the cell extract
greatly reduced formate hydrogenlyase activity; addition of the purified enzymes restored activity. The formate
hydrogenlyase activity was reversible, since both the cell extract and the reconstituted system produced formate

from H, plus CO, and HCO;".

Methanobacterium formicicum is one of several methano-
genic bacteria which can use either formate or H, plus CO,
for growth and methanogenesis (1). During growth on either
substrate, this organism synthesizes a hydrogenase and
formate dehydrogenase which both reduce the physiological
electron acceptor coenzyme F,,, (Fs) (28). The F,,q-
reducing formate dehydrogenase of M. formicicum has been
characterized (2, 3, 17, 29-32), the genes encoding its two
subunits (« and B) have been cloned and sequenced (33), and
its regulation has been investigated (16, 23). M. formicicum
and other H,-oxidizing methanogens have two distinct hy-
drogenases (11, 12, 20). One (F,,,-hydrogenase) reduces
F,,, and methyl viologen (MV); the other (MV-hydrogenase)
reduces MV but not F,,,. Several F,,,-hydrogenases have
been purified and characterized (5, 9, 18, 34, 39). Component
Al of the H,-coupled methyl coenzyme M methylreductase
system of Methanobacterium thermoautotrophicum has
F,,o-dependent hydrogenase activity (19), suggesting a role
for F,,y-hydrogenase in H, uptake. A function for F,,,-
hydrogenase in H, production has not been investigated.

Cell extracts of methanogenic bacteria contain a formate
hydrogenlyase system which requires F,,, for activity (8, 21,
38). However, a requirement for additional electron carriers
has not been investigated, and the system has not been
reconstituted in vitro with purified components. This system
is reversible, since formate is synthesized from H, plus CO,
or HCO;™ in cell extracts (21) and whole cells (7).

We have previously described the purification and prop-
erties of the F,,y-hydrogenase of M. formicicum (5). Here,
we report that F,,,-hydrogenase, formate dehydrogenase,
and F,,, purified from M. formicicum together reconstitute
formate hydrogenlyase activity. We examine some proper-
ties of the reconstituted system and address its physiological
role in formate metabolism.

MATERIALS AND METHODS

Cell extract preparation. General anaerobic procedures
were as described before (28), except that sodium dithionite
was omitted from buffers. The term vacuum degassed refers
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to solutions made anaerobic by 8 cycles of alternate evacu-
ation and pressurization with O,-free N,. The cell extract of
M. formicicum was obtained by anaerobic centrifugation
(30,000 x g, 20 min, 4°C) of an anaerobically prepared
French pressure cell lysate (5). The cell extract was depleted
of F,,, and other highly anionic materials by anaerobic
DEAE-cellulose chromatography, essentially as described
by Tzeng et al. (38). However, bound protein was eluted
with equilibration buffer containing 0.35 M KCl, and F,,,
and other highly anionic material was eluted with 2 M NaCl.
Boiled cell extract was prepared anaerobically as described
before (19).

Enzyme purification. The F,,,-hydrogenase of M. formici-
cum was purified aerobically as described before (5). The
MV-hydrogenase of M. formicicum was partially purified
aerobically by chromatography on DEAE-cellulose (5), Phe-
nyl Sepharose CL-4B (Pharmacia, Inc.), and Mono-Q HR
10/10 ion-exchange resin (fast protein liquid chromatography
system; Pharmacia, Inc.), followed by preparative electro-
phoresis on 7.5% polyacrylamide gels and electroelution.
The formate dehydrogenase of M. formicicum was purified
anaerobically (31), and low-molecular-weight compounds
were removed by anaerobic ultrafiltration as described be-
fore (30).

Enzyme assays. Hydrogen uptake (20) and formate dehy-
drogenase (30) activities were assayed spectrophotometri-
cally at 35°C and pH 7.5 as described before. One unit of
activity was defined as the reduction of 1 pmol of acceptor
per min. Initial velocities were used for calculations. Hy-
drogenase samples for H, uptake assays were vacuum
degassed and reductively reactivated as described before (5).
Protein was determined by the dye-binding assay (mi-
cromethod) of Bradford (6), with bovine serum albumin as
the standard.

Formate hydrogenlyase activity in cell extracts was as-
sayed anaerobically at 35°C in 2-ml serum vials (no. 223713;
Wheaton Scientific, Millville, N.J.) filled with O,-free N, (82
kPa) and sealed with black butyl rubber bungs. The complete
reaction mixture (0.1 ml) contained 48 uM F,,,, 30 uM flavin
adenine dinucleotide (FAD), 50 uM sodium 2-bromoethane
sulfonate, 30 mM NaHCOO, and anaerobically prepared cell



VoL. 171, 1989

extract. All components except cell extract and formate
were combined in the vials and taken to dryness under
vacuum. The vials were then flushed for 3 min with O,-free
N,, cell extract was added anaerobically, and flushing was
continued for 3 min. The reaction was initiated with formate.
Gas samples (50 pl) were removed at intervals with a
Pressure-Lok syringe (Supelco, Inc., Bellefonte, Pa.) and
assayed for H, by thermal conductivity gas chromatography
as described before (15). Activities were calculated from the
linear portion of the time course data obtained.

The reconstituted formate hydrogenlyase was assayed
anaerobically at 35°C in 5-ml serum vials (no. 223738;
Wheaton Scientific) filled with O,-free N, (82 kPa) and
sealed with black butyl rubber bungs. The complete reaction
mixture (0.5 ml) contained 50 mM potassium phosphate
buffer (pH 7.5), 30 mM sodium formate, 30 uM FAD, 10 mM
NaNj;, 20 mM 2-mercaptoethanol, and 48 uM F,,,. Purified
F450-hydrogenase was vacuum degassed with N,, added to
vacuum-degassed reaction mixture, and incubated at 35°C
for 30 s, followed by the addition of formate dehydrogenase.

- Gas samples (0.2 ml) were withdrawn at intervals and
assayed for H, as above.

Formate hydrogenlyase activity in the reverse direction
(formate formation) was assayed anaerobically at 35°C in
5-ml serum vials as described above. The complete reaction
mixture (0.5 ml) contained 50 mM potassium phosphate
buffer (pH 7.5), 60 mM NaHCO,, 30 uM FAD, 10 mM
NaNj;, 20 mM 2-mercaptoethanol, and 48 uM F,,, (final pH,
7.5). When the cell extract was assayed, 50 uM sodium
2-bromoethane sulfonate was included. The reaction mixture
was vacuum degassed with N,, and NaHCO; (1 M stock
solution) was added anaerobically through the stopper. Just
before assay, the vials were flushed for 3 min with O,-free
H,-CO, (4:1). For assay of the cell extract, the reaction was
initiated with DEAE-cellulose-treated cell extract. For assay
of the reconstituted system, purified formate dehydrogenase
was added to the reaction mixture and incubated for 30 s at
35°C. The reaction was then initiated with purified F,,q-
hydrogenase which had previously been vacuum degassed
and reactivated by incubation for 30 min at 35°C in the
presence of 82 kPa of H,, 48 uM F,,,, and 0.7 M KCI.
Samples (40 pl) of the reaction mixture were removed at
intervals, boiled for 10 min, and centrifuged to remove
protein. Formate was measured by ion-exclusion high-pres-
sure liquid chromatography as described before (15), except
that the flow rate was 0.5 ml/min. The detection limit was
about 50 pM.

Enzyme stability in the reconstituted formate hydrogenly-
ase. The formate hydrogenlyase system was reconstituted
with or without 30 uM FAD as described above. Samples (20
pl) were withdrawn from the reaction mixture at intervals;
10 wl was used to assay for F,,-dependent activity, and the
other 10 pl was used to assay for MV-dependent activity of
the formate dehydrogenase or (in separate experiments) the
hydrogenase. The standard formate dehydrogenase and H,
uptake assays were used. However, the formate dehydroge-
nase assays were initiated with enzyme sample rather than
formate, and endogenous activity was not determined. Be-
cause 0.6 mM formate was carried over from the formate
hydrogenlyase assay to the hydrogenase assay, 10 mM NaN,
was included in the hydrogenase assay mixtures to inhibit
residual formate dehydrogenase activity (29). Hydrogenase
activity was not affected by azide at this concentration.

Immunoadsorption. Anti-F,,,-hydrogenase antiserum (5a)
and anti-formate dehydrogenase antiserum (33) were prepared
as described before. All of the following steps were performed
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FIG. 1. Reconstitution of the formate hydrogenlyase of M. for-
micicum with purified components. Purified formate dehydrogenase
(14 pg of protein) was added to the reaction mixture first and
allowed to incubate for 5 min. The reaction was then initiated with
purified F,,,-hydrogenase (0.7 ug of protein). Symbols: @, complete
reaction mixture; O, FAD omitted.

in an anaerobic glove bag with an atmosphere of 95% N, and
5% H,. Columns (2-ml bed volume) of protein A-Sepharose
CL-4B (Pharmacia, Inc.) contained in 3-ml plastic disposable
syringes (Becton Dickinson, Inc.) were equilibrated with vac-
uum-degassed 50 mM potassium phosphate buffer (pH 7.0).
Samples (4 ml) of vacuum-degassed buffer, antiserum, or
control serum were passed over the columns in 0.5-ml por-
tions. Each portion was allowed to drain completely into the
bed and incubate at 25°C for 5 to 10 min before the next was
loaded. Unbound protein was removed by washing with 10 bed
volumes of buffer. Most of the excess buffer was removed by
centrifugation. Samples (2 ml) of cell extract containing 5 uM
FAD were loaded onto separate columns in successive 0.5-ml
portions as above, and the eluates were collected in chilled
5-ml amber serum vials. Residual extract was removed from
the columns by centrifugation and pooled with the rest of the
eluate. The treated extracts were stored in liquid N,.

Chemicals. Coenzyme F,,, was purified aerobically from
the cell extract of M. formicicum by DEAE-cellulose chro-
matography, followed by gel filtration as described before
(30), except that Sephadex G-10 was used for gel filtration.
All other chemicals were obtained commercially.

RESULTS

Reconstitution of formate hydrogenlyase. Formate hydro-
genlyase activity in the cell extract of M. formicicum was
abolished when highly anionic material was removed by
DEAE-cellulose chromatography. However, addition of pu-
rified F,,, restored activity to a level (47 nmol of H,
produced per min per mg of protein) similar to that of
untreated cell extract. FAD slightly stimulated formate
hydrogenlyase activity when present with F,,, but did not
restore activity by itself. Flavin mononucleotide, NAD, or
NADP (each at 30 uM) could not replace F,,, either alone or
in combination with FAD. These results are similar to those
obtained with F,,,-depleted cell extracts from other meth-
anogenic bacteria (8, 21, 38).

F,,o-hydrogenase, formate dehydrogenase, and F,,,, all
purified from M. formicicum, together reconstituted formate
hydrogenlyase activity (3.26 pmol of H, per min per mg of
F,,o-hydrogenase) (Fig. 1). No activity was observed if any
of these components or formate was omitted (data not
shown). The K, for F,,, in the reconstituted system was 12
nM. Optimal activity was obtained between pH 6.5 and 7.5,
and no H, was produced below pH 5.0 (5). Activity was
dependent on the amount of purified hydrogenase or formate






