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The mitochondrial F-ATP synthase is a complex molecular
motor arranged in V-shaped dimers that is responsible for most
cellular ATP synthesis in aerobic conditions. In the yeast F-ATP
synthase, subunits e and g of the FO sector constitute a lateral
domain, which is required for dimer stability and cristae forma-
tion. Here, by using site-directed mutagenesis, we identified
Arg-8 of subunit e as a critical residue in mediating interactions
between subunits e and g, most likely through an interaction
with Glu-83 of subunit g. Consistent with this hypothesis, (i) the
substitution of Arg-8 in subunit e (eArg-8) with Ala or Glu or of
Glu-83 in subunit g (gGlu-83) with Ala or Lys destabilized the
digitonin-extracted F-ATP synthase, resulting in decreased
dimer formation as revealed by blue-native electrophoresis; and
(ii) simultaneous substitution of eArg-8 with Glu and of gGlu-83
with Lys rescued digitonin-stable F-ATP synthase dimers.
When tested in lipid bilayers for generation of Ca2�-dependent
channels, WT dimers displayed the high-conductance channel
activity expected for the mitochondrial megachannel/permea-
bility transition pore, whereas dimers obtained at low digitonin
concentrations from the Arg-8 variants displayed currents of
strikingly small conductance. Remarkably, double replacement
of eArg-8 with Glu and of gGlu-83 with Lys restored high-con-
ductance channels indistinguishable from those seen in WT
enzymes. These findings suggest that the interaction of subunit
e with subunit g is important for generation of the full-conduct-
ance megachannel from F-ATP synthase.

The mitochondrial F-ATP synthase is a molecular rotary
motor that uses the protonmotive force existing across the
inner membrane of the organelle to make ATP from ADP and
phosphate. The enzyme is a multisubunit complex with a mass

of about 600 kDa, composed of a soluble F1 sector that func-
tions as the catalytic core and a membrane-embedded FO sector
linked to F1 by central and peripheral stalks (1). The F1 moiety
consists of five subunits denoted as �, �, �, �, and � with a
3:3:1:1:1 stoichiometry (2). Subunits � and � are organized into
an �3�3 hexamer, and subunit � is located inside the �3�3 sub-
complex (3). Subunit � interacts with subunits � and � at the
foot of the central stalk contacting the c-ring, which in yeast
comprises 10 c subunits (4). These are all key elements of the
rotor that couples the protonmotive force to the synthesis of
ATP. Proton translocation through two offset half-channels
in the FO region, located at the interface of the c-ring and
subunit a (5), drives rotation of the central rotor that induces
conformational changes within the �3�3 sub-complex lead-
ing to the synthesis of ATP (1). The co-rotation of � and �
subunits with � is prevented by the peripheral stalk, which is
formed by the subunits oligomycin sensitivity conferral pro-
tein (OSCP),4 d and h (F6 in mammals), the soluble region of
subunit b (1, 6, 7), and by the subunits 8 (A6L in mammals)
(8) and f (8) in the lower part as it leaves the inner membrane.

Besides the already mentioned subunits, the yeast complex
consists of five additional subunits located in the membrane-
embedded part of FO (e, g, i/j, k, and l) that are not essential for
its assembly and catalysis, the so-called “supernumerary sub-
units.” A recent electron cryo-microscopy map of the yeast
enzyme has shown that subunits e and g and the N-terminal
�50 residues of subunit b, with the further support from sub-
unit k, shape a lateral domain responsible for bending the inner
membrane (8). These bends drive self-assembly of F-ATP syn-
thase monomers into V-shaped dimers, which then oligomer-
ize to form long ribbons giving rise to the characteristic mito-
chondrial cristae (9 –11). Indeed, pioneering studies had
demonstrated that ablation of either subunits e or g leads to
disappearance of the dimers extracted with digitonin and sep-
arated by blue native-gel electrophoresis (BN-PAGE) as well as
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to formation of an onion-like ultrastructure of mitochondria
(12–14). The cryo-EM map has also established that the dimer
interface within the inner membrane (i) is formed by subunits
i/j and by two strands of subunit a from each monomer and (ii)
is stabilized by the interactions with subunits e and k (8).
Because cross-linking analysis has placed the N terminus of
subunit b next to subunit g, it has been proposed that subunit b
interacts with subunit g, which contacts subunit e favoring
enzyme dimerization (15, 16).

In addition to mediating cristae formation, F-ATP synthase
has been proposed to generate the mitochondrial permeability
transition pore (PTP), also called mitochondrial megachannel
(MMC), an unselective high-conductance channel that can
trigger cell death as a consequence of long-lasting openings
(17–20). Indeed, partially purified F-ATP synthase from bovine
hearts (17), mammalian cells (21), Saccharomyces cerevisiae
(22), and Drosophila melanogaster (23) displayed channel activ-
ity that was close to that expected for the native MMC/PTP. We
have hypothesized that conformational changes induced by
Ca2� binding to the catalytic core of F-ATP synthase (24) are
transmitted through OSCP and the lateral stalk (19, 24) causing
an opening of a channel within FO, possibly where subunits e
and g and the N terminus of subunit b are located (8, 22).
Remarkably, ablation of subunits e and g leads to the disappear-
ance of the high-conductance MMC/PTP (25) like ablation of
subunit c (26), which prevents enzyme assembly (27); and
recent work suggests that Arg-107 of subunit g (which is
located at the C terminus) may contribute to formation of the
yeast channel (28). A peculiar feature of the yeast enzyme is that
both e and g subunits possess a conserved GXXXG motif
located in their unique transmembrane domain that appears to
be involved in their interaction (29 –31). This study aimed at
testing whether charged amino acids are also involved in the
association of the dimer-specific subunits e and g in yeast and at
assessing whether the subunit e/g interface plays a role in
MMC/PTP activity.

Results

Substitution of Arg-8 in subunit e affects stability of F-ATP
synthase dimers

Arg-8 of subunit e (eArg-8), encoded by the yeast TIM11
gene, is the only arginine conserved across species (Fig. S1A).
We substituted eArg-8 with either Ala or Glu in S. cerevisiae
strain BY4743 using site-directed mutagenesis. These two sub-
unit e variants were expressed in the �TIM11 mutant lacking
subunit e. As a control, we also re-expressed the WT subunit e
in the �TIM11 mutant (TIM11 WT). Mitochondrial proteins
from TIM11 R8A and R8E mutants were extracted with
increasing digitonin concentrations and compared with those
from �TIM11 and TIM11 WT strains, as well as to those from
the mutant strain lacking subunit g (�ATP20). BN-PAGE fol-
lowed by Coomassie Blue staining and in-gel ATPase activity
assays revealed that, as expected, the �TIM11 and �ATP20
mutants displayed only monomers irrespective of the
digitonin–to–protein ratios, whereas in the BY4743 and
TIM11 WT strains dimers were readily detectable along with
monomers at all digitonin concentrations. In contrast, in the

extracts from TIM11 R8A and R8E mutants, dimers were pres-
ent at low but not at higher digitonin–to–protein ratios (Fig. 1A
and Fig. S2, A–D). Comparison of the dimer/monomer ratios of
the different genotypes demonstrates that in the TIM11 R8A
and R8E mutants the presence of dimers was dramatically
decreased (Fig. 1B). In the TIM11 R8A and R8E mutants the
expression levels of subunits e and g relative to subunit b were
similar to those of the TIM11 WT strain both in whole-cell and
mitochondrial lysates (Fig. 1, C and D). Consistent with an ear-
lier study (12), in the �TIM11 mutant subunit g was not
detected, whereas in the �ATP20 mutant lacking subunit g cel-
lular and mitochondrial steady-state levels of subunit e were
slightly decreased compared with the BY4743 strain (Fig. 1C).
The generation times of TIM11 R8A and TIM11 R8E mutants
cultured in the selective respiratory liquid medium (Drop-out–
uracil containing 1% v/v ethanol and 1% v/v glycerol) were not
significantly different from those of the BY4743 and TIM11 WT
strains (Fig. S3A). Also, respiratory rates and respiratory control
ratios of the TIM11 R8A and R8E mutants were comparable with
those of TIM11 WT mitochondria (Fig. S3B). Somewhat surpris-
ingly, the TIM11 R8A and R8E mutants also displayed a normal
mitochondrial morphology, which was indistinguishable from
that of the TIM11 WT or BY4743 strains (Fig. S4). In contrast, and
as expected based on previous work (13, 14), in the �TIM11 the
mutant cristae morphology was markedly affected, with the pres-
ence of the typical onion-like structures. These findings suggest
that the TIM11 R8A and R8E mutations do not cause major effects
on F-ATP synthase assembly, but they do cause an increased tend-
ency of the dimers to dissociate when extracted with digitonin and
run in BN-polyacrylamide gels.

Substitution of Arg-8 affects incorporation of subunit e in the
F-ATP synthase dimers

CuCl2 treatment leads to F-ATP synthase dimer formation
even in mutants lacking subunit e (�TIM11) or subunit g
(�ATP20) through copper-induced formation of disulfide
bridges that can be easily detected by BN-PAGE (22, 25, 30).
After cross-linking with copper, dimer/monomer ratios similar
to those of the WT genotypes were observed in �TIM11,
�ATP20, TIM11 R8A, and TIM11 R8E mutants (Fig. 2A). To
assess the relative abundance of subunit e after CuCl2 treatment,
the BN gels were transferred to PVDF membranes and immuno-
blotted for subunit b or e. The levels of subunit b were consistent
with the protein abundance detected in BN gels, and as expected,
subunit e was present in the dimers of WT BY4743 and TIM11
WT strains and absent in the �TIM11 mutant (Fig. 2B). Remark-
ably, deletion of subunit g prevented accommodation of subunit e
within F-ATP synthase dimers; indeed, subunit e was almost
exclusively associated with the monomers despite the enforced
dimerization induced by copper (Fig. 2B). A similar, albeit smaller,
effect was caused by the TIM11 R8A and R8E mutations in subunit
e, where a fraction of the protein was found in the monomers (Fig.
2B). This is a novel finding suggesting that each of these point
mutations decreases the strength of interaction between subunits
e and g and therefore dimer stability.

We also analyzed extracts of mitochondria not treated with
copper by clear native gel electrophoresis (CN-PAGE), fol-
lowed by immunoblotting. CN-PAGE is milder than BN-PAGE
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because the dimeric structures of F-ATP synthase are better
preserved in the absence of the anionic Coomassie dye (32–34)
as shown even in yeast mutants lacking subunit e or g (34).
Dimers were clearly identified in all strains, including the
�TIM11 and �ATP20 mutants (Fig. 2C). However, and consis-
tent with the results of the BN-PAGE analysis in Fig. 1A, sub-
stitution of eArg-8 in the TIM11 R8A and R8E mutants
decreased the abundance of dimers, especially at higher digito-
nin (Fig. 2C). Also in these protocols, subunit e was not detected
in the dimers of the �ATP20 mutant lacking subunit g, and a
small fraction of subunit e was associated with F-ATP synthase
monomers in the TIM11 R8A and R8E mutants (Fig. 2D).

Glu-83 of subunit g interacts with Arg-8 of subunit e

Subunit g possesses two Glu residues, the only two negatively
charged amino acids conserved in this subunit (Fig. S1B). To
investigate whether they interact with Arg-8 of subunit e, we
generated alanine and lysine mutants at Glu-83 and Glu-102

(which is located within the GXXXG motif) of subunit g. The
four mutated and WT subunits g were re-expressed in the
�ATP20 mutant (lacking subunit g), and the digitonin extracts
of mitochondria were analyzed by BN-PAGE. As expected, the
�ATP20 mutant displayed only monomers, whereas in the
BY4743 and ATP20 WT strains dimers were clearly detectable
along with monomers (Fig. 3, A and B). Interestingly, the dimer/
monomer ratios of the ATP20 E83A and ATP20 E83K mutants
were significantly decreased, whereas the ATP20 R102A or
ATP20 R102K mutation had no effect (Fig. 3, A and B). The
expression levels of subunits e and g were unaffected by these
mutations (Fig. S5). Thus, the significant reduction of dimeric
complexes in the ATP20 E83A and E83K mutants cannot be
explained by reduced steady-state levels of the mutated subunit
g. Remarkably, the combination of an R8E mutation in subunit
e with an E83K mutation in subunit g was able to rescue dimer
formation, which was detectable in BN gels, similar to
the re-expression of TIM11 and ATP20 WT (Fig. 3C). The

Figure 1. Substitutions of Arg-8 of yeast subunit e affect F-ATP synthase dimer stability. A, mitochondria with the indicated genotypes were solubilized with a
digitonin–to–protein ratio of 1.5 g/g and centrifuged, and the protein extracts were subjected to BN-PAGE to separate the dimers, monomers, and F1 sector of F-ATP
synthase identified by Coomassie Blue and in-gel activity staining. Monomers and dimers are denoted as M and D, respectively. The figures are representative of at least
three independent experiments. B, histograms report the abundance of dimers relative to that of monomers (taken as 100%) and were obtained by densitometric
analysis of BN gels stained for in-gel activity. The indicated digitonin–to–protein ratios (g/g) were used for mitochondria solubilization. Data are an average � S.E. of
at least three independent experiments. *, p � 0.05 versus TIM11WT; **, p � 0.01 versus TIM11WT; ***, p � 0.001 versus TIM11WT. One-way ANOVA was used for
statistical analysis. C, total cell lysate or mitochondrial proteins from indicated genotypes were separated by SDS-PAGE and analyzed by Western blotting. The figures
are representative of at least three independent experiments. D, histograms represent the relative densitometry values of TIM11 or ATP20 relative to subunit b and
normalized to TIM11 WT. Data are presented as mean � S.E. of at least three independent experiments.
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�TIM11�ATP20 mutant had a significantly longer generation
time than the BY4743 strain (Fig. S3A). Ablation of TIM11 and
ATP20 followed by re-expression of TIM11 R8E and ATP20
E83K did not significantly affect growth and respiratory prop-
erties of the mutants, which came close to those of the strain
re-expressing WT TIM11 � ATP20 (Fig. S3, A and C). These
data indicate that Glu-83 of subunit g participates in the inter-
action with Arg-8 of subunit e thus favoring dimer stability.

A couple of charged residues at position 8 in subunit e and at
position 83 in subunit g is required for generation of the full-
conductance megachannel

Based on the possible role of subunit e in formation of a
Ca2�-dependent, MMC/PTP-like channel by F-ATP synthase
(22, 25), we assessed the channel properties of the TIM11 R8A
and R8E mutant dimers after extraction at a low digitonin–to–
protein ratio (i.e. in the absence of copper). Dimers cut out from
BN gels were eluted and reconstituted into planar lipid bilayers,
followed by detection of their electrophysiological properties.
Compared with the dimers from TIM11 WT mitochondria,
which showed the high-conductance openings expected for the

native channel, dimers from the TIM11 R8A and R8E mutants
displayed strikingly smaller channel activities, with a marked
decrease of both the relative �P(f)� area (curve under the power
spectrum) and of the mean currents (Fig. 4). In all strains, chan-
nel activity was completely blocked by 1 mM Gd3�, an inhibitor
of the MMC/PTP (25). Interestingly, in the TIM11 R8E mutant
the maximal current (but no other features of the currents) was
similar to that of the TIM11 WT. A possible explanation is that
in the R8E mutant Glu-8 forms transient interactions with
Lys-81 or Lys-86 of subunit g, two nonconserved positive resi-
dues present only in S. cerevisiae. To further investigate the role
of subunit e/g interactions in generation of the full-conduct-
ance MMC/PTP, we also tested the channel activity of the
eGlu-8 and gLys-83 double mutants. Remarkably, this mutant
displayed channel properties indistinguishable from those of
the WT enzyme (Fig. 4).

The substitution of gArg-107 with Ala prevents the inhibi-
tory effect of phenylglyoxal on the PTP and slows down solute
permeation (28). We therefore also tested the consequences of
the R107A and R107E mutations, which both led to a marked
decrease of the Ca2�-dependent currents across the MMC/

Figure 2. Substitution of Arg-8 affects the stable incorporation of subunit e in F-ATP synthase dimers. A, after pretreatment with CuCl2 as described
under “Experimental procedures,” protein extracts (obtained with a digitonin–to–protein ratio of 1.5 g/g) from mitochondria with the indicated genotypes
were separated by BN-PAGE and stained with Coomassie Blue or identified by in-gel activity staining. B, BN gels as described in A were subjected to immuno-
blotting for subunit b or e. Monomers and dimers are denoted as M and D, respectively. C, mitochondrial proteins from strains of the indicated genotypes were
extracted with the indicated digitonin–to–protein ratios and separated by CN-PAGE and subjected to in-gel activity staining. D, CN gels of protein extracts
obtained with a digitonin–to–protein ratio of 1.5 g/g were subjected to immunoblotting for subunit b or e. Monomers and dimers are denoted as M and D,
respectively. All the figures are representative of at least three independent experiments.
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PTP, which maintained full sensitivity to inhibition by Gd3�

(Fig. 5).
Taken together, these results indicate the region where the

PTP forms involves subunits e/g and their interface.

Discussion

Digitonin is widely used to isolate membrane multiprotein
complexes and allows separation of various forms of F-ATP
synthase as a function of the digitonin–to–protein ratios used,
i.e. monomers, dimers, and higher order-structures. The latter
are thought to correspond to enzyme oligomers, because they
are prevalent only at low digitonin concentrations (35). Ultra-
structural studies of intact mitochondria have demonstrated
that in the native membrane the prevalent form of the enzyme
is represented by oligomers, which originate from the lateral
association of dimers thus generating long rows that critically
contribute to the shape of the cristae (1, 10, 36, 37). We must

therefore conclude that digitonin disrupts oligomers and
dimers even under the mildest extraction conditions, as indi-
cated by the presence of as many monomers as dimers/oligo-
mers in the CN- and BN-PAGE (see for example Figs. 1–3 and
Fig. S2). Coomassie dye binding to the surface of proteins
contributestofurtherdestabilizethedigitonin-extractedolig-
omers/dimers. This means that the monomer–monomer
interfaces (which are located within the inner membrane
and involve subunits e and g) are based on noncovalent inter-
actions and become labile particularly under the conditions
of BN-PAGE analysis (34).

Role of eArg-8 in the stability of F-ATP synthase dimers

In this study we have identified residue Arg-8 of yeast subunit
e as critical in mediating the interaction between subunits e and
g. Indeed, the R8A and R8E substitutions led to decreased sta-
bility of dimeric F-ATP synthase to digitonin, with increased

Figure 3. Glu-83 of subunit g interacts with Arg-8 of subunit e favoring F-ATP synthase dimer stability. A, protein extracts (obtained with a digitonin–
to–protein ratio of 1.5 g/g) from mitochondria of the indicated genotypes were subjected to BN-PAGE to separate dimers, monomers, and the F1 sector of
F-ATP synthase identified by Coomassie Blue and in-gel activity staining. Monomers and dimers are denoted as M and D, respectively. Gels are representative
of at least three independent experiments. B, histograms report the abundance of dimers relative to that of monomers (taken as 100%) and were calculated by
densitometric analysis of the in-gel activity-stained BN gels relative to extracts obtained with 1.5 g/g (digitonin/protein) from mitochondria with the indicated
genotypes. Data are presented as mean � S.E. of at least three independent experiments. *, p � 0.05 versus ATP20WT; ***, p � 0.001 versus ATP20WT. One-way
ANOVA was used for statistical analysis. C, protein extracts with 1.5 g/g (digitonin/protein) from mitochondria of the indicated genotypes were subjected to
BN-PAGE, and dimers, monomers, and F1 sector of F-ATP synthase were identified by Coomassie Blue staining and in-gel activity staining. Monomers and
dimers are denoted as M and D, respectively. Lanes from left to right represent the genotypes BY4743, �TIM11�ATP20 mutant (DKO), �TIM11�ATP20 mutant
re-expressing TIM11 R8E, and ATP20 E83K (DKO � TIM11 R8E � ATP20 E83K), �TIM11�ATP20 mutant re-expressing TIM11 WT and ATP20 WT (DKO � TIM11 WT
� ATP20 WT) as indicated, respectively. The panels report one representative experiment of at least three independent replicates.

Subunit e Arg-8 stabilizes yeast F-ATP synthase dimers

J. Biol. Chem. (2019) 294(28) 10987–10997 10991

http://www.jbc.org/cgi/content/full/RA119.008775/DC1


appearance of monomers at detergent concentrations that usu-
ally do not disrupt dimers in BN-PAGE. A possible explanation
is that an electrostatic interaction occurs between Arg-8 of sub-
unit e and Glu-83 of subunit g, whose putative positions are
shown in Fig. 6. Based on the most recent cryo-EM map of the
yeast F-ATP synthase dimer, the e and g subunits contribute to
form a dynamic domain responsible for bending the mitochon-
drial inner membrane (8). The estimated distance may appear
too large for formation of a salt bridge between Arg-8 of subunit
e and Glu-83 of subunit g (Fig. 6). However, the reported struc-
ture provides a static picture of the most populated state of the
enzyme complex at low temperature, which may not reflect
dynamic changes occurring in situ. For example, the distance of
Cys-23 of subunit a at the dimer interface is 22 Å, yet upon
treatment with copper these cysteines do form disulfide bridges
at room temperature (25, 38) but not on ice (38).

It should also be considered that the side-chain details for sub-
units e and g in the cryo-EM are lacking, and density maps only
allowed their reconstruction by polyalanine modeling, which sig-
nificantly reduced the definition of this region (8). In determining
the relative orientation of subunits e and g, the authors postulated
that they must interact through their GXXXG motifs (8). The
involvement of the GXXXG motif of subunit e in the formation of
dimeric/oligomeric forms of F-ATP synthase has been well-docu-
mented, as insertion of an extra Ala or replacement of Glu with
Leu led to loss of subunit g and of the enzyme supramolecular
structures (29). However, the role of the GXXXG sequence of sub-
unit g in enzyme dimerization is still debated, because replacement
of the first Glu with Leu or Val did not affect the stability of the
digitonin-extracted F-ATP synthase dimers, suggesting that this
GXXXG motif does not act as a canonical helix–helix interaction
domain (31).

Figure 4. Electrostatic interaction between subunits e and g favors the generation of the full-conductance MMC/PTP. Mitochondria isolated from TIM11
WT, TIM11 R8A, and TIM11 R8E strains were separated by BN-PAGE after extraction with a digitonin–to–protein ratio of 0.5 g/g. Mitochondrial extracts of
DKO � TIM11 WT � ATP20 WT, and DKO � TIM11 R8E �ATP20 E83K strains were subjected to BN-PAGE as described in Fig. 3C. Dimers were cut and eluted for
planar lipid bilayers experiments. A, current traces elicited after insertion of purified dimeric F-ATP synthase from indicated genotypes into planar lipid bilayer
following the addition of 3 mM Ca2� to the trans side. Both cis and trans compartments already contained 100 �M PhAsO and 5 �M Cu(OP)2. Channel activity was
inhibited by the addition of 1 mM Gd3�. Vcis � �60 mV. Dotted lines indicate the closed state of the channel (0 pA). The star in the DKO � TIM11 R8E � ATP20
E83K trace marks a single channel opening with conductance similar to that observed in the TIM11 WT. B, average relative �P(f)� area, mean and maximal current
of the indicated genotypes. Data are mean � S.E. of 5 (TIM11 WT) or 7 (all other genotypes) independent experiments. *, p � 0.05 versus TIM11 WT; **, p � 0.01
versus TIM11 WT ; ***, p � 0.001 versus TIM11 WT. One-way ANOVA was used for statistical analysis. p values shown in the columns refer to the matching
wildtypes (black columns).
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An additional issue is that the GXXXG motifs have also been
proposed to mediate the interaction between the two subunits e or
g, thus also facilitating the lateral association of F-ATP synthase
dimers into oligomers (39). Indeed, subunit e homodimers have
been found exclusively in F-ATP synthase oligomers (29). More-
over, in a subunit g C75S/L109C double mutant (where the endog-
enous Cys residue was replaced with a Cys residue inserted very
close to the GXXXG motif), Cu2�-dependent subunit g
homodimers were only found in F-ATP synthase oligomers (30).

Taken together, these observations strongly suggest that e/e and
g/g interactions mediated by the GXXXG motifs also participate in
forming an F-ATP synthase oligomerization interface, which
appears to be rather unstable because it is easily disrupted by dig-
itonin (34, 39). Thus, subunits e and g, which combine membrane-
surface and membrane-embedded chains, probably form flexible
chains free to engage in transiently stable interactions with differ-
ent target sequences, making, in turn, possible the formation of a
salt bridge between Arg-8 of subunit e and Glu-83 of subunit g.
Finally, the amino acid sequence of the C-terminal half of subunit
e has the potential for the formation of a coiled-coil structure (40),
which is typical of proteins undergoing significant conformational
changes. In this sense, evidence that this coiled-coil motif may
stabilize F-ATP synthase dimers–oligomers is particularly fasci-
nating (41).

Our finding that Arg-8 of subunit e may interact with Glu-83
of subunit g in F-ATP synthase dimers suggests that other res-
idues besides the GXXXG motifs (8) contribute to the e– g
interface contacts, providing a further piece of information for
the molecular positioning of subunits e and g within the yeast
FO sector. It is remarkable that cristae morphology, growth
properties, and oxidative phosphorylation were not affected in
the Arg-8 mutants; yet, an interesting phenotype was discov-
ered by studying the channel activity of gel-purified dimer
preparations.

Role of eArg-8 in channel activity of F-ATP synthase

Various studies suggest that the PTP forms from F-ATP syn-
thase, as discussed in recent reviews (20, 42). We have sug-
gested that the pore forms as a consequence of Ca2�-dependent

Figure 5. Mutations of gArg-107 affect the properties of MMC/PTP. Mitochondrial extracts from ATP20 WT, ATP20 R107A, and ATP20 R107E strains with a
digitonin–to–protein ratio of 1.5 g/g were separated by BN-PAGE. Dimers were cut and eluted for planar lipid bilayers experiments. Experimental conditions
were as described in Fig. 4. A, current traces elicited after insertion of purified dimeric F-ATP synthase from indicated strains into planar lipid bilayer. B, average
relative �P(f)� area, mean, and maximal current of the indicated genotypes. Data are mean � S.E. of 5 independent experiments for ATP20 WT, 14 independent
experiments for ATP20 R107A, and 9 independent experiments for ATP20 R107E. *, p � 0.05 versus ATP20 WT ; **, p � 0.01 versus ATP20 WT ; ***, p � 0.001 versus
ATP20 WT. One-way ANOVA was used for statistical analysis.

Figure 6. Overview of F-ATP synthase FO dimer (PDB code 6B2Z). Front and
top views highlight the relative position of subunits g (yellow) and e (light blue).
Putative GXXXG dimerization motifs are marked in purple. Stars mark the posi-
tions of Arg-8 of subunit e and of Arg-107, Glu-83, and Glu-102 of subunit g.
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conformational changes of the F1 catalytic sites that are trans-
mitted through the lateral stalk to the inner membrane, where
subunits e and g are located in the enzyme dimers (19, 24).
Genetic ablation of these subunits caused desensitization to
Ca2� of the PTP (22) and drastically decreased channel activity
of the isolated F-ATP synthase dimers (25). Of specific rele-
vance to a possible mechanism of pore formation are the recent
findings that Arg-107 of yeast subunit g, which is located imme-
diately after the GXXXG motif, specifically mediates PTP sen-
sitivity to phenylglyoxal and that in the native enzyme solute
permeation through the PTP is decreased after formation of a
phenylglyoxal adduct with this residue (28). The putative posi-
tion of gArg-107 is shown in Fig. 6. Based on the present results,
it can be speculated that although the GXXXG motif plays a role
in the association of subunits e and g, other residues like eArg-8
and gGlu-83 may form stable contacts allowing correct posi-
tioning of these subunits during PTP activation. Irrespective of
the mechanism, however, our findings suggest that an electro-
static interaction between subunit e and subunit g in yeast
F-ATP synthase dimers is essential for both dimer stability and
for formation of the full-conductance MMC/PTP.

The hypothesis that the PTP forms from F-ATP synthase has
been apparently questioned by genetic ablation of subunits b
and OSCP of the peripheral stalk (43) and of subunit c in the FO
sector (27). However, recent electrophysiological data obtained
in F-ATP synthase subunit e/g null yeast preparations (25) and
in c subunit null mitoplasts (26) indicate that the high-conduct-
ance PTP is no longer present in either species (25, 26). In both
cases, a residual low-conductance channel activity was detected
instead (25, 26), which in mammalian cells could be inhibited by
both cyclosporin A and by bongkrekate, suggesting that it may
form from the adenine nucleotide translocator (26). This small
channel is probably responsible for the persistent cyclosporin
A–sensitive Ca2� release observed by He et al. (27, 43) in cells
null for subunits b, OSCP, and c. Thus, the proposal that the
PTP forms from a specific Ca2�-dependent conformation of
F-ATP synthase remains fully viable (42) and is further sup-
ported by the data presented in this work.

Experimental procedures

Reagents and yeast strains

Digitonin, Pi, EGTA, sucrose, Trizma base (Tris), yeast extract,
bacto-polypeptone, galactose, DTT, sorbitol, mannitol, CaCl2
were from Sigma (Milan, Italy). Zymolyase 100T was purchased
from US Biological. The QuikChange Lightning site-directed
mutagenesis kit was purchased from Agilent Technologies.
Antibodies for TIM11, ATP20, ATP4, and � subunits were a
kind gift of Dr. Marie-France Giraud, University of Bordeaux,
France. The S. cerevisiae strains BY4743, �TIM11, and
�ATP20 were purchased from Thermo Fisher Scientific.
�TIM11�ATP20 was obtained as described previously (22).

Site-directed mutagenesis in yeast cells

The oligonucleotide primers used for TIM11 R8A, TIM11
R8E, ATP20 E83A, ATP20 E102A, and ATP20 E83K site-
directed mutagenesis were as follows: TIM11 R8A (forward)
CGACAGTTAATGTTTTGGCATACTCTGCGTTGGG-
TTTG and (reverse) CAAACCCAACGCAGAGTATGCCA-

AAACATTAACTGTCG; TIM11 R8E (forward) CGACA-
GTTAATGTTTTGGAATACTCTGCGTTGGGTTTG and
(reverse) CAAACCCAACGCAGAGTATTCCAAAACAT-
TAACTGTCG; ATP20 E83A (forward) CATCCAAAAGA-
ATGCACTATTAAAATATGGCGC and (reverse) GCG-
CCATATTTTAATAGTGCATTCTTTTGGATG; ATP20
E102A (forward) TTATTCTGTCGGTGCAATAATTGGAA-
GAAGAAA and (reverse) TTTCTTCTTCCAATTATTGCA-
CCGACAGAATAA; ATP20 E83K (forward) CATCCAAAA-
GAATAAACTATTAAAATATGGCGC and (reverse) GCGC-
CATATTTTAATAGTTTATTCTTTTGGATG; and ATP20
E102K (forward) TTATTCTGTCGGTAAAATAATTGGAA-
GAAGAAA and (reverse) TTTCTTCTTCCAATTATTTTA-
CCGACAGAATAA. The QuikChange Lightning site-directed
mutagenesis kit was used to harvest point mutations using
TIM11 and ATP20 WT genes cloned in pFL38 vector as tem-
plate. The mutations were checked by sequencing. One-step
transformation protocol, as described previously (44), was used
to transform the plasmid into �TIM11 or �ATP20 or
�TIM11�ATP20 S. cerevisiae strains, which were plated on 2%
glucose (Drop-out– uracil)-selective medium at 30 °C.

Yeast mitochondria preparation and oxygen consumption
assay

Yeast strains BY4743, �TIM11, �ATP20, and �TIM11�ATP20
were pre-cultured in YPG medium (1% yeast extract, 1% bacto-
polypeptone, and 2% glucose) at 30 °C. TIM11 WT, TIM11
R8A, TIM11 R8E, ATP20 WT, ATP20 E83A, and ATP20
E102A mutant strains were pre-cultured in 2% glucose (Drop-
out– uracil)-selective medium at 30 °C. For preparation of
mitochondria, yeast cells were cultured with a starting A600 0.2
in 400 ml of medium containing 1% yeast extract, 1% bacto-
polypeptone, and 2% galactose overnight at 30 °C with rotation
(180 rpm) and harvested in logarithmic growth phase by cen-
trifugation at 2000 	 g for 5 min. The cell pellet was resus-
pended in 0.1 M Tris-SO4, pH 9.4 buffer, supplemented with 10
mM DTT and incubated at 37 °C for 15 min with rotation (180
rpm). The cell pellet was washed once with 1.2 M sorbitol, 20
mM Pi, pH 7.4 buffer, and incubated in the above sorbitol buffer
supplemented with zymolyase 0.4 mg/g pellet at 30 °C for 45
min with rotation (180 rpm). The incubation was terminated by
centrifugation at 2000 	 g for 5 min, and the pellet was washed
once with the above sorbitol buffer at 4 °C. The cell pellet was
resuspended in cold isolation buffer (0.6 M mannitol, 10 mM

Tris-HCl, 0.1 mM EDTA, pH 7.4) and homogenized with a Pot-
ter homogenizer. The homogenate was spun for 5 min at
2000 	 g, and the supernatant was collected and centrifuged for
10 min at 12,000 	 g. The mitochondrial pellet was suspended
in the isolation buffer. The protein concentration was deter-
mined by measuring the absorbance at 280 nm of 0.6% SDS-
solubilized mitochondria (A280 0.21 corresponds to 10 mg/ml
protein) (45).

A Clark-type oxygen electrode was used to detect the oxygen
consumption of isolated yeast mitochondria. A half mg of mito-
chondria was incubated in 250 mM sucrose, 10 mM Tris-MOPS,
30 �M EGTA, 10 mM Pi, 0.5 mg/ml BSA, pH 7.4, in a final
volume of 2 ml. 1 mM NADH, 0.2 mM ADP, 4 �M oligomycin,
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and 1 �M carbonylcyanide-p-(trifluoromethoxy)phenylhydra-
zone (FCCP) were added sequentially.

Yeast cell lysis and Western blotting

Yeast strains were cultured in YPG medium or 2% glucose
(Drop-out– uracil) selective medium (as mentioned above)
overnight at 30 °C. About 5 	 107 cells (A600 nm of 3) were
harvested and washed once with 1 ml of cold H2O. Cell pellet
was resuspended in 0.1 M NaOH and incubated at 25 °C for 10
min. The incubation was terminated by centrifugation, and the
resulting pellet was solubilized in 50 �l of SDS-PAGE loading
buffer (50 mM Tris-HCl, pH 6.8, 20% v/v glycerol, 5% v/v
�-mercaptoethanol, 2% w/v SDS, and 0.04% w/v bromphenol
blue). The sample was heated at 95 °C for 3 min, followed by
centrifugation at 12,000 	 g for 10 min at 4 °C, and 25 �l of the
lysates was subjected to SDS-PAGE. Isolated mitochondria
were lysed in the above SDS-PAGE loading buffer at a concen-
tration of 5 �g/�l and heated at 95 °C for 3 min. Lysates (10 �l)
were loaded onto NuPAGETM 12% BisTris Protein Gels
(Invitrogen), and proteins were separated by electrophoresis in
MOPS SDS Running Buffer (Invitrogen) for 3 h at 20 mA at
4 °C. Proteins were transferred onto nitrocellulose membranes
at 30 V for 1.25 h at 4 °C. The membrane was blocked with 5%
(w/v) milk at room temperature for 1 h and incubated with the
antibodies against TIM11, ATP20, ATP4, and � subunits over-
night at 4 °C. Immunoreactive bands were detected by chemi-
luminescence using an Uvitec Cambridge instrument.

Cross-linking experiments

Isolated yeast mitochondria were suspended at a protein
concentration of 1 mg 	 ml�1 in 250 mM sucrose, 10 mM Tris-
MOPS, 2 mM Pi, 10 �M EGTA, pH 7.4. The cross-linking reac-
tion was carried out with the addition of 2 mM CuCl2 and incu-
bation at room temperature for 15 min. The reaction was
stopped with the addition of 5 mM EDTA and 5 mM N-ethylma-
leimide followed by incubation on ice for 10 min. Mitochon-
drial pellet was collected by centrifugation at 12,000 	 g for 10
min at 4 °C and subjected to the BN-PAGE analyses.

Blue and clear native-gel electrophoresis

Yeast mitochondria were suspended at a protein concentra-
tion of 10 mg 	 ml�1 in 150 mM potassium acetate, 30 mM

HEPES, 10% v/v glycerol, 1 mM phenylmethylsulfonyl fluoride,
pH 7.4, and supplemented with the amounts of digitonin indi-
cated in the figure legends. The mitochondrial lysates were cen-
trifuged at 100,000 	 g for 25 min at 4 °C with a Beckman
TL-100 rotor. The supernatants were supplemented with 50
mM BisTris, 50 mM NaCl, 10% w/v glycerol, 0.001% Ponceau S,
pH 7.4, with HCl for CN-PAGE (35) or with native PAGE 5%
G-250 sample additive (Invitrogen) for BN-PAGE and loaded
onto NativePAGETM 3–12% gradient BisTris protein gels (BN-
PAGE, Invitrogen) (10 �l/well). CN-PAGE was carried out at
4 °C using 50 mM BisTris, 50 mM Tricine, pH 6.8. Electropho-
resis was initiated at 100 V for about 15 min to allow the sam-
ples to enter the gels. The voltage was then increased to 300 V,
and the electrophoresis was stopped after about 2 h. BN-PAGE
was carried out in the Dark Blue cathode buffer at 150 V for 20
min and in the Light Blue cathode buffer at 250 V for 2 h. After

electrophoresis, BN gels were stained with 0.25 mg/ml Coo-
massie Blue, 10% acetic acid at room temperature overnight, or
with in-gel activity staining for ATP hydrolysis. CN gels were
only stained with in-gel activity staining. Activity was moni-
tored in 270 mM glycine, 35 mM Tris, pH 7.4, 8 mM ATP-Tris,
pH 7.4, 15 mM MgSO4, and 2 mg/ml Pb(NO3)2 at 37 °C. For
Western blot analysis, CN or BN gels were blotted PVDF mem-
branes. F-ATP synthase bands were excised and treated as
described below.

Electrophysiology

Excised dimers of F-ATP synthase from BN-polyacrylamide
gels were eluted with 25 mM Tricine, 7.5 mM BisTris, pH 7.0,
supplemented with 8 mM ATP-Tris, pH 7.4, 10 mM MgSO4, and
1% w/v n-heptyl �-D-thioglucopyranoside with rotation over-
night at 4 °C. The eluate was centrifuged at 20,000 	 g for 20
min at 4 °C, and the supernatants were collected for reconsti-
tution in electrophysiological analyses. Electrophysiological
properties of F-ATP synthase were assessed by means of mul-
tisite single channel recording following protein insertion into
artificial planar lipid bilayers. Multiple electrophysiological
recordings were assessed at the same time from the same sam-
ple with an Orbit mini bilayer work station (Nanion Technolo-
gies, Munich, Germany) enabling the simultaneous recording
of up to four artificial lipid bilayers. Membranes were prepared
by painting a solution (10 mg/ml in octane) of soybean asolectin
(Sigma) across four microcavities (150 �m in diameter) on
standard Multielectrode Cavity Array (Meca) 4 chips (IonEra,
Freiburg, Germany), set on the bottom of the Orbit mini
recording chamber. Prior to membrane painting, the whole
recording chambers were filled with a recording solution (150
mM KCl, 10 mM HEPES, pH 7.4, 100 �M PhAsO, and 5 �M

Cu(OP)2). The microcavities of the chip constituted the cis
compartment, to which all reported voltages refer, with zero
being assigned by convention to the trans (grounded) side. Cur-
rents were considered as positive when carried by cations flow-
ing from the cis to the trans compartment, and vice versa. Cur-
rents were elicited with the addition of 3 mM CaCl2 to the trans
compartment after the protein had been loaded into the record-
ing chambers. Membrane capacity ranged from 10 to 80 pF
(average 50 pF), and no current leakage was detectable. Control
recordings from empty membrane showed no current occur-
rence during the whole recording time of up to 30 min. Data
were acquired at 5 KHz, filtered at 500 Hz using a low-pass
4-pole Bessel filter, digitalized, and stored on a computer by a
dedicated software (EDR, Elements s.r.l, Italy). Data were ana-
lyzed offline using MATLAB 2007b (MathWorks). The power
spectrum for each current signal was calculated by means of the
Fast Fourier transform; frequencies lower than 5 Hz (baseline
drifts) and higher than 500 Hz were not included in the analysis.
The area under the power spectrum curve, referred for brevity
as �P(f)�, as well as mean currents for nonzero values, and max-
imal currents were calculated for each condition, taking advan-
tage of a homemade algorithm developed on MATLAB. Aver-
aged �P(f)� values were normalized for the WT value. Data are
represented as mean � S.E. Statistical comparison of data were
assessed with ANOVA analysis.
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