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Molecular biological and biochemical studies of the F1FO-ATP synthase of alkaliphilic Bacillus firmus OF4
show that the enzyme used at pH 7.5 and pH 10.5 is a unique product of the atp operon, expressed at the same
levels and yielding an enzyme with the same subunit properties and c-subunit/holoenzyme stoichiometry.

The bioenergetics of oxidative phosphorylation in extremely
alkaliphilic Bacillus species is difficult to describe according to
a strictly chemiosmotic model. The maintenance of a cytoplas-
mic pH below pH 8.5 during growth at pH values of 10.5 and
higher reduces the net electrochemical proton gradient (Ap)
that is available to energize proton-coupled bioenergetic work.
The surprising observation is that the small Ap at pH 10.5, for
example, supports similar or higher phosphorylation potentials
(AGp values) in alkaliphilic Bacillus firnus OF4 as observed
with cells growing at pH 7.5, although the total Ap is almost
three times higher in pH 7.5-grown cells (7, 19). The discor-
dance is even greater when the external pH is elevated above
11 (19). Since neither the use of Na+ as a coupling ion nor the
sequestration of oxidative phosphorylation in organelles ac-
counts for these observations with extreme alkaliphiles, the
possibility of a highly variable H+/ATP coupling stoichiometry
has been considered as a way of fitting the data to a chemios-
motic model (13). In a completely chemiosmotic coupling
mode, the AGp/Ap ratio should be equal to the H+/ATP ratio
so that a higher H+/ATP ratio would compensate for a lower
Ap. In order to account for the bioenergetic parameters
measured in a rigorously controlled chemostat study, the
H+/ATP ratio would have to vary from just above 3 to 13 over
the organism's pH range for rapid growth (19). Such a

variability in stoichiometry is difficult to envision if a single
species of synthase operates over the entire range of growth
pH. Prokaryotic ATP synthases, including those of the Bacillus
species studied to date, are F-type ATPases encoded by
operons in which the first cistron is generally a gene (atpI) of
unknown function, which is followed by the three genes
(atpBEF) encoding the subunits of the integral membrane FO
part of the complex and then the five genes (atpHI4GDC)
encoding the catalytic F1 part (3, 6, 10). Earlier PCR studies
failed to indicate more than one atp operon or multiple atpE
genes encoding the c-subunit, even though the degenerate
primers used were able to amplify the alkaliphile genes, which
have specific sequence motifs (10, 11), as well as conventional
atp genes from unrelated Bacillus species (11). However,
previous studies did not include a characterization of the actual
enzyme found at different pH values or whether there was a
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pH-dependent change in the level of the synthase, in its
subunit structure, or in the c-subunit/holoenzyme ratio. In
Enterococcusfaecalis, an increase in the amount of the ATPase
was found to be an adaptation to a low external pH (12),
making it of interest to examine the possibility of up-regulation
by the alkaliphile at high external pH values for growth. No
evidence has been presented for a discrete change in c-subunit/
holoenzyme stoichiometry in connection with physiological or

environmental challenges. However, the presence of approxi-
mately 9 to 12 copies of this subunit per F-ATPase assembly
and the importance of this subunit in the pathway for the
coupling ion have led to proposals directly relating a synthetic
function and the H+/ATP stoichiometry to the c-subunit/
holoenzyme stoichiometry of different classes of ATPases (4).

In this study, total RNA (14) from B. firmus OF4 cultures
grown at pH 7.5 and pH 10.5 was analyzed by Northern (RNA)
blots, using methods described previously (15). A probe con-

sisting of the entire c-subunit gene and upstream region
hybridized to the full-length (7-kb) transcript of the atp
operon, giving signals of approximately equal intensity with
RNA samples obtained from cells grown at the two pH values
(Fig. 1). If anything, in the particular set shown, there was

slightly more hybridizing RNA in cells grown at the lower pH.
No other bands were detectable, suggesting that transcription
from an internal promoter upstream of the atpE gene does not
occur at either growth pH. Identical results were obtained with
a probe containing an internal region of the a-subunit gene
(data not shown). Primer extension analysis was used to
determine the transcriptional start site of the atp operon. A
single extended product of the same size was obtained with
samples of RNA isolated from either pH 7.5- or pH 10.5-grown
cells, and the intensities of bands were approximately the same
at both pH values, consistent with the results of the Northern
blot analyses (data not shown).
Membranes from B. firmus OF4 grown at either pH 7.5 or

pH 10.5 were isolated, fractionated on denaturing gels, and
probed by Western (immunoblot) analysis with antibody
against the ,B-subunit of Escherichia coli, using procedures
comparable to those described earlier (9). As shown in Fig. 2,
there was no difference in the amount of this major F,-ATPase
subunit in membranes from cells grown at the two pH values.
The synthase represented 2.2% of membrane protein, being
present at 44 pmol/mg of membrane protein in sets of prepa-
rations from cells grown at the two pH values. The F1Fo-
ATPase was purified from membranes of pH 7.5- and pH
10.5-grown cells; although not shown, the initial membranes
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FIG. 1. Northern blot analysis of the atp operon of B. firmus OF4.

Five-microgram samples of total RNA from cells of B. firmus OF4
grown at pH 7.5 and pH 10.5 were denatured, electrophoresed,
transferred to nylon membranes, and probed with a radiolabeled
fragment containing the atpE gene. The probe consisted of a 499-bp
NheI-SspI fragment of pRC3. pRC3 was isolated from a B. firmus OF4
EcoRI-ClaI genomic DNA library constructed in pSPT19 (Boehringer
Mannheim) and contains the genes encoding the subunits i, a, c, b, and
8 of the ATP synthase downstream of the T7 RNA polymerase
promoter. Standard molecular biological procedures used in this and
other manipulations were conducted as described previously (1, 16).
Positions and sizes of RNA standards (Gibco/BRL) are shown on the
right.

had comparable ATPase activities and the pattern observed
upon gel electrophoresis of the two purified preparations was
identical to that found earlier for enzyme from pH 10.5-grown
cells (8). The relative amounts and sizes of the subunits were
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FIG. 2. Quantitative immunoblot of 13-subunit (F1FO-ATPase) con-
tent in membrane vesicles of B. firmus OF4. Everted membrane
vesicles were prepared essentially as described previously (8). Five-,
ten-, and twenty-microgram samples of total membrane protein from
B. firmus OF4 grown at pH 7.5 and pH 10.5 were subjected to
SDS-PAGE, transferred to nitrocellulose, and probed with a mono-

specific polyclonal antibody against the 13-subunit of E. coli F1. After
densitometric analysis of the bands formed from the indicated concen-
trations of purified B. firmus OF4 F1 (the right half of the blot), a
standard curve, from which the concentration of enzyme in membrane
samples was calculated, was prepared. Molecular weight standards (in
thousands) are on the left.

FIG. 3. In vitro transcription and translation of the genes of the B.
firmus OF4 atp operon encoding the FO subunits and b. PvuI (A) and
EcoRI (B) digests of pRC3 were used for in vitro transcription and
translation, which were carried out by using the protocols provided by
Promega. Following transcription with T7 RNA polymerase, plasmid
DNA was digested with RQ1 DNase and the products of transcription
reactions were added directly to an E. coli S30 translation system
(Promega) containing [35S]methionine. Translation products were
separated by SDS-PAGE and visualized by autoradiography. Molecu-
lar masses (in kilodaltons) of marker proteins are given on the right.

comparable for the two preparations and were reproducible
among independent preparations.
The c-subunit was only barely discernible or in some cases

not detectable in Coomassie-stained gels. To definitively iden-
tify the position of this subunit, as well as that of the a-subunit,
in the gel system, in vitro transcription and translation of the 5'
portion of the atp operon of B. firmus OF4 were carried out. A
2.9-kb ClaI-EcoRI fragment of B. firmus OF4 DNA containing
the atpIBEFH genes was placed behind the T7 RNA poly-
merase promoter of pSPT19. PvuI digestion of this construct
results in such a truncation of the atpE gene that the c-subunit
lacks its final nine amino acid residues and the b- and
B-subunits are not made. EcoRI digestion of the construct
leaves all of the genes intact. As shown in Fig. 3, transcription
and translation of these digests, followed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
autoradiography, allowed unambiguous identification of the
products of the atpIBEH genes, the subunits i, a, c, and 8,
respectively. The smallest product of the PvuI-digested con-
struct (Fig. 3A) was smaller than that of the EcoRI-digested
construct (Fig. 3B), confirming that this was the c-subunit in
truncated and untruncated forms, respectively. Not detectable
in this experiment was the product of the atpF gene, the
b-subunit. This may reflect the use of GUG as the start codon
for this gene; the S30 translation system employed in this
experiment may not recognize and translate this region appro-
priately. Having established the electrophoretic mobility of the
authentic c-subunit, quantitative comparison of the c-subunit
content of membranes from pH 7.5- and pH 10.5-grown cells
ofB. firnus OF4 was carried out by analysis of gel fractionation
of membranes that had been treated with radioactive NN'-
dicyclohexylcarbodiimide (DCCD). In Fig. 4, the pattern of
membrane proteins from one of several independent sets of
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FIG. 4. [14C]DCCD labeling of everted membrane vesicles of B.
firmus OF4 grown at pH 7.5 and pH 10.5. Everted membrane vesicles
were incubated with [14C]DCCD overnight and washed twice as
described by others (2, 5). Radiolabeled vesicles were extracted with
chloroform-methanol (2:1) and ether precipitated. Ether precipitates
were solubilized in SDS sample buffer, loaded on an SDS-PAGE gel
(17), and stained for total protein by Coomassie brilliant G (first two
lanes), and the gel was dried and exposed to a phosphorimager screen

(last two lanes) to detect radiolabeled proteins. The molecular mass of
the band corresponding to the c-subunit was approximately 7 kDa.
Prestained molecular weight standards (in thousands) are indicated on
the left.

such membranes is shown side by side with an autoradiogram
of the same gel. Although there were some differences in
overall membrane protein patterns, some of which are not
reproducible in independent sets, the autoradiograms consis-
tently indicated no pH-dependent change in the c-subunit
content of the membranes. Given the observations that both an
F1 subunit and the c-subunit were present in the same amounts
in membranes from pH 7.5- and pH 10.5-grown cells, the ratio
of c-subunit to holoenzyme must also be the same at the two
pH values.

Previous studies indicated that the B. firmus OF4 c-subunit
and that of another, unrelated, extremely alkaliphilic Bacillus
sp. differed from homologs of several nonalkaliphilic bacteria
in the regions of the c- and a-subunits (11, 13). The c-subunit
was purified by chloroform-methanol extraction (5) of mem-
branes from B. firnus OF4 grown at pH 7.5 and pH 10.5 to
determine whether partial analysis by microsequencing would
indicate that both or only one of the preparations contained
the unusual sequence features that had been deduced from the
gene sequence. Preparations of the c-subunit in chloroform-
methanol (2:1) were applied to a polyvinylidene difluoride
membrane and subjected to cyanogen bromide cleavage (18);
N-terminal amino acid sequencing was performed on a gas-
phase sequencer by using standard Edman degradative chem-
istry. Microsequencing from the N terminus proceeded much
more efficiently after treatment of the samples with cyanogen
bromide, indicating that a blocked N-terminal methionine is
probably present in purified c-subunit samples. Subsequent to
cyanogen bromide treatment, it was possible to identify 23
residues of sequence from the N terminus and an additional 5
residues that followed the single internal cleavage and ap-
peared as a minor sequence set. Both of these sequences were
identical in samples from cells grown at the two pH values;
moreover, they conformed precisely to the sequence deduced

from the gene sequence. The determined sequence included
many residues that are thus far specific to two alkaliphile
c-subunits. For example, in the first putative transmembrane
helix, sequencing identified the following residues (presented
as residue and position number): G-5, G-17, A-20, 1-21, and
A-22. In addition, the unusual second proline (at position 58),
near the important carboxylate in the second putative trans-
membrane helix, was identified in both samples. Thus, the ATP
synthase from B. firnus OF4 grown at pH 7.5 and pH 10.5
appears to be a unique enzyme that is neither present in
unusual or pH-dependent amounts in the membrane nor
variable in its ratio or in the species of c-subunit. If the
alkaliphile uses the enormously variable H+/ATP stoichiome-
try required to account for the phosphorylation potentials
generated at different values of growth pH, then it does so with
a single enzyme. The unlikeliness of this is compounded by the
finding that the molar growth yield of B. firmus OF4 on limiting
malate in continuous culture is actually higher at pH 10.5 than
at pH 7.5, the reverse of what would be expected if more
protons had to be translocated inward to produce the same
amount of ATP (19). Moreover, there are qualitative observa-
tions in connection with alkaliphile oxidative phosphorylation
that would not be accounted for simply by a variable stoichi-
ometry of coupling (13).

We are grateful to Nathan Nelson for the gift of antibody prepared
against the P-subunit of the E. coli F1-ATPase.

This work was supported by research grant GM28454 from the
National Institutes of Health. Protein sequence analysis was provided
by The Rockefeller University Protein Sequencing Facility, which is
supported in part by NIH shared instrumentation grants and by funds
provided by the U.S. Army and Navy for purchase of equipment.

REFERENCES
1. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. A. Smith,

J. G. Seidman, and K. Struhl (ed.). 1987. Current protocols in
molecular biology. John Wiley & Sons, Inc., New York.

2. Beechey, R. B., P. E. Linnett, and R. H. Fillingame. 1979. Isolation
of carbodiimide-binding proteins from mitochondria and Esche-
richia coli. Methods Enzymol. 55:426-434.

3. Brusilow, W. S. A., M. A. Scarpetta, C. A. Hawthorne, and W. P.
Clark. 1989. Organization and sequence of the genes encoding the
proton-translocating ATPase of Bacillus megaterium. J. Biol.
Chem. 264:1528-1533.

4. Cross, R. L., and L. Taiz. 1990. Gene duplication as a means for
altering H+/ATP ratios during the evolution of F0F1 ATPases and
synthases. FEBS Lett. 259:227-229.

5. Fillingame, R. H. 1976. Purification of the carbodiimide-reactive
protein component of the ATP energy-transducing system of
Escherichia coli. J. Biol. Chem. 251:6630-6637.

6. Futai, M., T. Noumi, and M. Maeda. 1988. Molecular genetics of
F1-ATPase from Escherichia coli. J. Bioenerg. Biomembr. 20:41-58.

7. Guffanti, A. A., 0. Finkelthal, D. B. Hicks, L. Falk, A. Sidhu, A.
Garro, and T. A. Krulwich. 1986. Isolation and characterization of
new facultatively alkalophilic strains of Bacillus species. J. Bacte-
riol. 167:766-773.

8. Hicks, D. B., and T. A. Krulwich. 1990. Purification and reconsti-
tution of the F1F0-ATP synthase from alkaliphilic Bacillus firmus
OF4: evidence that the enzyme translocates H' but not Na+. J.
Biol. Chem. 265:20547-20554.

9. Hicks, D. B., R J. Plass, and P. G. Quirk. 1991. Evidence for
multiple terminal oxidases, including cytochrome d, in faculta-
tively alkaliphilic Bacillus firnus OF4. J. Bacteriol. 173:5010-5016.

10. Ivey, D. M., and T. A. Krulwich. 1991. Structure and nucleotide
sequence of the genes encoding the ATP synthase from alkaliphi-
lic Bacillus firmus OF4. Mol. Gen. Genet. 229:292-300.

11. Ivey, D. M., and T. A. Krulwich. 1992. Two unrelated alkaliphilic
Bacillus species possess identical deviations in sequence from
those of conventional prokaryotes in regions of F0 genes impli-
cated in proton translocation through the ATP synthase. Res.

VOL. 176, 1994



5170 NOTES

Microbiol. 143:467-470.
12. Kobayashi, H., T. Suzuki, and T. Unemoto. 1986. Streptococcal

cytoplasmic pH is regulated by changes in amount and activity of
a proton-translocating ATPase. J. Biol. Chem. 261:627-630.

13. Krulwich, T. A., and A. A. Guffanti. 1992. Proton-coupled bioen-
ergetic processes in extremely alkaliphilic bacteria. J. Bioenerg.
Biomembr. 24:587-599.

14. Ladin, B. F., E. M. Accuroso, J. R. Mielenz, and C. R. Wilson.
1992. A rapid procedure for isolating RNA from small-scale
Bacillus cultures. BioTechniques 12:672-676.

15. Quirk, P. G., D. B. Hicks, and T. A. Krulwich. 1993. Cloning of the
cta operon from alkaliphilic Bacillus firmus OF4 and characteriza-
tion of the pH-regulated cytochrome caa3 oxidase it encodes. J.
Biol. Chem. 268:678-685.

16. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor Labo-
ratory, Cold Spring Harbor, N.Y.

17. Schagger, H., and G. von Jagow. 1987. Tricine-sodium dodecyl
sulfate-polyacrylamide gel electrophoresis for the separation of
proteins in the range from 1 to 100 kDa. Anal. Biochem. 166:368-
379.

18. Simpson, R J., and E. C. Nice. 1984. In situ cyanogen bromide
cleavage of N-terminally blocked proteins in a gas-phase se-
quencer. Biochem. Int. 8:787-791.

19. Sturr, M. G., A. A. Gufanti, and T. A. Krulwich. 1994. Growth and
bioenergetics of alkaliphilic Bacillus firmus OF4 in continuous
culture at high pH. J. Bacteriol. 176:3111-3116.

J. BAcrERIOL.


