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Abstract A mutant of Methanobacterium thermoautotrophi-
cum with a lesion in membrane Na+-translocating ATPase
(synthase) was isolated. The total ATPase activity in permea-
bilized cells of this mutant was elevated three-fold as compared
with the wild-type strain. In contrast to wild-type cells, mutant
ATPase was neither inhibited by DCCD nor stimulated by Na+

ions. The methane formation orate of the mutant cells at pH 7.5
under non-growing conditions was nearly twice that of the wild-
type strain and was stimulated by sodium ions. On the other
hand, the ATP synthesis driven by methanogenesis under the
same conditions was lower that of the wild-type under the same
conditions, and contrary to the wild-type was not stimulated by
Na+ ions. ATP synthesis driven by a potassium diffusion
potential in the presence of sodium ions was markedly diminished
in the mutant cells. The membrane potential values of the wild-
type and the mutant cells in the presence of 10 mM NaCl at pH
7.0 were comparable at energized conditions (3223 mV and
3230 mV respectively). The Mg2+-dependent ATPase activity of
the 105Ug supernatant of broken cells from the mutant cells was
30% higher than in the wild-type. On the other hand, two bands
with Mg2+-dependent ATPase activity were identified by native
PAGE in this fraction in both wild-type as well as in mutant.
These data suggest that the binding of Na+-translocating
ATPase (synthase) to the membrane spanning part is changed
in the mutant strain.
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1. Introduction

A systematic genetic approach to the problem of energy
conservation in yeast and eubacteria has proved to be very
valuable [1^3]. In methanogenic archaea, a genetic approach
to the solution of bioenergetic problems has not yet been
applied. The problem of the co-existence of Na� and H�

energetics has emerged lately in eubacteria [4^6]. Recent stud-
ies have revealed that the bioenergetics of methanogens exhib-
it unique features. (1) Methanogenesis is coupled to the gen-
eration of an electrochemical proton gradient and
electrochemical sodium ion gradient [7^11]. (2) Both of these
gradients are directly for ATP synthesis via speci¢c H�- and
Na�-ATP synthases [12^14]. To understand the function and
interrelationship of these bioenergetic subsystems, functional
(inhibitory) studies, physiological modi¢cations and genetic
elimination of the components of the bioenergetic machinery
could be fruitful. Inhibitory studies and physiological modi¢-

cations have shown that the cells of Methanobacterium ther-
moautotrophicum synthesize cellular ATP under alkaline con-
ditions via Na�-translocating ATP synthase [15]. This ¢nding
indicates that in cells of Mb. thermoautotrophicum ATP syn-
thesis at di¡erent pH can be performed by one of two existing
ATP synthases. Thus, the total energy expenditure of these
cells may be met by either Na�- or H�-translocating ATPase
(synthase).

The observation that Na�-translocating ATPase (synthase)
in Mb. thermoautotrophicum is inductive [16] could permit
modulation of its activity at di¡erent physiological conditions.
Moreover, this ATPase (synthase) seems to be F-type ATPase
[12,13]. These experimental data, together with the possibility
to prepare neomycin-resistant mutants in prokaryotes of
which about 3% were found to have an uncoupled phenotype
with defects in the energy-transducing ATPase [17,18],
prompted us to try to prepare such mutants in Mb. thermo-
autotrophicum. The intention of this paper is to present the
¢rst case of a mutant of methanoarchaea with lesion(s) in its
energy conservation mechanism.

2. Materials and methods

Mb. thermoautotrophicum strain vH was used as a wild-type strain
and cultivated as described previously [19]. Growth medium was bu¡-
ered to pH 7.5 with 50 mM morpholinopropane sulfonic acid
(MOPS)-KOH. Solid media were prepared by the addition of 1%
(w/v) Gelrite to the medium described above.

For isolation of neomycin-resistant mutants of Mb. thermoauto-
trophicum strain vH, the growth conditions were essentially as de-
scribed above. To select neomycin-resistant mutants, cultures were
grown for 24 h in liquid medium in the presence of 100 Wg/ml neo-
mycin. The cells were washed in the growth medium. 5U107 cells were
plated directly in an anaerobic chamber (Forma Scienti¢c, model
1024) on solid medium (pH 7.0) containing 100 Wg/ml neomycin
and were incubated at 60³C in an anaerobic jar for one week. Colo-
nies that arose (42) were replica-plated on plates at pH 6.5 and 8.0
respectively with 100 Wg/ml neomycin. After one week of growth, we
compared the patterns of the corresponding plates. Only one mutant
clone which grew at pH 6.5 and did not grow at pH 8.0 was isolated.
This colony was picked and puri¢ed by restreaking several times on
non-selective medium before the preparation of stock slopes. The
remaining 98% of the mutant clones presumably carried lesions a¡ect-
ing the membrane permeability to neomycin. Speci¢c growth rate (W)
was calculated from the exponential growth rate, absorbance range
0.2^0.8 at 580 nm.

ATP synthesis driven by a potassium di¡usion potential in the
presence of Na� ions of the cell suspensions of the wild-type and
neomycin-resistant mutant was measured as described elsewhere [20].

For the study of ATPase activity permeabilized cells of Mb. ther-
moautotrophicum were used. Cells were permeabilized with Triton X-
100 in a similar way as in [27].

Methane formation from CO2 and H2 by the cell suspension of the
wild-type and neomycin-resistant mutant was measured by gas chro-
matography as described earlier [19]. Samples of the gaseous phase
were taken from cultivation £asks (5 ml bottles sealed with butyl-
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rubber stoppers) with gas-tight syringes. The membrane potential was
measured by means of an electrode sensitive to tetraphenylphospho-
nium (TPP�) [21,22]. 105Ug supernatant of broken cells was prepared
as described by Roth and Bachofen [26] except that Tris bu¡er was
replaced by N-(2-hydroxyethyl)piperazine-NP-3-propane-sulfone acid
(HEPPS) bu¡er, containing 100 mM HEPPS-KOH, 10% glycerol
(w/v), 10 mM MgCl2 and 5 mM dithiothreitol (DTT), pH 8.0. The
ultrasoni¢cation was performed in 20 s intervals on ice (20 min, 18 Wm,
Soniprep 150, R.W. Jennings and Co.). ATPase activity staining after
native PAGE was performed according to Kakinuma and Igarashi
[23]. Standard techniques were used for native PAGE.

Protein was quanti¢ed by the Lowry method with bovine serum
albumin as the standard [24].

All chemicals were of reagent grade purity purchased mostly from
Lachema, Brno, except for MOPS, HEPPS, Tris, ATP, DTT, dicyclo-
hexylcarbodiimide (DCCD), Triton X-100, Gelrite (Serva), luciferin-
luciferase preparation (Sigma), neomycin sulfate (Upjohn).

3. Results

Neomycin-resistant mutants of Mb. thermoautotrophicum
were isolated. Only one of the 42 colonies was a small one,
about one third in size, slightly yellowish and unlike the other
resistants this one did not form visible colonies after plating
on the alkaline solid medium at pH 8.0. These ¢ndings to-
gether with other reports on the isolation of ATPase mutants
from neomycin-resistant mutants of bacteria [17,18] indicated
that in our mutant a modi¢cation(s) in energy conservation
mechanism might occur.

Growth yields (calculated as mg total cell protein per ml of
growth medium after 24 h) were 0.22 for wild-type and 0.14
for the mutant strain. The speci¢c growth rate W (h31) in the
wild-type cells at 5 mM NaCl was 0.05 and at 50 mM NaCl it
was 0.15. In the mutant cells, the speci¢c growth rate was the
same (0.06) at both 5 mM or 50 mM NaCl.

Some neomycin-resistant strains of prokaryotic cells were
found to have an uncoupled phenotype (unc) with defects in
F-type ATPase [17,18]. Recently, it was suggested that cells of
Mb. thermoautotrophicum strain vH contain the F-type as well
as A-type ATPase (synthases) [13]. These ¢ndings prompted
us to study relevant bioenergetic properties of this mutant to
localize its defect(s).

Table 1 summarizes some basic features of Mg2�-stimulated
ATPase of permeabilized cells of wild-type and its neomycin-
resistant mutant. In contrast to permeabilized wild-type cells,
Mg2�-stimulated ATPase activity of permeabilized mutant
cells was neither stimulated by Na� nor inhibited by
DCCD. Moreover, the basal activity was increased about
three-fold compared with the wild-type. Similarly, Mg2�-de-
pendent ATPase activity in the 105Ug supernatant of broken
mutant cells was 30% higher than in this supernatant of wild-
type cells (0.12 and 0.09 Wmol of Pi/mg of protein/min, re-
spectively). As described earlier [25,26], a large amount of
ATPase activity was observed in such fractions of some ther-
mophilic Archaea such as Sulfolobus solfataricus, Mb. ther-

moautotrophicum strain Hveragerdi and also Mb. thermoauto-
trophicum strain vH (unpublished results). Two bands with
Mg2�-dependent ATPase activity were detected after native
PAGE in the 105Ug supernatants of broken cells of both
wild-type and mutant cells (data not shown). Relative mobil-
ities of these bands were comparable to the mobilities of
bands with ATPase activities obtained by analysis of EDTA
extract of membrane vesicles of Mb. thermoautotrophicum
strain vH [13].

The properties of ATPase activity of mutant cells suggest a
lesion in the Na�-stimulated ATPase (synthase). Therefore we
compared ATP synthesis driven by membrane potential which
was generated either by arti¢cially imposed vpH in the pres-
ence of uncoupler and Na� or valinomycin and Na� ions. In
the former case the results obtained were ambiguous since the
mutant cells agglutinated during the pH shift. In the latter
case (Fig. 1) the ATP synthesis in mutant cells was consider-
ably diminished. As shown in Table 2, mutant cells at pH 7.5
exhibited about two times higher production of methane than
wild-type cells, in the presence of either 1 mm NaCl or 10 mM
NaCl. In both cases the membrane production was stimulated
by sodium ions. On the other hand, the ATP concentration in
mutant cells was comparable with the concentration of ATP
in the wild-type cells. The membrane potential values of the
wild-type and the mutant cells at pH 7.0 and in the presence
of 10 mM NaCl were identical, namely 3233 mV and 3230
mV (see Table 2).
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Fig. 1. Potassium di¡usion potential-driven ATP synthesis in the
wild-type and neomycin-resistant mutant. Cells were suspended in
50 mM MOPS-Tris bu¡er (pH 6.8) to a concentration of 1.8 mg
protein/ml. ATP synthesis was induced by addition of valinomycin
(15 WM ¢nal concentration) after 5 min of preincubation at 60³C.
The NaCl concentration of the reaction mixture was 50 mM.
1, Wild-type; 2, mutant.

Table 1
E¡ect of Na� and DCCD on ATPase activity (Wmol of Pi/mg of protein/min) in premeabilized cells of Methanobacterium thermoautotrophicum
and neomycin-resistant mutant

Addition Wild-type Mutant

Activity Stimulation (%) Inhibition (%) Activity Stimulation (%) Inhibitition (%)

None 0.57 ^ ^ 1.8 ^ ^
200 WM NaCl 0.43 ^ 24.6 1.78 ^ 5.6
15 mM NaCl 0.78 37.0 ^ 1.6 ^ 11.0
15 mM NaCl+200 WM DCCD 0.5 - 36.0 1.6 0 0
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4. Discussion

The use of mutants in the study of bioenergetic problems in
methanoarchaea may yield new information on this compli-
cated system. In cells of many eukaryotes, prokaryotes and
also in Archaea the problem of energy requirements is solved
by two energy sources (electron transport phosphorylation
and substrate-level phosphorylation). The total energy expen-
diture of these cells can be covered either by electron trans-
port phosphorylation or by substrate-level phosphorylation
depending upon the prevailing conditions. In methanoarchaea
substrate-level phosphorylation seems to be absent. On the
other hand, in methanoarchaea as in some eubacteria the
co-existence of Na� and H� energetics was observed
[12^15]. These data might indicate that methanoarchaea can
utilize either both ATPases (synthases) or just one of them,
depending on the energy of the corresponding gradients (Na�

or H�). Recently we have suggested that in Mb. thermoauto-
trophicum Na�-translocating ATPase (synthase) might be the
sole ATP synthesizing system when the proton-motive force-
supported ATP synthesis via H�-translocating ATP synthase
is small (at alkaline pH) [15]. The use of mutants for the
solution of this problem seemed to be very promising and
attractive even if it had no precedent. The ¢ndings that in
some methanogens there are two ATPases (A and F) cooper-
ating with two coupling ions (Na� and H�) [12,13] together
with the possibility of preparing neomycin-resistant mutants
in eubacteria with lesions in F0F1 [17,18] presented a chal-
lenge to prepare such mutants in methanoarchaea. Only one
of the neomycin-resistant mutants was analyzed. Its size and
growth characteristics indicated that this mutant might be the
mutant of choice, the mutant with an unc phenotype. Since
about 3% of the neomycin-resistant mutants in eubacteria
have modi¢cations in F-type ATPase, by analogy we expected
that our mutant could have a similar phenotype. As F-type
ATPase (synthase) is Na�-translocating in Mb. thermoautotro-
phicum [13], we started to study the e¡ect of sodium ions on
ATPase activity of permeabilized cells. A 300% increase in the
level of ATPase activity in the mutant strain but the absence
of Na� stimulation and DCCD inhibition of this activity sug-
gested some lesion(s) in the F0 or F1 portion of the ATPase of
this mutant. Most of the ATPase mutants of prokaryotes have
been shown to be a¡ected in only one sector of the F0F1

complex, but some mutants of more complicated phenotype
have been described that appear to be defective in both F1

and F0 [3]. The ATP synthesis driven by a potassium di¡usion
potential in the presence of sodium ions is also very low in
mutant cells when compared with wild-type (up to ¢ve-fold
lover). This result also indicates that this mutant has a de¢-
ciency in Na�-dependent ATP synthesizing machinery. The
¢nding that methanogenesis at pH 7.5 in the mutant cells is
increased two-fold, while the rate of ATP synthesis driven by
methanogenesis in wild-type is similar to that in mutant cells,

indicates that ATP in the mutant cells is not formed by the
Na�-translocating ATPase because the sodium-motive force
across the cytoplasmic membrane is dissipated. The mem-
brane potential values of the wild-type and the mutant cells
at pH 7.0 in the presence of sodium ions were identical. These
data also support the idea that sodium ion-dependent ener-
getics might be defective in mutant cells. The ¢ndings that
mutant cells posses both H�- and Na�-translocating ATPases
(synthases) together with the other experimental data strongly
support the idea that in this mutant the binding of the ATP-
ase catalytic moiety to the membrane spanning part at least
for one ATPase (probably the Na�-dependent one) is
changed.
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