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We describe here purification and biochemical characterization of the F1Fo-ATP synthase from the ther-
moalkaliphilic organism Bacillus sp. strain TA2.A1. The purified enzyme produced the typical subunit pattern
of an F1Fo-ATP synthase on a sodium dodecyl sulfate-polyacrylamide gel, with F1 subunits �, �, �, �, and � and
Fo subunits a, b, and c. The subunits were identified by N-terminal protein sequencing and mass spectroscopy.
A notable feature of the ATP synthase from strain TA2.A1 was its specific blockage in ATP hydrolysis activity.
ATPase activity was unmasked by using the detergent lauryldimethylamine oxide (LDAO), which activated
ATP hydrolysis >15-fold. This activation was the same for either the F1Fo holoenzyme or the isolated F1 moiety,
and therefore latent ATP hydrolysis activity is an intrinsic property of F1. After reconstitution into proteoli-
posomes, the enzyme catalyzed ATP synthesis driven by an artificially induced transmembrane electrical
potential (��). A transmembrane proton gradient or sodium ion gradient in the absence of �� was not
sufficient to drive ATP synthesis. ATP synthesis was eliminated by the electrogenic protonophore carbonyl
cyanide m-chlorophenylhydrazone, while the electroneutral Na�/H� antiporter monensin had no effect. Nei-
ther ATP synthesis nor ATP hydrolysis was stimulated by Na� ions, suggesting that protons are the coupling
ions of the ATP synthase from strain TA2.A1, as documented previously for mesophilic alkaliphilic Bacillus
species. The ATP synthase was specifically modified at its c subunits by N,N�-dicyclohexylcarbodiimide, and
this modification inhibited ATP synthesis.

In bacteria, mitochondria, and chloroplasts ATP synthesis is
catalyzed by the membrane-bound F1Fo-ATP synthase fueled
by an electrochemical gradient of protons (�p) or, in some
cases, Na� ions (�pNa�) (3, 4, 29, 36, 47). F1Fo enzymes
consist of a membrane-associated headpiece, F1, with the sub-
unit composition �3�3��ε, and an integral membrane sector,
Fo, with the subunit composition ab2c10-14. This molecular ma-
chine couples ion translocation through Fo to the synthesis of
ATP at F1 by a rotational mechanism (30, 31, 43). The ion flux
across the membrane induces the rotation of the rotor ring
(c10-14), which is physically connected with central stalk sub-
units � and ε (6, 17, 39–42, 46). Rotation of the asymmetrically
bent � subunit within the central cavity of the �3�3 cylinder
elicits periodic structural changes in the catalytic � subunits
which are instrumental in ATP synthesis (2).

The alkaliphiles are a unique group of microorganisms that
thrive at high external pH values (pH 8.5 to 11.5) but maintain
the cytoplasmic pH near neutral (e.g., pH 8.0). Because the
total �p is the sum of the membrane electrical potential (��)
(positive out) and the pH gradient (�pH) (acid out in neutro-
philes), the large �pH generated by alkaliphiles in the opposite
direction (acid in) has an adverse effect on the magnitude of
the total �p. It has been reported that bacteria growing at pH
10.5 have a �p of �45 mV, and this value is considered sub-

maximal for ATP synthesis (21). No bioenergetic problem
would exist if the bacteria used Na�-coupled processes for
solute transport, motility, and ATP synthesis because �pNa�

and �� are orientated in the same direction and thus add
driving force to one another. Indeed, ion-solute transport sys-
tems and flagellar rotation often appear to depend on sodium
as a coupling ion in alkaliphiles (21). However, the F1Fo-ATP
synthases of the mesophilic alkaliphilic organisms Bacillus
pseudofirmus and Bacillus alcalophilus have been shown to be
exclusively proton coupled (7–9). A number of putative mech-
anisms have been proposed to explain how the ATP synthases
in these bacteria remain proton coupled at low �p values, but
these models are still to be experimentally proven (21).

We recently isolated a facultative thermoalkaliphilic Bacillus
species, designated strain TA2.A1, that grows aerobically at
pH 7.5 to 10.0 and has a temperature optimum of 65 to 70°C
(32, 33). Strain TA2.A1 is dependent upon sodium for growth,
and we have demonstrated that solute transport (i.e., gluta-
mate and sucrose transport) is Na� dependent (33, 34). In this
paper, we describe purification of the F1Fo-ATP synthase from
Bacillus sp. strain TA2.A1 and the subunit composition of this
enzyme. The purified enzyme was reconstituted into proteoli-
posomes, and ion transport studies showed that the ATP syn-
thase utilizes protons as coupling ions for ATP synthesis.

MATERIALS AND METHODS

Bacterial strain and growth conditions. Bacillus sp. strain TA2.A1 was grown
at 65°C in an alkaline medium (pH 9.2) as described previously (32), except that
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in this study the growth medium was supplemented with 10 g of Tryptone
Peptone (Difco) per liter to increase the final cellular growth yield.

Preparation of inverted membrane vesicles. Cells of strain TA2.A1 (15 g, wet
weight) were resuspended in 15 ml of 50 mM Tris-HCl buffer (pH 8.2) containing
0.1 mM diisopropylfluorophosphate (DFP). Lysozyme was added to a final con-
centration of 1.2 mg/ml, and the suspension was stirred for 45 min at room
temperature. DNase I (2 mg) and 15 mM (final concentration) MgCl2 were then
added, and this was followed by incubation for a further 15 min. All subsequent
steps were performed at 4°C unless otherwise stated. The protoplasts were
collected by centrifugation (180,000 	 g for 1 h) and resuspended in 20 ml of
extraction buffer (50 mM potassium phosphate buffer [pH 8.0], 0.1 mM DFP, 2
mM MgCl2,1 mM dithiothreitol). The protoplasts were broken by two passages
through a precooled French pressure cell at 20,000 lb/in2. The extract was
centrifuged at 8,000 	 g for 20 min to remove unbroken cells. The cell-free
supernatant was centrifuged at 180,000 	 g for 45 min to harvest membrane
vesicles. No ATPase activity was detected in the supernatant after centrifugation,
and the cell membranes were red.

Preparation of the isolated F1-ATPase. To dissociate the F1 portion of the
ATP synthase from membrane vesicles, the procedure described by Laubinger
and Dimroth (24) performed with a low-ionic-strength dissociation buffer (1 mM
Tris-HCl [pH 8.0], 0.5 mM K2-EDTA, 1 mM dithioerythritol, 0.1 mM DFP, 10%
glycerol) and high-speed centrifugation (180,000 	 g for 45 min) was employed.
F1 was purified by fractionated polyethylene glycol 6000 (PEG 6000) precipita-
tion. After addition of 2.4% PEG 6000, precipitates were removed by centrifu-
gation at 39,000 	 g for 15 min, and the final concentration of PEG 6000 in the
F1-containing supernatant was adjusted to 12%. After 15 min of incubation on
ice, the F1 was collected by centrifugation (39,000 	 g, 15 min) and dissolved in
10 mM Tris-HCl (pH 8.0) containing 1 mM dithiothreitol, 0.1 mM DFP, and
10% glycerol.

Solubilization and purification of the F1Fo-ATP synthase. To extract the ATP
synthase from the cytoplasmic membrane, membrane vesicles obtained from 15 g
of cells were washed twice in extraction buffer and then homogenized with 15 ml
of extraction buffer containing 10% glycerol and 5% Triton X-100. After 1 h of
incubation at 4°C with constant stirring, the nonsolubilized material was removed
by ultracentrifugation (180,000 	 g for 45 min). The solubilized ATP synthase in
the red supernatant was precipitated by ammonium sulfate fractionation. A
saturated solution of ammonium sulfate at 5°C in 50 mM Tris-HCl buffer (pH
8.5) containing 5 mM MgSO4 was initially added to achieve a final saturation of
35%, and the suspension was stirred for 30 min at 4°C. The suspension was
centrifuged at 17,000 	 g for 20 min, and the pellet was discarded since it
contained less than 5% of the total ATPase activity. The supernatant was then
brought to 65 to 70% saturation and stirred for 30 min at 4°C. This suspension
was centrifuged at 17,000 	 g for 20 min. The pellet, which contained approxi-
mately 90% of the total ATPase activity, was resuspended in 5 ml of 50 mM
Tris-HCl (pH 8.2)–0.05% Triton X-100.

Hydroxyapaptite was prepared as described by Bernardi (1) and was stored at
4°C under an equal volume of 1 mM potassium phosphate buffer (pH 8.0). The
ATPase-containing solution was diluted fourfold with deionized water and
loaded onto a hydroxyapatite column (bed volume, 70 ml; diameter, 3 cm), which
had been equilibrated with 4 column volumes of buffer A (30 mM potassium
phosphate buffer [pH 8.0], 10% glycerol, 0.05% Triton X-100, 1 mM dithiothre-
itol). The column was run at a hydrostatic pressure of 1.0 to 1.5 ml/min. After the
enzyme was applied, the column was washed with 1 column volume of buffer A
and 2 column volumes of buffer B (50 mM potassium phosphate buffer [pH 8.0],
10% glycerol, 0.05% Triton X-100, 1 mM dithiothreitol). The ATPase was eluted
with approximately 30 ml of buffer C (150 mM potassium phosphate buffer [pH
8.0], 20% glycerol, 0.25% Triton X-100, 1 mM dithiothreitol), concentrated
15-fold by ultrafiltration with a YM100 membrane (Millipore), and stored under
liquid N2.

All preparations of the ATP synthase were routinely analyzed on sodium
dodecyl sulfate (SDS)–12% polyacrylamide gels (PAGE) by using the buffer
system of Schägger et al. (38). Polypeptide bands were visualized by staining with
Coomassie brilliant blue or silver staining (28). N-terminal sequencing of ATP
synthase subunits was performed as described previously (35). To determine
which bands corresponded to proteins soluble in organic solvents, the purified
ATP synthase was extracted with chloroform-methanol (1:1) as previously de-
scribed (45).

Labeling of subunit c with DCCD. Subunit c of the F1Fo-ATP synthase from
strain TA2.A1 was labeled with N,N
-dicyclohexylcarbodiimide (DCCD) and
extracted with chloroform-methanol (1:1) as described previously (45). Purified
ATP synthase (60 �g, 200 �l) from strain TA2.A1 in 50 mM potassium phos-
phate buffer (pH 7.5) was incubated with 20 �M DCCD for 20 min. The reaction
was stopped by extraction with a 10 volumes of chloroform-methanol (1:1), and

the c subunit was isolated in the organic layer after phase separation induced by
the addition of 2 volumes of water. Sample preparation for matrix-assisted laser
desorption ionization–time of flight (MALDI-TOF) mass spectroscopy (MS) was
performed as described by von Ballmoos et al. (45). The molecular masses of the
DCCD-labeled and unlabeled subunit c were determined by using a Perspective
Biosystems Voyager Elite system, a MALDI-TOF MS instrument with a reflec-
tor, as described previously (45). The measurements with the labeled subunit c
were made in the linear positive mode to avoid decomposition of DCCD in the
reflector mode. The instrument has an accuracy of �0.1% in the linear mode.

Reconstitution of the purified ATP synthase into proteoliposomes. A suspen-
sion of 30 to 60 mg of phosphatidylcholine (type II S; Sigma) in 2 ml of 10 mM
Tricine-KOH (pH 8.0) containing 1 mM MgCl2 and 1 mM dithiothreitol was
sonicated twice for 1 min in a water bath sonicator and cooled on ice for 1 h.
Purified ATP synthase (0.2 to 0.3 mg of protein to obtain a lipid-to-protein ratio
of 50:1 [wt/wt]) was added to the suspension; then 0.5% (final concentration)
Triton X-100 was added, and the preparation was left on ice for 20 min. Lipo-
somes were treated with Triton X-100 to favor insertion of the ATP synthase into
the liposomes. The suspension was incubated for 45 min at room temperature
with gentle stirring. To remove the Triton X-100, three aliquots of Bio-Beads
(Bio-Rad) (50, 50, and 80 mg) were added at 0, 60, and 120 min, after which the
proteoliposomes had formed. The suspension was carefully separated from the
beads, and the proteoliposomes were collected by ultracentrifugation (50 min,
200,000 	 g, 4°C). The supernatant was removed, and the pellet was resuspended
in 10 mM Tricine-KOH (pH 8.0) containing 2 mM MgCl2 and stored at 4°C.
Under these conditions, as little as 10% of the ATPase activity was found in the
supernatant, indicating that 90% of the ATP synthase had been reconstituted
into the liposomes. The proteoliposomes were used within 24 h. To load pro-
teoliposomes with sodium, 100 mM NaCl was added to the reconstitution buffers
under otherwise identical conditions. The concentration of sodium (total con-
tent) associated with the proteoliposomes was measured by atomic absorption at
588.9 nm with a Shimadzu AA646 atomic absorption-flame emission spectro-
photometer.

ATPase activity measurements. Purification of the F1Fo-ATP synthase was
monitored by determining lauryldimethylamine oxide (LDAO)-stimulated
ATPase activity at 45°C by using an ATP-regenerating assay with pyruvate kinase
and lactate dehydrogenase. The standard assay mixture (final volume, 1 ml)
contained 50 mM Tris-HCl (pH 8.4), 2 mM MgCl2, 3 mM phosphoenolpyruvate,
0.3 mM NADH, 0.4% LDAO, 15 U of lactate dehydrogenase, and 10 U of
pyruvate kinase. The 50 mM Tris-HCl buffer was replaced with 50 mM morpho-
lineethansulfonic acid (MES)–morpholinepropanesulfonic acid (MOPS)–Tris-
HCl, and the effects of different pH values on ATPase activity were measured.
The reaction was initiated by addition of 5 mM (final concentration) ATP and
enzyme. The rate of NADH oxidation was monitored continuously at 340 nm. All
enzyme activities were corrected for nonspecific NADH oxidation, which was
observed in cell membranes. The pH limit of this coupled assay with ADP as a
test substrate was approximately 9.2. The effect of Na� ions on ATPase activity
was determined by using the potassium salt of ATP prepared as previously
described (24) and the cyclohexylammonium salt of NADH (
0.1% Na�) with
the necessary precautions to reduce the endogenous Na� level as much as
possible, as described by Dimroth and Thomer (5). ATP hydrolysis at elevated
temperatures (e.g., 65°C) was monitored by using a colorimetric assay that
measures the amount of inorganic phosphate (Pi) liberated (20). The assay buffer
used contained 100 mM Tris-HCl (pH 8.5), 2 mM MgCl2, and 4 mM ATP. The
incubation time and the concentration of membrane protein were adjusted so
that the ATPase assay was linear with time and less than 50% of the ATP was
hydrolyzed. Nonenzymatic degradation of ATP under these conditions ac-
counted for less than 10% of the total phosphate. One unit of ATPase activity
was defined as the amount of enzyme that liberated 1 �mol of Pi or ADP per
min.

ATP synthesis by proteoliposomes was determined with the luciferin-lucif-
erase system by measuring the emitted light with a chemiluminometer as de-
scribed previously (13). The 400-�l assay mixtures contained 10 or 100 mM
Tricine-KOH (pH 8.0) as indicated below, 5 mM KH2PO4, 2.5 mM ADP, 2 mM
MgCl2, and 200 mM KCl. The reaction was initiated by addition of valinomycin
(2 �M) to apply a potassium diffusion potential of 100 mV, and samples (50 �l)
were taken every 5 to 10 s. The reaction was stopped by addition of 10%
trichloroacetic acid. To generate a �p of approximately 310 mV (a �pH of 190
mV plus a �� of 120 mV), proteoliposomes were loaded with 100 mM maleinate
(pH 5.0) and diluted 40-fold in 100 mM Tricine-KOH (pH 8.0) (13, 14). Fuma-
rate (100 mM) was used to generate a �pH in the absence of ��. A �pNa� of
100 mV was generated by reconstituting the enzyme in the presence of 100 mM
NaCl under conditions identical to those described above with 100 mM malein-
ate.
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ATP-dependent proton translocation was determined at 45°C by quenching of
9-amino-6-chloro-2-methoxyacridine (ACMA) in proteoliposomes. The 1.5-ml
reaction mixture contained 5 mM potassium phosphate buffer (pH 7.5), 5 mM
MgCl2, 1 �M ACMA, and 50 �l of reconstituted proteoliposomes. After the
fluorescence signal had stabilized (100%), the reaction was initiated by addition
of neutralized ATP (1.7 mM). Fluorescence was measured with an excitation
wavelength of 410 nm and an emission wavelength of 480 nm (slit width, 10 nm).

Protein concentrations were determined by using a bicinchoninic acid protein
assay kit from Pierce, with bovine serum albumin as the standard.

RESULTS

ATPase activity in inverted membrane vesicles. Initial char-
acteristics of the F1Fo-ATP synthase of strain TA2.A1 were
investigated by measuring the ATP hydrolysis activity of in-
verted membrane vesicles. The ATPase activity of inverted
membrane vesicles had a temperature optimum of 65°C (Fig.
1A) and a narrow pH optimum around pH 8.0 (Fig. 1B).
ATPase activity was strictly dependent on Mg2� (data not
shown). Calcium could be substituted for Mg2�; however, the
ATPase activity was only 40% of the magnesium-dependent
activity (data not shown). An unusual feature of the F1Fo-ATP
synthases from alkaliphilic bacteria is their very low activities in
the ATP hydrolysis direction (7, 8). This latent ATP hydrolysis
is shared by the ATP synthase from strain TA2.A1, which is
0.045 U of ATPase/mg of protein, compared to the activity of
Escherichia coli membranes, which is 2.9 U of ATPase/mg of
protein (25). Various additives (e.g., methanol, octyl glucoside)
have been reported to activate the ATP hydrolysis activities of
alkaliphilic ATPases, and these additives were tested with the
ATP synthase from strain TA2.A1. The following compounds
were found to have no significant effect (less than 1.5-fold
stimulation) on ATPase activity: glycerol, ethanol, and
Na2SO3. Methanol (final concentration, 15%), octylglucoside
(final concentration, 0.1%), and Triton X-100 (final concen-
tration, 4%) stimulated ATP hydrolysis 1.5- to 2.5-fold (data
not shown), whereas the amphipathic detergent LDAO at a
final concentration of 0.4% stimulated ATP hydrolysis by the
bacterial membranes 8-fold at 45°C (Fig. 1C). The stimulation
was �15-fold with the purified enzyme (see below). The lower
level of stimulation in membranes probably reflects the pres-
ence of additional ATPases which do not require activation by
LDAO. LDAO stimulation was temperature dependent, and
at 65°C the ATPase was stimulated only 1.8-fold by 0.4%
LDAO (data not shown). Based on these results, LDAO (final
concentration, 0.4%) was routinely used to monitor ATPase
activity, which was measured spectrophotometrically by an
ATP-regenerating assay coupled to NADH oxidation at 45°C
(the maximum temperature for enzymes used in the coupled
assay).

Purification and subunit composition of the F1Fo-ATP syn-
thase from strain TA2.A1. ATPase activity was solubilized
from the bacterial membranes with 5% Triton X-100 and was
purified by fractionated precipitation with ammonium sulfate
followed by chromatography on hydroxyapatite, as described in
Materials and Methods and summarized in Table 1. Overall,
2.1 mg of ATP synthase was obtained from 15 g (wet weight)
of cells with a specific activity of 23 U/mg of protein, which is
about 68-fold higher than the specific activity in bacterial mem-
branes of strain TA2.A1.

SDS-PAGE analysis of the purified enzyme revealed the

typical subunit pattern of an F1Fo-ATP synthase (Fig. 2A),
with the following putative subunits: � (55 kDa), � (50 kDa), �
(32 kDa), a (27 kDa), � (20.3 kDa), b (19.5 kDa), ε (14.9 kDa),
and c (7 kDa). Minor bands above the band for the a subunit
and between the bands for the � and � subunits were also
resolved and represented trace contaminants. Upon treatment
of the ATP synthase with chloroform-methanol hydrophobic
subunits a and c were extracted into the organic solvent (Fig.
2B). To determine whether the band at approximately 45 kDa
was an oligomer of subunit c, the ATP synthase was precipi-
tated with trichloroacetic acid, since this procedure is known to
dissociate even the strongest c oligomers (29). However, no
change in the subunit pattern was observed after SDS-PAGE,

FIG. 1. ATPase activity in inverted membrane vesicles of Bacillus
sp. strain TA2.A1. (A) Effect of temperature on ATPase activity at pH
8.5. ATPase activity was determined by using a colorimetric assay that
measured the amount of inorganic phosphate liberated at each tem-
perature. (B) Effect of pH on ATPase activity. The buffer system used
was 50 mM MES–MOPS–Tris-HCl containing 0.4% (final concentra-
tion) LDAO. (C) Effect of LDAO on ATPase activity at pH 8.5. For
panels B and C, ATPase activity was measured at 45°C and pH 8.5 by
using the ATP-regenerating assay described in Materials and Methods.
The values are the means of duplicate determinations, and the exper-
imental error associated with these values was less than 15%.
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indicating that a c oligomer that resists dissociation by SDS is
not present in the ATP synthase from strain TA2.A1 (data not
shown). By using N-terminal protein sequencing the identities
of the 55-kDa (�), 50-kDa (�), 32-kDa (�), 20.3-kDa (�), and
19.5-kDa (b) bands were confirmed by the following sequenc-
es: � subunit, SIRPEEISA; � subunit, MNKGRIIQVM; �
subunit, MQGMREI; � subunit, MAVAKRY; and b subunit,
MILEL. No N-terminal sequences were obtained for the 27-
kDa (a), 14.9-kDa (ε), and 7-kDa (c) subunits. For subunit c,
MALDI-TOF MS in the reflector mode was used to confirm
the sequence (see below). The c subunit was found to have an
N-terminal substituent, thus explaining our inability to obtain
N-terminal sequence data.

Kinetic properties of the purified F1Fo-ATP synthase from
strain TA2.A1. Characteristics of the purified F1Fo-ATP syn-

thase were determined with the coupled spectrophotometric
ATP hydrolysis assay in the presence of 0.4% LDAO at 45°C.
In 150 mM potassium phosphate buffer (pH 8.0) and at 4°C,
the enzyme was remarkably stable; approximately 80% of the
activity was retained after 7 days, and 20% of the activity was
lost during the first 2 days (Fig. 3A). Michaelis-Menten plots
and kinetic analysis with the Lineweaver-Burk equation indi-
cated that the purified ATP synthase had an apparent Km for
ATP of 0.67 mM and a Vmax of 25 U/mg of protein when the
Mg2�-to-ATP ratio was kept constant at 2:1 (Fig. 3B). The
apparent Km for Mg2� was 0.4 mM (Fig. 3C). The optimum pH
for ATP hydrolysis was 8.0, and ATPase activity decreased
markedly at pH values below 7.5 or above 8.5 (Fig. 3D). The
optimum temperature for the ATPase was 65°C (data not
shown). The ATPase was activated more than 2-fold by various
detergents (e.g., L-�-diheptanoyl-phosphatidylcholine, dode-
cylmaltoside, cyclohexyl-hexylmaltoside, octylglucoside, and

FIG. 2. SDS-PAGE of the purified ATP synthase of Bacillus sp.
strain TA2.A1. Samples were resolved on 12% polyacrylamide gels by
the method of Schägger et al. (38) and were stained with Coomassie
brilliant blue. (A) Lane 1, broad-range molecular mass marker (Bio-
Rad) (the molecular masses [in kilodaltons] are indicated on the left);
lane 2, purified Bacillus sp. strain TA2.A1 F1Fo-ATP synthase (30 �g)
(the positions of the subunits are indicated on the right). (B) Solubi-
lization of hydrophobic subunits a and c with chloroform-methanol
(1:1).

FIG. 3. Characterization of the purified F1Fo-ATP synthase from
Bacillus sp. strain TA2.A1. (A) Stability of the ATP synthase after
purification in 150 mM potassium phosphate buffer (pH 8.0) at 4°C. (B
to D) Effects of ATP concentration (B), MgCl2 concentration (C), and
pH (buffer system, 50 mM MES–MOPS–Tris-HCl) (D) on the activity
of the purified ATP synthase. ATPase activity was measured at 45°C
(pH 8.5) by using the ATP-regenerating assay, and the reaction buffer
contained 0.4% LDAO; 100% ATPase activity was in the range from
20 to 25 U/mg of protein. (E) Effect of LDAO (final concentration in
assay mixture) on ATPase activity. (F) Activation of the purified F1
ATPase of Bacillus sp. strain TA2.A1 by LDAO. The curve shift
indicated by the arrow was due to addition of 0.4% (final concentra-
tion) LDAO. OD340 nm, optical density at 340 nm. For all experiments,
the values reported are the means of two to four individual experi-
ments, and the experimental error associated with the values was less
than 15%.

TABLE 1. Purification of the F1Fo-ATP synthase
from strain TA2.A1a

Step Protein
(mg)

Activity
(U)b

Sp ac
(U/mg)c

Purification
(fold)

Membrane vesicles 414 141 0.34 1.0
Triton X-100 (5%)

extraction
172 126 0.73 2.1

Ammonium sulfate 40 102 2.55 7.5
Hydroxyapatite 2.1 49 23 68

a The starting material consisted of 15 g (wet weight) of cells, and the values
are averages for four preparations.

b One unit equaled 1 �mol of ADP produced per min.
c ATPase activity was measured by determining the LDAO (0.4%)-stimulated

ATPase activity at 45 °C by the ATP-regenerating assay.
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Triton X-100) and more than 15-fold in the presence of 0.4%
LDAO (Fig. 3E). ATPase activity was not stimulated by Na�

or Li� either in the presence or in the absence of LDAO. Since
Na�-dependent F1Fo-ATP synthases are specifically activated
by these alkali ions (23, 24, 29), the ATP synthase from strain
TA2.A1 is apparently not a member of this group of enzymes.
To address the question of whether the ATP hydrolysis activity
of the ATP synthase is blocked within the F1 or Fo part of the
complex, the F1 moiety was purified separately, and its ATP
hydrolysis activity was measured (Fig. 3F). The ATPase activity
of the F1 moiety was stimulated approximately eightfold upon
addition of 0.4% (final concentration) LDAO (Fig. 3F). We
concluded, therefore, that the inhibition of the ATP hydrolysis
activity is an intrinsic property of the F1 moiety of the ATP
synthase, as has been reported for other LDAO-activated
F1Fo-ATPases (25).

Incubation of the purified F1Fo-ATP synthase with 50 to 250
�M DCCD in 50 mM potassium phosphate buffer (pH 7.5) led
to less than 10% inhibition of the ATP hydrolysis activity after
20 min (data not shown). This result suggested that either the
ATP synthase was not modified by DCCD or the enzyme was
uncoupled in the assay mixture used for activity measurements.

To substantiate that the purified F1Fo-ATP synthase was
modified at the c subunits by DCCD, the enzyme was first
incubated for 20 min with 20 �M DCCD in 50 mM potassium
phosphate buffer (pH 7.5), and the c subunits were subse-
quently extracted into chloroform-methanol and analyzed by
MALDI-TOF MS. The c subunit has a calculated mass of 7,023
Da based on the amino acid sequence of the c subunit (S. Keis,
G. Kaim, P. Dimroth, and G. M. Cook, unpublished data), and
a corresponding peak at m/z 7,050 Da was observed (Fig. 4).
The difference between the observed and theoretical values (27
Da) indicates that there is N-terminal formylation (28 Da), like
that found in the E. coli enzyme (11). When the preparation

was labeled with DCCD, a second peak at m/z 7,256 Da was
observed, representing the DCCD-modified c subunit (calcu-
lated mass, 7,257 Da) (Fig. 4). The peak at 7,133 Da was due
to the decomposition of DCCD during MALDI, as has been
observed previously (45). Hence, the F1Fo-ATP synthase is
modified at the c subunits by incubation with DCCD, but no
inhibition is observed in the subsequent ATP hydrolysis assay
in the presence of 0.4% LDAO. This indicates that the enzyme
is uncoupled under these conditions.

ATP synthesis by the F1Fo-ATP synthase reconstituted into
proteoliposomes. The purified enzyme was reconstituted into
proteoliposomes to measure its vectorial ion-translocating ac-
tivities. Due to the extremely low ATP hydrolysis activity in the
absence of detergents, it was unlikely from the onset that we
would detect proton pumping into the proteoliposomes, and
indeed no ATP-dependent ACMA fluorescence quenching re-
sponse was detected (data not shown). If the proteoliposomes
were treated with Triton X-100, 90% of the ATPase activity
was recovered, indicating that the enzyme had been incorpo-
rated into the lipid bilayer. The total Na� concentration in the
assay mixture was approximately 10 �M. Based on previous
work (29), this should not have inhibited proton pumping if the
enzyme belongs to the Na�-dependent F-type family.

To assess the activity of the ATP synthase in a vectorially
coupled functional state, ATP synthesis measurements were
obtained (Fig. 5). When proteoliposomes were diluted 40-fold
into 10 mM Tricine buffer (pH 8.0) containing the standard
ADP, potassium phosphate, Mg2�, and 200 mM KCl, no ATP
synthesis was detected (Fig. 5A). However, if 2 �M valinomy-
cin was added to generate a potassium diffusion potential of
100 mV, ATP synthesis proceeded at a rate of 250 nmol of
ATP/min (Fig. 5A). ATP synthesis under these conditions was
completely eliminated by preincubation of the proteolipo-
somes with either 20 �M DCCD or 10 �M carbonyl cyanide
m-chlorophenylhydrozone (CCCP) (Fig. 5B). Hence, the re-
constituted ATP synthase is sensitive to inhibition by DCCD,
and ATP synthesis stops if the protonophore CCCP collapses
the ��.

The effect of �pNa� on ATP synthesis was also studied (Fig.
5C). To do this, proteoliposomes were loaded with NaCl and
diluted into assay buffer without NaCl to generate a �pNa� of
100 mV. No ATP was synthesized under these conditions (Fig.
5C). However, ATP synthesis was observed under identical
conditions if a valinomycin-induced potassium diffusion poten-
tial of 100 mV was also applied (Fig. 5C). The Na�-H� anti-
porter monensin (5 �M) had no effect on the kinetics of ATP
synthesis, as expected if �pNa� was not a driving force for
ATP synthesis by the ATP synthase from strain TA2.A1 (Fig.
5C). This coincides with previous findings demonstrating that
the �� component is a kinetically indispensable driving force
for ATP synthesis by various Na�- or H�-coupled F1Fo-ATP
synthases (13, 14, 16). To further corroborate that this property
also applies to the ATP synthase from strain TA2.A1, the
proteoliposomes were energized for ATP synthesis by the acid
bath procedure (12). To do this, the proteoliposomes were
loaded with 100 mM dicarboxylic acid buffer (pH 5.0) and
diluted subsequently into 100 mM Tricine-KOH buffer (pH
8.5). With both maleinate and fumarate in the dicarboxylate
buffer, a �pH of about 190 mV was thus created, and an
electrical diffusion potential of approximately 120 mV was also

FIG. 4. MALDI-TOF analysis of DCCD labeling of the F1Fo-ATP
synthase from strain TA2.A1. DCCD labeling was performed with 20
�M DCCD in 50 mM potassium phosphate buffer (pH 7.5) for 20 min
and was stopped by addition of 10 volumes of chloroform-methanol
(1:1). Isolation of subunit c and sample preparation for MALDI-TOF
MS were performed as described previously (45).
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formed with maleinate but not with fumarate. Figure 5D shows
that ATP synthesis was observed if the acid bath procedure was
performed with maleinate but not if it was performed with
fumarate, indicating that the ATP synthase from strain
TA2.A1 requires a �� to drive ATP synthesis, like all other
ATP synthases that have been investigated (13, 14, 16).

DISCUSSION

Bacteria are remarkably versatile in terms of adaptation to
diverse environmental conditions. In order to understand the
strategies adopted by the thermoalkaliphilic organism Bacillus
sp. strain TA2.A1 to survive at an alkaline pH and high tem-
peratures, studies aimed at elucidating the bioenergetics of this
bacterium are warranted. We have recently shown that the �p
in strain TA2.A1 is suboptimal for ATP synthesis under nor-
mal growth conditions (32). Therefore, the question remained
whether the ATP synthase from strain TA2.A1 utilizes H� or
Na� ions as coupling ions, since the bioenergetic problem of a

low �p at a high environmental pH could be elegantly solved if
Na� serves as the coupling ion of the ATP synthase.

To study this, we purified and characterized the ATP syn-
thase from strain TA2.A1. This enzyme had the usual subunit
composition of a bacterial F1Fo-ATP synthase. Here, we pro-
vide compelling evidence that the F1Fo-ATP synthase from
strain TA2.A1 is H� coupled and not Na� coupled. In contrast
to Na�-coupled F1Fo-ATP synthases, neither the hydrolysis
nor the synthesis of ATP by the ATP synthase from strain
TA2.A1 was specifically affected by Na� ions. ATP synthesis by
the reconstituted ATP synthase was obligatorily coupled to ��,
and �pNa� had no effect. Moreover, ATP synthesis was not
sensitive to the Na�-conducting ionophore monensin, but it
was severely inhibited by the protonophore CCCP. While Na�-
coupled ATP synthases from Propionigenium modestum or
Ilyobacter tartaricus form a c11 oligomer with unusual stability
due to the cross-bridging of individual subunits by Na� ions
(26), only the monomeric c subunit was found when we per-
formed an SDS-PAGE analysis of the ATP synthase from
strain TA2.A1. These data were corroborated by recent studies
involving cloning and DNA sequencing of the atp operon of
strain TA2.A1 (Keis et al., unpublished data). We found strong
DNA sequence similarity to atp operons from alkaliphilic Ba-
cillus species, thermophilic Bacillus species, and mesophilic
Bacillus species, all of which code for proton-coupled F1Fo-
ATP synthases. The lack of the sodium ion binding signature
consisting of residues Q32, E65, and S66 (P. modestum num-
bering) (15, 18) in the c subunit of the strain TA2.A1 ATP
synthase supports the notion that this is not an Na�-coupled
enzyme. In this respect, our data complement the data for the
well-characterized ATP synthases from the mesophilic alkali-
philic bacteria B. pseudofirmus OF4 and B. alcalophilus, which
were found to be exclusively proton-coupled enzymes (7–9).

Another characteristic of the F1Fo-ATP synthases from me-
sophilic alkaliphilic bacilli is the selective blockage of ATP
hydrolysis but not ATP synthesis (7, 8). This interesting feature
of the enzyme is even more pronounced in the ATP synthase
from strain TA2.A1. While we could readily observe �p-driven
ATP synthesis by reconstituted proteoliposomes, we were un-
able to detect any ATP-driven proton transport or proton-
coupled ATP hydrolysis activity. In contrast, low but measur-
able ATP hydrolysis activities coupled to proton transport were
reported for the ATP synthases from B. alcalophilus (9) and B.
pseudofirmus OF4 (7). So far, there have been no studies
aimed towards elucidating the molecular features responsible
for the specific blockage of ATP hydrolysis by the ATP syn-
thases from alkaliphilic bacteria, and no rationale from a phys-
iological point of view has been provided. For a tenable expla-
nation, the molecular features of the F1Fo-ATP synthases from
alkaliphilic bacteria must be considered. These enzymes are
known to consist of two motors, the soluble F1 motor, fueled by
ATP hydrolysis, and the transmembrane Fo motor, fueled by
the �p. A rotating shaft consisting of the ε and � subunits
mechanically links these two motors. The direction in which
the enzyme operates depends on whether the F1 motor or the
Fo motor generates the larger torque. Under normal circum-
stances, the Fo motor generates the larger torque and drives
the F1 motor in the ATP synthesis direction. However, when
the �p drops below the phosphorylation potential, the F1 mo-
tor hydrolyzes ATP, driving the Fo motor in reverse, where-

FIG. 5. ATP synthesis by the reconstituted ATP synthase in pro-
teoliposomes. (A) Proteoliposomes energized by a valinomycin-in-
duced potassium diffusion potential applied in the absence of �pNa�

at 45°C. Valinomycin (2 �M) was added at 5 s to create a diffusion
potential of 100 mV (■ ). In another experiment no valinomycin was
added (‚). (B) Effect of CCCP (10 �M) (F) or DCCD (20 �M) (‚)
on ATP synthesis by proteoliposomes energized by a valinomycin-
induced potassium diffusion potential applied in the absence of
�pNa�. Inhibitors were preincubated with proteoliposomes for 5 min
prior to addition of valinomycin (5 s). (C) Effect of �pNa� on ATP
synthesis by proteoliposomes. To start the reaction, sodium-loaded
proteoliposomes (100 mM NaCl) were diluted 40-fold into one of the
following buffers and ATP synthesis was determined as described in
the text: 10 mM Tricine-KOH containing 2.5 mM NaCl (inside NaCl
concentration, 100 mM) to generate a �pNa� of 100 mV (F); 2.5 mM
NaCl and approximately 200 mM KCl to generate a �pNa� of 100 mV
(‚); 2.5 mM NaCl and approximately 200 mM KCl and 2 �M valino-
mycin to generate a �pNa� of 100 mV and a K�/valinomycin diffusion
potential of 100 mV (■ ); 5 �M monensin, 2.5 mM NaCl, 200 mM KCl,
and 2 �M valinomycin to generate a �pNa� of 100 mV and a K�/
valinomycin diffusion potential of 100 mV (E). (D) ATP synthesis
energized by �p generated by either maleinate (■ ) (�pH of 190 mV
and �� of approximately 120 mV) or fumarate (‚) (�pH of 190 mV)
(13). For all experiments, the values are the means of two to six
independent determinations, and the experimental error associated
with these values was less than 15%.
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upon it functions as a proton pump. Such a situation occurs
frequently in anaerobic bacteria, where the main challenge is
to keep the membrane potential at a significant level. For this
purpose, the ATP synthase pumps protons outwards. Alkali-
philic bacteria are also confronted with situations in which the
�p is low (10, 21, 22, 32). This, however, is not caused by a low
�� but by the inverted �pH at a high environmental pH. The
main bioenergetic challenge for these alkaliphilic bacteria is to
maintain the cytoplasmic pH near neutral when they are grow-
ing at an external pH of 10.5, and therefore ATPase-depen-
dent proton pumping, if the �p drops below a critical level,
may be detrimental for this process. Thus, blocking of the ATP
synthase of alkaliphilic bacteria in the ATP hydrolysis direction
appears to be a necessary adaptation for growth and survival in
highly alkaline environments in which the �p generated by
these bacteria is low.

From a mechanistic point of view the most intriguing ques-
tion concerns the molecular details of how the F1Fo-ATP syn-
thase from strain TA2.A1 manages to block the thermodynam-
ically favorable ATP hydrolysis direction. In this respect it is
important to understand how the enzyme disposes of potent
cryptic ATPase activity that is unmasked in the presence of
0.4% LDAO (�15-fold stimulation). The classical ATPase in-
hibitor DCCD did not affect LDAO-activated ATPase activity,
although this compound modified the c subunit DCCD binding
sites, suggesting the presence of an uncoupled enzyme. Further
analysis demonstrated that the preferential blockage of ATP
hydrolysis activity and the uncoupling by LDAO were intrinsic
to the F1 moiety.

The accumulated evidence indicates that in isolated F1 sub-
units from chloroplasts or bacteria, the ε subunit acts as an
inhibitor of ATP hydrolysis activity and that this inhibition is
elicited by the C-terminal helix-turn-helix motif of this subunit
(19, 27, 37). The proposed regulatory role of the ε subunit in
the entire F1Fo complex has been strongly supported by recent
cross-linking studies that were based on two different confor-
mations of the ε subunit, as determined by structural analyses
(44). In the conformation with the C-terminal domain of the ε
subunit facing toward F1, ATP hydrolysis is strongly inhibited,
but ATP synthesis is not affected. In the other conformation of
the ε subunit, the enzyme operates with the same efficiency in
either direction (i.e., ATP synthesis or hydrolysis). Based on
these data, it is tempting to propose that the ε subunit of the
ATP synthase from strain TA2.A1 is permanently fixed in a
conformation in which the rotational movement in the ATP
hydrolysis direction is impaired.
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