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Expression of the genes for the membrane-bound F, sector of the Escherichia coli F,F, proton-translocating
ATPase can respond to changes in metabolic conditions, and these changes are reflected in alterations in the
subunit stoichiometry of the oligomeric F, proton channel. Transcriptional and translational lacZ fusions to
the promoter and to two F, genes show that, during growth on the nonfermentable carbon source succinate,
transcription of the operon and translation of uncB, encoding the a subunit of F,, are higher than during
growth on glucose. In contrast, translation of the uncE gene, encoding the c¢ subunit of F,, is higher during
growth on glucose than during growth on succinate. Translation rates of both uncB and uncE change as culture
density increases, but transcription rates do not. Quantitation of the c stoichiometry shows that more ¢
subunits are assembled into the F,F, ATPase in cells grown on glucose than in cells grown on succinate. E. coli
therefore appears to have a mechanism for regulating the composition and, presumably, the function of the

ATPase in response to metabolic circumstances.

F,F, ATPases, or F-type ATPases, consist of two large sec-
tors. The F, sector forms a proton channel across the mem-
brane. The F, sector is the catalytic sector containing the sites
for ATP synthesis or hydrolysis. These enzymes utilize the
energy in a transmembrane electrochemical gradient of pro-
tons to drive the synthesis of ATP from ADP and P;. In plants
(chloroplasts) and animals (mitochondria), these enzymes op-
erate primarily as ATP synthases. In facultative bacteria such
as Escherichia coli, the enzymes can act as either ATP syn-
thases or ATPases. The proton gradient generated by the elec-
tron transport chain can be used to drive transport and ATP
synthesis. However, the enzyme can also hydrolyze ATP gen-
erated from glycolysis and pump protons across the membrane,
restoring the proton gradient, which is used for a variety of
transport processes (for a review, see reference 6). The enzyme
therefore catalyzes a reversible reaction whose direction pre-
sumably depends upon the metabolic circumstances. Exactly
how the direction of the reaction is determined is not known.
There are no known allosteric or covalent activators or inhib-
itors of the enzyme, which might favor one direction of this
reaction over the other. The activity of the mitochondrial F,F
ATPase is inhibited by a specific inhibitor protein which pre-
vents the enzyme from acting as an ATPase (7), but E. coli
does not have an analogous protein, presumably because both
ATP hydrolysis and ATP synthesis are essential, depending
upon the metabolic conditions.

We have previously demonstrated that the stoichiometry of
the c subunit in the purified F,F, ATPase can vary, depending
upon the expression of uncE, the gene encoding the ¢ subunit
of the F_ sector (15). We therefore assayed transcription of the
unc operon and translation of the first two F, genes, uncB and
uncE, under conditions of growth on glucose minimal and
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succinate minimal media to determine if the expression of
either gene changes significantly when cells are growing on a
fermentable or a nonfermentable carbon source. We also mea-
sured the effects of those growth conditions on the stoichiom-
etry of the c subunit assembled into the F,F, complex, to
determine if the expression of ATPase genes and the structure
of the ATPase can both respond to different growth conditions.

MATERIALS AND METHODS

unc-lac fusion constructions. The translational uncB’-'lacZ fusions in
pDKWHI107 and pKS104 and the translational uncE'-'lacZ fusion in pKS105
have been described previously (9, 19). The transcriptional fusion in pWSB56
was constructed for this study by cloning the SspI-BamHI fragment from pKS105
into the promoter-detection plasmid pRZ5255, which carries a trp-lac fusion
containing the entire lacZ gene (14). B-Galactosidase activity produced by this
construction is dependent upon a cloned promoter, but lacZ translation is initi-
ated from the translational initiation region of lacZ, not the uncB gene.

Assays of 3-galactosidase produced by fusion genes. The fusions were trans-
ferred from plasmids into ARZ5 and integrated into the N att site of MC1000
Unc*, as described previously (19). The resultant single-copy lysogens were
grown at 37°C on minimal medium containing 100 mM KP; (pH 7), 2 g of
(NH,),SO, per liter, 250 mg of L-leucine per liter, 2 mM MgCl,, 200 mg of Bl
per liter, and either 4 g of glucose per liter or 8 g of Na-succinate per liter.
Samples were removed at values for optical density at 600 nm between 0.2 and
1.2 and assayed for B-galactosidase activity by the Miller assay (12).

Immunoblots. F,F, complexes were purified from cells grown on either min-
imal-glucose medium or minimal-succinate medium, as described by Foster and
Fillingame (4), and immunoprecipitated with anti-F,, as described previously
(15). This procedure has been shown to precipitate F,, subunits which are asso-
ciated with F; subunits, but not F_ subunits alone. Immunoblots were treated
overnight with antibody raised against E. coli F; and F, subunits and then with
secondary antibody consisting of anti-rabbit antibody conjugated with either
alkaline phosphatase or horseradish peroxidase. Final development was with
the GIBCO/BRL (bromo-chloro-indolylphosphate-p-toluidine salt (BCIP)-
nitroblue tetrazolium chloride reagents for colorimetric determinations or with
the Amersham ECL chemiluminescent reagents followed by exposure to X-ray
film. Both types of blots were photographed, and the bands in the black-and-
white photographs were scanned and quantitated with a Hewlett-Packard Scan-
Jet Plus scanner with Scanning Gallery Plus 5.0 densitometry software version 1
from Stratagene. Intensities were adjusted for the different backgrounds appar-
ent in different sections of the photograph. The previous study showed that this
method of quantitation produced results linear with amounts of protein loaded
in each lane (15).



3206 SCHEMIDT ET AL.

BamH!
BamH1*
BamH1
Sspl |
P >
—I——I uncl H uncB |—| uncE l
WSBS56 92
DKWHI107 203

KS104 704
KS105 127

FIG. 1. The start of the unc operon indicating the locations of fusions to
lacZ. The promoter (P) and the first three genes of the unc operon are indicated
with restriction enzyme recognition sites used to make these fusions in plasmids.
The translational unB’-'lacZ fusions in pDKWH107 and pKS104 and the trans-
lational uncE'-'lacZ fusion in pKS105 have been described previously (9, 19).
The transcriptional fusion in pWSB56 was constructed for this study by cloning
the Sspl-BamHI fragment from the pKS105 fusion into the promoter detection
plasmid pRZ5255, which carries a trp-lac fusion containing the entire lacZ gene
(14). B-Galactosidase activity produced by this construction is dependent upon a
cloned promoter, but lacZ translation is initiated from the translational initiation
region of lacZ, not the uncB gene. The horizontal lines indicate the amount of
unc DNA cloned either into the transcriptional fusion vector to make the WSB56
fusion or into translational fusion vectors to make the DKWH107, KS104, and
KS105 fusions, and the number following each line indicates exactly how many
bases of each gene are present in each fusion construction. The BamHI* site is
not normally present in uncB but was constructed for the purpose of making the
fusion in DKWH107 (9).

RESULTS AND DISCUSSION

Figure 1 shows the beginning of the unc operon and indi-
cates the sites at which lacZ was fused to unc genes to create
either a transcriptional fusion (WSB56) or translational fu-
sions to either uncB (DKWH107 and KS104) or uncE (KS105).
Unc™" cells lysogenized with \ phage carrying each of these
fusions in single copy were grown on minimal medium con-
taining either glucose or succinate as the sole carbon and
energy source. Samples taken at various times were assayed for
B-galactosidase activities. Figure 2 shows the B-galactosidase
activities produced by these fusions as a function of culture
turbidity. A single-copy lysogen carrying the WSBS56 transcrip-
tional fusion produced approximately 25% more activity when
grown on minimal-succinate medium than when grown on min-
imal-glucose medium. Lysogens carrying either of the transla-
tional fusions to uncB also produced more B-galactosidase
activity when grown on succinate than when grown on glucose.
A single-copy lysogen carrying the fusion to uncE, however,
produced significantly less B-galactosidase activity when cells
were grown on minimal-succinate medium than when they
were grown on minimal-glucose medium. The expression of
both the uncB’-'lacZ fusions increased during growth. The
expression of the uncE’-'lacZ fusion gene, however, decreased
significantly as culture turbidity increased. The activity of the
transcriptional fusion did not change as culture turbidity in-
creased in these experiments. Since the effect of growth on
succinate on expression of uncE was the opposite of its effect
on both translation of uncB and transcription of the unc
operon, these results suggest the existence of some carbon
source-dependent regulatory mechanism specific for the ex-
pression of uncE.

Previous studies showed that a change in the expression of
uncE relative to that of other ATPase genes produced a
change in the amount of the ¢ subunit assembled into the F,F,
complex (15). We attempted to determine if this carbon
source-dependent change in gene expression was also reflected
in a change in the composition of the ATPase, specifically in a
change in the relative stoichiometry of the ¢ subunit assembled
into the ATPase of cells grown on these different carbon
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sources. We purified the F,F, complex and immunoprecipi-
tated it with anti-F,. This procedure immunoprecipitates only
those F, subunits assembled into the F,F, complex (15). Fig-
ure 3 shows a blot developed with the Amersham ECL chemi-
luminescence detection system. The amounts of B, b, €, and ¢
subunits could be easily quantitated from this blot by densi-
tometry. Although the y and a subunits are visible, they could
not be accurately measured because the transfer to nitrocellu-
lose was poor near the center of this blot. The relative amounts
of precipitating 3, b, and € subunits were the same in these two
immunoprecipitates (compare lanes 4 and 7 in Fig. 3), but the
relative amount of precipitating c subunit in the F,F_ prepared
from glucose-grown cells (lane 4) was significantly higher than
the relative amount of precipitating c¢ subunit in the F,F,
prepared from succinate-grown cells (lane 7). In most experi-
ments, we developed the immunoblots with antibody prepara-
tions which reacted more strongly to the ¢ subunit than did that
used for the blot in Fig. 3, and we could routinely measure only
the amounts of the b and ¢ subunits, as we reported previously
(15). Table 1 shows the results of three such experiments in
which three preparations of F,F, were prepared from cells
grown on Luria-Bertani (LB) medium or on minimal medium
containing either glucose or succinate. The amounts of b and ¢
subunits precipitated by anti-F, antiserum were quantitated,
and the ¢/b ratio was calculated. In all cases, the ¢/b ratio was
higher in F,F, purified from cells grown on glucose than in
F,F, purified from cells grown on succinate. The b/e ratio did
not change in F,F_ preparations purified from cells grown on
different media (data not shown), indicating that the change in
¢/b ratio is probably caused by changes in the c stoichiometry.
The relative amount of ¢ assembled into F, F_ is highest in cells
grown on minimal-glucose medium, lower in cells grown on
minimal-succinate medium, and lowest in cells grown on LB
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FIG. 2. The fusions described for Fig. 1 were transferred from plasmids into
ARZ5, integrated into the \ att site of MC1000 Unc™, and assayed as described
in Materials and Methods. The points on these plots are the averages of dupli-
cate assays, which typically varied by less than 5%. The effects of glucose and
succinate on promoter activity are shown in the graph of the WSB56 lysogen,
effects of carbon source on translation of uncB (a subunit) are shown in the
graphs of the DKWH107 and KS104 fusions, and effects of carbon source on
translation of uncE (c subunit) are shown in the graph of the KS105 fusion. H,
succinate-grown cultures; A, glucose-grown cultures.
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FIG. 3. Immunoblot of F,F_ complexes purified from cells grown on either
minimal-glucose medium or minimal-succinate medium and immunoprecipi-
tated with anti-F,. This procedure has been shown to precipitate F, subunits
which are associated with F; subunits but not F_ subunits alone (15). Lanes: 1,
purified Fy; 2, F|F, purified from cells grown on minimal-glucose medium; 3,
control (with control serum) immunoprecipitation of glucose F,F; 4, immuno-
precipitation (with anti-F; antiserum) of glucose F,F,; 5, F,F purified from cells
grown on minimal-succinate medium; 6, control (with control serum) immuno-
precipitation of succinate F,F; 7, immunoprecipitation (with anti-F, antiserum)
of succinate F,F. This blot was developed with dilute preparations of antiserum
in order to minimize the background. The overall reactivity of the ¢ subunit is
therefore much less than in the experiments described for Table 1.

medium, in which the primary source of carbon and energy is
amino acids.

These measurements demonstrate that both gene expression
and subunit stoichiometry of F_ can change depending on
carbon source. Although the exact mechanism responsible for
altering the synthesis and assembly of ¢ is not addressed in
these studies, the uncE gene is preceded by an unusual trans-
lational enhancer sequence which could serve as a target for
regulation (11). It appears as if function as an ATP synthase is
correlated with a lower c stoichiometry, and function as a
proton pump is correlated with a higher c stoichiometry. In our
previous studies demonstrating that a change in expression of
uncE produces a change in c stoichiometry, the complexes
containing more ¢ subunits were poor ATP synthases com-
pared to the complexes containing fewer c subunits, despite the
fact that membranes containing either type of complex had
nearly identical ATPase activities and ATP-dependent proton
pumping activities (15, 18).

In mitochondria and chloroplasts, organelles involved in
aerobic metabolism, the stoichiometry of the c subunit has
been shown elsewhere to be 6 (13, 16, 17). Presumably, these
ATPases function primarily, if not exclusively, as ATP syn-
thases. In the vacuolar ATPase of Saccharomyces cerevisiae,
which acts exclusively as a proton pump, the stoichiometry of
the N,N’-dicyclohexylcarbodiimide-reactive membrane sector
component is also 6 (1), but the subunit size is doubled. In
bacteria, plants, and animals, the ¢ subunit consists of two
transmembrane helices. For the vacuolar ATPase, the homol-
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ogous protein is twice the size and consists of four transmem-
brane helices. Therefore, the vacuolar ATPase proton pump
has twice the number of transmembrane helices in its “c sub-
unit” as do the ATPases which act as ATP synthases. Addi-
tionally, in certain systems, the membrane-bound sector of the
vacuolar ATPase appears to change size in response to salinity
stress, and this size change is accompanied by increases in the
mRNA and protein levels of subunit c. Liittge and Ratajczak
(10) have interpreted these results as indication that the c stoi-
chiometry of these vacuolar ATPases increases under stress. In
E. coli, the two most careful studies on ¢ stoichiometry in the
ATPase purified from cells grown on glucose produced values
of 10 = 1 (5) or a range of 8 to 14 (8). It may be that these F,F_
preparations consist of a mixture of complexes which contain a
range of c stoichiometries. Our data on gene expression, to-
gether with the biochemical studies on how much c is actually
assembled into F_, demonstrate that the c¢ stoichiometry in the
ATPase purified from cells grown on succinate is lower than
that found for cells grown on glucose.

The possible advantages to a facultative organism of being
able to change the c stoichiometry of the ATPase. Figure 4
shows the model for rotational catalysis described by Duncan
et al. (3). The proton motive force drives a flow of protons
through an interface in F, between the a subunit and the c
oligomer and produces rotation of the ¢ oligomer. As each ¢
subunit moves into and out of functional contact with the a
subunit to form the proton channel, this rotation is transmitted
by the v subunit to the aff hexamer, illustrated as a trimer of
catalytic of3 dimers. In this model, the energy of the proton
motive force is transmitted into the cellular phosphorylation
potential AG, in a stepwise cogged fashion. Since each full
turn of the complex produces three molecules of ATP, the
H"/ATP ratio will depend upon the ratio of ¢ subunits to
catalytic sites (i.e., ¢ stoichiometry/3). The presence of more ¢
subunits would produce a higher H*/ATP stoichiometry and
the presence of fewer ¢ subunits would produce a lower H"/
ATP stoichiometry.

If this model is correct, the rate-limiting step in energy
coupling is probably the time it takes one ¢ subunit to move
one such cog during rotation, since physical rotation of the ¢

TABLE 1. Quantitation of the c/b ratio in immunoprecipitates
of F,F, preparations purified from cells grown on LB,
minimal-glucose, or minimal-succinate medium®

Ratio for medium

Expt c/b
Glucose/succinate Glucose/LB
LB Glucose Succinate
1 0.8 1.4 1.1 1.3 1.8
2 0.4 1.1 0.6 1.8 2.8
3 0.4 0.9 0.5 1.8 2.3

“ These data are from three different sets of three different F,F, preparations
immunoprecipitated, immunoblotted, and quantitated as described for Fig. 3. In
the first two experiments, the blots were developed with alkaline phosphatase-
conjugated secondary antibody and GIBCO/BRL nitroblue tetrazolium-BCIP
reagents. In the third experiment, the blot was developed with horseradish
peroxidase-conjugated secondary antibody followed by the Amersham ECL
chemiluminescence reagents. The first three columns show the ¢/b ratios calcu-
lated from these quantitations. The variations in the absolute numbers result
from different dilutions of antibody and different incubation times for antibody
treatments. These differ from experiment to experiment but are the same for the
three preparations from any given experiment. The last two columns show the
ratio of c/b ratios from the glucose and succinate preparations and from the
glucose and LB preparations. Other data (see Results) indicate that the relative
amount of b is constant in each preparation; these last two columns, therefore,
show the differences in c¢ stoichiometries between F,F, preparations.
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Trimer of aff dimers

¢ oligomer

FIG. 4. Possible effect of a variable ¢ stoichiometry. This figure shows the
model for rotational catalysis as described by Duncan et al. (3). The F, subunits
a, b, and c are shown, as is the F; y subunit. The « and  subunits are depicted
as a trimer of a8 dimers. The rotation of the ¢ oligomer in response to a proton
motive force produces rotation of the y subunit within the trimer of o3 dimers.
If the cogging of the ¢ oligomer into and out of contact with the a subunit to form
the actual proton channel is rate limiting, then, for a given proton motive force,
the rate of ATP synthesis or hydrolysis will depend on the size of the ¢ oligomer.
Lower stoichiometries would produce higher rates.

oligomer is probably slower than either transmembrane move-
ment of a proton through the channel or substrate binding,
catalysis, or release. If each step in rotation is rate limiting,
there might not be a significant difference in proton translo-
cation rates of membranes carrying ATPases with different c
stoichiometries. For a given proton motive force, however, the
rate of rotation of the entire ¢ oligomer, and therefore of the
v subunit, would increase for smaller ¢ stoichiometries and
decrease for larger c stoichiometries. During growth on succi-
nate, a decrease in the number of ¢ subunits would decrease
the H'/ATP ratio and therefore decrease the extent of AG,
which could be created by a given Ap, but because the c
oligomer would be smaller, rotation would be faster and the
rate of ATP synthesis would be increased. A higher c stoichi-
ometry and H"/ATP ratio would theoretically produce a high-
er AG,, for a given Ap, but the speed of rotation and therefore
of ATP synthesis might then be too slow to keep up with cel-
lular energy demands. We have shown that the enzyme carry-
ing more ¢ subunits synthesizes ATP more slowly than the
enzyme carrying fewer c¢ subunits (15, 18). When the enzyme is
hydrolyzing ATP to pump protons, an increase in the number
of ¢ subunits, and the resulting increase in H"/ATP ratio,
would decrease the magnitude of Ap which could be generated
by a given AG, but might then minimize the rate of ATP
hydrolysis and the resultant ATP depletion. Therefore, if this
model is accurate, E. coli adjusts the ¢ stoichiometry of the
ATPase to maximize the rate of ATP synthesis during oxida-
tive phosphorylation and to minimize the rate of ATP hydro-
lysis during proton pumping, at the expense of overall energy
coupling efficiency. In 1990, Cross and Taiz (2) proposed that
the structure of ATPases had evolved to adjust H"/ATPase
ratios in order to maximize the efficiency of energy coupling.

J. BACTERIOL.

That model describes evolutionary changes, and our model
describes metabolic regulation. The two conclusions are there-
fore not necessarily incompatible.
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