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Extremely halophilic and alkaliphilic bacteria are
of considerable interest in regards to their energy
metabolism. At high pH values and high 

 

Na

 

+

 

 concentra-
tions, alkaliphiles have to solve two problems. They are
to maintain intracellular pH at a level below pH 8, and
they are to perform transmembrane transport of the ions
necessary for their energy metabolism. In most bacte-
ria, ATP synthesis involves an 

 

H

 

+

 

-translocating
ATPase; however, alkaliphilic bacteria and archaea,
growing under conditions of proton deficiency and at
high 

 

Na

 

+

 

 concentrations, have to use special mecha-
nisms of ATP synthesis, including the 

 

Na

 

+

 

-translocat-
ing ATPase [1]. A primary sodium cycle has been found
in a marine alkalitolerant bacterium 

 

Vibrio alginolyti-
cus

 

: as a result of the operation of a sodium pump, a pri-
mary sodium gradient is built up, which is then used by
a 

 

Na

 

+

 

-translocating ATPase for ATP synthesis [2]. On
the other hand, aerobic extremely alkaliphilic bacilli
growing at pH 11 employ a primary proton cycle. The
pH value inside the cells of these bacilli is 3 units lower
than in the medium; however, ATP synthesis occurs due
to the operation of an 

 

H

 

+

 

-translocating ATPase [3].

Among neutrophilic prokaryotes, there are some
organisms, e.g., secondary anaerobes (acetogens and
methanogens), that use sodium gradient for ATP syn-
thesis. In the acetogenic bacterium 

 

Acetobacterium
woodii

 

, the physiological role of the 

 

Na

 

+

 

-translocating
ATPase is to couple the Wood–Ljungdahl pathway,
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whose operation produces a sodium gradient, with the
synthesis of ATP [4]. In the methanogen 

 

Methanosa-
rcina mazei

 

 G

 

ö I, the primary sodium gradient is
formed as a result of a methyltransferase reaction and is
used for ATP synthesis. In addition to the 

 

Na

 

+

 

-translo-
cating ATPase of the 

 

F

 

1

 

F

 

0

 

 type, methanogens were also
found to possess an 

 

H

 

+

 

-translocating ATPase of the

 

A

 

1

 

A

 

0

 

 type [5].
From continental alkaline lakes of central Africa

and the Transbaikal Region, extremely alkaliphilic
anaerobes with a growth optimum at pH 9.5–9.7 were
isolated. Among them, most interesting to us were the
extremely haloalkaliphilic bacterium 

 

Natroniella aceti-
gena

 

, which grows on media with ethanol or lactate at
a NaCl concentration of 1.57% (total 

 

Na

 

+

 

 

 

concentra-
tion, 2 M) and pH 9.7 [6], and the extremely alkaliphilic
bacterium 

 

Desulfonatronum lacustre

 

 which reduces
sulfate at the expense of 

 

ç

 

2

 

, ethanol, or formate and
grows at pH 9.5 in the absence of NaCl at a total 

 

Na

 

+

 

concentration of 0.2 M [7].
The question is how the energy metabolism of alka-

liphilic anaerobes proceeds at extremely high 

 

Na

 

+

 

 con-
centrations and alkaline pH values (i.e., at low concen-
trations of protons in the medium). In our previous
works, we showed that the energy metabolism of the
alkaliphilic bacteria 

 

Natroniella acetigena

 

 and

 

D. lacustre

 

 relies, regardless of the substrate utilized,
on oxidative phosphorylation that involves membrane
ATPase [8, 9]. In 

 

D. lacustre

 

, a proton cycle functions,
which involves periplasmic and intracellular hydroge-
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Abstract

 

—Ionic specificity of oxidative phosphorylation was studied in 

 

Natroniella acetigena

 

 and

 

Desulfonatronum lacustre

 

, which are new alkaliphilic anaerobes that were isolated from soda lakes and have a
pH growth optimum of 9.5–9.7. The ability of their cells to synthesize ATP in response to the imposition of
artificial 

 

∆

 

ç

 

+

 

 and 

 

∆

 

Na

 

+

 

 gradients was studied. As distinct from other marine and freshwater sulfate reducers
and extremely alkaliphilic anaerobes, 

 

D. lacustre

 

 uses a Na

 

+

 

-translocating ATPase for ATP synthesis. The alka-
liphilic acetogen 

 

N. acetigena

 

, which develops at a much higher Na

 

+

 

 concentration in the medium, generated
primary 

 

∆

 

ç

 

+

 

 for ATP synthesis. Thus, the high Na

 

+

 

 concentrations and alkaline pH values typical of soda lakes
do not predetermine the type of bioenergetics of their inhabitants.
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nases and is coupled to electron transport that occurs
during the oxidation of hydrogen or organic substrates
in the course of sulfate reduction [9]. Inhibitory analy-
sis of the energy metabolism of the alkaliphiles under
consideration showed the operation of both the proton
and sodium cycles.

The aim of the present work was to establish the
nature of the ion necessary for ATP synthesis by the
membrane ATPases of the extremely haloalkaliphilic
homoacetogenic bacterium 

 

N. acetigena

 

 and the alka-
liphilic sulfate-reducing bacterium 

 

D. lacustre.

 

MATERIALS AND METHODS

 

Organisms and cultivation conditions.

 

 This work
used the type strains 

 

N. acetigena

 

 Z-

 

7937

 

í

 

 (=DSM 9952)

and 

 

D. lacustre

 

 Z-

 

7951

 

T

 

 (=DSM 10312) obtained from
T.N. Zhilina. 

 

N. acetigena

 

 that was grown at 

 

37°ë

 

under strictly anaerobic conditions on mineral medium
with pH 9.7 containing ethanol (0.5%) and the follow-
ing components (g/l): 

 

KH

 

2

 

PO

 

4

 

, 0.2; MgCl

 

2

 

 

 

· 

 

6H

 

2

 

O, 0.1;
NH

 

4

 

Cl

 

, 1.0; KCl, 0.2; NaCl, 15.7; 

 

Na

 

2

 

CO

 

3

 

, 68.3;
NaHCO

 

3

 

, 38.3; yeast extract, 0.2; 

 

Na

 

2

 

S 

 

·

 

 9H

 

2

 

é

 

, 1.0;
Lippert’s trace element solution, 1 ml; Wolin’s vitamin
solution, 2 ml; 0.04% resazurin solution, 2 ml [6].

 

D. lacustre

 

 was grown at 

 

37°ë

 

 under strictly anaerobic
conditions on mineral medium with pH 9.5 containing
the following components (g/l): 

 

ä

 

2

 

çêé

 

4

 

, 0.2; KCl,
0.2; 

 

MgCl

 

2

 

 

 

·

 

 6H

 

2

 

O, 0,1; NH

 

4

 

Cl, 1,0; Na

 

2

 

SO

 

4

 

, 3.0;
Na

 

2

 

CO

 

3

 

, 2.76; NaHCO

 

3

 

, 10.0; yeast extract, 1.0;

 

Na

 

2

 

S 

 

·

 

 9H

 

2

 

O

 

, 0.5; Whitman’s trace element solution
(1 ml); Wolin’s vitamin solution (2 ml); 0.04% resa-
zurin solution, 2 ml [7]; formate was added as the elec-
tron donor. To create anaerobic conditions, the media
were boiled and flushed with 100% 

 

N

 

2

 

.
The inoculum was a log-phase culture taken in an

amount of 3 vol %.

 

Obtaining of cell suspensions.

 

 Late-log-phase cul-
tures were centrifuged under anaerobic conditions for
1 h at 4600 g and 

 

4°ë

 

. Cells were washed two times
and resuspended (0.8–1.2 mg protein/ml) either in cul-
tivation medium or in deoxygenated 50 mM Tris buffer
(pH 9.5) containing 10 mM 

 

MgCl

 

2

 

 and 10 mM KCl.

 

Determination of intracellular ATP content.

 

 A
freshly prepared cell suspension was incubated for
30 min at 

 

37°ë

 

 under a nitrogen atmosphere in the
presence or absence of ionophores and substrates. ATP
synthesis was induced by the addition of 6 N HCl in an
amount that shifted the pH value by 2 units. Artificial

 

∆

 

Na

 

+

 

 was imposed by the addition of 200 mM NaCl
to cells incubated in medium or buffer devoid of
sodium. Intracellular ATP was extracted with 2 M per-
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Fig. 1. Synthesis of ATP by N. acetigena cells washed and
suspended in substrate-free medium (1) in control variant
and (2) in response to the imposition of a proton gradient
(the arrow indicates the moment of HCl addition).

Fig. 2. Effect of (2) 50 µM monensin, (3) 500 µM DCCD, and (4) 100 µM FCCP on the growth of D. lacustre in formate-containing
medium (the arrow indicates the moment of DCCD or ionophore addition). Curve 1 shows the growth of the control culture.
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chloric acid on ice for 30 min, followed by neutraliza-
tion with 3 M KOH. To stabilize the pH value of the
extract, Tris–HCl buffer (pH 7.4) containing 4 mM
MgCl2 was added. The ATP concentration was deter-
mined by the luciferin–luciferase method using the
Immolum and Microlum luminescent ATP reagents
manufactured at the Department of Chemical Enzymol-
ogy, Moscow State University [10]. The luminescence
intensity was measured on a RackBeta 1219 LKB–Wal-
lac scintillation counter [11].

The biomass was determined as the cellular protein
after sedimenting cells by centrifugation at 15 000 g for
3 min followed by cell hydrolysis in 1 N NaOH. The
protein was determined by the Lowry method.

The inhibitor N,N-dicyclohexylcarbodiimide
(DCCD) and the ionophores monensin and carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (FCCP)
purchased from Serva (Germany) were added to the
growth medium or cell suspensions as ethanol solu-
tions. Control cultures and cell suspensions were sup-
plemented with corresponding amounts of ethanol
(no more that 0.1%).

RESULTS AND DISCUSSION

Homoacetogenic bacteria can form acetate from
various substrates (sugars, aromatic compounds,
organic acids, alcohols, ç2/ëé2) and couple this reac-
tion with Na+- or ç+-dependent ATP synthesis; the
mechanism of coupling involves the electron-transport
chain or the direct transmembrane transport of ions.
With respect to their bioenergetics, homoacetogenic
bacteria can be divided into two groups. Members of
the first group (Clostridium thermoaceticum) generate
proton gradient (used for ATP synthesis by an H+-trans-

locating ATPase) via the operation of an electron-trans-
port chain containing cytochrome b [12]. Homoaceto-
gens of the second group (Acetobacterium woodii and
Thermoanaerobacter kivui) do not contain cytochromes
and generate primary sodium gradient in the course of
methyltransferase reaction; this gradient is used by a
Na+-translocating ATPase [5].

To reveal an ç+-translocating ATPase in N. aceti-
gena, we studied the ability of this bacterium to synthe-
size ATP in response to the imposition of an artificial
proton gradient (∆ç) on starving cells suspended in
growth medium (pH 9.7) devoid of the carbon source.
As can be seen from Fig. 1, a decrease in the pH value
by 2 units resulted in a 2.5-fold increase in the intracel-
lular ATP content (which reached 2.5 nmol/mg pro-
tein), indicating ç+-dependent ATP synthesis by
N. acetigena. This result is in agreement with our ear-
lier obtained data [8, 13] on the complete inhibition of
growth and the acetogenesis of N. acetigena in media
with ethanol or lactate at pH 9.7 by protonophores and
Rhodamine G, which is known to affect the ç+-translo-
cating ATPase.

ATP synthesis by N. acetigena was studied in cells
suspended in mineral medium, since in buffers devoid
of Na+, ions cells undergo lysis. Therefore, it was
impossible to investigate the effect of an artificial
sodium gradient (∆pNa+). N. acetigena cells cannot
withstand washing and suspension in sucrose-contain-
ing buffers or in buffers based on the mineral compo-
nents of the cultivation medium but containing potas-
sium instead of sodium. Earlier, we showed that the
addition of monensin, protonophores, the inhibitor of
the F1F0-type ATPase DCCD, or the inhibitor of
ç+-translocating ATPases Rhodamine G also causes the
rapid lysis of N. acetigena cells [8, 13]. Cell lysis in the
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Fig. 3. Effect of proton gradient on ATP synthesis by
D. lacustre: (1) control (unimpacted) cells; (2) cells washed
and suspended in medium with sulfate and formate; (3) cells
washed and suspended in medium devoid of sulfate and for-
mate; (4) cells washed and suspended in Tris buffer (pH 9.5)
containing 10 mM KCl and 10 mM MgCl2. The arrow
shows the moment of HCl addition to the experimental vari-
ants.

Fig. 4. Synthesis of ATP by D. lacustre cells washed and
suspended in Tris buffer (pH 9.5) containing 10 mM KCl
and 10 mM MgCl2 (1) in control variant and in response to
the imposition of a sodium gradient (the arrow indicates the
moment of the addition of 0.2 M NaCl) (2) in the absence
of monensin and (3) in the presence of 100 µM monensin.
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absence of Na+ or upon the addition of inhibitors and
ionophores suggests that the physiology of N. aceti-
gena is based on a combination of the proton and
sodium cycles and is adjusted to the considerable
energy expenditures needed for the maintenance of cell
integrity in the highly mineralized alkaline medium.

The energy metabolism of another group of second-
ary anaerobes, hydrogenotrophic sulfate-reducing bac-
teria, is based on the intracellular hydrogen cycle. The
proton gradient formed due to the operation of the elec-
tron-transport chain is used for ATP synthesis, the
transport of nutrients (including sulfate), and flagellum
motion [14].

Figure 2 presents data on the effect of the F1F0
ATPase inhibitor DCCD and ionophores on the growth
on D. lacustre in medium with formate. The growth
was completely inhibited by the addition of 500 µM
DCCD in the 72nd hour of growth (curve 3). An analo-
gous effect was produced by 50 µM monensin, which
abolishes ∆ç and ∆Na gradients on the membrane
(curve 2), and by 100 µM protonophore FCCP (curve 4).
The complete inhibition of growth by DCCD and the
protonophore suggests that formate oxidation in the
course of sulfate reduction is coupled to ATP genera-
tion via the chemiosmotic mechanism. On the other
hand, the inhibitory effect of monensin on D. lacustre
indicates that, during growth on formate, the bacterium
requires sodium potential, which is established via
Na+/H+ antiport. Thus, the energy metabolism of
D. lacustre involves both proton and sodium cycles.

The capacity of D. lacustre for proton-dependent
ATP synthesis was studied by imposing an artificial
∆ç on cells. As can be seen from Fig. 3, the ATP level
in cell suspensions of D. lacustre, as distinct from that
in cell suspensions of N. acetigena, did not respond to a
decrease in pH either during incubation in cultivation
medium (curve 2) or medium devoid of organic sub-
strate and sulfate (curve 3) or in Tris buffer (pH 9.5)
containing 10 mM MgCl2 and 10 mM KCl (curve 4). In
the latter case, a slight decrease in the cellular ATP level
was observed. These data demonstrate that D. lacustre,
as distinct from other sulfate-reducing bacteria studied
in this respect, does not use the proton gradient for ATP
synthesis.

To elucidate the ability of D. lacustre cells to syn-
thesize ATP at the expense of ∆Na+, twice-washed
cells were suspended in 50 mM Tris buffer (pH 9.5)
containing 10 mM MgCl2 and 10 mM KCl. As distinct
from N. acetigena cells, the cells of D. lacustre do not
lyse in a sodium-free buffer. The addition of 200 mM
NaCl after a 35-min incubation in a sodium-free buffer
resulted in a 3.3-fold increase in the cellular ATP con-
tent (Fig. 4, curve 2). When a buffer with pH 10.2 was
used, ATP synthesis was not observed, which was prob-
ably due to the impairment of cell pH homeostasis and
ATPase suppression. ATP synthesis in D. lacustre cells
was inhibited by monensin (curve 3), which abolishes
∆Na and ∆ç.

In washed cells of D. lacustre, we also found sul-
fate-dependent ATP synthesis. The addition of 20 mM
of potassium sulfate to cells that were incubated in Tris
buffer supplemented with formate resulted in a twofold
increase in the intracellular ATP content (Fig. 5). Thus,
the oxidation of formate with sulfate by D. lacustre is
coupled to energy generation.

In earlier studied sulfate-reducing bacteria, both
those that couple sulfate reduction to the oxidation of
organic substrates and those that couple it to the oxida-
tion of hydrogen, the proton cycle played the key role
in energy generation [14]. In all sulfate-reducing bacte-
ria earlier studied in this respect, the ç+-translocating
ATPase is involved in ATP synthesis [15].

The extremely alkaliphilic sulfate-reducing bacte-
rium D. lacustre as distinct from the earlier-studied
marine and freshwater sulfate-reducers and extremely
alkaliphilic aerobic bacilli, relies on a Na+-translocat-
ing ATPase for ATP synthesis. D. lacustre cells can gen-
erate proton gradient via the operation of the periplas-
mic and intracellular hydrogenases, as well as via the
operation of the electron-transport chain, which con-
tains cytochrome c [9]. The interconversion of the
∆Na and ∆ç gradients may occur via Na+/H+ anti-
port, as it is the case with Desulfovibrio salexigenes
[15]. It is believed that, under alkaline conditions, the
electrochemical proton potential that is built up in the
course of the operation of the electron-transport chain
is used by the Na+/H+ antiporter to obtain the sodium
transmembrane potential, which is the driving force of
ATP synthesis. In extremely alkaliphilic bacteria, the
Na+/H+ antiport plays the key role in the maintenance
of pH homeostasis [3]. Paradoxically, N. acetigena, the
other anaerobic alkaliphilic soda-lake isolate studied in
the present work and growing at a much higher Na+

concentration in the medium (2 M, pH 9.5), was shown
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Fig. 5. Synthesis of ATP by D. lacustre cells washed and
suspended in Tris buffer (pH 9.5) containing 10 mM KCl,
10 mM MgCl2, and 80 mM formate (1) in control variant
and (2) in response to the addition of 20 mM potassium sul-
fate (arrow).
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by inhibitory analysis to rely on the ç+-translocating
ATPase for ATP synthesis. The presence of the
ç+-translocating ATPase in N. acetigena cells cannot
be excluded and requires experimental testing, which
is, however, problematic in a Na+-dependent organism.

The mechanism of proton-dependent ATP synthesis
at high pH values remains obscure; it has been sug-
gested that this mechanism may be nonchemiosmotic
or may be characterized by a high ç+/ATP ratio [3].

As follows from our data, the high Na+ concentra-
tions and alkaline pH values typical of soda lakes do
not predetermine the type of bioenergetics of their
inhabitants. New alkaliphilic anaerobic isolates from
soda lakes exhibit a wide diversity of energy generation
mechanisms: acetogenesis, hydrogenotrophic sulfido-
genesis, fermentation of sugars and amino acids, pho-
totrophy, etc. [16]. Therefore, various combinations of
the proton and sodium energy cycles can be anticipated
to occur in these isolates.
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