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Hydrogenase and the adenosine 5'-triphosphate (ATP) synthetase complex,
two enzymes essential in ATP generation in Methanobacterium thermoauto-
trophicum, were localized in internal membrane systems as shown by cytochem-
ical techniques. Membrane vesicles from this organism possessed hydrogenase
and adenosine triphosphatase (ATPase) activity and synthesized ATP driven by
hydrogen oxidation or a potassium gradient. ATP synthesis depended on anaer-
obic conditions and could be inhibited in membrane vesicles by uncouplers,
nigericin, or the ATPase inhibitor N,N’-dicyclohexylcarbodiimide. The presence
of an adenosine 5'-diphosphate-ATP translocase was postulated. With fluorescent
dyes, a membrane potential and pH gradient were demonstrated.

In microorganisms the proton motive force

Ajia+ across the cell membrane consists of two -

components: a membrane potential Ay and a
proton gradient ApH (27). The proton motive
force may be built up by an oxidative proton-
extrusing electron transport chain (11) or by
light-driven proton extrusion, as in Halobacte-
rium (13, 31) or photosynthetic bacteria (15);
this force can be used to drive ATP synthesis
and transport processes. Alternatively ATP may
be hydrolyzed to produce the proton motive
force needed for transport processes.

ATP synthesis in the absence of oxygen can
be coupled to an electron transport chain usmg
nitrate, sulfate, fumarate, or carbon d10x1de.,ah
terminal electron acceptors (36).

Roberton and Wolfe (33) showed that the
ATP concentration in cells of Methanobacte-
rium strain MoH increased during the conver-
sion of H, and CO; to CH,. Uncouplers inhibited
CH, production, and the ATP level decreased.
We showed ATP synthesis in whole cells due to
an artificially imposed proton motive force (6).
Uncouplers stimulated ATP synthesis. This may
be explained by assuming that ATP synthesis
and hydrogen oxidation are located on internal
membranes (46).

Internal membrane systems have been de-
scribed for many genera of microorganisms.
Apart from the mesosomes with unknown func-
tion (10), systems have been described for var-

ious bacteria: the denitrifying bacteria (29), the
phototrophs (30), methane oxidizers (5), Aceto-
bacterium woodii (25), and the methanogenic
bacteria (20, 47). The involvement of internal
membranes in energy conservation has been re-
ported for some of these genera (8, 19, 26), but
for the methanogenic bacteria no evidence for
such involvement existed. As mentioned, whole
cells of M. thermoautotrophicum synthesized
ATP because of an artificially imposed proton
motive force (6). This ATP synthesis was not
inhibited by the adenosine triphosphatase
(ATPase) inhibitor N,N’-dicyclohexylcarbodi-
imide (DCCD) and was enhanced by the uncou-
plers carbonylcyanide m-chlorophenyl-hydra-
zéne (CCCP) and 2,4-dinitrophenol (DNP) (6).
The anomalous effect of these compounds can
be explained by two mechanisms: (i) the cell
Wall or an outer membrane excludes these com-
pounds from the ATPase, and (ii) the energy
generating system is localized internal to the
cytoplasmic membrane. The cell walls of meth-
anogens have unusual properties (17). M. ther-
moautotrophicum walls contain a pseudomurein
layer (16). To further test the aforementioned
hypotheses, the ultrastructures of whole cells
and membrane vesicles were studied. Also ATP
synthesis by subcellular particles was studied to
avoid interference by the above-mentioned
mechanisms. The study also tries to show that
ATP synthesis occurs according to chemios-
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motic principles in M. thermoautotrophicum, an
organism from the unique and phylogenetically
ancient group of methanogens (45).

MATERIALS AND METHODS

Organism. M. thermoautotrophicum strain AH
was a gift of R. S. Wolfe, Urbana, Ill. Cultures were
grown in a 12-liter fermentor in a medium containing
(in millimolar concentrations): NaHCO;, 40; NH,Cl,
23; Na,HPO,, 3.3; cysteine, 1.4; Na.S, 1; KCl, 1.9;
(NH,).S0,, 1.3; MgS0,, 0.2; CaCl,, 0.06; FeSO,, 0.03;
(in micromolar concentrations) MnSOy, 2; H;BO;3, 1.6;
ZnS0,, 1.5; CoS0,, CuSO, and NaMoO,, 0.4; and
AIKSOy, 0.2. The culture was gassed with H.-CO, (80
and 20% [vol/vol], respectively). The pH during
growth was between 7 and 7.8, and the temperature
was maintained at 65°C. Cells were harvested under
N. at the end of exponential growth in a Sharples
continuous centrifuge. The yield was 1 mg (dry weight)
of cells per ml of culture. Cells were stored anaerobi-
cally under H; at —80°C.

Membrane preparation. Membranes were pre-
pared as described previously (6) or by the method of
Michels and Konings (26) and stored anaerobically
under H, at —80°C. Membranes prepared by either
method showed similar properties. For some tests,
membranes were further purified by layering the mem-
brane fraction on top of a 5% Ficoll solution. After 1 h
of centrifugation at 80,000 X g, the membranes were
collected from the upper layer. For electron micros-
copy of membrane vesicles, the membranes were pu-
rified by centrifugation at 50,000 X g until a clear
supernatant was obtained. This supernatant was
charged on top of a discontinuous Ficoll gradient of 6,
3, and 1.5% Ficoll. After 1 h of centrifugation at 80,000
X g, the membranes were collected from the inter-
phase between 6 and 3% Ficoll. These membranes
were diluted in 0.1 M bicine (pH 8.3), containing 1 mM
MgCl,, and centrifuged for 3 h at 150,000 X g. The
pellet was resuspended in bicine buffer.

Fluorescence measurements. Changes in the
proton motive force were determined from quenching
of the fluorescence of 3,3'-dipropyl-2,2'-thiacarbocy-
anine iodide [Di-S-C;(5)] (41), analinenaphthalenesul-
fonic acid, or 9-aminoacridine. Changes in the fluores-
cence were determined in an Aminco-Bowman spec-
trophotofluorometer.

Test procedures. ATP synthesis in whole cells,
potassium concentration (by flame photometry or a
potassium electrode), internal volume and pH, and
proton uptake were determined as described by Dod-
dema et al. (6). Vesicles were centrifuged at 150,000
X g for 3 h in all procedures.

ATP synthesis by membrane particles was deter-
mined in 5 ml of 100 mM bicine buffer, pH 8.3 (at
20°C), containing 5 mM MgCl;, 2.5 mM inorganic
phosphate, and 0.625 mM ADP (unless otherwise
stated), The test was performed at 65°C under an
atmosphere of N, or N;-H; (30 and 70% [vol/vol],
respectively). Samples were withdrawn from the re-
action vessel with a glass syringe via a rubber septum
and transferred to a test tube at 100°C as rapidly as
possible. After 30 s, the test tube was put into an ice-
water bath until the ATP determination. ATP was
determined with the firefly luciferin-luciferase system.
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ADP and AMP were measured after conversion to
ATP (3).

Degradation of cell walls. The following enzymes
were used for attempts to degrade the cell walls:
pronase; phospholipase; a-amylase; papain; lysozyme
(also in combination with ethylenediaminetetraacetic
acid or Brij or sodium dodecyl sulfate); cellulase; chi-
tinase; trypsin; chymotrypsin; lipase; dextranase; pep-
sin; rennin; pancreatin; zymolyase; hélicase; pectate
lyase; and cathepsin D. Cells were incubated in an
appropriate buffer according to the supplier but were
further treated according to Witholt et al. (44). Lysis
was also tried by repeated freezing and thawing and
by freeze-drying followed by dissolving.

Hydrogenase assay. Hydrogenase was routinely
assayed in type 220 cuvettes (Vapotherm b.v., Alphen
aan de Rijn, Holland) closed with rubber stoppers.
The cuvettes were evacuated five times and filled with
H,. Then 2.7 ml of an anaerobic hydrogen-saturated
0.1 M NaPO, buffer (pH 7.5) with 3 mM methylviol-
ogen was added to the cuvette by means of a glass
syringe. The cuvette was evacuated once more and
filled with hydrogen. A series of 10 cuvettes was pre-
pared at the same time. The cuvettes were incubated
at 65°C. To start the reaction, 0.3 ml of an anaerobic
enzyme solution with a protein content of about 1.5
mg ml™' was added. The change in extinction at 602
nm was read at 65°C in a Cary 118 spectrophotometer.

Protein. The method of Lowry et al. (23) was used
to determine the protein content with bovine serum
albumin as standard.

Dry weight. Dry weight was determined by drying
cells at 60°C in vacuo.

Electron microscopy. After prefixation in 3% glu-

taraldehyde in 0.1 M cacodylate buffer (pH 7.2) for 20
min, whole cells were fixed with 2% OsO4 in 0.1 M
Veronal-acetate buffer (pH 7.2) and poststained with
3% uranylacetate in water for 10 min and lead citrate
according to the method of Venable and Coggeshall
(40).
" For thin sectioning, cells were fixed in 3% glutaral-
dehyde in 0.1 M cacodylate buffer (pH 7.2) for 30 min
and postfixed with a mixture of 1% OsOs and 5%
K:Cr:0; in the same buffer for 2 h. Alternatively,
glutaraldehyde was added to the culture medium to a
concentration of 3%; after 5 min of incubation at 65°C,
cells were centrifuged. Postfixing was done as de-
scribed above, or the technique of Kellenberger et al.
(18) was used.

Hydrogenase was stained with Hatchett’s brown
(34), or a series of tetrazolium salts (1). ATPase was
stained according to the method of Rechardt and
Kokko (32), After routine fixation or cytochemical
staining, cells were embedded in Epon or Araldite
(Fluka, Buchs, Switzerland), and ultrathin sections
were cut with an LKB ultratome 1. Alternatively, cells
were cut (without embedding) by cryo-ultramicrotomy
and stained with uranylacetate. Freeze-etching of cells
was performed with a Balzer unit by the technique of
Moor (28). Sections were examined with a Philips 201
or 300 electron microscope.

Fatty acids. Fatty acids in whole cells were deter-
mined by analysis of their methylesters by gas-liquid
chromatography on a Pye series 104 gas chromato-
graph (42).

Quinones. Quinones were determined by the
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method of Crane and Dilley (4).

Chemicals. Gases were obtained from Hoek Loos,
Schiedam, Holland. To remove all traces of oxygen,
the gases containing H, were passed over a catalyst
(BASF R 0-20) at room temperature; other gases were
passed over a BASF R 3-11 catalyst at 150°C.

DCCD was obtained from Aldrich Europe, Beerse,
Belgium; CCCP was from Calbiochem, La Jolla, Calif.,
valinomycin, DNase, ADP (less than 0.2% ATP), ATP,
and myokinase were from Boehringer Mannheim,
Mannheim, West Germany. [*Hlinulin was from the
Radiochemical Centre, Amersham, England, and 5,5-
[*Cldimethyl-2,4-0xazolidinedione and °*H,O were
from New England Nuclear Corp., Boston, Mass. Pro-
nase, phospholipase, a-amylase, papain, and lysozyme
were supplied by Boehringer Mannheim; cellulase,
chitinase, trypsin, chymotrypsin, triphenyltetrazolium
chloride, and a-cetyl citric acid were from E. Merck
AG, Darmstadt, West Germany; lipase, dextranase,
pepsin, rennin, and atractyloside were from Sigma
Chemical Co., St. Louis, Mo.; pancreatin was from
Serva, Heidelberg, West Germany; zymolyase was
from Kirin Brewery, Takasaki, Japan; hélicase was
from Industrie Biologique Francaise, Gennevilliers,
France. 8-Azido-ADP was a gift from R. Wagenvoort,
Amsterdam, Holland, pectate lyase was a gift from F.
Rombouts, Wageningen, Holland, and cathepsin D
was a gift from A. Bouma, Groningen, Holland. Tet-
ranitroblue tetrazolium chloride was obtained from
Serva; thiocarbamylnitroblue tetrazolium and 2-(2'-
benzothiazolyl)-styryl-3-(4’-phthalhydrazidyl)tetrazo-
lium chloride were from Polyscience Inc., Warrington,
Pa. 8-Anilino-1-naphthalene sulfonic acid was ob-
tained from Sigma; Di-S-C;(5) was a gift from A.
Waggoner, Amherst College, Mass.; and 9-amino-ac-
ridine was obtained from Fluka, Buchs, Switzerland.

RESULTS

Ultrastructure and cytochemical stains.
Positive staining of whole cells showed an addi-
tional layer outside the pseudomurein layer (Fig.
1). This layer formed a sheath enveloping a
series of cells. The layer is also observed in thin
sections of M. thermoautotrophicum cells (Fig.
2).

Attempts to degrade the cell wall with the
lytic enzymes mentioned in Materials and Meth-
ods, to obtain spheroplasts, have failed, even
after a mild osmotic shock was applied to facili-
tate passage of the lytic enzymes through the
outer layer of the cell wall (44). Therefore it was
impossible to determine the influence of the
sheath or the pseudomurein layer on the effect
of the uncouplers and DCCD.

Thin sections of cells prefixed in glutaralde-
hyde at room temperature (Fig. 3 and 4) show
the internal membrane system in this organism
as reported before (20, 47). Fixation at room
temperature may result in mesosome-like struc-
tures as artifacts; to avoid this, cells were fixed
with glutaraldehyde in their growth medium at
65°C (Fig. 5). Moreover, cryosections of unfixed
cells and freeze-fracture replicas were prepared
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from cells frozen immediately from the growth
medium. All three methods showed the presence
of internal membranes, probably as invagina-
tions from the cytoplasmic membrane.

After incubation of washed cell suspensions
under H; with tetrazolium salts or ferricyanide
as electron acceptors for the hydrogenase, the
reaction product was found exclusively on the
invaginating membranes (Fig. 6-10). Especially
the membranes near the cytoplasm were heavily
stained (Fig. 8, 9, 10). No stain was deposited
when cells were incubated under N; or when O,
was present together with Ho. With tetrazolium
salts, granular formazan deposits could be ob-
served in the cells even with the phase-contrast
light microscope. No stain was ever deposited on
the cytoplasmic membrane. To exclude the pos-
sibility that this was due to improper staining
conditions, cells of Hyphomicrobium were
stained; in these cells a formazan deposit was
observed on the cytoplasmic membrane (Y. Mei-
berg, unpublished data). It was concluded that
all hydrogenase activity was localized on the
internal membranes.

Staining the ATPase resulted also in stain
deposits of lead phosphate on the internal mem-
branes (Fig. 11). Some stain deposit was also
observed in the cytoplasm and on the cytoplas-
mic membrane, possibly due to the activity of
ATPase or other ATP-hydrolyzing enzymes or
to the deposit of lead carbonate. It was con-
cluded that at least part of the ATPase is local-
ized on the internal membranes.

With the localization on the internal mem-
branes of hydrogenase and part of the ATPase,
both enzymes involved in energy conservation,
it appeared that ATP synthesis might occur
beyond the cytoplasmic membrane on special-
ized organelles.

Freeze-fracturing of cells. Whole cells were
freeze-fractured to determine whether the ori-
entation of the membrane, i.e., whether it was
inside or right-side out, could be decided from
the presence of proteins and to look for the
continuity of the internal membranes with the
cytoplasmic membrane. However, cells did not
split over the membrane but through the cyto-
plasm. Chemical analysis of the membranes
showed the presence of small amounts of Ciey,
Ci40, and Cigo fatty acids with minor amounts of
Ciz0, Cis0, and Cizo and hardly any branched-
chain fatty acids. These data confirm previous
data (24), and it seems unlikely that the presence
of these fatty acids prohibits splitting of the
membrane. The squalenes and phytanyl glycerol
ethers present in the cell membranes (24, 38) are
only slightly different from those found in halo-
bacteria; Halobacterium membranes could be
split by freeze-fracturing (13), so it remains an
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Fi1Gc. 1-5. All micrographs show M. thermoautotrophicum strain AH, grown as described in Materials and
Methods and fixed with glutaraldehyde and OsO,-K:Cr,0,.. The markers represent 0.2 pm, unless otherwise

indicated.

F1G. 1. Detail of an intact whole cell, fixed with OsO, and poststained with uranylacetate and lead citrate
to demonstrate the presence of a sheath around the cells (arrow).
Fi1G. 2. Detail of a thin section of a cell, fixed with glutaraldehyde at 65°C before postfixation, to show the

sheath (arrow) around the cell.

F16. 3. Thin section of a cell, fixed with glutaraldehyde at room temperature before postfixation. Membra-

nous structures can be observed.

F1G6. 4 and 5. Magnification of cells fixed with OsO, by the method of Kellenberger et al. (17) (Fig. 4) and
prefixed with glutaraldehyde at 65°C before postfixation (Fig. 5) to show different membranous structures

inside the cells.

open question why membranes of M. thermo-
autotrophicum were not split.

Membrane vesicles. Subcellular particles
were prepared for studying chemiosmotic cou-
pling in M. thermoautotrophicum.

Physical properties of the membrane

particles. Negatively stained preparations and
thin sections of membrane preparations showed
closed membrane vesicles of about 50 nm in
diameter which, even after extensive purifica-
tion, were still contaminated with some cell walls
and many small particles with diameters of 10



Fi1G. 6-12. See legend to Fig. 1-5 for details.
F1c. 6. Survey of cells after incubation with ferricyanide to demonstrate hydrogenase activity. The reaction
product was amplified with diaminobenzidine. The reaction product was exclusively located on internal cell
membranes.

Fi16. 7. Demonstration of hydrogenase activity after incubation with BSPT [2-(2’-benzothiazolyl)-styryl-3-
(4'-phtalhydrazidyl)tetrazolium chloride]. As after incubation with ferricyanide (Fig. 6), the reaction product
was exclusively located on the internal cell membranes.

Fi1c. 8. Magnification of Fig. 6 to show that the reaction product is mainly located on the membranes
facing the cytoplasm.

Fic. 9 and 10. Thin section of cells after incubation with BSPT to demonstrate the localization of
hydrogenase activity. As in Fig. 8, the reaction products are mainly located on the membranes facing the
cytoplasm (arrows), leaving other invaginating membranes unstained (asterisk).

Fi1c. 11. Thin section of a cell tested for ATPase activity. The reaction product is located mainly inside the
internal membrane structures.

Fi1c. 12. Hexagonal particles present in BSPT-stained vesicle preparations.
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to 15 nm (Fig. 12). These particles usually were
not attached to the vesicles; they were also ob-
served in association with the internal mem-
brane system in cryosections of whole cells. Also
some larger particles with diameters up to 250
nm were observed. Freeze-fracturing of the
membrane vesicles was not possible since mem-
branes were not split. Therefore no electron
microscopic evidence was obtained regarding the
orientation of the membranes.

Biochemical properties of the membrane
vesicles. The internal volume of the crude
membrane preparation was 20 ul per mg of pro-
tein. Assuming that there was an equal internal
K* concentration in all vesicles, we found that
the internal potassium concentration was 230
mM. The internal pH was 7.7, and the internal
concentrations of AMP, ADP, ATP, and PO,
were 180, 17, 2, and 1.4 uM, respectively; cofac-
tors Fy and Fsy, were also present in low quan-
tities. The internal K* concentration and pH
resembled the values found in whole cells (6).
The membranes showed ATPase activity. Al-
though electron microscopy had shown the hy-
drogenase to be exclusively membrane associ-
ated, the amount of hydrogenase associated with
the membrane preparation was 18%, based on
the average of the total activity in the crude
extract, whereas the 150,000 X g supernatant
contained 75% on the average. Obviously the
hydrogenase dissolved readily from the mem-
brane.

ATP synthesis by membrane vesicles due
to membrane potential. Under anaerobic con-
ditions the membrane vesicles synthesized ATP
due to a membrane potential (Table 1); the rate
of ATP synthesis varied from 0.4 to 1.5 nmol
min~’ mg protein~". This value corresponds well
with that found for Escherichia coli vesicles
(39). The ATP synthesis could be inhibited by
increasing concentrations of K* in the buffer.
Valinomycin did not enhance ATP synthesis.
Obviously the membranes do not need an added
potassium ionophore to create a membrane po-
tential. Membranes showed a temperature-de-
pendent potassium leak: at 4°C no potassium
was lost during 30 min of incubation; at 37°C the
internal potassium concentration had decreased
from 230 to 190 mM without 10° M valinomycin
and to 180 mM with 10~° M valinomycin; and at
65°C it decreased to 160 mM.

Effect of inhibitors. ATP synthesis could be
inhibited by 0.1 mM DCCD, 0.1 mM CCCP, 1
mM DNP, or 0.01 mM nigericin (Table 1). In
membrane vesicles these compounds affect ATP
synthesis in a normal way.

Storage of membranes. Membrane prepa-
rations retained some ATPase activity due to
Ay after 16 months of aerobic storage at —80°C.
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TABLE 1. ATP synthesis due to a potassium
gradient or the presence of H,*

ATP

. synthesis
pﬁ:e K (oM™ Inhibitor (conen, mM) y(nn§'n9ll
min
mg™’)
N. b — 1.7
N. 10 - 1.0
N, 100 —_ 0.8
N; 300 — 0
N, —_ DNP (1) 1.3
N, —_ DCCD (0.1) 0.8
N, — CCCP (0.1) 0
H. 300 — 2.8
H. 300 DNP (1) 0
H. 300 nigericin (0.01) 0
H; 300 DCCD (0.01) 0
H: 300 CCCP (0.01) 0

% A 0.2-ml portion of a vesicle solution containing
about 5 mg of protein was added to the reaction
mixture as described in Materials and Methods.

b, Not present. .

Effect of translocase inhibitors. To syn-
thesize ATP due to a potassium gradient ([K*]
inside high), the vesicles must have a right-side-
out orientation (ATP synthetase inside). Since
ATP synthesis strictly depended on externally
added ADP, a specific transport system, like the
mitochondrial ADP-ATP translocase, may be
involved. Inhibitors of this translocase were ef-
fective in membrane vesicles of M. thermoauto-
trophicum: atractyloside (50 uM), 8-azido-ADP
(0.4 mM), and a-cetyl citric acid (20 pM) com-
pletely inhibited ATP synthesis driven by the
membrane potential. These results strongly sug-
gest the presence of an ADP-ATP translocase in
M. thermoautotrophicum.

Hydrogen-dependent ATP synthesis.
When membrane vesicles were incubated under
N. with 300 mM KCl added to the buffer to
prevent ATP synthesis due to the potassium
gradient, no ATP synthesis occurred (Table 1).
However, as soon as H; was introduced into the
reaction vessel, ATP synthesis started. This syn-
thesis could be inhibited by 0.1 mM CCCP, 0.1
mM DCCD, 0.01 mM nigericin, or 1 mM DNP
(Table 1). ATP synthesis did not occur without
added ADP, with boiled membranes, or when O,
was present. The specific activity of phospho-
rylation was between 1 and 8 nmol min™' mg
protein~!. This value compares well with that
found for hydrogen-dependent ATP synthesis in
Alcaligenes eutrophus (14).

ATP synthesis due to a ApH created by
the hydrogenase activity may be expected in
both right-side-out and inside-out vesicles as H,
freely diffuses through the membrane. Since the
translocase inhibitor atractyloside only partially
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inhibited ATP synthesis with H,—at 50 pM
atractyloside between 20 and 80% inhibition oc-
curred with different membrane preparations—
it was concluded that both types of vesicles were
present.

ATP synthesis due to an artificially im-
posed proton motive force. In contrast to
whole cells, membrane vesicles did not synthe-
size ATP due to an artificially imposed proton
motive force created by an acid or base pH shift
aerobically or anaerobically. Also, the addition
of valinomycin to membranes did not lead to
ATP synthesis under aerobic conditions; as men-
tioned, no valinomycin was needed for ATP
synthesis under anaerobic conditions. ATP syn-
thesis strictly depended on anaerobic conditions,
in contrast to ATP hydrolysis by the membranes
and ATP synthesis in whole cells.

Measurement of the proton motive force
with fluorescent dyes. To demonstrate that
ATP synthesis coincided with the presence of a
membrane potential (Ay) due to a potassium
gradient and a ApH created by hydrogenase
activity, Ay and ApH were measured with the
fluorescent dyes Di-S-C;3(5) and 9-aminoacri-
dine, respectively.

Ay was demonstrated by using Di-S-Cs(5) flu-
orescence quenching in both whole cells and
membrane vesicles. In whole cells hyperpolari-
zation was induced by the addition of valino-
mycin, whereas in vesicles no valinomycin has
to be added. This agrees with the dependence
on valinomycin for ATP synthesis and potas-
sium leakage in whole cells, but not in vesicles.
Both cells and vesicles could be deenergized by
the addition of 0.4 mM nigericin, but not by
gramicidin.

In vesicles the magnitude of the membrane
potential depended on the external potassium
concentration. Anaerobic conditions were no
prerequisite for the formation of Ay.

With 9-aminoacridine a ApH was measured in
vesicles. Fluorescence quenching under H, was
about 10%, whereas it was 3% under N,. The
fluorescence quenching of 9-aminoacridine indi-
cates a ApH inside acid (2), indicating the pres-
ence of inside-out vesicles. With analine-
naphthalenesulfonic acid no meaningful results
could be obtained since fluorescence did not
change after deenergization with nigericin or
gramicidin. No preton movements could be
measured with a pH probe as direct evidence for
a ApH.

Effects of trypsin and Mg?*. Membranes
treated with trypsin lost the ability to synthesize
ATP, but hydrogenase activity was hardly influ-
enced. ATP synthesis depended on the presence
of Mg®*. These results correspond to those found
for ATP hydrolysis (6).
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Adenylate kinase activity. Adenylate ki-
nase presumably is not involved in the ATP
synthesis found; a commercial preparation of
adenylate kinase was not inhibited by nigericin,
CCCP, DCCD, or DNP. Moreover, the activity
of adenylate kinase was stimulated by an in-
crease of the K* concentration in the buffer.

DISCUSSION

The hydrogenase of M. thermoautotrophicum
was stained with a series of different electron
acceptors and under various conditions to mini-
mize possible misinterpretation of the results
(10). Hydrogenase appears to be exclusively lo-
calized on the invaginations of the cytoplasmic
membrane. Also, part of the ATPase is localized
on these membranes. M. thermoautotrophicum
appears to have developed specialized organelles
for ATP production, as also occurs in other
genera of bacteria (8, 19, 26). A comparison with
the mitochondria of eucaryotic organisms is ap-
pealing both in structure and function: the in-
ternal membranes sometimes occur as a highly
convoluted system and there is a strong indica-
tion of the presence of an ADP-ATP translocase.
Such translocases have been described twice in
bacterial systems (12, 43), but in Rickettsia they
are reportedly insensitive for mitochondrial
translocase inhibitors (43).

The temperature-dependent potassium
permeability of the membrane vesicles of M.
thermoautotrophicum may be due to the aber-
rant lipid composition of the methanogens (24,
38), which resembles the lipid composition in
halophilic organisms (38). Vesicles of H. halo-
bium also showed a K* permeability higher than
that of whole cells (21). The rate of K* leakage
of M. thermoautotrophicum compares with that
of the Halobacterium membrane vesicles (21).

Uncouplers stimulated ATP synthesis in
whole cells. Electron microscopy showed that
both mechanisms can explain these anomalous
results, i.e., interference of the cell wall or the
localization of the ATP synthetase beyond the
cytoplasmic membrane, or both.

Freeze-fracturing of membrane vesicles did
not give direct evidence of the orientation of the
vesicles since the membranes would not split.
However, the ATP synthesis due to Ay and the
demonstration of Ay with Di-S-C;(5), with a
subsequent increase of fluorescence upon de-
energization, and the complete inhibition of
ATP synthesis by ADP-ATP translocase inhib-
itors, all indicate the presence of right-side-out
vesicles. The demonstration of a ApH with 9-
aminoacridine indicates the presence of inside-
out vesicles. The only partial inhibition of H,-
dependent ATP synthesis by the translocase
inhibitors, i.e., only in the right-side-out but not
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in the inside-out vesicles, confirms the presence
of both types of vesicles. Separation of the two
types of vesicles will be needed to measure Ay
and ApH quantitatively.

Anaerobic conditions are required for ATP
synthesis by vesicles but not for the response of
whole cells to an artificially imposed proton
motive force. The membrane potential can be
demonstrated under aerobic conditions in both
systems; however, aerobic ATP synthesis driven
by Ay was only demonstrated in whole cells.
How ATP synthesis is inhibited by O. or a high
redox potential in vesicles remains unknown; the
different sensitivity to O, may be caused by the
location of the energy-generating system on the
internal membrane in whole cells, thus giving
protection against rapid oxidation.

The electron carriers and the terminal elec-
tron acceptor involved in the oxidation of H; by
membrane vesicles remain unknown. Coenzyme
F4 is known to be reduced by the hydrogenases
of methanogens, but fluorometric measurements
(7) revealed only small amounts of Fiz or Fa,.
Thauer et al. (36) reported the absence of me-
naquinone in M. thermoautotrophicum. We
were unable to detect quinones. The involve-
ment of squalenes as electron sinks as suggested
before (38) remains to be proven. Squalenes
occur in other groups of procaryotes, e.g., halo-
bacteria (37), cyanobacteria (35), and methane-
(2) and methanol-oxidizing (9) microorganisms
at levels between 1 and 5 mg g of dry weight™,
and no indication for a role of squalenes as
electron acceptors is known in these organisms.
Bicarbonate and carbon dioxide, the in vivo
electron acceptors, are less likely candidates as
electron acceptors in our test system since these
compounds were not added and no detectable
amounts of CH, were formed. A role of the
sulfate as electron acceptor seems unlikely since
ATP is needed in the reduction to sulfite and no
ATP was added. The results lead to the conclu-
sion that ATP synthesis in M. thermoautotroph-
icum may indeed be a process driven by chemi-
osmotic forces. Further research is now proceed-
ing to measure the magnitude of Ay and ApH
and to identify the electron carrier to further
support this conclusion.

If methanogens descend from an old diversion
of the phylogenetic tree of organisms in one
group with the halobacteria (45), where the
chemiosmotic principles of ATP synthesis have
been very thoroughly demonstrated (22), it must
be concluded that ATP synthesis by chemios-
motic principles must have been adopted early
in evolution.
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