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Clostridium paradoxum is an anaerobic thermoalkaliphilic bacterium that grows rapidly at pH 9.8 and 56°C.
Under these conditions, growth is sensitive to the F-type ATP synthase inhibitor N,N�-dicyclohexylcarbodiimide
(DCCD), suggesting an important role for this enzyme in the physiology of C. paradoxum. The ATP synthase
was characterized at the biochemical and molecular levels. The purified enzyme (30-fold purification) dis-
played the typical subunit pattern for an F1Fo-ATP synthase but also included the presence of a stable
oligomeric c-ring that could be dissociated by trichloroacetic acid treatment into its monomeric c subunits. The
purified ATPase was stimulated by sodium ions, and sodium provided protection against inhibition by DCCD
that was pH dependent. ATP synthesis in inverted membrane vesicles was driven by an artificially imposed
chemical gradient of sodium ions in the presence of a transmembrane electrical potential that was sensitive to
monensin. Cloning and sequencing of the atp operon revealed the presence of a sodium-binding motif in the
membrane-bound c subunit (viz., Q28, E61, and S62). On the basis of these properties, the F1Fo-ATP synthase
of C. paradoxum is a sodium-translocating ATPase that is used to generate an electrochemical gradient of Na�

that could be used to drive other membrane-bound bioenergetic processes (e.g., solute transport or flagellar
rotation). In support of this proposal are the low rates of ATP synthesis catalyzed by the enzyme and the lack
of the C-terminal region of the � subunit that has been shown to be essential for coupled ATP synthesis.

The membrane-bound bacterial F1Fo-ATP synthase cata-
lyzes ATP synthesis by utilizing the electrochemical gradient of
protons, or in some instances Na� ions, to generate ATP from
ADP and Pi (10, 48). The enzyme is also capable of working as
an ATPase, hydrolyzing ATP to pump protons (or Na� ions)
from the cytoplasm to the outside of the cell. On the basis of
these properties, the F1Fo-ATP synthase can be considered an
assemblage of two separate molecular motors (F1 and Fo)
connected by a central stalk. Each motor operates with a
unique function, depending upon the physiological conditions
that exist within the cell for any given instance. The Fo motor,
fuelled by the electrochemical gradient of protons (��H�),
operates under conditions of high ��H� and low intracellular
ATP. The transmembrane electrical potential (��) component
of the ��H� is obligatory in the process of ATP synthesis (10).
The F1 catalytic motor is fuelled by ATP and dominates under
conditions of high intracellular ATP and an overall low ��H�.
An important consequence of ATP hydrolysis by F1 is the
pumping of protons (or Na� ions) across the cytoplasmic
membrane, thus establishing or adding to the overall ��. This
is a vitally important process in glycolytic anaerobic bacteria
that lack a proton-translocating respiratory chain to generate
the ��H�. In some cases, proton-pumping activity is coupled
tightly to intracellular pH homeostasis (6). How the enzyme
senses intracellular acidification is unknown.

The F1Fo-ATP synthases studied in alkaliphilic bacteria
highlight an interesting contrast in ATPase function and reg-
ulation. The alkaliphilic bacteria are a unique group of organ-
isms that thrive at high external pH values (pH 8.5 to 11.5) yet
maintain their cytoplasmic pH near neutral (pH 8.0). These
unique growth conditions result in a well-established bioener-
getic problem (28). As the ��H� is the sum of the �� and the
pH gradient (�pH), the low ��H� observed in the alkaliphilic
bacteria is due to the inverted pH gradient (alkaline outside,
acidic inside) and not to a low �� as is the case for anaerobes
(9). The low ��H� observed in alkaliphilic bacteria is consid-
ered suboptimal for proton-coupled bioenergetic processes
(e.g., solute transport, motility, and ATP synthesis) (9, 28).
However, in all alkaliphilic bacteria examined to date, the
F1Fo-ATP synthase remains exclusively coupled to protons (4,
14, 15), and several models have been put forward to account
for proton-coupled ATP synthesis in alkaliphilic bacteria (27).
For solute transport and motility, aerobic alkaliphiles use so-
dium in combination with the �� as the coupling ion and not
protons (28, 43).

While our understanding of the F1Fo-ATP synthase’s mode
of operation in aerobic alkaliphiles is expanding, there have
been no detailed biochemical or molecular studies conducted
on the F1Fo-ATP synthases from anaerobic alkaliphiles. Clos-
tridium paradoxum is a ubiquitous gram-positive, spore-form-
ing rod found in sewage sludge and represents the most ther-
moalkaliphilic anaerobic organism studied to date (34).
Optimal growth conditions are at pH 9.8 and 56°C, but C.
paradoxum is capable of growth over the pH range 6.9 to 10.3
(5), and based on these properties it is best characterized as a
facultative alkaliphile. Under optimal growth conditions, C.
paradoxum generates a �� of approximately �90 mV, but the
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total ��H� is only �25 mV due to an inverted pH gradient
(acidic inside) (5). Despite this very low ��H�, C. paradoxum
grows at a doubling time of 16 min (5, 34).

In this communication we report on the biochemical and
molecular characterization of the first sodium-translocating
F1Fo-ATPase from an alkaliphilic bacterium and discuss the
role of this enzyme in the physiology of anaerobic growth at
high pH and temperature.

MATERIALS AND METHODS

Abbreviations. The following abbreviations are used in this paper: IPTG,
isopropyl-�-D-thiogalactopyranoside; X-Gal, 5-bromo-4-chloro-3-indolyl-�-D-ga-
lactopyranoside; Pi, inorganic phosphate; MOPS, 4-morpholinepropanesulfonic
acid; DTT, dithiothreitol; PEG 6000, polyethylene glycol 6000; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TCA, trichloroacetic
acid; OD600, optical density at 600 nm; MES, morpholinoethanesulfonic acid;
ACMA, 9-amino-6-chloro-2-methoxyacridine; AO, acridine orange; DCCD,
N,N�-dicyclohexylcarbodiimide; TE, Tris-EDTA; DDM, n-dodecyl-�-D-malto-
side; OG, n-octyl-�-D-glucopyranoside; CCCP, carbonyl cyanide m-chlorophe-
nylhydrazone.

Bacterial strains, plasmids, and culture conditions. Clostridium paradoxum
DSM 7308 was maintained as a spore stock preparation in sterile distilled water
at 4°C. Spores were germinated by heat shock at 75°C for 2 min, followed by
rapid cooling on ice for 45 s. C. paradoxum was grown anaerobically at 56°C in
YTG medium which contained, per liter, 5.3 g of Na2CO3, 0.36 g of Na2HPO4 ·
2H2O, 0.075 g of KCl, 5 g of yeast extract, 10 g of tryptone, 0.2 g of cysteine HCl,
0.2 g of Na2S · 9H2O, and 0.3% (wt/vol) glucose. The pH of the medium was
adjusted to 10.1 at 25°C with 5 M NaOH, which is equivalent to pH 9.8 at 55°C.
Bacterial growth was routinely monitored by following the OD600. Where appli-
cable, specific inhibitors of growth were dissolved in ethanol and added at early
exponential phase. Escherichia coli DH10B (13) was used for all cloning exper-
iments and was routinely grown at 37°C in 2� YT broth or Luria-Bertani (LB)
agar. E. coli plasmids used for cloning were the low-copy vector pCL1921 (33)
and pUC8 (59). Transformants of E. coli DH10B were selected on LB agar
containing either spectinomycin at 100 �g/ml (pCL1921) or ampicillin at 100
�g/ml (pUC8). IPTG (24 �g/ml) and X-Gal (40 �g/ml) were included where
appropriate.

Preparation of inverted membrane vesicles. Typically, 5 g of frozen cells from
C. paradoxum were washed twice in 50 mM MOPS buffer (pH 7.5) and the cells
were then resuspended in 10 ml of membrane buffer (50 mM MOPS [pH 7.5], 2
mM MgCl2, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM DTT, and 10% [vol/
vol] glycerol). The suspension was treated with 2 mg/ml lysozyme for 45 min at
room temperature with constant stirring. DNase I (2 mg) and 15 mM (final
concentration) MgCl2 were added and mixed for a further 15 min. Unless
otherwise stated, the following steps were performed at 4°C. Cells were disrupted
by three passages through a precooled French pressure cell at 20,000 lb/in2.
Unbroken cell material was removed via low-speed centrifugation (8,000 � g for
15 min), and the membranes were collected by centrifugation at 180,000 � g for
45 min. Membranes were washed in the membrane buffer and centrifuged as
described above. Washed membranes were resuspended in 1 ml of membrane
buffer per gram of original cells used, to a protein concentration of 10 to 20
mg/ml.

Solubilization and purification of the F1Fo-ATPase. Prior to solubilization,
membranes were resuspended in membrane buffer containing 1% sodium
cholate (final concentration) and were incubated for 1 h at room temperature
with constant stirring. The suspension was centrifuged at 180,000 � g for 45 min
to collect the ATPase-containing membranes. The supernatant after this wash
step contained negligible F1Fo-ATPase activity. For solubilization of the
ATPase, the washed membrane pellet was resuspended in 5 to 10 ml of mem-
brane buffer containing 1% Triton X-100, and after 1 h of incubation at room
temperature with constant stirring, the insoluble material was removed by cen-
trifugation at 180,000 � g for 45 min. The solubilized membrane proteins were
supplemented with 50 mM MgCl2, and contaminating proteins were precipitated
with 4 to 6% PEG 6000 for 20 min as described by Laubinger and Dimroth (31).
Precipitated proteins were removed by centrifugation at 39,000 � g for 20 min.
To precipitate the ATPase, 10 to 12% (final concentration) PEG 6000 was added
to the supernatant containing 90% of the ATPase activity. The precipitate was
collected by centrifugation as described above, and the pellet was resuspended in
10 mM Tris-Cl (pH 8.0) containing 2 mM MgCl2 to a protein concentration of
about 1.5 mg/ml. Further insoluble material was removed by a third centrifuga-

tion. The ATPase-containing supernatant was immediately frozen at �80°C,
where it remained stable for at least 2 months.

Proteins were routinely analyzed by 14% SDS-PAGE using the buffer system
described by Laemmli (29). Polypeptide bands were visualized by silver staining
(40). Samples treated with TCA were not heated prior to SDS-PAGE. Protein
concentrations were determined using a bicinchoninic acid protein assay kit
(Sigma) with bovine serum albumin as the standard.

Purification and dissociation of the c-oligomer. The c-oligomer was isolated
from the PEG-purified ATPase by the procedure established by Meier et al. (38).
Briefly, the ATPase was dissociated in 1% N-lauroylsarcosine and heated to 65°C
for 10 min, followed by ammonium sulfate precipitation of all ATPase subunits
except the c-oligomer. Dissociation of the c-oligomer into monomeric units was
carried out by acidification with TCA as described by Matthey et al. (36).

Reconstitution of the purified F1Fo-ATPase. A suspension of 30 mg phosphoti-
dylcholine (type II S; Sigma) was suspended in 1 ml of 10 mM Tricine-KOH (pH
8.0), 2 mM MgCl2, and 1 mM DTT. To prepare the lipids for reconstitution, the
solution was sonicated twice for 30 s on ice with a tip sonicator at an output of
40 W and cooled on ice for 1 h. Purified ATPase was added to the suspension to
obtain a protein-to-lipid ratio of 50 to 200:1 (wt/wt). The detergent/lipid ratio was
optimized by titrating the liposomes with Triton X-100, and the solubilization
was followed at OD540, similar to the method employed by Knol et al. (25). We
utilized 0.4% Triton X-100, a concentration known to favor insertion of the
ATPase with F1 facing outwards. The mix was left on ice for 20 min and then was
gently mixed for 45 min at room temperature. After this time the Triton X-100
was removed slowly via adsorption to Bio-Beads (Bio-Rad). Consecutive aliquots
of 50 mg, 50 mg, and 80 mg of beads were added for 1 h each with continuous
mixing at room temperature. The proteoliposomes were collected by ultracen-
trifugation in an SW60 (Beckman) rotor at 180,000 � g for 1 h, the supernatant
was removed, and the pellet was resuspended in 10 mM Tricine-KOH (pH 8.0)
and 2 mM MgCl2 buffer. Under these conditions, greater than 70% of the
ATPase was incorporated into the proteoliposomes with F1 accessible as deter-
mined by ATP hydrolysis assays. Proteoliposomes were utilized immediately for
either ATP hydrolysis or ATP synthesis determination. The concentration of
Na� associated with the proteoliposomes or a sample of interest was measured
by atomic absorption at 588.9 nm with a Shimadzu AA646 atomic absorption-
flame emission spectrophotometer. The contaminating concentration of Na�

was between 20 and 40 �M for all experiments where precautions were taken to
specifically remove sodium.

ATP hydrolysis determination and ATP synthesis measurements. ATP hydro-
lysis activity from inverted membranes or the purified ATPase was measured
using the spectrophotometric ATP-regenerating assay at 40°C. The standard
assay mix (final volume, 1 ml) contained 50 mM MOPS (pH 7.5), 2 mM MgCl2,
3 mM phospho(enol)pyruvate, 0.3 mM NADH, 3.2 U/ml lactate dehydrogenase,
and 0.57 U/ml pyruvate kinase. The reaction was initiated by the addition of 4
mM (final concentration) disodium-ATP, and the rate of NADH oxidation was
followed continuously at 340 nm with a Cary 50 (Varian) spectrophotometer.
The pH profile of the ATPase was characterized in a three-buffer mix composed
of 50 mM MES–MOPS–Tris-Cl. To reduce the amount of sodium present, when
required, purified ATPase was dialyzed overnight at 4°C against 10 mM Tris-Cl
(pH 8.0) and 2 mM MgCl2. For sodium-free measurements, disodium-ATP was
replaced with Tris-ATP (Sigma). Under conditions where the ATP-regenerating
assay could not be used, ATP hydrolysis was monitored via the release of Pi (26).
The assay solution contained 50 mM MOPS (pH 7.5), 2 mM MgCl2, and 4 mM
disodium-ATP. The amount of nonspecific Pi released during the assay was
corrected for, and the linearity of the assay was confirmed over time. One unit of
ATPase activity was defined as the amount of enzyme that liberated 1 �mol of
Pi or ADP per min at 40°C. For all experiments, the values reported are the
means from at least three separate experiments and the experimental error
associated with these values was less than 15%.

ATP synthesis in inverted membrane vesicles was determined via the standard
luciferin-luciferase system, monitoring the light emitted with a chemiluminom-
eter (FB 12 luminometer; Berthold). The ATP synthesis reactions were carried
out at 40°C in a 400-�l volume containing 10 �l of inverted membrane vesicles
(K�

in 	 5 mM), 10 mM Tricine-KOH (pH 8.0), 2 mM MgCl2, 5 mM KH2PO4,
2.5 mM ADP, and 200 mM KCl. The synthesis reaction was initiated via the
addition of 2 �M valinomycin to induce a potassium diffusion potential of
approximately 100 mV as calculated using the Nernst equation: 61 � log10

([K�]out/[K�]in). To load inverted membrane vesicles with Na�, vesicles were
incubated in 50 mM MOPS (pH 7.5) buffer containing 100 mM NaCl overnight
at 4°C. To create a chemical gradient of sodium ions (�pNa�) of 100 mV {61 �
log10 ([Na�]out/[Na�]in}, Na�(100 mM)-loaded vesicles were diluted 40-fold into
10 mM Tricine-KOH (pH 8.0), 2 mM MgCl2, 5 mM KH2PO4, and 2.5 mM ADP.
To additionally impose a �� (100 mV) in the presence of �pNa�, 200 mM KCl
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and valinomycin were included in the dilution buffer. Samples (50 �l) were
withdrawn every 10 to 20 s, and the reaction was stopped by diluting the sample
with 400 �l of stop mix containing 50 mM MOPS supplemented with 1% TCA
and 2 mM EDTA. Samples were diluted 10-fold, and the luciferase reaction was
initiated by adding 25 �l of luciferin-luciferase mix to 50 �l of diluted sample in
400 �l of synthesis buffer (50 mM Tris-acetate [pH 7.8], 2 mM EDTA, 50 mM
MgCl2).

To examine proton-pumping activity of the reconstituted ATPase in proteo-
liposomes or inverted membrane vesicles, ATP-dependent quenching was mon-
itored with two fluorescent probes, ACMA (Sigma) or AO (Kodak). Typically,
assays were conducted in a 3-ml cuvette containing a weak buffer (i.e., 5 mM
potassium phosphate [pH 7.5], 1 �M ACMA or AO, and 2 mM MgCl2), and
quenching was examined at 40°C. The reaction was initiated via the addition of
1 mM Tris-ATP once the fluorescence signal had stabilized. Fluorescence was
measured at an excitation wavelength of 410 nm or 492 nm and an emission
wavelength of 480 nm or 528 nm (slit width, 10 nm) for ACMA or AO, respec-
tively, in a Cary Eclipse fluorescence spectrophotometer.

Purified F1Fo-ATPase inhibition by DCCD. ATPase (25 �g) inhibition by
DCCD was conducted as described previously by Kluge and Dimroth (24).
Samples were incubated at 25°C with the appropriate concentration of DCCD
(or equivalent concentration of ethanol) in a total volume of 0.1 ml. Samples of
20 �l were taken at the times indicated and diluted into 1 ml of ATPase assay
mixture, and residual ATPase activity was determined.

DNA preparation and manipulation. Chromosomal DNA from C. paradoxum
was extracted from cultures grown to an OD600 of 0.3 to 0.4. Cells were harvested
by centrifugation, washed with TE (5:2) buffer (50 mM Tris-Cl, 20 mM EDTA,
pH 8.0) containing 0.5 M NaCl, washed in TE (5:2) buffer, and resuspended in
TE (5:2) buffer containing 500 �g/ml lysozyme and 200 �g/ml RNase A. The
suspension was incubated at 37°C for 30 min before the addition of 10 mg/ml
N-lauroylsarcosine and 200 �g/ml proteinase K. The suspension was incubated at
50°C for 18 h. All of the above steps were carried out in an anaerobic glove box
(Forma Scientific, Inc.). Genomic DNA was subsequently isolated by standard
phenol-chloroform extraction and precipitation with ethanol. PCR products for
probing and sequencing were purified with the High Pure PCR purification kit
(Roche). Gel electrophoresis of restriction fragments, plasmids, or PCR prod-
ucts was carried out in agarose gels. DNA in agarose gels was transferred onto
Hybond-N� nylon membranes (Amersham) using a VacuGene (Pharmacia-
LKB) vacuum-blotting system as described previously (23). DNA was labeled
with [
-32P]dCTP (Amersham) by random priming using Ready-to-Go DNA
labeling beads (Amersham). Prehybridization and hybridization were carried out
in the same hybridization buffer (2) at 65°C for 18 to 24 h, and membranes were
washed stringently as described previously (23) before exposure to X-ray film
(Agfa). Plasmid DNA was isolated with either a QIAGEN plasmid midi kit
(QIAGEN) or the High Pure plasmid isolation kit (Roche). DNA from agarose
gels was extracted using the QiaexII gel extraction kit (QIAGEN). Restriction
enzymes, DNA ligase, and alkaline phosphatase were purchased from Roche and
used as specified by the manufacturer.

PCR and cloning of atp operon. A 506-bp PCR product was amplified using C.
paradoxum genomic DNA as the template and primers atpDfwd (5�-CAAATG
AATGAGCCGCCTGG-3�) and atpDrev (5�-CGATGATATCTTGAAGTTC-3�),
which are derived from highly conserved regions of DNA sequence in the
atpD genes coding for the � subunits of Moorella thermoacetica (formerly Clos-
tridium thermoaceticum) (accession number U64318), Clostridium acetobutylicum
(accession number AF101055), Clostridium pasteurianum (accession number
AF283808), and Clostridium perfringens (accession number NC_003366). PCR
was carried out using the Expand high-fidelity PCR system (Roche), and ampli-
fication was achieved using the program outlined previously (23). Using this
506-bp PCR product as a probe, an approximately 12-kb ClaI fragment was
identified in digests of genomic DNA from C. paradoxum. This 12-kb ClaI
fragment was cloned into the AccI-digested vector pCL1921 to form recombi-
nant plasmid pA9. To facilitate sequencing of the atp operon, four HindIII
fragments of 3 kb, 2.2 kb, 1.6 kb, and 1.5 kb from pA9 were subcloned into pUC8
to yield subclones pFrag2, pFrag3, pFrag5, and pFrag4, respectively.

DNA sequencing and analysis. DNA sequencing was carried out using a
BigDye terminator cycle sequencing ready reaction sequencing kit (Applied
Biosystems) and a model ABI3730 automated DNA sequencer (Applied Biosys-
tems). The sequence of the atp operon was determined in both strands, and
contigs were assembled using the SeqMan program (DNASTAR Inc.). Homol-
ogy searches of nonredundant databases at the National Center for Biotechnol-
ogy Information, using BLASTX and BLASTN, were done through the WWW
BLAST server (www.ncbi.nlm.nih.gov).

Nucleotide sequence accession number. The DNA sequence of the C. para-
doxum atp operon has been submitted to the GenBank database under accession
number DQ193538.

RESULTS

C. paradoxum harbors a DCCD-sensitive F-type ATPase.
Growth of C. paradoxum with glucose as the carbon and energy
source was inhibited by the F-type ATPase inhibitor DCCD
(Fig. 1A). No inhibition of growth was observed with either an
equivalent volume of ethanol or the protonophore tetrachloro-
salicylanilide (Fig. 1A). To validate these observations, we
prepared inverted membrane vesicles of C. paradoxum and
examined the effect of DCCD on ATP hydrolysis activity (Fig.
1B). High levels of ATP hydrolysis activity were detected in
inverted membrane vesicles, with a specific activity of 0.5 U/mg
of protein at 40°C (Table 1). ATPase activity was inhibited by
�70% after 20 min of incubation with DCCD (200 �M) (Fig.
1B), suggesting that C. paradoxum harbors an F-type ATPase.

Purification and subunit composition of the F1Fo-ATP syn-
thase from C. paradoxum. In order to characterize the ATPase,
we proceeded to isolate the enzyme in a pure form. Initial
experiments indicated that if a 1% sodium cholate wash of
inverted membrane vesicles was performed before solubiliza-

FIG. 1. Inhibition of growth and ATP hydrolysis activity of inverted
membrane vesicles by DCCD. (A) Growth of C. paradoxum in the
presence of 50 �M DCCD (‚) or tetrachlorosalicylanilide (20 �M) or
an equivalent volume of ethanol (F). The arrow indicates addition of
inhibitor or ethanol at mid-exponential growth phase. (B) Inverted
membrane vesicles (100 �g of protein) were incubated in 0.1 ml of
buffer containing 50 mM MOPS-KOH, pH 7.5, at 25°C in the presence
of 200 �M DCCD (‚) or an equal volume of absolute ethanol (F).
Samples (20 �l) were taken at the times indicated, and the amount of
ATPase activity was determined via the ATP-regenerating assay.
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tion, this greatly improved the yield and purity of the ATPase.
Importantly, the sodium cholate wash resulted in no significant
loss of ATPase activity but was successful in reducing the
amount of protein associated with the membranes by about
50%, yielding a 2.2-fold increase in specific ATPase activity
(1.1 U/mg of protein) (Table 1). Triton X-100 solubilization of
the cholate-washed membranes led to an apparent doubling in
the total number of ATPase units (i.e., from 26 to 47), but this
was due to an activation of the enzyme by this detergent. The
overall solubilization process resulted in a 12-fold purification
of the enzyme (Table 1). Other detergents (viz., DDM and
OG) were examined for their ability to solubilize the ATPase.
While DDM proved more effective at solubilizing the ATPase
than either OG or Triton X-100 (data not shown), the PEG
6000 fractionation proved unsuccessful with the ATPase in this
detergent. Typical data for ATPase purification from 5 g of
cells are summarized in Table 1, and the values reported are
averages from three separate enzyme purifications. The pro-
tocol resulted in a 30-fold purification of the enzyme, with a
final specific activity of 15 U/mg of protein. SDS-PAGE of the
enzyme (Fig. 2A, lane 1) displayed the distinctive subunit mi-
gration profile for an F-type ATPase, with five F1 subunits (
,
�, �, 
, and ε) and three Fo subunits (a, b, and c). Several
contaminating polypeptides are observed in our purified
ATPase preparation, migrating at approximately 35 kDa, 40
kDa, and 50 kDa. These polypeptides could not be removed by
anion-exchange chromatography.

SDS-PAGE revealed a protein running at an apparent mo-
lecular mass of 60 kDa (Fig. 2A, lane 1). TCA treatment, a
procedure known to dissociate c-oligomers (36, 41), resulted in
the disappearance of this 60-kDa protein and the appearance
of a protein at 8.2 kDa, the size attributed to the monomeric c
subunit (Fig. 2A, lane 2). The oligomeric c-ring was isolated
from the purified ATPase, and all of the monomeric form
could be obtained by treatment with TCA, which is indicative
of a stable oligomeric c-ring in C. paradoxum (Fig. 2B, com-
pare lanes 1 and 2).

Biochemical properties of the purified ATPase from C. para-
doxum. The properties of the purified F1Fo-ATP synthase, unless
otherwise stated, were examined using the ATP-regenerating as-
say at 40°C in 50 mM MOPS buffer (pH 7.5). The enzyme dis-
played a temperature profile typical for a thermophilic enzyme,
with a temperature optimum of 50°C, closely reflecting the growth
optimum of this organism (Fig. 3A). The pH optimum of the
purified enzyme was broad, with high levels of activity over the pH
range from 7.6 to 8.5 (Fig. 3B). Remarkably, the enzyme still

retained about 20% of its maximum activity at below pH 7.0 (Fig.
3B). As is typical of an F-type ATPase, ATP hydrolysis activity
was dependent upon the presence of the divalent cation MgCl2,
with an apparent Km of 1 mM (Fig. 3C). CaCl2 could function in
place of MgCl2, although the affinity was much lower (Fig. 3D).
The purified enzyme had an apparent Km for ATP of 0.55 mM
when the Mg2�/ATP ratio was maintained at 2:1 (Fig. 3E). In
membrane vesicles, ATPase activity at 4°C appeared to be stable,
retaining near 100% of the starting activity for a period extending
beyond 4 days (Fig. 3F). This was in contrast to the enzyme in its
purified form, which rapidly lost activity overnight and retained
only about 25% of its starting activity after 5 days of storage at 4°C
(Fig. 3F).

The F1Fo-ATP synthase from C. paradoxum is rapidly inhib-
ited by DCCD in a pH-dependent manner, and DCCD inhibi-
tion can be prevented via the addition of Na�. It has been
reported that ATPases capable of translocating Na� ions show
a specific stimulation of their ATP hydrolysis activity in the
presence of low concentrations of NaCl (30, 41, 46). ATPase
activity of the purified C. paradoxum enzyme was stimulated
three- to fourfold (pH 7.0) or five- to sixfold (pH 9.0) with
increasing concentrations of Na� (Fig. 4). Kinetic analyses of
the data in Fig. 4, using the Lineweaver-Burk equation, indi-
cated that the apparent Km for Na� at pH 7.0 and 9.0 was 0.5
mM (data not shown).

A characteristic property of F-type ATPases is their specific
inhibition by DCCD (35). This inhibition is due to the binding
of DCCD to a highly conserved carboxyl residue (E61) in the c

FIG. 2. Analysis of purified F1Fo-ATPase and c-oligomer by SDS-
PAGE. (A) Lane 1, 5 �g of purified F1Fo-ATPase; lane 2, 5 �g of
purified F1Fo-ATPase treated with TCA, as described in Materials and
Methods. (B) Lane 1, 1 �g of purified c-oligomer; lane 2, purified
c-oligomer treated with TCA. Gels were stained with silver.

TABLE 1. Purification of the F1Fo-ATPase from C. paradoxuma

Step Protein
(mg)

Activity
(U)b

Sp act
(U/mg)

Purification
(fold)

Yield
(%)

Membrane vesicles 53.0 27.0 0.5 1.0 100.0
Cholate-washed vesicles 24.0 26.0 1.1 2.2 96.0
Triton X-100 (1%)

solubilization
8.0 47.0 6.0 12.0 174.0

PEG 6000 precipitation 1.5 22.0 15.0 30.0 81.0

a The starting material consisted of 5 g (wet weight) of cells, and the results represent
averages for three preparations.

b ATPase activity was measured by the ATP regenerating assay, and one
ATPase unit is equivalent to 1 �mol of ADP produced/min at 40°C.
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subunit that has been shown to be located in the center of the
cytoplasmic membrane (11, 54). When the purified ATPase
from C. paradoxum was incubated in the presence of increasing
concentrations of DCCD for 5 min, it was observed that as
little as 25 �M DCCD caused a 75% inhibition of ATPase
activity (Fig. 5A). Incubation with 200 �M DCCD resulted in
rapid inactivation of the ATPase within 5 min (Fig. 5B). We
routinely used 200 �M DCCD to ensure strong inhibition of
ATPase activity. The high level of DCCD inhibition indicated
that the enzyme remained tightly coupled throughout the pu-
rification procedure.

Protection from DCCD inhibition in a pH-dependent man-
ner by Na� ions has been observed with the ATP synthases
from Propionigenium modestum (24), Acetobacterium woodii
(51), and Ilyobacter tartaricus (38). When the ATPase from C.
paradoxum was incubated at pH 7.0 in the presence of 200 �M
DCCD and high levels of NaCl (50 mM), the inhibition of
ATPase activity after 20 min was reduced to approximately

40% of the original ATPase activity (Fig. 5C). In contrast, 1
mM NaCl offered no protection against the inhibitory effects of
DCCD at pH 7.0 (Fig. 5C). At pH 9.0, the C. paradoxum
ATPase retained about 25% of its activity after 20 min of
DCCD treatment with no NaCl or low levels of NaCl (150 �M)

FIG. 3. Biochemical properties of the purified F1Fo-ATPase. (A to
E) Effects of temperature (A), extracellular pH (B), MgCl2 (C), CaCl2
(D), and ATP (E) on ATPase activity. (F) Stability of the purified
enzyme (20 �g) (Œ) in 10 mM Tris-Cl (pH 8.0) with 2 mM MgCl2,
compared to membrane vesicles (F) stored in membrane buffer at 4°C.
ATPase activity was determined using the ATP-regenerating assay (B,
E, and F) or by determination of Pi at 40°C (A, C, and D); 100%
ATPase activity was in the range of 15 to 20 U/mg protein.

FIG. 4. Stimulation of the C. paradoxum F1Fo-ATPase by NaCl.
The ATPase was dialyzed overnight as described in Materials and
Methods. Purified ATPase (10 �g) was used to determine the effect of
increasing concentrations of Na� ions on ATPase activity. The ATPase
assay mixture contained either 50 mM MOPS (pH 7.0) (F) or 50 mM
Tricine-KOH (pH 9.0) (‚), and the NaCl concentrations indicated.

FIG. 5. Effect of NaCl on DCCD inhibition of the purified F1Fo-
ATPase. The purified ATPase (25 �g) was incubated at 25°C in 50 mM
MOPS (pH 7.5) with increasing concentrations of DCCD for 20 min in
the absence of NaCl (A) or in 50 mM MOPS (pH 7.5) and 200 �M
DCCD (B). To examine the effect of pH and Na� ions on DCCD
inhibition, the ATPase was incubated in 50 mM MOPS (pH 7.0) (C) or
50 mM Tricine-KOH (pH 9.0) in the presence of 200 �M DCCD (D).
The following additions of NaCl were made: none (F), 150 �M NaCl
(E), 1 mM NaCl (‚), 10 mM NaCl (�), or 50 mM NaCl (Œ). The
control sample in the presence of an equivalent amount of ethanol
(0.2%) contained no NaCl and no DCCD (■ ). ATPase activity was
determined as described in Materials and Methods; 100% ATPase
activity was in the range of 15 to 20 U/mg protein.
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(Fig. 5D). However, in the presence of 1 mM NaCl at pH 9.0,
DCCD had no inhibitory effect (Fig. 5D).

ATP synthesis in inverted membrane vesicles can be driven
by an artificially imposed �pNa� in the presence of �� that is
sensitive to monensin. To study vectorial ion transport with the
F1Fo-ATPase of C. paradoxum, numerous attempts to recon-
stitute the ATPase into proteoliposomes were made. Despite
successful reconstitution of the ATPase as evidenced by SDS-
PAGE of proteoliposomes and the detection of ATP hydroly-
sis activity in proteoliposomes, no ATP-dependent proton
pumping or ATP synthesis could be detected (data not shown).
Several other reconstitution techniques were employed (e.g.,
cholate dialysis, OG dilution, and freeze-thawing with sonica-
tion), but all proved to be unsuccessful. Due to the failure to
reconstitute the native enzyme, ATP synthesis and ATP-de-
pendent proton pumping were examined in inverted mem-
brane vesicles. A characteristic property of sodium-translocat-
ing F-ATPases from bacteria that grow at neutral pH is their
specific inhibition of ATP-dependent proton pumping by Na�

ions (32, 41). No ATP-dependent quenching (indicative of
proton pumping) of the fluorescent signal (i.e., with either
ACMA or AO) with C. paradoxum inverted membranes could
be detected, even at a pH of 7.0 to facilitate the use of protons.
We could, however, readily detect quenching with inverted
membrane vesicles of E. coli (positive control) (data not
shown).

ATP synthesis in inverted membrane vesicles was examined
using a valinomycin-induced potassium diffusion potential.
When a membrane potential (��) of 100 mV was applied,
ATP synthesis proceeded at an initial rate of approximately 80
nmol of ATP/mg protein/min (Fig. 6A). No ATP synthesis was
observed in the absence of valinomycin (i.e., no �� generated)
(Fig. 6A). ATP synthesis in the presence of a �� was inhibited
by either DCCD (50 �M) or CCCP (20 �M) (Fig. 6B). ATP
synthesis could be driven by a �pNa� in the presence of a ��
(i.e., valinomycin addition and high external K�). ATP synthe-
sis under these conditions was sensitive to the sodium iono-
phore monensin (5 �M) (Fig. 6C). CCCP (20 �M) completely
abolished ATP synthesis in the absence of a �pNa�, and this
was restored to approximately 30% of the control value (Fig.
6C) if a �pNa� was present (Fig. 6D). The inhibitory effect of
CCCP on ATP synthesis, even in the presence of a �pNa�,
most likely reflects the dissipation of the �� component by this
compound.

Cloning, sequencing, and analysis of the atp operon of C.
paradoxum. To identify the C. paradoxum atp operon, PCR was
performed using primers derived from highly conserved re-
gions of DNA sequence in the atpD genes (� subunit) of
Clostridium species. This resulted in the amplification of a
506-bp PCR product, the sequence of which was highly homol-
ogous with those of � subunits from other bacterial F1Fo-ATP
synthases. This PCR product was subsequently used as a probe
to anneal to C. paradoxum genomic DNA digested with various
enzymes, and an approximately 12-kb ClaI fragment was iden-
tified. Since our aim was to clone the entire atp operon of C.
paradoxum, this 12-kb ClaI fragment was cloned into the clon-
ing vector pCL1921 to yield the recombinant plasmid pA9.
Analysis of the DNA sequence from the 3� end of the pA9
clone revealed that it was homologous to the atpC (ε subunit)
of other previously sequenced atpC genes, confirming the pres-

ence of the entire atp operon in this clone. To aid in the
sequencing of the atp operon, four HindIII fragments from
pA9 were subcloned into pUC8. Three of the subclones con-
tained genes homologous to atp genes from other bacteria,
whereas the sequence from subclone pFrag3 had homology to
proteins coding for undecaprenyl-phosphate 
-N-acetylglu-
cosaminyltransferases and UDP-N-acetylglucosamine 2-epi-
merases and was therefore not included for further study.

Nine open reading frames were identified within the 7.2-kb
region sequenced. These genes were organized in the order
atpIBEFHAGDC and encode the C. paradoxum ATP synthase
subunits i, a, c, b, 
, 
, �, �, and ε, respectively. This arrange-
ment is identical to that of the atp operons from E. coli and
other Clostridium species. The start codon of each gene was
designated by alignment of atp gene sequences with those of
other bacteria and the positions of potential ribosome-binding
sites. Eight of the nine genes began with the typical ATG start
codon, whereas the rare TTG codon is proposed for atpI. A
putative transcription terminator was located immediately
downstream from atpC (data not shown).

Properties of the predicted proteins. The calculated molec-
ular masses of the nine ATP synthase subunits, as deduced

FIG. 6. ATP synthesis in C. paradoxum membrane vesicles. (A) ATP
synthesis in inverted membrane vesicles was energized by a valinomycin (2
�M)-induced potassium diffusion potential (��) (100 mV) applied in the
absence of a �pNa� at 40°C (Œ). E, no valinomycin addition. (B) Effect
of CCCP (20 �M) (E) or DCCD (50 �M) (‚) on ATP synthesis of
inverted membrane vesicles energized by a valinomycin-induced potas-
sium diffusion potential applied in the absence of �pNa� at 40°C (Œ). All
inhibitors were preincubated with the inverted membrane vesicles for 10
min prior to the addition of valinomycin. (C) Ability of an artificially
imposed �pNa� (100 mV) to drive ATP synthesis in the presence of a
valinomycin-induced potassium diffusion potential (��, 100 mV) (Œ). The
experiment was also performed with 5 �M monensin included in the
reaction buffer (�). (D) Effect of CCCP (20 �M) on ATP synthesis in
the presence of either a �pNa� and �� (Œ) or �� alone (E). ATP
synthesis was measured as described in Materials and Methods. For all
experiments the values are the means of two to four independent deter-
minations, and the associated experimental error was less than 15%.
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from the DNA sequence, were as follows: 14,184 Da (i sub-
unit), 25,447 Da (a subunit), 8,255 Da (c subunit), 19,443 Da (b
subunit), 20,763 Da (
 subunit), 55,667 Da (
 subunit), 31,709
Da (� subunit), 50,453 Da (� subunit), and 9,668 Da (ε sub-
unit). These molecular masses corresponded well with the sizes
obtained from the purified complex (Fig. 2). Although the
structural gene encoding for subunit i was present in the atp
operon of C. paradoxum, this subunit could not be purified
along with the F1Fo complex. A similar finding has been re-
ported for other bacteria (4, 8, 12, 42).

The ε subunit from the E. coli F1Fo-ATP synthase is a two-
domain protein which consists of an N-terminal part that forms
a 10-stranded �-sandwich structure (residues 1 to 86) and a
C-terminal domain (residues 91 to 138) that forms two 
-he-
lices running antiparallel to one another (57). Alignment of the
ε subunit from the C. paradoxum ATPase to those from other
bacteria and E. coli (Fig. 7) revealed that, like the ε subunit
from the green photosynthetic bacterium Chlorobium limicola,
it lacks the entire C-terminal domain.

The deduced amino acid sequences for the 
, �, and c
subunits of the C. paradoxum ATP synthase were more con-
served (between 65% and 83% identical residues) than those
for the remaining six subunits (between 28% and 53% identical
residues), compared to the corresponding subunits from other
bacterial ATP synthases. Several motifs and residues in these
three conserved subunits were evident. The 
 and � subunits
contained the consensus nucleotide-binding domains Walker
motifs A (GXXXXGKT) and B (L-hydrophobic-hydrophobic-
hydrophobic-D) (1, 55) (data not shown), and the C-terminal
domain of the � subunit contained the well-conserved acidic
cluster sequence known as the DELSEED motif (385DELS
DED391 in C. paradoxum). In the c subunit, the polar loop

(residues 41KQPE44) that connects the two hydrophobic 

helices is present, as is the conserved DCCD-binding gluta-
mate residue (E61) in the center of the second transmembrane
helix (Fig. 8).

Alignment of the c subunit to those from other bacteria (Fig.
8) showed stronger overall homology with Na�-translocating
F1Fo-ATP synthases from A. woodii (83% identity), P. modes-
tum (67% identity), and I. tartaricus (70% identity) than with
the proton-coupled E. coli counterpart (27% identity) or those
from other clostridia (42 to 50% identity). Furthermore, the
Na�-binding motif consisting of Q28, E61, and S62 (21, 37, 39,
45) was present in the c subunit of the C. paradoxum ATP
synthase.

DISCUSSION

C. paradoxum is an anaerobic thermoalkaliphilic isolate that
grows rapidly under conditions where the proton gradient for
driving membrane-bound energetic processes appears to be
suboptimal for growth (5). To study such energetic processes in
C. paradoxum, we have conducted a biochemical and molecu-
lar characterization of the membrane-bound F1Fo-ATP syn-
thase. The results demonstrate that the ATP synthase from C.
paradoxum is a Na�-translocating F1Fo-ATPase, the first re-
ported for an alkaliphilic bacterium. The properties that define
the enzyme as a Na�-translocating F-type ATPase are as fol-
lows: ATP hydrolysis activity of the purified complex was stim-
ulated in the presence of low concentrations of Na� ions, Na�

ions provided protection against DCCD inhibition in a pH-
dependent manner, and ATP synthesis in inverted membrane
vesicles was observed in the presence of an artificially imposed
�pNa� and �� that was sensitive to the sodium ionophore

FIG. 7. Alignment of the ε subunits from Chlorobium limicola (58), C. pasteurianum (accession number AF283808), Thermotoga maritima
(accession number AE001805), Thermotoga neapolitana (accession number AB004784), M. thermoacetica (accession number U64318), C. aceto-
butylicum (accession number AF101055), Bacillus sp. strain PS3 (accession number X07804), and E. coli (accession number J01594). The
N-terminal part (residues 1 to 86) in E. coli and the C-terminal domain (residues 91 to 138) that is comprised of two antiparallel 
-helices are
indicated.

FIG. 8. Alignment of the c subunits from A. woodii (accession number U10505), P. modestum (accession number X53960), I. tartaricus
(accession number AF522463), C. acetobutylicum (accession number AF101055), M. thermoacetica (accession number U64318), C. pasteurianum
(accession number AF283808), and E. coli (accession number J01594). Conserved residues are shaded, and Na�-binding residues are shown in
boldface.
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monensin. Further corroboration was provided by the cloning
and subsequent DNA sequencing of the C. paradoxum atp
operon, which revealed that the enzyme harbored the con-
served Na�-binding motif in the membrane-bound c subunit
(viz., Q28, E61, and S62). Validation of this sodium signature
was the observed stable oligomeric c-ring on SDS-polyacryl-
amide gels and the conversion of this oligomer to its mono-
meric form by TCA treatment of the C. paradoxum ATPase.

To date, only three ATP synthases have been characterized
from alkaliphilic bacteria, all of which are aerobic bacilli (4, 14,
15). The ATP synthases from these bacteria are proton cou-
pled, work predominantly in the ATP synthesis direction, and
exhibit latent ATPase activity. Analysis of the atp operons that
encode these ATP synthases has revealed the presence of
amino acid residues or putative motifs that appear to be
unique to alkaliphilic bacilli (19, 20, 22). For example, the a
subunit of alkaliphilic bacilli contains a lysine residue (K180),
found in transmembrane helix IV, that has been shown to be
obligatory for the growth of Bacillus pseudofirmus on nonfer-
mentable carbon sources at alkaline pH (56). This residue has
been proposed to have a gating function implicated in the
retention of protons at high pH. This lysine residue is not
conserved in the a subunit of C. paradoxum, supporting the
contention that this ATPase is not specifically adapted to cap-
ture protons at high pH but instead has a preference for Na�

ions. This is further reinforced by the specific protection of
DCCD inhibition of ATPase activity by Na� ions.

A notable feature of the ATPase from C. paradoxum is the
complete absence of the C-terminal domain (two antiparallel

-helices) of the ε subunit, compared to the E. coli ε subunit.
This appears to be unusual in light of recent single-molecule
analysis of ATP synthesis and hydrolysis that demonstrates
unequivocally that the ε subunit (from thermophilic Bacillus
sp. strain PS3) is indispensable for coupled ATP synthesis but
dispensable for ATP hydrolysis activity (47). Other studies
have also proposed a role for the ε subunit in coupling rotation
to ATP synthesis (3). On the basis of these findings, we pro-

pose that the ATP synthase of C. paradoxum is most likely
geared in the ATP hydrolysis direction and potentially is never
used to synthesize ATP. This is further substantiated by two
observations: (i) very low rates of ATP synthesis are measured
in membranes and the levels would appear to be too low to
sustain a doubling time of 16 min at pH 9.8, and (ii) the
metabolic pathway of C. paradoxum does not appear to contain
a mechanism for generating either a �pNa� or ��, which are
required to fuel the ATP synthase. The bulk of ATP synthe-
sized in C. paradoxum is thus generated by substrate-level
phosphorylation (i.e., via phosphoglycerate kinase, pyruvate
kinase, and acetate kinase), and the high growth rates achieved
are the result of fast glycolytic flux through the fermentative
pathway. Any excess ATP (i.e., above that required for driving
catabolic and anabolic reactions in the cell) generated in this
pathway could be hydrolyzed rapidly via the ATPase. Given
the proposed role of ε, and particularly the C-terminal domain,
in regulating potentially wasteful ATP hydrolysis activity, the
regulation of ATPase activity warrants further investigation in
anaerobic bacteria where other variations in the size of the
C-terminal arm have been observed (7, 18, 58).

A model for the role of the F1Fo-ATPase in the bioenerget-
ics of C. paradoxum is presented in Fig. 9. Growth of C. para-
doxum is sensitive to the electroneutral Na�/H� antiporter
monensin (5), suggesting that a �pNa� is obligatory for growth
of this bacterium. The ATPase plays an important role in
establishing the �pNa�, fuelled by ATP that is rapidly pro-
duced from glycolysis (i.e., glucose is converted to acetate).
The result of sodium pumping also leads to the formation of a
�� (100 mV), which contributes to the overall electrochemical
gradient of sodium ions (��Na�). This is vitally important
because many processes are obligatorily coupled to the ��
component of the total ��Na�. While it remains to be exper-
imentally proven, we propose that a �pNa� is used to drive
both solute transport and motility, as observed for other alka-
liphilic bacteria (28). Solute uptake and motility would also
appear to serve as the major routes of sodium reentry (Fig. 9).

FIG. 9. Schematic diagram outlining the role of the Na�-translocating F1Fo-ATPase in membrane-bound bioenergetic processes of C.
paradoxum. Proteins shown are as follows: A, Na�-translocating ATPase; B, Na�/solute symporter; C, Na�/H� antiporter; D, flagellar rotor.
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Further evidence for this hypothesis comes from studies with
the anaerobic thermoalkaliphile Anaerobranca gottschalkii,
where amino acid transport occurs in symport with Na� ions
(44). Those authors also reported the presence of Na�-stimu-
lated ATPase activity in A. gottschalkii membrane vesicles, but
this property was not examined further. The concept of a
bacterium being exclusively coupled to Na� ions is exemplified
in Clostridium fervidus, where all secondary transport systems
utilize a ��Na� generated by a V-type ATPase (17, 49, 50).
For a thermophilic bacterium, the consequence of utilizing
Na� ions over protons provides a bioenergetic advantage, as
Na� ions are about 1,000-fold less membrane permeative than
protons (53). In a proton desert (alkaline pH), the advantage
of using Na� ions over protons is further magnified.

In aerobic (nonfermentative) alkaliphilic bacilli, a proton
gradient is established by respiration, and through secondary
Na�/H� antiporters this proton gradient is used to regulate
internal pH (i.e., acidify the cytoplasm) and generate a �pNa�

for solute uptake and motility (28). It is presently not known
how C. paradoxum maintains the cytoplasm at a near-neutral
pH range when growing at high external pH. However, it
should be mentioned that the magnitude of the �pH generated
by C. paradoxum is much smaller (1.3 pH units) and over a
narrower pH range (5) than those of aerobic alkaliphiles,
which maintain a �pH of 1.9 to 2.5 pH units (acidic inside)
over a broad pH range (16, 52). The role of a Na�/H� anti-
porter in intracellular pH regulation by C. paradoxum remains
to be determined, but the operation of such an exchanger
powered by �� would need to be congruent with Na�-pumping
activity of the F1Fo-ATPase as they will both compete for
intracellular Na� ions (Fig. 9). The intracellular acetic acid (or
other acids) produced from glucose metabolism by C. para-
doxum will move rapidly across the cytoplasmic membrane
(undissociated) and accumulate as acetate and protons in the
alkaline exterior according to the Henderson-Hasselbalch
equation (Fig. 9). This would be largely counterproductive for
pH regulation at high pH, but the protons released in this
reaction could be utilized by a Na�/H� antiporter, thus poten-
tially facilitating pH homeostasis.

In conclusion, our data demonstrate that the F1Fo-ATPase
from C. paradoxum plays a central role in growth at high pH
and temperature. The enzyme offers further opportunities to
understand how it has evolved to function as a hydrolytic
motor with an apparent lack of ε subunit-mediated regulation
under anaerobic conditions. Current studies are aimed at de-
termining how this important enzyme is regulated.
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