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ABSTRACT: The effect of increased expression or reconstitution of the mitochondrial inhibitor protein (IF1)
on the dimer/monomer ratio (D/M) of the rat liver and bovine heart F1F0-ATP synthase was studied. The
2-fold increased expression of IF1 in AS-30D hepatoma mitochondria correlated with a 1.4-fold increase
in the D/M ratio of the ATP synthase extracted with digitonin as determined by blue native electrophoresis
and averaged densitometry analyses. Removal of IF1 from rat liver or bovine heart submitochondrial
particles increased the F1F0-ATPase activity and decreased the D/M ratio of the ATP synthase.
Reconstitution of recombinant IF1 into submitochondrial particles devoid of IF1 inhibited the F1F0-ATPase
activity by 90% and restored partially the D/M ratio of the whole F1F0 complex as revealed by blue
native electrophoresis and subsequent SDS-PAGE or glycerol density gradient centrifugation. Thus, the
inhibitor protein promotes or stabilizes the dimeric form of the intact F1F0-ATP synthase. A possible
location of the IF1 protein in the dimeric structure of the rat liver F1F0 complex is proposed. According
to crystallographic and electron microscopy analyses, dimeric IF1 could bridge the F1-F1 part of the dimeric
F1F0-ATP sythase in the inner mitochondrial membrane.

The F1F0-ATP synthase of energy-transducing membranes
is the smallest and most efficient molecular motor of nature
(1). During ATP synthesis, proton flow drives the rotation
of a ring of 10-12 c subunits of its F0 proton channel; this
is connected to the central stalk and therefore drags theγ
subunit whose gyration induces the alternating release of
newly synthesized ATP from the three catalyticR/â inter-
faces of F1 (2, 3). A peripheral stalk works as a stator by
connecting theR and â subunits of the F1 part to static
subunits of F0 (4). This rotational mechanism is completely
reversible; when the transmembrane proton gradient de-
creases, the enzyme becomes an ATPase that rotates in the
opposite direction as driven by ATP binding energy (3, 5).
To prevent wasteful ATP cleavage, the enzyme is controlled
in bacteria, chloroplasts, and mitochondria, albeit by different
mechanisms. In mitochondria, this regulation is carried out
by a powerful inhibitor of ATP synthesis and hydrolysis of
10 kDa (IF1)1 that binds to the soluble F1 part with a 1:1
stoichiometry (6, 7). As shown by cross-linking studies, IF1

interferes with rotation of the central stalk and with the
conformational changes of the catalyticR/â interfaces by
binding at a distancee12 Å from theR, â (8, 9) catalytic
interfaces and the rotaryγ andε subunits of F1 (10). This
was subsequently confirmed by resolution of the N-terminal

inhibitory portion of bovine IF1 reconstituted into its corre-
sponding F1-ATPase (11) showing that the N-terminal side
of IF1 actually interacts with theγ subunit of the rotor, and
it binds in a catalyticR/â interface.

It has also been shown that IF1 self-associates as an
inhibitory dimer (12) that induces dimerization of soluble
F1 particles (13). Indeed, the crystal form of the F1I complex
containing the reconstituted inhibitory protein exhibits this
dimeric structure (11). These findings raised the question of
the extent to which IF1 contributes to the dimerization of
the native F1F0-ATP synthase in mitochondria. In this regard,
the effect of removal of IF1 on the dimer/monomer (D/M)
distribution of mitochondrial F1F0 extracted with different
detergents has been studied, either genetically as in yeast
mitochondria (14) or physically by releasing IF1 from bovine
heart submitochondrial particles (15). In both systems it was
shown by blue native electrophoresis (BN-PAGE) that
dimeric F1F0 is formed even though the preparations lack
IF1. From these and other studies it was shown that, rather
than IF1, other subunits of F0 such as e and g are essential
for F1F0 dimerization (16-18). These studies also showed
that the F1F0 dimer has a key role in the morphology of the
mitochondrial inner membrane and in mtDNA stability,
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because the e and g yeast deletion mutants eventually lose
the cristae and the mtDNA (16-18). However, the effect of
mitochondrial IF1 increased expression or its reconstitution
on the D/M ratio of the whole F1F0 complex has not been
studied in conditions where the active ATP synthase dimer
is enriched (16, 19, 20).

Therefore, we determined the effect of overexpressing or
reconstituting IF1 on the D/M ratio of the mitochondrial or
particulate F1F0-ATP synthase that was subsequently ex-
tracted with digitonin. We used mitochondria from rat liver
where the ratio of IF1/F1 is 0.4 (21) and mitochondria from
rat AS-30D hepatoma where this ratio raises to about 1.0
and IF1 is therefore more efficiently associated to F1F0 (22).
We compared the D/M ratio of the ATP synthase solubilized
from hepatoma to that found in normal rat liver mitochondria
and submitochondrial particles by BN-PAGE. In addition,
we assayed the effect of reconstituting recombinant rat liver
IF1 on the D/M ratio of the rat F1F0-ATP synthase solubilized
from submitochondrial particles. The results of increased
expression and reconstitution of IF1 are consistent with each
other and show that IF1 participates in the dimerization of
the intact mitochondrial F1F0-ATP synthase.

MATERIALS AND METHODS

Rat liver and AS-30D hepatoma mitochondria were
isolated by differential centrifugation as described before
(22). Submitochondrial particles containing its endogenous
IF1 (MgATP-SMP) or devoid of IF1 (EDTA-SMP) were
prepared by sonication as described for the bovine heart SMP
(10). Recombinant rat liver IF1 was overexpressed from the
pMal-IF1 plasmid and purified by the maltose affinity column
described elsewhere (23). Alternatively, the recombinant IF1

from rat liver or bovine heart were overexpressed with the
pJSRLIF1 plasmid or its bovine heart counterpart (pJSBHIF1),
which are derivatives of plasmid pIN-III-A3 (22), and
purified by ammonium sulfate precipitation followed by
carboxy methyl chromatography as described before (24).

Most of the chemicals were purchased from Sigma,
including ATP, ADP, lauryl maltoside, digitonin, and
coupling enzymes for activity assays (pyruvate kinase and
lactate dehydrogenase). Reactants for SDS-PAGE and BN-
PAGE were obtained from Bio-Rad. Coomassie blue for
native gels was purchased from Serva.

Blue NatiVe Electrophoresis of Solubilized Mitochondria
and Submitochondrial Particles.BN-PAGE was carried out
essentially as described by Scha¨gger and Von Jagow (25).
Because the detergent/protein ratio is crucial during mito-
chondrial solubilization, special care was taken in the protein
determination procedure. This was carried out by the TCA-
Lowry protein assay (26) that eliminates any interference
from buffer components. In this way, after careful titration
of digitonin/protein ratios, an optimal detergent/protein ratio
of 1.5 mg of digitonin/mg of protein was found as the best
condition to extract intact F1F0 in its monomeric and dimeric
forms. This ratio was therefore kept constant in all experi-
ments shown. After mitochondrial solubilization, BN-PAGE
was carried out in minigel format by overnight 40 V runs at
4 °C using 75-150µg of solubilized protein per lane. Gels
were then fixed and stained with Coomassie or used for 2D
SDS-PAGE before fixation as described elsewhere (10).

Lanes of BN gels that were chosen for 2D SDS-PAGE were
excised and incubated for a half hour in 1% SDS and 5 mM
DTT before loading them into a 10-22% denaturing gel.
When necessary, “in-gel ATPase activity” was developed
by incubating BN-PAGE gels in “ATPase developing buffer”
(50 mM glycine, 0.15% lead acetate, 7.5 mM MgCl2, and
7.5 mM ATP, pH 8.5) for several hours as indicated.

Alternatively, separation of dimeric and monomeric F1F0-
ATP synthase was carried out with 20-40% glycerol
gradient centrifugations as described before (27).

Reconstitution of Recombinant Rat LiVer IF1 into Submito-
condrial Particles. Purified recombinant rat liver IF1 was
reconstituted into EDTA-SMP in the presence of 6 mM
MgATP as described before (22, 23). The IF1 reconstituted
at the amounts indicated in the figures exerted a maximal
inhibition of about 90% of the ATPase activity of EDTA-
SMP. After reconstitution, EDTA-SMP were washed once
by ultracentrifugation at 45000 rpm for removal of excess
IF1 and resuspended in a loading buffer of BN-PAGE for
native electrophoresis. When activity assays were carried out,
EDTA-SMP reconstituted with IF1 were resuspended in 250
mM sucrose and 20 mM Tris-HCl, pH 7.0, and ATPase
activity was carried out by the spectrophotometric coupled
enzyme assay (28) following NADH oxidation at 340 nm.

RESULTS

Rat liver mitochondria have an IF1/F1 stoichiometry of 0.4
(21) that raises to about 1.0 in rat AS-30D liver hepatoma
mitochondria due to an increase in the expression of IF1 (22).
Concomitantly, and relative to rat liver, there is a higher
association of IF1 with the F1F0 complex in AS-30D
hepatoma as shown by cross-linking and ATPase activation
assays (22). Taking advantage of the AS-30D system, we
studied the effect of its 2-fold IF1 increased expression on
the ratio of dimeric and monomeric F1F0 complexes (D/M).
To this end, rat liver and AS-30D mitochondrial preparations
were solubilized with digitonin as detailed in Materials and
Methods to extract the monomeric and dimeric ATP synthase
(16, 20). BN-PAGE and denaturing 2D analyses showed the
presence of extracted monomeric and dimeric F1F0 complexes
in both preparations with a tendency to increase the D/M
ratio in AS-30D mitochondria (Figure 1A). To obtain a D/M
ratio that will average the variations obtained by densito-
metric analyses, several digitonin extracts were obtained from
different preparations of liver and AS-30D mitochondria that
were subjected to BN-PAGE. Furthermore, to avoid varia-
tions in the D/M ratio produced by different protein loads,
duplicate lanes of liver or hepatoma in different BN gels
were loaded with 75 or 150µg of protein (see representative
gel in Figure 1A). Remarkably, a statistically significant
increase in the D/M ratio to a value of 1.61( 0.22 ((SD;
n ) 6) was found in AS-30D mitochondria as compared to
1.17( 0.07 ((SD; n ) 6) found in rat liver (Figure 2). For
comparison, the D/M ratio of mitochondrial F1F0 extracted
with digitonin from bovine heart mitochondria was deter-
mined in the same conditions used for rat liver and hepatoma
mitochondria. This ratio showed a higher D/M ratio of 2.7
( 0.9 ((SD;n ) 3) after densitometry analyses of different
lanes loaded in three separate BN gels (see two representative
lanes labeled as “Bov” in Figure 2A). To confirm this result,
we also analyzed the D/M ratio of ATP synthase in the so-
called MgATP-SMP that retain the endogenous IF1 protein
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functionally bound to the F1F0-ATP synthase. After solubi-
lizing MgATP-SMP from liver and hepatoma with the same
optimal amount of digitonin (1.5 mg/mg of protein), the
monomeric (V) and dimeric (V-V) forms of the F1F0 complex
were resolved by BN-PAGE followed by denaturing 2D
SDS-PAGE and Coomassie staining (Figure 3). It was
clearly evident that the D/M ratio of F1F0 of hepatoma SMP

was higher than in SMP from normal rat liver. Densitometry
analyses of theR/â bands of the F1F0 dimer and monomer
resolved by 2D SDS-PAGE showed that the D/M ratio of
ATP synthase in AS-30D SMP was 0.9 whereas in liver SMP
it was 0.6. This result is similar to that found with extracted
mitochondria. However, the D/M ratios are lower in SMP,
presumably due to disruption of the inner membrane structure
through SMP preparation. Figure 3 shows that a couple of
proteins resolved just above and below theγ subunit seem
to comigrate with the ATP synthase dimer and to increase
in AS-30D mitochondria. However, these bands remained
in the same position of 2D gels after the ATP synthase dimer
was almost completely removed during activation conditions
(see below, Figure 4). Thus, these proteins comigrate with
the dimer but do not seem to be associated stoichiometrically
with it. The increase in other proteins in AS-30D that
resolved in the far right side of the 2D gel was not further
explored here because those do not form part of the ATP
synthase dimer or the monomer. Taken together, the data
show that the higher the expression of IF1, the higher the
D/M ratio of the F1F0-ATP synthase.

The differences between liver and AS-30D mitochondria
are not only limited to the content of IF1. Other factors such
as the lipid composition or the shifts in expression of other
mitochondrial proteins (see, for example, Figure 3) might
influence the D/M ratio of the ATP synthase. Therefore, to
assess the actual role of IF1 on the control of the ATP
synthase dimerization, we modeled the in vivo IF1 increased
expression by in vitro reconstitution of inhibitory amounts
of IF1 into rat liver F1F0 of SMP devoid of IF1. An increase
in D/M ATP synthase induced by IF1 reconstitution would
indicate that this protein is a key factor promoting F1F0

dimerization. Therefore, rat liver SMP from which most of
the endogenous IF1 was previously released (EDTA-SMP;
see Materials and Methods) were reconstituted with several
concentrations of recombinant IF1 that exerted a maximal
inhibition of about 90% of the F1F0-ATPase activity (Figure
4). EDTA-SMP with or without reconstituted IF1 (4 µg/50
µg of SMP) were solubilized and analyzed by BN-PAGE
and subsequent 2D SDS-PAGE together with a control
sample of Mg-ATP SMP containing the endogenous IF1

FIGURE 1: Separation of dimeric and monomeric F1F0 complexes
by BN-PAGE and 2D SDS-PAGE. 150 µg of mitochondrial
digitonin extracts of liver (left) or AS-30D (right) were subjected
to BN-PAGE (upper horizontal lanes). In the same BN gel, other
lanes were loaded with 200µg of protein of the same samples,
excised and subjected to BN-PAGE and subsequently to 2D SDS-
PAGE as detailed under Materials and Methods. The two major
uppermost bands of BN-PAGE correspond to dimeric (V-V) and
monomeric (V) forms of the ATP synthase as resolved by 2D SDS-
PAGE. An F1 standard was included showing the position of theR
andâ bands of F1. Other mitochondrial complexes were resolved
with higher protein loads; for example, the faint bands above and
below the ATP synthase monomer (V) correspond to monomeric
complex I and dimericbc1 (see also Figure 2A). Other major
proteins resolved in the right side of 2D gels were not identified.

FIGURE 2: Densitometric analyses of the D/M ratio of the F1F0-
ATP synthase in liver and hepatoma mitochondria. (A) BN-PAGE
of digitonin extracts obtained from liver and AS-30D mitochondria
were subjected to densitometric analyses to calculate the relative
intensities of dimeric (V-V) and monomeric (V) bands. Lanes 1,
3, 5, 6, and 8 were loaded with 75µg of protein, whereas lanes 2,
4, 7, and 9 were loaded with 150µg of protein. Lanes labeled as
Bov were loaded with 100µg of digitonin extracts obtained from
bovine heart mitochondria. (B) Statistical analyses showed a
significant increase of the dimeric F1F0 in AS-30D mitochondria
compared to rat liver. A Student’st-test indicated that the differences
between liver and AS-30D samples are statistically significant (p
) 0.00071,n ) 6). Error bars indicate the standard deviation of
the data. The actual SD values are indicated in the text (see the
Results section where this figure is cited).

FIGURE 3: 2D SDS-PAGE resolution of dimeric and monomeric
F1F0 in liver and AS-30D SMP. 150µg of SMP digitonin extracts
were subjected to BN-PAGE (not shown) and 2D SDS-PAGE.
The amount of dimeric F1F0 (V-V) was increased relative to the
monomeric (V) ATP synthase in AS-30D hepatoma SMP, as
compared to rat liver SMP. The right side bands that increase in
AS-30D were not identified.
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(Figure 4 inset). It was clearly observed that removal of IF1

decreased the D/M ratio in SMP devoid of IF1. Furthermore,
reconstitution of saturating recombinant IF1 restored the D/M
ratio of the particulate F1F0-ATP synthase. To avoid ambigu-
ity of the data due to variations in total protein loaded into
the gels, average densitometries of dimeric and monomeric
F1F0 were carried out with three different 1D and 2D gels
loaded with 75 and 150µg of protein. These analyses showed
that the average D/M ratios ((SD) were 0.65( 0.04 for
MgATP-SMP and 0.17( 0.04 in EDTA-SMP; i.e., removal
of IF1 vanished most of the F1F0 dimer. Furthermore, when
recombinant IF1 was reconstituted into EDTA-SMP, this ratio
was restored to a value of 0.49( 0.13. Titration experiments
with lower and higher amounts of IF1 showed that maximal
increase in the D/M ratio was attained with saturating
inhibitory concentrations of IF1 (about 2µg of IF1/50 µg of
SMP). It is important to point out that according to previous
studies carried out with the soluble bovine heart F1-ATPase
(29) there is no strict correlation between inhibition of
ATPase activity and the propensity to form F1-F1 dimers as
induced by the inhibitor protein; i.e., IF1 can inhibit almost
fully the F1-ATPase in a mixture of dimeric and monomeric
F1-IF1 complexes of different D/M ratios that exist in a
dynamic equilibrium (29). Thus, although higher D/M ratios
closer to or higher than 1.0 can be predicted expecting a
F1F0 dimerization proportional to the 90% inhibition of
ATPase activity, the actual D/M ratio can be lower as found
here. Keeping this in mind, the recombinant rat liver IF1 was
also reconstituted into the digitonin rat liver mitochondrial
extracts obtained with 2.5 mg of detergent/mg of protein to
assess the ability of IF1 to promote dimerization of the soluble
F1F0. A modest but reproducible increase in the D/M ratio

was obtained after 1D BN-PAGE and 2D SDS-PAGE from
an average densitometric ratio of 0.30 to a maximal value
of 0.43 (Figure 5). Remarkably, the increase in D/M ratio
paralleled the decrease in ATPase activity when plotted
versus the amount of IF1 used for reconstitution (Figure 5A).
The lower impact of IF1 on ATPase activity and D/M ratios
obtained with extracted F1F0 as compared to the particulate
ATP synthase (Figure 4) is likely a reflection of inefficient
IF1 binding because it is well described that high salt
concentrations (as present in the solubilziation buffer, see
Materials and Methods) reduce the yield of IF1 association
to F1 and F1F0. Nevertheless, similar results were obtained
when IF1 was reconstituted into soluble F1F0 extracted with

FIGURE 4: Effect of IF1 reconstitution on the F1F0-ATPase activity
and the D/M ratio of rat liver submitochondrial particles. 50µg of
EDTA-SMP devoid of IF1 were incubated with the indicated
amounts of recombinant IF1 as indicated in Materials and Methods.
5 µL aliquots were withdrawn after 15 min to measure the specific
ATPase activity spectrophotometrically. About 1µg of IF1 was
enough to exert maximal ATPase inhibition (86%). Inset: 1D BN-
PAGE and 2D SDS-PAGE of SMP extracted with digitonin. Left
panel, SMP containing its endogenous IF1 (MgATP-SMP); center
panel, SMP lacking most of its endogenous IF1 (EDTA-SMP); right
panel, SMP-EDTA reconstituted with saturating IF1 (4 µg of IF1/
50 µg of SMP). The positions of the ATP synthase dimer (V-V)
and its monomer (V) are indicated. Removal and reconstitution of
IF1 were carried out as described in Materials and Methods. ATPase
activities of MgATP, EDTA, and EDTA-SMP reconstituted with
IF1 were 0.8, 6.5, and 1.1µmol min-1 (mg of protein)-1,
respectively.

FIGURE 5: Effect of IF1 reconstitution on the soluble F1F0-ATPase
activity and the D/M ratio of rat liver digitonin mitochondrial
extracts. (A) The indicated amounts of recombinant IF1 isolated in
solubilization buffer were reconstituted as detailed in Materials and
Methods into rat liver mitochondrial digitonin extracts containing
115 µg of proteins. Immediately after IF1 reconstitution, 2-4 µL
aliquots containing 15µg of protein were withdrawn to measure
spectrophotometrically the ATPase activity in the presence of
digitonin (0.05%). Controls confirmed that 0.05% digitonin did not
interfere with coupling enzymes of the assay. The plot shows the
average ATPase activity of two independent determinations (O).
100% ATPase activity of control samples incubated in conditions
of reconstitution but without IF1 was 1.3 µmol min-1 (mg of
protein)-1. Following ATPase determination, about 100µg of all
digitonin extracts were loaded into 1D BN-PAGE (inset). The
positions of the ATP synthase dimer (V-V) and its monomer (V)
are indicated. The amounts of reconstituted IF1 (0-20 µg) are
shown on top of the inset. Average D/M ratios obtained by
densitometry intensities of the ATP synthase dimer and monomer
bands are plotted (b). (B) Duplicate lanes of the 1D BN-PAGE
(inset of panel A) containing about 100µg of control (no IF1, left)
or reconstituted IF1 (20 µg, right) were subjected to 2D SDS-
PAGE, followed by fixation and Coomassie staining. The positions
of the ATP synthase dimer (V-V) and monomer (V) as well as the
resolved F1F0 subunits are indicated. Densitometry analyses of the
R/â intensities indicated an increase in D/M ratio from 0.32 to 0.40,
similar to that observed in the BN-PAGE (panel A).
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digitonin from rat liver SMP (not shown). We next explored
more closely the range of 0-2 µg of IF1 where it induces
sharp decreases and increases in ATPase activity and D/M
ratio, respectively (Figures 4 and 5). To this end, rat liver
MgATP-SMP were reconstituted with 0, 1, and 2µg of rat
liver IF1, and the D/M ratio of digitonin-extracted F1F0 was
determined by BN-PAGE and densitometry as before. The
average of two independent experiments showed an increase
in D/M ratio from 0.45 without reconstituted IF1 to 0.70 and
0.90 with 1 and 2µg of IF1, respectively. These were among
the highest D/M ratios obtained after IF1 reconstitution and
likely reflect the IF1 binding into vacant F1 sites in SMP. In
some experiments, D/M ratios higher than 1 (1.2-1.5) were
obtained after reconstitution of 2-4 µg of IF1/50 µg of SMP
(not shown). Taken together, the results show that IF1

controls the D/M ratio of the whole ATP synthase in the
same concentration range at which it does inhibit the ATPase
activity of the F1F0 complex associated to the inner mito-
chondrial membrane.

Finally, to confirm the IF1-promoted F1F0 dimerization in
other systems and through experimental techniques different
to BN-PAGE, bovine heart SMP were subjected to similar
reconstitution experiments as those described for rat liver
and hepatoma SMP. Besides BN-PAGE, in-gel ATPase
activity and parallel glycerol density gradients were carried
out with F1F0 extracted from bovine heart SMP in order to
separate the F1F0 dimer from the monomer. MgATP-SMP,
EDTA-SMP, and EDTA-SMP reconstituted with 2µg of IF1/
50 µg of SMP were extracted with digitonin and subjected
overnight to BN-PAGE and in parallel to 20-40% glycerol

density gradients that separate dimeric from monomeric F1F0

extracted from bovine heart mitochondria (27). The BN-
PAGE gel was also loaded with a control sample of digitonin
extract obtained from whole bovine heart mitochondria and
developed for in-gel ATPase activity as described in Materi-
als and Methods. This was carried out by incubation of the
BN-PAGE gel in ATPase development buffer for 48 h to
develop efficiently the residual ATPase activity of samples
containing endogenous or reconstituted IF1. Figure 6A shows
that the D/M ratio can be also estimated from the ATPase
development of the BN-PAGE gel. As a control, the lane
containing the bovine heart mitochondrial extract obtained
with 1.5 mg of digitonin/mg of protein showed a densito-
metric ATPase D/M ratio of 2.8, i.e., very close to the
average 2.7 D/M ratio obtained with the densitometry of
Coomassie-stained BN-PAGE (see Figure 2). In addition,
at least two larger F1F0 oligomers (Vn) were also observed
representing 9% and 7% of the total functional F1F0-ATPase.
These F1F0 oligomers have been observed before (30, 31).
Furthermore, it was also confirmed that ATPase development
was proportional to the steady-state F1F0-ATPase activity that
was measured spectrophotometrically with an ATP regen-
erating system (see Materials and Methods). The respective
steady-state ATPase activities of MgATP-SMP, EDTA-SMP,
and EDTA-SMP reconstituted with IF1 were 1.1, 5.4, and
0.53 µmol min-1 (mg of protein)-1 as determined im-
mediately after incubation of SMP with or without IF1. As
shown in Figure 6A, the development of ATPase activity in
the BN-PAGE correlated with the IF1 content of SMP; i.e,
it was higher for EDTA-SMP, intermediate for MgATP-

FIGURE 6: Dimerization of bovine heart F1F0-ATP synthase induced by reconstitution of recombinant bovine heart IF1. Three different
samples containing 12 mg of MgATP-SMP (1 sample) or EDTA-SMP (2 samples) were diluted to 20 mg of protein/mL in reconstitution
buffer. One of the samples containing EDTA-SMP was reconstituted with 2µg of bovine IF1/50 µg of SMP as described in Materials and
Methods. The other two samples containing MgATP-SMP or EDTA-SMP were incubated in the same conditions but without recombinant
IF1. Subsequently, aliquots of 1.5-3.0 µL were withdrawn from each sample to measure spectrophotometrically the steady-state rate of
particulate F1F0-ATPase activity. The specific activities obtained were 1.1, 5.4, and 0.53µmol min-1 (mg of protein)-1, for MgATP,
EDTA, and EDTA+ IF1 SMP, respectively. Afterward, samples were centrifuged once at 186000g at 4 °C to remove the reconstitution
buffer and the excess IF1 (if present) by discarding the supernantant. The pellet containing SMP of each sample was resuspended to 15
mg/mL in solubilization buffer and extracted with 2 mg/mL digitonin as described in Materials and Methods. Different aliquots of the
digitonin extracts obtained were subjected overnight to 16 h runs of BN-PAGE (A) or 20-40% glycerol density gradient centrifugation at
4 °C (B and C) as described before (27). (A) 140 µg of protein from the digitonin extracts of MgATP-SMP (first lane), EDTA-SMP
(second lane), and EDTA-SMP reconstituted with bovine heart IF1 (BH IF1) (third lane) were loaded on a BN-PAGE gel that was subsequently
developed for in-gel ATPase by incubation during 48 h in ATPase developing buffer as described in Materials and Methods. A control lane
containing 80µg of a digitonin extract (1.5 mg/mg of protein) of bovine heart mitochondria was included (fourth lane, BH Mit). Densitometry
of the bands of the F1F0-ATPase dimer (V-V), monomer (V), and higher F1F0 oligomers (Vn) showed the relative percentage of each
component as follows: 43% (V-V), 53% (V), and 4% (Vn) for MgATP-SMP; 3% (V-V), 95% (V), and 3% (Vn) for EDTA-SMP; and 32%
(V-V), 64% (V), and 4% (Vn) for EDTA-SMP + IF1. The control lane loaded with the bovine heart mitochondrial extract showed 62%
(V-V), 22% (V), and 16% (Vn), similar to the proportions obtained by densitometry of Coomassie staining of BN-PAGE (see Figure 2 and
text). The F1F0 dimer/monomer ratios (V-V/V) of each sample are indicated at the bottom of the gel. (B, C) 0.5 mL aliquots of the digitonin
extract of each SMP sample were subjected to a 16 h run of a 20-40% glycerol gradient centrifugation as described before (27). Afterward,
each gradient tube was fractionated from top to bottom into 20 fractions of 1 mL each. 15µL aliquots of selected fractions were loaded on
10-22% gradient SDS-PAGE gels and stained with Coomassie. Gradient separation-obtained digitonin extracts of EDTA-SMP (B) and
EDTA-SMP + IF1 (C) are shown. The regions of the gradients where dimeric (V-V), monomeric (V), and multimeric (Vn) F1F0-ATP
synthase are enriched are shown at the bottom of panel B. The positions of F1 R/â bands are indicated, and their intensity shows the relative
amount of F1F0 on each fraction. Fraction numbers are indicated at the top or at the bottom of each gel. Fractions where the content of
dimeric and multimeric F1F0-ATP synthase is increased by reconstitution of recombinant bovine IF1 are labeled with an asterisk. A similar
enrichment of dimeric and multimeric bovine heart F1F0 at the bottom gradient fractions can be observed with mitochondrial extracts and
MgATP-SMP extracts containing its endogenous IF1. Molecular weight standards (MWS) are shown at the far right of each gel.
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SMP, and lower for EDTA-SMP reconstituted with IF1.
Finally, the BN-PAGE combined with ATPase development
and densitometry showed clearly that the D/M ratio decreased
from 2.8 in the bovine heart mitochondrial extract to 0.81
in MgATP-SMP. This ratio decreased dramatically to 0.03
after removal of IF1 in EDTA-SMP (concomitant to an
increase in ATPase activity of the F1F0 monomer), and
reconstitution of IF1 brought a partial recovery of the D/M
ratio to 0.5 with an overall decrease in ATPase activity. In
addition, it was observed that IF1 reconstitution also induced
the recovery of ATP synthase oligomers larger than the dimer
(Vn in Figure 6A). On the other hand, fractionation of the
glycerol gradients and subsequent SDS-PAGE showed
similar results in that in comparison to EDTA-SMP (Figure
6B), reconstitution of IF1 into these particles increased the
F1F0 content in fractions 13-20 where the F1F0 dimer and
higher ATP synthase oligomers were enriched (Figure 6C).
A similar but higher enrichment of the dimer and higher
oligomers was also observed in gradients carried out with
digitonin extracts from bovine heart mitochondria or MgATP-
SMP containing the endogenous IF1 (not shown; see also
ref 27). No densitometry calculations of D/M ratios were
obtained from these gradients because the fractions are not
continuous in the gels (Figure 6B,C); however, good D/M
estimations were obtained from Figure 6A. In conclusion,
the inhibitory protein promotes dimerization of the mito-
chondrial F1F0-ATP synthase from mitochondria of different
higher eukaryots, and it also promotes its polymerization to
form higher ATP synthase oligomers. However, no strict
correlation exists between maximal inhibition by IF1 and
maximal yield of F1F0 dimerization. This is likely because
other protein factors different from IF1 are essential for F1F0

dimerization and polymerization in the inner mitochondrial
membrane.

DISCUSSION

The salient result of this work is that the increased
expression or the reconstitution of the inhibitory protein (IF1)
increases the D/M ratio of the mitochondrial F1F0-ATP
synthase in whole mitochondria and in submitochondrial
particles. Therefore, our overall results show that IF1

promotes and/or stabilizes the dimeric structure of the F1F0

complex. These results are in apparent contrast with previous
studies showing that genetic or physical removal of IF1 in
yeast mitochondria and bovine SMPs, respectively, does not
prevent ATP synthase dimerization (14, 15). However, the
prevalence of the F1F0 dimer as formed through F0 interac-
tions by other subunits such as e or g in the absence of IF1

(14) does not discard a possible role of IF1 on the formation
or stabilization of the F1F0 dimer through F1-F1 bridging.
By studying the effect of increased expression or reconstitu-
tion of IF1, we used two alternative approaches that together
with statistical averages of densitometry analyses of BN-
PAGE and 2D SDS-PAGE complement each other to
support the same conclusion: the inhibitory IF1 binding
contributes to the formation of the F1F0 dimer. Rat liver and
AS-30D hepatoma offer a unique comparative system to
assay the effect of IF1 increased expression in whole
mitochondria, because IF1 is substoichiometric in relation
to F1 in rat liver (21). Thus, the effect of a 2-fold IF1
increased expression as in AS-30D hepatoma on the ag-

gregation state of the mitochondrial F1F0-ATP synthase was
comparatively assessed with rat liver mitochondria. Further-
more, by modeling the IF1 increased expression with
reconstitution of the recombinant IF1 on SMP devoid of IF1,
we confirmed the role of IF1 in promoting the dimerization
of the whole ATP synthase associated to the inner mito-
chondrial membrane. A similar reconstitution experiment
carried out with the bovine IF1 and SMP showed no changes
in the D/M ratio of the ATP synthase extracted with Triton
X-100 (15). Because the dimeric ATP synthase extracted
with Triton X-100 is less enriched and inactive (15),
compared to that obtained with digitonin, which is highly
enriched and functional as ATPase (see Figure 6A and refs
19 and 27), we consider that the dimeric ATP synthase
extracted with digitonin is structurally and functionally a
better model to study the changes in the D/M ratio of the
ATP synthase dimer. In this regard, we have also observed
oligomycin sensitivity and IF1-increased D/M ratio on the
digitonin-extracted and sucrose gradient-purified bovine F1F0

(see Figure 6B,C), together with an IF1 increase in D/M ratio
of lauryl maltoside-extracted F1F0 from rat liver mitochondria
(not shown). Besides, restoration of the D/M ratio by
reconstitution of exogenous IF1 after removal of the endog-
enous IF1 in EDTA-SMP (Figures 4-6) discards a significant
instability or irreversible denaturation of the F1F0 dimer or
monomer caused by the activation conditions used to release
IF1 from SMP; otherwise, restoration of the D/M ratio by
IF1 would not be observed. Furthermore, the finding that
recombinant IF1 also increases the D/M ratio of the digitonin-
extracted ATP synthase in negative parallelism with a partial
inhibition of the F1F0-ATPase activity (Figure 5) confirms
that IF1 promotes or stabilizes the dimeric F1F0 structure.
Nevertheless, the lower impact of IF1 on the D/M ratio and
on ATPase activity of soluble F1F0 as compared with its
effects in SMP indicates that IF1 is less efficiently recon-
stituted to soluble F1F0 in the solubilization media than in
SMP. This might be related to the high salt concentrations
(EACA and Tris) in the solubilization buffer that are known
to decrease IF1 binding to F1F0. However, this also suggests
that IF1 is more efficient to promote or stabilize the F1F0

dimer when it is integrated in the inner mitochondrial
membrane than when it is solubilized in digitonin micelles.
Finally, the promotion of F1F0 dimerization by IF1 was also
confirmed in the bovine heart mitochondrial system. Removal
and reconstitution of bovine IF1 from and into SMP
controlled dimerzation and even higher order oligomerization
of the bovine F1F0 (Figure 6). This was confirmed by
developing of ATPase activity in the BN-PAGE gel (Figure
6A) and by enrichment of dimeric and multimeric F1F0 in
the bottom fractions of glycerol density gradients carried out
after reconstitution of IF1 into EDTA-SMP (Figure 6B,C).
Thus, the role of IF1 in the dimerization of F1F0 is not
exclusive of rat liver, but it is extended into bovine heart
mitochondria, and we also have evidence that the same effect
of IF1 occurs in human mitochondria from cultured cells
(Cortés-Hernández et al., submitted for publication). It seems
therefore that the high propensity to dimerize of IF1 from
mitochondria of higher eukaryots is the key factor that lacks
the yeast IF1 to contribute in the dimerization of the whole
F1F0 in yeast mitochondria.

On the other hand, the present results showing that IF1

contributes to F1F0 dimerization are consistent with a number
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of structural and biophysical studies. It is well documented
that IF1 adds stability to the soluble F1 and to the whole
ATP synthase in SMP to denaturants and high pressure (32,
33). This is also in consonance with the observed IF1-induced
dimerization of the soluble F1 (13, 29). Therefore, a structure
similar to that of the soluble F1I dimer could exist in the
whole dimeric F1F0 of the inner mitochondrial membrane.
The location of IF1 on the native structure of the F1F0-ATP
synthase molecule is an unresolved issue that has been
studied for several decades. Cross-linking (8-10) and
subsequent crystallographic analyses (11) have shown that
IF1 binds in a cleft formed by anR/â interface and theγ
subunit, thus hindering catalytic conformational changes as
well as rotary motions of the central stalk (10, 11). On the
other hand, the C-terminal sides of two IF1s form a coiled
coil structure that is instrumental in the dimerization of two
soluble F1 molecules bound to their N-termini. Our results
indicate that, in order to stabilize the dimeric structure of
the whole F1F0 molecule, IF1 must form a bridge between
both extramembranal F1 parts. Recently, we resolved the
structure of the dimeric F1F0-ATP synthase from bovine heart
mitochondria by high-resolution electron microscopy (EM)
(27). It is relevant that the MF1F0 dimer showed a crossed
bridging protein density between the two F1 moieties which
is reminiscent of the IF1 bridge found in the crystal structure
of the F1-I complex (11).

On the basis of these cross-linking, crystallographic, and
EM antecedents together with our present data, the ap-
proximate position of the IF1 bridge in the whole rat liver
F1F0 is proposed in Figure 7. According to a previous model
of monomeric F1F0 (34), the location of IF1 in the dimer
interface was modeled by simple fitting of the crystal
structure of rat liver F1-ATPase (35) with a model of the rat
liver IF1 constructed with the software SWISS-MODEL
according to the coordinates of the bovine IF1 (36). A bent
conformer of the four crystallographic bovine IF1 structures
(36) was used to form a crossed IF1 dimer in the F1F0 dimer
interface. Using RASMOL 2.6, the inhibitory N-terminal IF1

sides were oriented close to the rotor/stator interfaces
betweenR/â andγ/ε subunits, whereas the C-terminal sides
were bent upward close to the position of the OSCP subunits
according to cross-linking and crystallographic studies (10,
11). To accommodate the two IF1 molecules in a F1-F1

distance of about 10 Å as observed in the bovine F1F0 dimer
(27), IF1 bending was necessary to reduce the observed 62
Å that separate the extended structure of the IF1 dimer (11).
In the present model, the C-terminal sides of both IF1s are
proposed to cross the interface and interact with the OSCP
subunit of the neighboring monomer. Crossed protein
structures have been observed in the bovine heart IF1 crystal
(36) and in the iron sulfur protein (ISP) of the dimericbc1

respiratory complex III (37). However, in thebc1 complex
the bridging protein ISP induces crossed-electron transfer
(38, 39). In contrast, in this proposed position, the IF1 protein
would have a better resistance to the rotational drag of the
central rotor, which is one of its conformational targets for
inhibition (27). Thus, this working model explains how IF1

can stabilize the F1F0 dimer, and reciprocally, the dimeric
F1F0 will reinforce the inhibitory function of IF1. The exact
position of IF1 in the dimeric F1F0 will wait for further
structural analyses of higher resolution. Our conic working
model of the rat liver F1F0 dimer was constructed according

to the EM structure of the dimeric bovine heart F1F0 (27)
assuming a 1:1 stiochiometry of IF1 per F1F0 in the ATP
synthase dimer, as found in soluble F1-I and monomeric
F1F0-I complexes; however, the exact stiochiometry remains
to be determined. The model does not exclude that other
second stalk subunits presumably located in the dimer
interface (27) (not shown) would also contribute to the
observed F1-F1 crossing bridge. In this dimer, the close F0-
F0 interface is likely formed by dimerizing subunits e and
g, together with another F0-F0 bridging protein of unknown
composition (?) that lies on the intermembrane space side
(see Figure 7).

Finally, it has recently been shown that an important role
of F1F0 dimerization is to induce the formation of the inner
membrane cristae of mitochondria. Mutations that disrupt
the dimeric structure of the ATP synthase shift the shape of
the inner mitochondrial membrane from the normal cristae
into several concentric layers within enlarged “onion-like”
mitochondria (17, 30, 31, 40). Thus, the dimeric conic
structure of F1F0 is a primary building block that polymerizes
to form an arc in a budding inner membrane which eventually
forms tubular cristae wrapped by a helical F1F0 polymer (41).
By bridging the F1F0 dimer, IF1 should also add stability to
the formation of mitochondrial cristae. Experiments are under
way in our laboratory to assess the possible role of IF1 in
the stability of the ATP synthase dimer that gives shape to
mitochondrial cristae of transfected cells and to confirm the

FIGURE 7: Working model of the possible accommodation of the
IF1 bridge on the rat liver dimeric F1F0. A structural model of rat
liver IF1 was obtained from a bent conformer of the four resolved
for bovine heart IF1 (36). The model was obtained with the software
SWISSMODEL (42-44). Two identical rat liver IF1 molecules
were fitted manually into the F1-F1 interface by using RASMOL
2.6. The overall model was made according to the EM structure of
bovine heart F1F0 that shows a crossing F1-F1 bridge in the dimer
interface attributable at least in part to IF1 (27). Distances and
orientations are approximate, and the possible accommodation of
dimerizing subunits e and g in the F0-F0 interface is shown. Another
F0-F0 bridging structure (?) of unknown composition observed in
the bovine heart dimer (27) was also depicted on the intermembrane
space side. The C-terminal sides of both IF1s are proposed to bend
and cross the dimer interface to contact the subunit OSCP, as
observed by cross-linking results (45, 46). Peripheral stalk subunits
are not shown for simplicity; they are likely to form part of the
dimer interface (27). Subunits are named according to their
respective color; the dark blue F0 subunit close to subunit 6 is
subunit A6L. See text for further details.
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identity of the F1-F1 bridge of the bovine heart F1F0-ATP
synthase dimer.
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