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ABSTRACT: Immunoblot quantitation of Escherichia coli ATP synthase isolated from atp wildtype and
mutant cells, the latter comprising a reduced expression of the atpE gene coding for subunit c due to a
point mutation within its Shine-Dalgarno sequence, suggested a variable stoichiometry of subunit c
[Schemidt et al. (1995) Arch. Biochem. Biophys. 323, 423-428]. To study the c ring of the mutant strain
and its stoichiometry in more detail, FO isolated from wildtype and mutant were investigated by quantitation,
reconstitution, and cross-linking. Direct quantitation by staining with SYPRO Ruby revealed a reduction
of subunit c in the mutant by a factor of 2 compared to FO subunits a and b. Rates of passive H+

translocation correlated with the amount of subunit c present. Lower rates for mutant FO could be increased
by addition of subunit c, whereas translocation rates remained constant by coreconstitution with
nonfunctional subunit cD61G arguing against the presence of smaller c rings that are filled up with
coreconstituted subunit c. Intermolecular cross-linking by oxidation of bicysteine-substituted subunit c
(cA21C/cM65C) revealed an equal pattern of oligomer formation in wildtype and mutant also favoring a
comparable subunit c stoichiometry. Cross-linking of membrane vesicles containing cysteine-substituted
subunits a (aN214C) and c (cM65C) characterized the mutant FO preparation as a heterogeneous population,
which consists of assembled FO and free ab2 subcomplexes each present to approximately 50%. Thus,
these data clearly demonstrate that the stoichiometry of the subunit c rings remains constant even after
reduction of the synthesis of subunit c.

In mitochondria, chloroplasts, or eubacteria, ATP synthases
catalyze the synthesis of ATP from ADP and inorganic
phosphate, utilizing the energy of an electrochemical ion
gradient (∆µH+ or ∆µNa+) generated across the membrane
by respiration or photosynthesis. In bacteria, ATP synthases
can also serve as primary ion pumps in case of low driving
force, thereby generating an ion gradient across the mem-
brane at the expense of ATP. In Escherichia coli, the ATP
synthase is built up of the membrane complex FO (ab2c10),
which couples ion translocation to ATP synthesis/hydrolysis
within the peripheral catalytic part F1 (R3�3γδε) via a rotary
mechanism (1–4).

Within the FO complex, subunits a and b are located
outside the ring-like c oligomer. Rotation of the c ring is
driven by the proton motive force. In direction of ATP
synthesis, the essential carboxylate cD61 in the middle of
the C-terminal transmembrane helix of subunit c is accessible
for protons from the periplasmic side of the membrane via
a half-channel within subunit a. The binding sites of the
oligomeric c ring are loaded successively, thereby driving
the rotation of the ring relative to the ab2 stator interface
toward the lipid phase of the membrane. After a full rotation
of the c ring, protons are released to the cytoplasmic side of

the membrane due to electrostatic interactions between
aR210 and cD61 through an exit half-channel of subunit a.
During coupled catalysis, this rotary movement is transferred
to the catalytic sites via the centrally located γε subcomplex,
which is fixed to a set of c subunits within the proteolipid
ring (1–4). Thus, the number of subunit c monomers
determines the number of transported ions per revolution,
which, in turn, directly defines the proton to ATP ratio as
well as the P/O ratio of oxidative phosphorylation (compare
ref 5).

FO complexes from different organisms comprise indi-
vidual numbers of c subunits: ten monomers in the mito-
chondrial ATP synthase of Saccharomyces cereVisiae as well
as in the thermophilic Bacillus PS3, eleven c subunits in the
Na+-translocating ATP synthase of Ilyobacter tartaricus,
Propionigenium modestum, and Clostridium paradoxum, 12
copies in the prokaryotic V-ATPase of Thermus thermophi-
lus, 14 copies within the c oligomers of spinach chloroplasts,
and 13-15 c subunits in the ATP synthases of different
cyanobacteria (compare refs 3, 6–8). In addition, for the
A-type ATP synthase of Methanopyrus kandleri, a monomeric
proteolipid comprising 13 hairpin domains has been deduced
from its sequence (9). A structural analysis of proteolipid
rings from I. tartaricus, P. modestum, and spinach chloro-
plasts furthermore suggested a rather rigid oligomeric
structure with an inVariant stoichiometry (10, 11). HoweVer,
in the case of E. coli ATP synthase, the stoichiometry can
be experimentally Varied by atpE gene fusions resulting in
9-12 c subunits within the ring (12, 13), although the
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preferred number of c subunits was reVealed to be 10 (13).
In addition, studies on the expression of atp genes using LacZ
as reporter argue in faVor of the notion that the subunit c
stoichiometry is Variable within one organism depending on
the growth conditions (14). This opens the possibility to
respond to different metabolic states of the cell, thereby
changing the P/O ratio Via a regulated subunit c stoichi-
ometry (compare ref 15).

In the case of a point mutation within the S/D box1 of the
atpE gene (GGAGAfGGAAA), E. coli cells bearing the
corresponding plasmid are reported to comprise a 2-3-fold
reduced synthesis of subunit c (16, 17). This spontaneous
mutation was obviously obtained as a consequence of
overexpression of the atp operon, since the resulting mutant
showed significantly less membrane proton permeability
compared to cells carrying a plasmid with the wildtype atp
operon (17), possibly due to a less dense protein packing
within the membrane. This mutation provided a first hint
for a putative regulatory mechanism of subunit c stoichi-
ometry, which is based on the level of protein synthesis (18),
since the observed phenotype strongly reflected the results
obtained by the reporter gene analysis used for investigation
of the subunit c stoichiometry in different growth media (14).

In order to investigate the possible variability of the subunit
c stoichiometry in the E. coli mutant strain carrying the
corresponding GfA transition within the S/D box of the
atpE gene (18) in more detail, FO preparations from wildtype
and mutant cells were studied with respect to both functional
and structural aspects. The data obtained by combining rates
of passive H+ translocation of reconstituted FO with cross-
linking experiments in both membrane vesicles and proteo-
liposomes clearly demonstrated that the subunit c stoichi-
ometry in E. coli is independent of the rate of subunit c
synthesis and, thereby, not regulated at the level of mRNA
translation. The stoichiometry of the subunit c ring is
comparable in wildtype and mutant FO, whereas free ab2

subcomplexes are present together with fully assembled FO

complexes in mutant FO preparations each with a rate of

approximately 50% resulting together in a reduction of
subunit c by about a factor of 2 compared to FO subunits a
and b.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Growth Conditions. E.
coli strains and plasmids used are described in Table 1. A
2084-bp PflMI/SphI fragment from pRPG54 (19) was ligated
into the 8671-bp PflMI/SphI-digested vector pBWU13 (20),
yielding plasmid pIA1. Ligation of a 2351-bp HindIII/SphI
fragment from pPJC1-21/65 (12) into the 8404-bp HindIII/
SphI-digestedvectorpBWU13generatedplasmidpBWU13.NOC.
A 1290-bp BsrGI/AflII fragment from pPJC1-21/65 was
subcloned into the 11911-bp BsrGI/AflII-digested vector
pRPG54 to generate pRPG54.NOC, from which a 2084-bp
PflMI/SphI fragment was then ligated into PflMI/SphI-
digested vector pBWU13 to generate plasmid pIA1.NOC.

The 1206-bp PflMI/PpuMI fragment of pDF163.aN214C/
cM65C (21) was ligated into the PflMI/PpuMI-digested
vector pBWU13 to generate pTOM5.0. A 617-bp BamHI
fragment of pDF163.aN214C/cM65C was ligated into the
BamHI-digested vector pIA1.1, which was generated by
ligation of a 10324-bp BsrGI/PpuMI fragment obtained by
partial digestion of pIA1 with a 431-bp BsrGI/PpuMI
fragment of pDF163.aN214C/cM65C, finally yielding plas-
mid pTOM5.1. Strain MEG132 (kindly provided by Dr. R. H.
Fillingame) consists of strain MO202 (22) transformed with
pMEG112 coding for subunit cD61G.

E. coli strain DK8 (23) transformed with plasmid pBWU13
or its derivatives was grown on minimal medium supple-
mented with thiamin (2 µg/mL), thymine, asparagine, iso-
leucine, and valine (50 µg/mL each) together with 0.5% (v/
v) glycerol as carbon source (24). E. coli strain
LE392∆atpI-C (25) transformed with plasmids pWSB30.0
(26) or pRPG54 (19) was grown on Luria-Bertani rich
medium with 50 µg/mL chloramphenicol (24). E. coli strain
MEG132 was grown on M63 minimal medium with 0.2%
(w/v) glucose and 100 µg/mL ampicillin supplemented with
1 g/L tryptone, 0.5 g/L yeast extract, and 17 mM NaCl as
described (27).

1 Abbreviations: 2-ME, 2-mercaptoethanol; AFM, atomic force
microscopy; DCCD, N,N′-dicyclohexylcarbodiimide; DTT, dithiothrei-
tol; mAb, monoclonal antibody; S/D box, Shine-Dalgarno sequence.

Table 1: E. coli Strains and Plasmidsa

E. coli strains/plasmids genotype/description ref

DK8 HfrPO1, bglR, thi1, relA1, ilV::Tn10, ∆atpBEFHAGDC 23
LE392∆atpI-C (formerly LE392∆uncI-C) F-, supF58, supE44, hsdR514, galK2, galT22, metB1,

lacY1, trpR55, ∆atpIBEFHAGDC
25

MO202 F+, thi1, relA, ∆atpBEFHAGDC 22
MEG132 MO202/pMEG112 R. H. Fillingame
pWSB30.0 CmR, atpI′BEFHAGDC 26
pRPG54 pWSB30.0: point mutation in S/D box of atpE 19
pBWU13 ApR, atpI′BEFHAGDC 20
pIA1 pBWU13: point mutation in S/D box of atpE this study
pDF163.aN214C/cM65C ApR, atpBEFH, aN214C, cM65C 21
pPJC1-21/65 pNOC: cA21C, cM65C, bC21S 12
pBWU13.NOC pBWU13: cA21C, cM65C, bC21S this study
pRPG54.NOC pRPG54: cA21C, cM65C, bC21S this study
pIA1.NOC pIA1: cA21C, cM65C, bC21S this study
pIA1.1 pIA1: cM65C this study
pTOM5.0 pBWU13: aN214C, cM65C this study
pTOM5.1 pIA1: aN214C, cM65C this study
pMEG112 ApR, atpB′EF′, cD61G R. H. Fillingame

a Plasmid pWSB30.0 and derivatives originated from pACYC184, pBWU13 as well as pDF163 and their derivatives emerged from pBR322, and
plasmid pMEG112 derived from pUC18.
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To study the influence of the point mutation in the ribosome
binding site of atpE on the synthesis of the subunits of the ATP
synthase with special emphasis on the stoichiometry of subunit
c, two different expression systems were applied. On the one
hand, strain LE392∆atpI-C bearing plasmid pWSB30.0 (wild-
type) or pRPG54 (mutation in the S/D box of atpE) based on
vector pACYC184 (19, 26) was used, which has also been
utilized in previous work (17, 18). However, the wildtype
LE392∆atpI-C/pWSB30.0 does not grow on minimal medium
with succinate as sole carbon and energy source possibly due
to an increased membrane proton permeability (17). In addition,
strain DK8 transformed with plasmid pBWU13 (wildtype) or
pIA1 (mutant) was applied, which is based on vector pBR322
with the rom gene deleted (20). With this system, growth on
minimal medium in the presence of succinate could be observed
within 2 days for both constructs (data not shown). Furthermore,
transformation of strain DK8 with plasmids pWSB30.0 or
pRPG54 also allowed complementation of the chromosomal
atpB-C deletion by the plasmid-encoded atp operon (data not
shown). However, FO preparations with higher yield were
consistently obtained by use of strain DK8 transformed with
pBWU13 derivatives.

PreparatiVe Procedures. Preparation of FO and F1 was
carried out as described (24). Everted membrane vesicles
from DK8/pBWU13.NOC and DK8/pIA1.NOC were pre-
pared using TMG buffer (50 mM Tris-HCl, pH 7.5, 5 mM
MgSO4, 10% (v/v) glycerol) (28). In the case of DK8/
pTOM5.0 and DK8/pTOM5.1, preparation of F1-depleted
membrane vesicles was carried out as described (29), with
a final resuspension of membranes in TMG buffer. Subunit
c from E. coli strains DK8/pBWU13 (cD61) and MEG132
(cD61G) was purified by the chloroform/methanol/H2O
procedure (24) or by detergent solubilization according to
Schneider and Altendorf (30).

Reconstitution of FO into Liposomes. Reconstitution of FO

prepared from LE392∆atpI-C/pWSB30.0 and LE392∆atpI-
C/pRPG54 and coreconstitution with detergent-purified
subunit cD61 were carried out by dialysis (24), thereby using
a protein-to-phospholipid ratio of 1:133 with phosphatidyl-
choline type IV-S (Sigma) suspended at 40 mg/mL in
detergent buffer. For coreconstitution, stoichiometric amounts
of detergent-solubilized subunit cD61 were added prior to
dialysis. In the case of Mut-FO

2 and WT-FO prepared from
E. coli DK8 bearing pBWU13 derivatives, FO was corecon-
stituted with chloroform/methanol/H2O-purified subunit c,
either cD61 or cD61G, according to ref 31 with the following
modifications. Preformed liposomes were prepared from E.
coli lipids (25 mg/ml) (Avanti Pro Lipids) as described by
Stalz et al. (24). Liposomes with and without subunit c were
mixed in ratios yielding a 1- or 5-fold stoichiometric excess
of subunit c, assuming an FO stoichiometry of ab2c10. Isolated
FO was added at a protein-to-lipid ratio of 1:208 and 1:104
for WT-FO and Mut-FO, respectively, and the Triton X-100
used for “onset solubilization” of preformed liposomes was
removed by the subsequent addition of increasing amounts
of Bio-Beads SM-2 (Bio-Rad).

Cross-Linking Analyses. Cross-linking studies of mem-
brane vesicles from strains DK8/pBWU13.NOC and DK8/

pIA1.NOC were carried out as described (32) using 3 mM
copper-1,10-phenanthroline. For cross-linking analysis of
proteoliposomes, WT-FO and Mut-FO prepared from DK8/
pBWU13.NOC and DK8/pIA1.NOC, respectively, were
reconstituted as described above with a protein-to-lipid ratio
of 1:104 and 1:35, respectively. During the reconstitution
procedure, 10 mM DTT was added to each sample. After
subsequent extrusion (400 nm pore size filter devices), DTT
was removed by dialysis against 100 mM potassium phos-
phate, pH 7.0, for 24 h at 4 °C, changing the buffer twice.
Cross-linking was induced by air oxidation, incubating the
samples at room temperature overnight after an additional
extrusion of the proteoliposomes. The reaction was stopped
by addition of an equal volume of SDS-PAGE sample
loading buffer without 2-ME (33).

Disulfide bond formation between aN214C and cM65C
was induced by air oxidation in the presence of CuCl2 as
described (34). One mg/mL of F1-depleted membrane
vesicles (DK8/pTOM5.0 or DK8/pTOM5.1) was dialyzed
twice against a 1000-fold volume of 50 mM Tris-HCl, pH
8.0, 1 mM EDTA, and 1 mM DTT at 4 °C overnight and
then dialyzed against 100 mM Tris-HCl, pH 7.5, 100 mM
NaCl, and 50 µM CuCl2.

Densitometric Quantitation of Subunits a, b, and c.
Different amounts of isolated WT-FO and Mut-FO were
separated by SDS-PAGE and stained with SYPRO Ruby
as recommended by the supplier (Bio-Rad). For quantitation,
the intensities of the bands of subunits a, b, and c were
scanned with a Fluor-S MultiImager (Bio-Rad) and analyzed
by the QuantityOne software (Bio-Rad). The amount of
protein analyzed was adjusted to give a linear correlation
between the fluorescent band intensity and the amount of
protein applied using the corresponding slope for calculation
of the relative amount of every FO subunit present.

Immunoblotting of cross-linked membrane vesicles and
proteoliposomes was performed according to Birkenhäger
et al. (28) using 10 mM NaHCO3, 3 mM Na2CO3, and 20%
(v/v) methanol as transfer buffer and mAb GDH 8-8B3 as
well as mAb GDH 9-2A2 (for the detection of subunits a
and c, respectively). Blot membranes were incubated with
corresponding primary mAbs, horseradish peroxidase-
conjugated sheep anti-mouse IgG (diluted 1:10000; Amer-
sham Biosciences), and finally developed on ECL Hyperfilm
(Amersham Biosciences) by use of SuperSignal (Pierce).
Quantitation of band intensities was performed with the
LabImage 2.7.1 software (LabImage) after scanning the film.

Assays. Protein concentrations were determined with either
the BCA assay used as recommended by the supplier (Pierce)
or according to Dulley and Grieve (35). Thereby, different
results in protein content on the membrane level were
determined, which were generally reflected by 1.6-fold higher
protein concentrations determined by the method of Dulley
and Grieve (35) (data not shown). Proteins were dissolved
in SDS-PAGE sample loading buffer (33), separated by
SDS-PAGE using 16.5% T/6% C separating gels together
with 4% T/3% C stacking gels, and detected by silver
staining (31). Initial rates of passive H+ translocation of
reconstituted proteoliposomes and DCCD-sensitive ATPase
activities after binding of F1 were determined as described
(24).

2 The following generalization was chosen to facilitate reading:
Within the text the terms of “wildtype” (WT) and “mutant” (Mut)
exclusively refer to the mutation within the S/D box of the atpE gene
present on the corresponding plasmids.
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RESULTS

Densitometric Quantitation of Subunit c. FO was prepared
from E. coli wildtype strains DK8/pBWU13 or LE392∆atpI-
C/pWSB30.0 (WT-FO) and the corresponding mutant deriva-
tives DK8/pIA1 or LE392∆atpI-C/pRPG54 (Mut-FO). In the
case of the derivatives carrying the point mutation in the
S/D box, a reduced synthesis of subunit c was found in
comparison to WT-FO as demonstrated by SDS-PAGE
(Figure 1). Staining of subunit c resulted in lower band
intensities in the case of Mut-FO, whereas similar band
intensities were observed for subunits a and b in both WT-
FO and Mut-FO preparations after adjustment to equimolar
amounts, which means that the amount of mutant protein
has been increased by a factor of 2.2 compared to wildtype
(see below). Nevertheless, the FO preparations showed
comparable purity except for FO prepared from the mutant
strain LE392∆atpI-C/pRPG54, a point addressed in Experi-
mental Procedures. In order to examine the amount of subunit
c present in wildtype and mutant, comparative densitometric
analyses of FO subunits were performed after separation of
FO preparations by SDS-PAGE and subsequent staining with
SYPRO Ruby (Figure 2). The densitometric quantitation of
the FO subunits a, b, and c revealed that the amount of
subunit c in Mut-FO preparations, independent of the deriva-
tive used, is reduced by a factor of at least 2 (2.2-2.3)
calculating the ratio of cWT/cMut in relation to aWT/aMut (Table
2). Quantitation of FO subunits by [125I]-Protein A immu-
nolabeling, using FO preparations from LE392∆atpI-C/
pWSB30.0 derivatives, also revealed an almost 2-fold (1.8)
reduced amount of subunit c in preparations of Mut-FO

compared to WT-FO (data not shown). This is in good accord
with former studies reporting a lower expression of the
mutant atpE gene by a factor of 2-3 (14, 15).

In addition, a direct comparison of the amount of subunit
a or b in wildtype and mutant FO preparations (aWT/aMut or
bWT/bMut) revealed an overall lower synthesis of both subunits
in the mutant strain (approximately a factor of 2) (Table 2),
which explains the necessity of the equimolar adjustment in
SDS-PAGE (Figure 1). Furthermore, DCCD-sensitive AT-

Pase activities of membrane vesicles prepared from wildtype
and mutant strains revealed a reduced activity by a factor of
about 3.3 (data not shown), which is in agreement with the
overall reduction of subunit c in wildtype and mutant FO as
determined by staining with SYPRO Ruby (cWT/cMut: 4.2 (
0.9) (Table 2). This 4-fold reduction of subunit c in the
mutant compared to wildtype is (i) due to a general reduction
of FOF1 synthesis by a factor of 2 (as determined by
comparison of the amount of subunits a and b in mutant
and wildtype) and (ii) due to an additional reduction by a
factor of 2 compared to subunits a and b in mutant FO

preparations, the last point being mainly investigated in this
study.

Functional Analysis of Reconstituted FO. To investigate
the effects of the reduced amounts of subunit c on the
function of FO, reconstituted FO was assayed for passive H+

translocation by imposing a K+/valinomycin diffusion po-
tential to proteoliposomes obtained by dialysis. The resulting
initial rates for H+ uptake of Mut-FO were significantly
reduced compared to WT-FO (2.5 and 8.6 µmol of
H+ ·min-1 ·mg-1 for Mut-FO and WT-FO, respectively)
(Figure 3) but correlated very well with the lower amount
of subunit c present per mg of protein (Table 2). In addition,

FIGURE 1: Comparison of WT-FO and Mut-FO preparations from
strains carrying different plasmid derivatives. FO from wildtype
(WT) and mutant (Mut) strains was prepared as described in
Experimental Procedures. Equimolar amounts as judged by the
content of subunits a and b were separated by SDS-PAGE and
silver-stained. Lane 1, molecular mass standard; lane 2, 3 µg of
WT-FO, LE392∆atpI-C/pWSB30.0; lane 3, 3 µg of WT-FO, DK8/
pBWU13; lane 4, 6.5 µg of Mut-FO, LE392∆atpI-C/pRPG54; lane
5, 6.5 µg of Mut-FO, DK8/pIA1.

FIGURE 2: SYPRO Ruby fluorescence staining of wildtype and
mutant FO preparations after separation by SDS-PAGE. Different
amounts of Mut-FO (lanes 1-6) and WT-FO preparations (lanes
7-12) isolated from DK8/pBWU13 and DK8/pIA1, respectively,
were separated by SDS-PAGE and stained by SYPRO Ruby as
described in Experimental Procedures. Two independent samples
of WT-FO and Mut-FO were prepared in each case, and all samples
were separated on the same SDS gel for precise comparative
quantitation. Lanes 1 and 4, 0.8 µg of Mut-FO; lanes 2 and 5, 1.6
µg of Mut-FO; lanes 3 and 6, 2.4 µg of Mut-FO; lanes 7 and 10, 0.4
µg of WT-FO; lanes 8 and 11, 0.8 µg of WT-FO; lanes 9 and 12,
1.2 µg of WT-FO.

Table 2: Densitometric Quantitation of Subunits a, b, and c of FO

Preparations by Staining with SYPRO Rubya

plasmids used
(WT/Mut) aWT/aMut bWT/bMut cWT/cMut

(cWT/cMut)/
(aWT/aMut)

pWSB30.0/pRPG54b 3.0 ( 0.2 4.6 ( 0.1 6.8 ( 0.4 2.3
pBWU13/pIA1c 1.9 ( 0.3 2.0 ( 0.2 4.2 ( 0.9 2.2

a Different amounts of WT-FO and Mut-FO preparations were
separated by SDS-PAGE and stained by SYPRO Ruby as described in
Experimental Procedures. The ratios of corresponding subunits of FO

from wildtype (WT) and mutant (Mut) are shown, which have been
prepared from strain LE392∆atpI-C bearing plasmid pWSB30.0 (WT)
or plasmid pRPG54 (Mut) and of strain DK8 harboring plasmid
pBWU13 (WT) or plasmid pIA1 (Mut), respectively. The reduced
amount of subunit c in the case of Mut-FO preparations is indicated by
the c/a ratio. b Two independent data sets were taken for evaluation.
c Three independent data sets were taken for evaluation.
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after binding of F1 to FO-containing proteoliposomes, DCCD-
sensitive coupled ATPase activity showed similar results
(Figure 3). Subsequently, FO preparations were coreconsti-
tuted with increasing substoichiometric amounts of purified
wildtype subunit c (cD61). Whereas H+ translocation rates
of Mut-FO could be successively increased by the addition
of purified subunit cD61 by a factor of 2.5 to a value of up
to 6.3 µmol of H+ ·min-1 ·mg-1, the rates of WT-FO were
only slightly increased (Figure 3). The small increase in H+

uptake of 20% for WT-FO, was quite unexpected but can be
explained by the clearing of a slight loss of subunit c during
FO preparation possibly due to the relative instability of the
subunit c ring of E. coli compared to c rings of other
organisms (compare refs 2, 3, and 11). However, the maximal
rates obtained for coreconstituted Mut-FO reached about half
of the rates obtained for WT-FO (Figure 3) as expected from
the observation that the Mut-FO preparation contained only
half as much subunits a and b per mg of protein compared
to WT-FO (Table 2).

Similar results were obtained by measuring passive H+

translocation after coreconstitution of FO with subunit c by
“onset solubilization” of preformed liposomes with Triton
X-100 and subsequent detergent removal by treatment with
Bio-Beads and use of subunit c purified and dissolved in
chloroform/methanol/H2O (Figure 4). Since corresponding
results were obtained by use of FO proteoliposomes core-
constituted with detergent-dissolved subunit c obtained by
dialysis (Figure 3), this demonstrates that the results are
consistent and independent of the analytical system, e.g., the
reconstitution procedure and the protein-to-lipid ratio chosen
for reconstitution. The uptake rates determined with the

second method were generally higher due to a complete
removal of the detergent resulting in a bilayer tightly coupled
for protons and the artificially generated potassium gradient
(Figure 4). However, to achieve maximal rates of passive
H+ translocation by coreconstitution with subunit c, a
stoichiometric excess of subunit c purified with chloroform/
methanol/H2O was necessary, possibly due to an incomplete
refolding or an incorporation in different orientations into
the lipid bilayer as has been discussed in detail by Stalz et
al. (24). To compensate the difference in the amount of
subunits a and b present in FO preparations of wildtype and
mutant, in this set of experiments Mut-FO was reconstituted
at a protein-to-lipid ratio of 1:104 instead of 1:208 for WT-
FO. As expected, proton translocation rates of Mut-FO

preparations could be increased successively upon the
addition of subunit cD61 (Figure 4).

Reconstituted FO was assayed for passive proton translo-
cation by imposing a K+/valinomycin diffusion potential to
proteoliposomes. Contaminating proteins coreconstituted with
FO can, therefore, mask the true proton translocation rates
through FO, due to a slight leakiness of the membranes
generated by impurities. For that reason, the tight coupling
of the FO proteoliposomes used for measuring the initial H+

translocation rates was controlled directly in the same sample
by its response to the uncoupler 4,5,6,7-tetrachloro-2-
trifluoromethylbenzimidazole, which was always in a com-
parable range for the experiments described (data not shown).
This indicates that the impurities have no influence on the
tight coupling for protons and on the loading of the liposomes
with K+. In addition, Figure 2 shows that the amount of
background impurities within the FO preparations is the same
independent of the preparation used (compare Figure 2, lanes
1 and 4 for Mut-FO, lanes 8 and 11 for WT-FO). Nevertheless,
as a further control, the proton translocation rates measured
were always tested for their sensitivity toward DCCD, a
specific inhibitor of proton translocation through FO. In each

FIGURE 3: Initial rates of passive H+ translocation of reconstituted
WT-FO and Mut-FO preparations and coupled DCCD-sensitive
ATPase activities after binding of F1. WT-FO and Mut-FO were
prepared from E. coli strain LE392∆atpI-C carrying plasmids
pWSB30.0 and pRPG54, respectively. Reconstitution of dialysis
proteoliposomes was carried out as described in Experimental
Procedures. Protein concentrations were determined by the method
of Dulley and Grieve (34). FO was coreconstituted with different
substoichiometric multiples of detergent-dissolved subunit cD61
as indicated by the suffix “x-times”. At least four independent data
sets were taken for evaluation. Controls, plain liposomes, and
liposomes were reconstituted only with subunit c (cD61).

FIGURE 4: Initial rates of passive H+ translocation of WT-FO and
Mut-FO preparations coreconstituted with cD61 and cD61G. WT-
FO and Mut-FO prepared from DK8/pBWU13 and DK8/pIA1,
respectively, were coreconstituted with chloroform/methanol/H2O-
purified subunits cD61 or cD61G into E. coli phospholipid vesicles
using different stoichiometric multiples of subunit c as indicated
by the suffix “x-times”. The protein-to-lipid ratio was 1:208 and
1:104 for WT-FO and Mut-FO, respectively. Protein concentrations
were determined by the BCA assay. Reconstitution was performed
by “onset solubilization” of preformed liposomes with Triton X-100
and detergent removal with Bio-Beads as described in Experimental
Procedures. Three independent experiments were taken for evalu-
ation. Controls, plain liposomes, and liposomes were reconstituted
only with cD61 or cD61G.
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case, a complete inhibition of the initial passive proton
translocation rate was observed (data not shown), supporting
that the translocation rates measured are specific for FO.

The results obtained for Mut-FO could on one hand be
explained by a uniform population of FO complexes compris-
ing smaller subunit c rings with less monomers, which are
filled up by the external addition of cD61. In such a
homogeneous population of FO complexes a ring size of
approximately five c monomers would be expected due to
the subunit c reduction by a factor of 2, thereby indicating
a variable stoichiometry for the subunit c ring. On the other
hand, the results can also be explained by a heterogeneous
population concomitantly comprising fully assembled FO

complexes (ab2c10) together with free ab2 subcomplexes.
These free ab2 subcomplexes would assemble into functional
FO complexes when externally added subunit c is present,
thereby indicating an invariant subunit c stoichiometry, which
is necessary for proton translocation.

After binding of F1 to FO proteoliposomes, DCCD-
sensitive coupled ATPase activities of the mutant FO

preparation showed a comparable increase of approximately
a factor of 2.7 after the addition of subunit cD61 during
reconstitution, whereas the rates for WT-FO were again only
slightly increased for the reason already mentioned above
(Figure 3). As all three FO subunits are required for functional
high-affinity binding of F1 (30, 36), these results argue in
favor of a heterogeneous population comprising FO com-
plexes as well as free ab2 subcomplexes, because in the case
of FO complexes comprising smaller subunit c rings with
less monomers, all three FO subunits are present and the F1

binding would be independent of the presence of additional
subunit c.

In order to further discriminate between a homogeneous
FO population with smaller subunit c rings or the concomitant
presence of fully assembled FO together with free ab2

subcomplexes, both Mut-FO and WT-FO preparations were
coreconstituted with either functional cD61 or nonfunctional
cD61G (Figure 4). cD61G is missing the essential carboxy-
late in the middle of the C-terminal transmembrane helix
involved in H+ translocation (37) and has already been shown
to produce inactive FO complexes, if incorporated into subunit
cD61 rings built up de noVo from single subunits (27). In
this context it is noteworthy to mention that the presence of
one copy of cD61G within the oligomer is sufficient to block
H+ translocation completely (27). Whereas the proton uptake
rates of Mut-FO were increased by coreconstitution with
increasing amounts of subunit cD61 as described above, the
addition of different amounts of nonfunctional cD61G
affected neither the proton translocation of WT-FO nor that
of Mut-FO (Figure 4). Since it was expected that incorpora-
tion of cD61G into subunit c rings leads to the inactivation
of proton translocation, these results clearly demonstrate that
externally added subunit c, either cD61 or cD61G, did not
incorporate into assembled subunit c rings. Otherwise,
translocation rates should have significantly dropped in the
presence of cD61G. Furthermore, also the translocation rates
of Mut-FO remained unaltered with cD61G, which clearly
indicates that in Mut-FO preparations inactive FO complexes
were assembled de noVo from a fraction of ab2 subcomplexes
and externally added cD61G, whereas in the presence of
wildtype cD61 active FO complexes were assembled de noVo,
resulting in an increase in proton translocation as observed.

InVestigation of Subunit c Stoichiometry by Cross-Link
Analyses. The results obtained from the functional analyses
of reconstituted FO implicated a heterogeneous Mut-FO

population consisting of fully assembled FO complexes
(ab2c10) and free ab2 subcomplexes. In order to analyze the
structural phenotype of the mutant with respect to subunit c
stoichiometry, membrane vesicles of the wildtype and mutant
strain carrying plasmids, which additionally encode the
bicysteine substitution cA21C/cM65C, were prepared. In-
termolecular cross-links were generated with copper-1,10-
phenanthroline according to Jones et al. (32) and analyzed
by immunoblotting (Figure 5A). Formation of an identical
cross-linking pattern for subunit c in both wildtype and
mutant membranes could be observed, which strongly argues
in favor of a comparable subunit c stoichiometry with ten c
monomers per ring in both FOF1 complexes at least on the
level of membrane vesicles. However, due to an incomplete
cross-linking of the subunit c ring (10 cross-link events are
expected to occur at most; compare refs 12, 13, and 32), all
other intermediates of subunit c oligomerization are also
visible in appreciable amounts stopping at the level of
decamer formation, thereby generating a ladder-like appear-
ance (Figure 5). It should be emphasized at this point that
from these results it cannot be concluded that all of the
oligomers have exactly the same number. In addition, the
results obtained by activity measurements and cross-linking
experiments do not have the precision to detect an eventually
occurring difference of 1 or 2 in stoichiometry. However,
the determination of the exact number of c subunits within
the ring is not the intention of this study. Furthermore, the
lack of precision of the technique is not only valid for the

FIGURE 5: Immunoblot analysis of cross-linked subunit c (cA21C/
cM65C) in membrane vesicles and proteoliposomes of wildtype
and mutant. Membranes prepared from DK8/pBWU13.NOC and
DK8/pIA1.NOC as well as proteoliposomes containing bicysteine-
substituted WT-FO and Mut-FO, respectively, were separated after
cross-linking by nonreducing SDS-PAGE and immunoblotted.
Detection of bands containing subunit c was performed using the
mAb GDH 9-2A2. (A) Copper-1,10-phenanthroline-catalyzed cross-
linking of subunit c with bicysteine substitutions (cA21C/cM65C)
in membrane vesicles of wildtype and mutant. (B) Cross-linking
of subunit c (cA21C/cM65C) in proteoliposomes containing WT-
FO or Mut-FO catalyzed by air oxidation. In general, the amount of
individual subunit c oligomer intermediates varied from experiment
to experiment (e.g., the almost complete absence of the c3 oligomer
in reconstituted liposomes is such a single observation in the
experiment shown) but was always comparable for wildtype and
mutant. ox, oxidized sample; control, addition of 50 mM EDTA
and 25 mM N-ethylmaleimide prior to oxidation.
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wildtype and mutant subunit c stoichiometry in this study
but does also apply to the data obtained by Bob Fillingame’s
group (12, 13, 32) leading to the conclusion that the preferred
number of c subunits per ring is 10. Nevertheless, in the
case of smaller c rings within Mut-FO, the ladder-like bands
of subunit c oligomers would stop approximately at the level
of pentamer formation due to the reduced amount of subunit
c monomers present per ring, which would readily be
detectable with the technique used in this study but was not
observed during the experiments. On the contrary, to obtain
comparable intensities for the bands analyzed by immuno-
blotting, the amount of mutant membrane protein had to be
increased to compensate for the reduction of subunit c
synthesis in the mutant strain, especially in the presence of
additional cysteine residues in the transmembrane helices.
The need for an equimolar adjustment also underlines that
the number of c subunits in the rings does not change in
dependence on the amount of subunit c produced. The faint
bands observed above the decamer level are inherent in using
membrane vesicles and were also found in corresponding
studies of R. H. Fillingame’s group (12, 13, 32). By
purification of FOF1 after cross-linking, Jiang et al. (13)
showed that these products appear to be minor artifacts of
assembly formed in the membrane, which do not represent
functional FOF1 complex.

In order to show whether this also applies for reconstituted
FO, a corresponding cross-link analysis catalyzed by air
oxidation was also performed with bicysteine-substituted
WT-FO and Mut-FO preparations reconstituted in liposomes
(Figure 5B). Although the higher oligomeric products,
especially nonamer and decamer of subunit c, could not be
resolved very well in SDS-PAGE possibly due to lipid
interference, the pattern of cross-linked subunit c was again
found to be identical in either case (Figure 5B), thereby
underlining a fixed subunit c stoichiometry within the
assembled FO complexes of both wildtype and mutant and
the absence of smaller c rings due to the reduction of subunit
c synthesis.

Finally, to verify the presence of free ab2 subcomplexes
in the mutant strain, further cross-linking experiments were
performed using the double cysteine substitution aN214C/
cM65C, which has already been demonstrated to cross-link
subunits a and c with an efficiency of 40% using copper-
1,10-phenanthroline (21) or almost 100% in the case of
iodine-catalyzed cross-linking (29). In our study, cross-
linking of membrane vesicles of both wildtype and mutant
strains, also containing the double cysteine substitution
aN214C/cM65C, was carried out by air oxidation according
to McLachlin and Dunn (34) and detected by immunoblot-
ting. Under these conditions cross-link formation occurred
with an efficiency of 80-100% for subunit a. Figure 6 shows
a representative immunoblot in combination with a cumula-
tive column diagram of quantitated band signals. In order to
achieve a linear range of band signal intensities, blot
development was stopped when the strongest signal reached
its saturating intensity (Figure 6A). Under these conditions,
cross-link formation in wildtype membranes was almost
100% for subunit a as expected, whereas in the case of Mut-
FO preparations a cross-link yield of only about 50% could
be achieved for subunit a (Figure 6B). This clearly demon-
strates the presence of free ab2 subcomplexes within Mut-
FO preparations, which could naturally not be cross-linked

to subunit c, and is in good accord with the results obtained
by passive H+ translocation and DCCD-sensitive ATPase
activity measurements as well as the densitometric quanti-
tations of FO subunits.

DISCUSSION

It is generally accepted that subunit c assembles into
oligomeric ring-like structures within the FO complex.
Structural data on subunit c oligomers demonstrate that the
stoichiometry varies between 10 and 15 among different
organisms (3, 6-9). The number of c subunits present in
each ring indicates the number of protons/ions transported
across the membrane during each cycle of the ATP synthase.
As a consequence, due to the three catalytic sites present in
F1 and a synthesis rate of three molecules of ATP per cycle,
a variation in the number of c subunits and, therefore, proton/
ion binding sites in the c ring of different species automati-
cally leads to different proton/ion to ATP ratios ranging from
3.3 to 5 per ATP synthesized. ATP synthases with large c
rings have high ratios, which seems to be advantageous for
the cell’s ATP synthesis at low proton/ion motive force. On
the contrary, ATP synthases with small c rings might
predominate in species with constantly high proton/ion
motive force resulting in a more efficient use of energy. In
the case of E. coli ATP synthase, subunit c stoichiometry
was assumed to be preferentially 10 (13), which was derived

FIGURE 6: Identification of free ab2 subcomplexes in Mut-FO.
Membranes of wildtype and mutant with double cysteine substitu-
tion aN214C/cM65C were reduced by DTT prior to cross-linking,
which was induced by air oxidation in the presence of 50 µM CuCl2.
10 and 27 µg of membrane vesicles of wildtype and mutant,
respectively, were subjected to nonreducing SDS-PAGE and
immunoblotted in order to compensate for the difference in the
amount of total FO complexes present in the membranes. Detection
of bands containing subunit a was performed by use of the mAb
GDH 8-8B3 as described in Experimental Procedures. (A) Immu-
noblotting of membrane vesicles of wildtype and mutant. Since no
other bands were detected on the immunoblot membrane with
subunit a-specific antibodies, only the section of interest is
presented. Control, untreated sample; ox, oxidized sample; ox +
2-ME, addition of 143 mM 2-ME after oxidation; red, DTT-reduced
sample immediately taken prior to oxidation. (B) Averaged den-
sitometric quantitation of signal intensities. Signal intensities of the
DTT-reduced samples were set to 1. Three independent cross-link
experiments were taken for evaluation. White bars, signal intensities
of the ac cross-link product; gray bars, signal intensities of subunit
a. a.u., arbitrary units.
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from cross-linking experiments. Additionally, oligomers of
E. coli subunit c generated by genetic fusion (12, 13), which
exhibited functional c rings consisting of up to 12 monomers,
enforced the discussion about a possible stoichiometric
variability. However, oligomeric cross-link products migrat-
ing at molecular masses above c10 were not observed in
purified FOF1 (13) and appear to be artifacts of assembly
formed in the membrane, which do not represent functional
FOF1 complex. In contrast, corresponding experiments with
genetically fused subunit c multimers of thermophilic Bacil-
lus PS3 ATP synthase revealed that the c ring of this
organism is a decamer (38). However, the controversially
discussed issue of subunit c stoichiometry of E. coli ATP
synthase is inevitably associated with the ratio of H+/ATP
during ATP hydrolysis/synthesis and, hence, the P/O ratio
of oxidative phosphorylation. Based on current models (5, 39),
the H+/ATP ratio as well as the direction of ATP hydrolysis
or synthesis could be adjusted by the subunit c stoichiometry,
thereby maintaining an efficient energy conversion, if the
stoichiometry is regulated depending on external influences
like the metabolic status of the cell (14). Whereas Schemidt
and co-workers suggested a regulated and, therefore, variable
subunit c stoichiometry dependent on the carbon source
provided for cell growth (14), a constrained and fixed
stoichiometry is implicated by the finding of open subunit c
rings in the case of chloroplasts and I. tartaricus as observed
by atomic force microscopy (11) and by the self-assembly
of detergent-dissolved subunit c of E. coli into rings (40).
This argues in favor of the notion that the amino acid
sequence and, therefore, the biochemical properties of the
monomer invariantly determine the shape and size of the
proteolipid ring. In addition, studies on the chloroplast
subunit c oligomer of the algae Chlamydomonas reinhardtii
revealed a fixed stoichiometry that is not affected by the
metabolic status of the cell, caused by variations in light
intensity, pH value, carbon source, or CO2 concentration (41).

In a previous study (18), immunoblot quantitations of
subunits b and c in FOF1 preparations isolated from wildtype
and mutant cells revealed a reduction in synthesis of subunit
c due to a point mutation in the S/D box of the corresponding
atpE gene. These findings suggested the presence of subunit
c rings reduced in size and, therefore, a variable stoichiometry
of subunit c. Studies on the c ring of the mutant strain and
its stoichiometry now revealed a detailed picture: Rates of
passive H+ translocation of reconstituted FO strongly cor-
related with the amount of subunit c present, which was
quantitated after staining of FO subunits in SDS gels with
SYPRO Ruby. Mut-FO preparations showed significantly
lower translocation rates upon reconstitution than WT-FO,
and the H+ translocation rate of the Mut-FO preparation could
be increased by the addition of purified subunit cD61 during
reconstitution. However, the same could be observed for the
DCCD-sensitive coupled ATPase activity of reconstituted
FO after binding of F1. Whereas the H+ translocation activities
apparently argue in favor of a possible variable subunit c
stoichiometry at least in Vitro, the analyses of ATPase
activities contradict this conclusion. For functional binding
of F1, all three FO subunits are necessary (30, 36), although
only four to five monomers of the subunit c oligomer are
directly involved in F1 interaction (42). A status that is also
realized in the case of FO complexes comprising c rings with
less monomers, therefore, expecting the binding of F1 to be

independent of the presence of additional subunit c. Fur-
thermore, the results obtained from coreconstitution of FO

with inactive cD61G clearly support the concomitant pres-
ence of fully assembled FO complexes and free ab2 subcom-
plexes in the case of the mutant. Titration of cD61G did not
affect the H+ translocation rates of both the wildtype and
the mutant, whereas the H+ translocation could be increased
by the addition of cD61, suggesting free ab2 subcomplexes,
which were assembled to functional FO complexes. A
dissociation of the subunit c ring during reconstitution can
be excluded, because the de noVo assembly of FO from single
subunits in the presence of cD61G leads to the formation of
inactive complexes (27). In addition, the reconstitution of
purified ab2 subcomplexes to functional FO complexes in the
presence of subunit c has previously been demonstrated (24).

The results obtained from the measurements of passive
H+ translocation and ATPase activity are further supple-
mented by intermolecular cross-linking performed by use of
the bicysteine substitution cA21C/cM65C, which was previ-
ously used to determine that the stoichiometry of subunit c
is preferred to be 10 (13). Using the same method to compare
the stoichiometry of subunit c of both wildtype and mutant,
our data revealed that comparable subunit c oligomers were
formed in both cases, although the amount of subunit c
present in mutant membranes was reduced. Although the
absolute number of c subunits cannot be derived from these
kinds of experiments as has already been discussed by Jiang
et al. (13), we are also favoring a stoichiometry of 10 in
either case. Nevertheless, the comparable pattern in oligo-
merization for wildtype and mutant excluded the possibility
that the massive reduction in subunit c synthesis leads to
the formation of smaller c rings with four to six c subunits
per ring. Furthermore, the heterogeneous character of Mut-
FO preparations, consisting of fully assembled FO complexes
and free ab2 subcomplexes, was clearly demonstrated by
cross-linking of aN214C to cM65C in membrane vesicles.
The reduced synthesis of subunit c compared to subunits a
and b could be confirmed by a cross-link yield of only 50%
with respect to subunit a in the case of mutant FO prepara-
tions, whereas the cross-link formation in wildtype FO was
almost 100%. In the case of the mutant, these findings fit
very well with a concomitant presence of fully assembled
FO complexes and free ab2 subcomplexes in a 1:1 ratio and
are in good agreement with a reduction of subunit c by a
factor of 2 compared to subunits a and b.

The insertion of in Vitro synthesized subunit c into
proteoliposomes in its native transmembrane topology is
catalyzed by the membrane protein insertase YidC, where-
upon subunit c assembles into oligomers with a molecular
mass of approximately 80-100 kDa (43, 44). In addition,
purified subunit c dissolved in detergent solution showed a
self-assembly into rings (40). Hence, as discussed previously
(40), it is likely that the unique biochemical properties of
the proteolipid based on its primary structure determine the
shape and size of the ring, resulting in an invariability of
the subunit c stoichiometry on the level of assembly. Based
on the visualization of purified subunit c oligomers from
spinach chloroplasts and I. tartaricus ATP synthase by AFM,
the stoichiometry and diameter of the c oligomer may be
conceivably constrained by the shape of the subunits and
their nearest neighbor interactions, even for open c rings, in
which some of the c subunits are missing (11). The subunit
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c ring of I. tartaricus is thought to be stabilized by the
binding of the Na+ coupling ion (45, 46) and, hence,
resembles a rather rigid structure. The structure of the c
oligomer of E. coli is less stable and, though, can be assumed
to be more flexible, since genetically fused multimers of
subunit c yielded functional proteolipid rings with an artificial
stoichiometry ranging from 9 to 12 (12, 13). Although the
stoichiometry of subunit c in E. coli can thus be forced to
deviate to a certain extent, the preferred stoichiometry was
revealed to be 10 (13). A similar approach was performed
with subunit c of the thermophilic Bacillus PS3 ATP
synthase, comprising fused proteolipids consisting of up to
14 monomers (38). In contrast to E. coli, only FOF1

containing decameric subunit c rings, combined from c1-,
c2-, c5-, or c10-fused multimers, exhibited a functional
phenotype, thereby indicating a comparatively less structural
flexibility as could be expected for a thermostable enzyme.

Taken together, these data clearly demonstrate an identical
stoichiometry of subunit c in E. coli ATP synthase in the
case of the mutant strain carrying a G f A base transition
within the S/D box of the atpE gene compared to wildtype.
Hence, the previous postulate of an altered stoichiometry of
the subunit c ring in dependence on the expression level of
the atpE gene (18) is no longer valid. Even if the cell is
genetically forced to produce substoichiometric amounts of
subunit c, a heterogeneous population comprising FO com-
plexes with wildtype subunit c oligomers and ab2 subcom-
plexes free of subunit c is the consequence instead of the
formation of smaller proteolipid rings. Therefore, these
findings exclude a dynamic subunit c stoichiometry as a
regulatory mechanism, at least on the level of protein
synthesis.
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