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The cristae modulator Optic atrophy 1 requires
mitochondrial ATP synthase oligomers to
safeguard mitochondrial function
Rubén Quintana-Cabrera1,2,9,10,11, Charlotte Quirin1,2, Christina Glytsou1,2,12, Mauro Corrado1,2,13,

Andrea Urbani3, Anna Pellattiero1,2, Enrique Calvo4, Jesús Vázquez 4, José Antonio Enríquez 4,5,

Christoph Gerle6,7, María Eugenia Soriano 8, Paolo Bernardi 3,8 & Luca Scorrano 1,2

It is unclear how the mitochondrial fusion protein Optic atrophy 1 (OPA1), which inhibits

cristae remodeling, protects from mitochondrial dysfunction. Here we identify the mito-

chondrial F1Fo-ATP synthase as the effector of OPA1 in mitochondrial protection. In OPA1

overexpressing cells, the loss of proton electrochemical gradient caused by respiratory chain

complex III inhibition is blunted and this protection is abolished by the ATP synthase inhibitor

oligomycin. Mechanistically, OPA1 and ATP synthase can interact, but recombinant OPA1

fails to promote oligomerization of purified ATP synthase reconstituted in liposomes, sug-

gesting that OPA1 favors ATP synthase oligomerization and reversal activity by modulating

cristae shape. When ATP synthase oligomers are genetically destabilized by silencing the key

dimerization subunit e, OPA1 is no longer able to preserve mitochondrial function and cell

viability upon complex III inhibition. Thus, OPA1 protects mitochondria from respiratory chain

inhibition by stabilizing cristae shape and favoring ATP synthase oligomerization.
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Cristae are a pleomorphic subcompartment of the inner
mitochondrial membrane (IMM) essential for biological
energy conversion and for regulation of mitochondrial

apoptosis1. Cristae shape and mitochondrial function are inti-
mately connected2: changes in cristae morphology affect stability
of respiratory supercomplexes (RCS)3,4, functional quaternary
assemblies of respiratory chain complexes (RCC)1,5–8. In a
reductionist view, cristae shape can be defined by the curvature of
two regions: the cristae junctions (CJs), narrow tubular structures
connecting cristae to the inner boundary membrane9; and the
cristae lumen proper. CJs limit the diffusion of cytochrome c
from the cristae10,11 and their enlargement (i.e., the transition
from the negative curvature of a shape resembling a solid
hyperboloid to the null curvature of a cylinder or to the positive
curvature of a spheroid) triggered by proapoptotic BH3-only
BCL-2 family members BID, BIM-S, or BNIP3 allows cytochrome
c redistribution10,12–14. During this process of cristae remodeling,
cristae lumen width is also altered: the transition to a more
positive CJ curvature results in overall cristae widening. Func-
tionally, cristae widening destabilizes RCS and reduces mito-
chondrial oxidative phosphorylation efficiency3. In sum, cristae
shape is a key morphological parameter that influences mito-
chondrial apoptosis and respiration.

A central modulator of cristae curvature is the IMM dynamin-
related protein Optic atrophy 1 (OPA1): OPA1 oligomers
maintain a negative CJ curvature, controlling cytochrome c
redistribution and release11,13 and stabilizing RCS to increase
respiratory efficiency3,4,15. Because of these pleiotropic effects on
mitochondrial function, controlled OPA1 overexpression is ben-
eficial against a variety of pathological conditions, ranging from
ischemia-reperfusion to massive hepatocellular apoptosis to
muscular atrophy4, and even to deletion of genes essential for
assembly of RCC15. This remarkable protective effect suggests
that OPA1 does not work alone in the regulation of mitochon-
drial structure and hence function.

Other key players in cristae morphology include the MICOS
complex, a multiprotein structure conserved from yeast to
mammals16 and the mitochondrial F1Fo-ATP synthase, whose
oligomers are retrieved on the edges of the cristae and contribute
to define cristae curvature17–25. In mammals, OPA1 and the core
MICOS component Mic60 physically interact and cooperate to
stabilize the negative CJs curvature; however, CJ and cristae
diameter, the key parameters defining mitochondrial apoptosis
and respiration, are solely controlled by OPA126, ruling out a role
for MICOS in the mitochondrial protection afforded by OPA1.
Another potential candidate is the mitochondrial ATP synthase
that also can physically interact with OPA127,28. The ATP syn-
thase utilizes the mitochondrial proton electrochemical gradient
(ΔμH+) generated by the RCC1,29,30 to recycle ATP from ADP
and Pi 31,32. This enzyme also forms the permeability transition
pore (PTP)33, a large conductance channel whose prolonged
openings collapse ΔμH+ and cause cell death. Finally, the ATP
synthase can also sustain the ΔμH+ when RCC are inhibited, by
running in its reverse mode, hydrolyzing ATP to pump protons
across the IMM32.

However, the interplay between ATP synthase and OPA1 in
mitochondrial ultrastructure and function is unclear. Here, we
provide evidence that OPA1 requires ATP synthase oligomers to
protect mitochondria from respiratory chain inhibition.

Results
OPA1 counteracts mitochondrial dysfunction by antimycin A.
OPA1 overexpression is beneficial in vivo against primary and
secondary mitochondrial dysfunction4,15 because of its ability to
blunt mitochondrial apoptosis11 and to promote RCS stability3.

However, the extent and mechanism of this mitochondrial pro-
tection are unclear. We therefore capitalized on models of Opa1
mild overexpression and conditional ablation to investigate in real
time how OPA1 levels influenced the mitochondrial electro-
chemical gradient in response to complex III blockage by the
inhibitor antimycin A (AA)34,35.

In mouse adult fibroblasts (MAFs) from Opa1 transgenic
(Opa1tg) mice, OPA1 levels and oligomers were 1.5-fold higher
(Supplementary Fig. 1a, b) and cristae accordingly ~30%
narrower (Supplementary Fig. 1c, d), as previously reported3.
Real-time measurements of the fluorescence of the potentiometric
dye tetramethylrhodamine methylester (TMRM) indicated that
Opa1tg MAFs were surprisingly protected by AA-induced
mitochondrial depolarization (Fig. 1a, b). We further tested
whether OPA1 was able to prevent matrix acidification in the
same experimental conditions, by measuring matrix pH with
mtSypHer, a ratiometric genetically encoded pH sensor targeted
to the mitochondrial matrix34. Matrix pH was superimposable in
WT and Opa1tg MAFs, irrespective of whether the cells were
cultured in media containing glucose or galactose (to force
mitochondrial ATP production, Supplementary Fig. 1e). Real-
time mtSypHer imaging indicated that OPA1 overexpression
blunted also the matrix acidification caused by AA (Fig. 1c, d).
We next turned to Opa1flx/flx MAFs where 48 h after transfection
with CRE recombinase OPA1 was almost completely absent
(Supplementary Fig. 2). In this same timeframe, Opa1 deletion
does not modify mitochondrial DNA (mtDNA) content or
translation1,3,36. Real-time mtSypHer imaging revealed that
matrix acidification induced by AA was more severe upon
Opa1 deletion (Fig. 1e, f). Thus, OPA1 protects from electro-
chemical gradient loss upon CIII blockage.

OPA1 sustains mitochondrial function via ATP synthase
activity. We wondered how a dynamin-related protein involved
in cristae morphogenesis and membrane fusion could regulate
mitochondrial electrochemical gradient. Because reversal of ATP
synthase activity can sustain mitochondrial membrane potential
upon RCC inhibition37, we tested if OPA1 facilitated reversal
ATP synthase activity to extrude protons from the matrix and
maintain ΔμH+. The protective effect of OPA1 overexpression on
AA-induced matrix acidification and depolarization was fully
abolished by the ATP synthase inhibitor oligomycin (Fig. 2a–d).
Oligomycin also equalized AA-induced pH changes in empty
vector (EV) and CRE-transfected Opa1flx/flx cells (Fig. 2e, f). The
effects of OPA1 on pH could be a consequence of decreased
proton leak, or of increased proton pumping by the reversal mode
of the ATP synthase. If proton leak were reduced in Opa1tg

MAFs, ATP synthase inhibition would result in a higher ΔμH+
compared to WT cells. However, membrane potential and matrix
pH changes were superimposable in WT and Opa1tg MAFs
treated with oligomycin (Supplementary Fig. 3a-c), indicating a
similar proton leak in these two cell lines. Thus, the differences in
ΔμH+ upon CIII inhibition recorded in WT and Opa1tg MAFs
could be due to different stimulation of the reversal ATP synthase
activity.

To directly measure if OPA1 affected ATP synthase activity
in situ, we monitored ATP synthase-dependent hydrolysis of
mitochondrial ATP upon complex III inhibition in real time in
living cells. The FRET probe ATeam1.0338 was correctly targeted
to the mitochondrial matrix and revealed that basal mitochon-
drial ATP content was similar in WT and Opa1tg MAFs
(Supplementary Fig. 3d). Following complex III inhibition,
ATeam1.03 fluorescence decayed 3-fold faster in Opa1tg MAFs,
suggesting faster ATP hydrolysis. These fluorescence changes
were indeed due to ATP synthase activity, because they were
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abolished by the ATP synthase inhibitor oligomycin (Fig. 2g–i
and Supplementary Movie 1). Notably, oligomycin did not affect
OPA1 oligomerization in WT or Opa1tg MAFs (Supplementary
Fig. 4). Thus, OPA1 overexpression stimulates reversal ATP
synthase activity.

OPA1 stabilizes ATP synthase oligomers. How does OPA1
overexpression impinge on ATP synthase to protect mitochon-
dria from AA? Because OPA1 overexpression favors

mitochondrial RCS assembly by impinging on cristae shape3, we
verified if the same was also true for ATP synthase oligomer-
ization. Blue Native Gel Electrophoresis (BNGE) indicated that
oligomeric ATP synthase was stabilized in mitochondria from
Opa1tg cells (Fig. 3a, b). When we acutely deleted Opa1 by
expressing Cre recombinase in Opa1flx/flx MAFs, ATP synthase
dimers and monomers were less abundant, with an increase in
free F1 subunit and a reduction in ATP synthase activity and total
protein levels (Fig. 3c–e). Thus, OPA1 levels correlate with ATP
synthase oligomerization and stability.
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We next verified if OPA1 could stabilize ATP synthase
oligomers also during apoptotic cristae shape changes induced
by the caspase-8 cleaved, active form of the proapoptotic Bcl-2
family member BID. To this end, we compared the effects on
ATP synthase levels and oligomerization of WT BID, of a BID
mutant (BIDKKAA) that permeabilizes the mitochondrial outer
membrane (OMM) but does not remodel cristae3 and of an
OMM-permeabilization deficient BID mutant (BIDG94E) that
causes cristae remodeling but not cytochrome c release3,39. While
total levels of ATP synthase were not affected by treatment of WT
or Opa1tg mitochondria with the different BID mutants (Fig. 3f,
g), BID and BIDG94E destabilized ATP synthase oligomers only in
WT mitochondria. As expected, treatment with the cristae
remodeling deficient BIDKKAA mutant did not affect the ATP
synthase oligomerization pattern (Fig. 3f, h).

To further corroborate these biochemical experiments, we
turned to an approach of proteomic profiling of high molecular
weight (HMW) complexes (complexomic) that allowed us to
identify dynamic changes of MICOS during cristae remodeling26.
We therefore performed a similar analysis focused on ATP
synthase complexes. First, we confirmed by immunoblotting and
complexomic analysis of native protein complexes separated by
BNGE from purified heart mitochondria that treatment with WT
BID, but not BIDKKAA, caused the disassembly of OPA1-
containing HMW complexes26 (Fig. 4a–c). We next focused our
attention on the oligomeric ATP synthase assemblies. We found
that in the BNGE regions corresponding to ATP synthase dimers
and oligomers, the spectral counts corresponding to the F1 core
subunits ATP5A (α), ATP5B (β), ATP5C1 (γ), ATP5D (δ) and
ATP5O (OSCP; see details on the analyzed subunits in
supplementary Data 1) were reduced in mitochondria treated
with WT BID but not with BIDKKAA (Fig. 4d). The accuracy of
this complexomic profiling was further supported by the analysis
of the ATP5K (e) subunit essential for ATP synthase dimeriza-
tion40–43: ATP5K was retrieved only in the BNGE region
corresponding to dimers and its spectral counts dropped to
~40% of control mitochondria upon BID-treatment; the drop was
caused by cristae remodeling, because the spectral counts
remained ~72% of the untreated in mitochondria challenged
with BIDKKAA (Fig. 4e), as further confirmed by immunoblotting
(Fig. 4f). Overall, the analysis of the median of ATP synthase
subunits spectral counts confirmed that ATP synthase dimers and
oligomers were reduced in BID- but not in BIDKKAA-treated
mitochondria (Fig. 4g). In conclusion, independent biochemical
approaches indicate that ATP synthase oligomers are stabilized
upon OPA1 overexpression and destabilized when Opa1 is
deleted, or cristae remodeled with concomitant OPA1 HMW
oligomers disassembly.

OPA1 does not directly stimulate ATP synthase oligomeriza-
tion. Because OPA1 levels are proportional to ATP synthase

oligomerization, we wished to understand how OPA1 sustained
ATP synthase oligomerization. Levels of the ATP synthase inhi-
bitory factor (IF1), whose oligomerization is influenced by matrix
pH44 and that in its oligomeric form can stabilize ATP synthase
dimers45, were similar in WT and Opa1tg MAFs (Supplementary
Fig. 5), suggesting that other mechanisms were in place.

We first asked whether OPA1 could directly interact with ATP
synthase. Chemical crosslinking using 1-Ethyl-3-(3-dimethylami-
nopropyl)carbodiimide hydrochloride (EDC) resulted in the
appearance of a ~130 KDa band immunoreactive for both
ATP5B (β-subunit) and OPA1 (Fig. 5a). Moreover, ATP5B and
OPA1 reciprocally co-immunoprecipitated (Fig. 5b, c), confirm-
ing and extending previous results that identified several ATP
synthase subunits as OPA1 interactors28. To verify if OPA1 could
also directly promote or stabilize the oligomeric forms of ATP
synthase, we turned to an in vitro system of purified proteins and
liposomes. We prepared proteoliposomes containing highly pure
ATP synthase stabilized in the high affinity lipid like detergent
Lauryl Maltose Neopentyl Glycol, as confirmed by EM (Fig. 5d).
We also established a protocol to produce and purify a
recombinant form of soluble OPA1 (lacking the import sequence
and the transmembrane domain, supplementary Figure 6a) by
adding a 6-His-Tag to its C-terminus. Following induction of
expression in competent bacteria we purified recombinant soluble
OPA1 (rOPA1) by affinity chromatography on Ni-NTA beads.
Since a contaminant protein with ATPase activity bound to
rOPA1, we removed it by extensive washes with ATP, before we
eluted by increasing imidazole concentrations obtaining moderate
yields of rOPA1 devoid of the contaminating ATPase activity
(Supplementary Fig. 6b). Enzymatic activity of the dialyzed
rOPA1 determined by reverse phase chromatography was in the
range of other dynamin-related GTPases, confirming that rOPA1
was active and stable. We therefore incorporated rOPA1 into the
proteoliposome lumen, mimicking the relative topology of OPA1
and ATP synthase in mitochondria (Supplementary Fig. 6c).
When we analyzed these proteoliposomes by BNGE, we did not
observe any effect of rOPA1 on ATP synthase oligomerization
(Fig. 5e, f). In a further in vitro experiment, we added increasing
concentrations of rOPA1 to native purified ATP synthase in a
digitonin based buffer. However, also in these conditions rOPA1
failed to stimulate ATP synthase dimerization; if anything, in the
presence of rOPA1, ATP synthase was mostly monomeric
(Fig. 5g, h). Thus, despite its interaction with ATP synthase
subunits, OPA1 does not directly stimulate or stabilize ATP
synthase oligomerization.

OPA1 sustains mitochondrial function via ATPase oligomers.
In Opa1tg mitochondria ATP synthase oligomers are more
abundant and matrix pH is maintained upon complex III inhi-
bition. We therefore turned to a genetic approach to test whether
OPA1 required ATP synthase oligomers to protect from

Fig. 1 OPA1 prevents mitochondrial electrochemical gradient loss caused by CIII inhibition. a Representative color-coded frames from real time imaging of
TMRM fluorescence in MAFs of the indicated genotype. Where indicated, cells were treated for 30min with 10 µM antimycin A (AA). Scale bar, 20 µm.
b Quantitative analysis of TMRM fluorescence over mitochondrial regions in real time imaging experiments as in a. Where indicated, cells were treated
with AA (10 µM) and with FCCP (2 µM). Data are average ± SEM. (n= 5 for each group). c Representative color-coded frames from real time imaging of
mtSypHer fluorescence ratio in MAFs of the indicated genotype. Where indicated, cells were treated for 30min with 10 µM AA. Rainbow color bar:
pseudocolor scale of mtSypHer fluorescence ratio. Scale bar, 20 µm. d Quantitative analysis of mitochondrial mtSypHer fluorescence ratio in real time
imaging experiments as in c. Where indicated, cells were treated with AA (10 µM). Data are mean ± SEM of at least four independent experiments.
e Representative color-coded images of mitochondrial mtSypHer fluorescence in Opa1flx/flx cells transfected with empty (EV) or CRE-encoding vectors and
treated where indicated for 30min with AA (10 µM). Rainbow color bar: pseudocolor scale of SypHer fluorescence ratio. Scale bar, 20 µm. f Quantitative
analysis of mitochondrial mtSypHer fluorescence ratio in real time imaging experiments as in a. Data are mean ± SEM of at least four different experiments
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mitochondrial CIII blockage. ATP synthase subunit e (ATP5k) is
required for ATP synthase dimerization40–43, but its ablation does
not compromise monomer function40,46,47. Efficient ATP5k
silencing in WT and Opa1tg MAFs (Fig. 6a) yielded a super-
imposable reduction in ATP synthase dimers/total ATP synthase
ratio (Fig. 6b, c)41. Because subunit e downregulation causes
mitochondrial ultrastructural defects19,24,48, we inspected cristae
shape in ATP5k silenced mitochondria. We morphometrically
evaluated three parameters: cristae width, cristae number, and the
ratio between CJ and cristae number, an indicator of the presence
of arched or septate cristae, i.e., cristae connecting the IMM at
two or more CJ. While ATP5k downregulation did not affect
cristae width (Fig. 6d, e), it reduced cristae number and it
increased the CJ/cristae number ratio (Fig. 6d, f, g), indicating the
formation of arched and septate cristae with less tips41. In Opa1tg

MAFs the formation of these arched/septate cristae was blunted
(Fig. 6g). Interestingly, ATP5k silencing reduced OPA1 oligomers
in WT but not in Opa1tg MAFs (Supplementary Fig. 7a, b),
suggesting that the formation of arched cristae caused by ATP5k
silencing in WT cells depends on disassembly of OPA1 oligomers
that are more stable upon OPA1 overexpression4,11. Our results
indicate that OPA1 can compensate for the ultrastructural defects
caused by reduced ATP synthase dimerization. A diametrically
different scenario emerged when we delved into the mechanism
of Opa1tg cells protection from AA-induced mitochondrial
depolarization. ATP5k downregulation did not reduce resting
ATP content in WT or Opa1tg cells (Supplementary Fig. 8a)40,47.
Conversely, it completely abolished the effect of OPA1 on pro-
tection from AA-induced depolarization (Fig. 7a–c and Supple-
mentary Movie 2), as well as on stimulation of ATPase reversal
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Fig. 2 OPA1 requires ATP synthase activity to prevent mitochondrial ΔpH loss caused by CIII inhibition. a Representative color-coded frames from real time
imaging of mtSypHer ratio fluorescence in MAFs of the indicated genotype. Where indicated, cells were incubated with oligomycin (oligo, 1 µM for 30min)
and antimycin A (AA) (10 µM added 5min after oligo, for 25 min). Rainbow color bar: pseudocolor scale of SypHer fluorescence ratio. Scale bar, 20 µm.
b Quantitative analysis of mitochondrial mtSypHer fluorescence ratio in real time imaging experiments as in a. Data are mean ± SEM of at least four
independent experiments. c Representative pseudocolor-coded frames from real time imaging of TMRM fluorescence in MAFs of the indicated genotype.
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treated for 10min with AA (10 µM). Rainbow color bar: pseudocolor scale of ATeam fluorescence ratio. Scale bar, 20 µm. h Quantitative analysis of
mitochondrial mtATeam fluorescence ratio in real time imaging experiments as in g. Data are mean ± SEM of at least three independent experiments.
iMean ± SEM of mtATeam fluorescence ratio slopes, calculated from experiments as in g. Where indicated, oligomycin (1 µM) was added 5 min before AA.
*p < 0.05 in an unpaired two-sample Student’s t test
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function, measured by following matrix ATP hydrolysis in real
time (Fig. 7d, e; Supplementary Fig. 8b). Thus, OPA1 requires
ATP5k and hence efficient ATP synthase dimerization to protect
from mitochondrial dysfunction. If this model was correct,
OPA1 should inhibit cell death induced by complex III inhibition
and ATP5k should be essential for this cytoprotective effect.
Indeed, WT MAFs grown in galactose-containing media rapidly
died when challenged with AA, whereas Opa1tg MAFs were
protected; downregulation of ATP5k equalized death levels
between Opa1tg and WT cells (Fig. 7f). Our results indicate that
the protection provided by OPA1 overexpression requires ATP5K
and efficient ATP synthase oligomerization to sustain mito-
chondrial ΔpH and curtail cell death following complex III
Inhibition.

Discussion
How the IMM fusion and cristae biogenesis protein OPA1 pre-
serve mitochondrial function from a plethora of tissue-damaging

insults and from respiratory chain inhibition is unclear. Here,
multiple lines of evidence point to a key role for ATP synthase
oligomerization status and reversal (i.e., ATP hydrolase) activity.

OPA1 overexpression counteracts multiple insults including
ischemia, atrophy and death-receptor mediated apoptosis that
converge on mitochondria4,49, and most remarkably it corrects
electron transport chain defects in vivo15. Part of its protective
action can be attributed to the inhibition of the apoptotic cristae
remodeling pathway, resulting in reduced cytochrome c release
and apoptosis10,12–14, but how OPA1 improves mitochondrial
function when RCC are genetically impaired is less clear. Negative
cristae, i.e., concave curvature at cristae junctions, correlate with
increased RCS stability and increased residual RCC function15.
While this could explain the correction of mitochondrial function
in mitochondria lacking the complex IV assembly factor Cox15, it
does not explain the improvement observed in mice where the
essential complex I subunit Ndufs4 is deleted15. Our results
indicate that cristae shaping by OPA1 fosters ATP synthase oli-
gomers and reversal activity, providing a unifying mechanism for
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the ability of OPA1 to sustain mitochondrial electrochemical
gradient and function when respiratory chain is inhibited.

Dynamic complexomic analysis of mitochondria undergoing
cristae remodeling and OMM permeabilization is a powerful tool to
inspect HMW complexes reorganization during cristae shape
changes. This method can also identify unexpected OPA1 partners

in cristae morphogenesis, such as the MICOS components Mic60
and Mic1926 and the SLC25A solute carriers family members that
relay respiratory substrates availability to OPA1 to trigger the
orthodox to condensed cristae transition28. By comparative com-
plexomics we discovered that ATP synthase oligomers are very
dynamic and that are affected by cristae shape changes.
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A proteomic profiling of OPA1 interactors identified different
subunits of ATP synthase28, suggesting a possible mechanism for
the stabilization of the latter. Indeed, OPA1 co-
immunoprecipates with ATP synthase and both are retrieved in
high-order crosslinked complexes, where OPA1 could directly
stabilize ATP synthase. However, a reductionist approach of

purified recombinant OPA1 and ATP synthase containing pro-
teoliposomes failed to prove that OPA1 directly stimulates or
stabilizes ATP synthase oligomerization. These experiments
suggest that the cristae curvature, promoted by OPA1, might
itself stabilize ATP synthase oligomers. This effect would com-
plement that of ATP synthase dimers on membrane curvature, in
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a feed forward loop that ultimately leads to stabilization of cristae
shape by its multiple molecular determinants.

Traditionally, ATP synthase dimerization has been regarded as
a cornerstone in cristae morphogenesis: rows of ATP synthase
dimers at the edge of the cristae maintain the orthodox structure
of the latter48,50. In yeast, genetic dimerization disruption results
in aberrant mitochondrial ultrastructure19,23,48. This organization
has also functional consequences: the ATP synthase dimers on
the cristae edge contribute to create a proton gradient sur-
rounding the enzyme24,51, ultimately favoring ATP synthesis50.
By using apoptotic and genetic manipulations, we demonstrate
that ATP synthase oligomerization is also affected by cristae
curvature: ATP synthase dimers, like supercomplexes, are desta-
bilized during cristae remodeling and when Opa1 is ablated, and
stabilized by OPA1 overexpression3.

ATP synthase dimers stabilization improves mitochondrial
ultrastructure48,52, raising the question of whether the effects of
OPA1 on cristae shape are secondary to the stabilization of ATP
synthase dimers. Ablation of ATP5k (subunit e), a supernumerary
ATP synthase subunit required to bend the IMM and enable
dimer formation, but not essential for cell growth, results in loss
of cristae tips, formation of cross-sectional septa and occasional
onion-like cristae19,24,40,41,46,53. OPA1 overexpression reverted
these shape changes, indicating that OPA1 can modulate cristae
shape independently of ATP synthase dimers that shape cristae
edges and tips23,48,50. Our genetic analysis places OPA1 upstream
also of the ATP synthase in the pathway that controls cristae
width, junctions and number26. The combination of in vivo and
in vitro experiments presented here suggest that ATP synthase
dimerization can also be stabilized by cristae shape, possibly by
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favoring superassembly in regions of negative curvature generated
by OPA1. Conversely, when ATP synthase dimerization was
genetically hampered, OPA1 failed to preserve mitochondrial
function, indicating a reciprocal functional and structural
crosstalk.

Opa1tg cells are protected from CIII inhibition in galactose-
supplemented media, where the contribution of glycolysis to
membrane potential maintenance is marginal7,54,55. Mechan-
istically, OPA1 sustains mitochondrial function by stimulating
ATPase reverse activity, which is increased in Opa1tg mitochon-
dria: pharmacological inhibition of ATPase activity abolishes the
protective function of OPA1. Similarly, genetic inhibition of ATP
synthase dimerization abolishes the ATPase activity stimulation
and the maintenance of mitochondrial function by OPA1. In this
context, it is conceivable that the reduced matrix acidification
observed in Opa1tg MAFs upon complex III inhibition prevents
the binding of the ATPase inhibitor IF1 to the enzyme, which
optimally occurs at pH 6.544, thereby delaying a IF1-mediated
ATPase inhibition and cristae shape stabilization52,56.

Our work unravels a bioenergetic mechanism accounting for
OPA1 protection against mitochondrial failure and suggests that
its overexpression might be beneficial to sustain bioenergetics in
mitochondriopathies57–61, germline defects62 and neurodegen-
eration63, whereas OPA1 might be a target to correct oxidative
phosphorylation changes in cancer64–66.

Methods
Cell culture and transfection. WT, Opa1flx/flx, Opa1tg MAFs were generated in the
Scorrano lab and grown in DMEM supplemented with 10% FBS3. Unless otherwise
stated, glucose in the medium was substituted with 0.9 mg/ml galactose to force
ATP production by the respiratory chain7.

Transient transfection with scramble or ATP5k (F1Fo-ATP synthase sub. e;
NM_007507.2) shRNA encoding SureSilencing® plasmids (Qiagen, KM31364H,
plasmid #3) were performed using Transfectin (Biorad). Following overnight
transduction, the rate of GFP expression was typically around 60–70%, as
determined by flow cytometry. Co-transfections of SureSilencing® shRNA plasmids
or pcDNA3.1 vectors harboring WT or mutant tBID cDNAs were performed at a
3:1 ratio to empty pIRES2-eGFP plasmid (Clontech) or vectors encoding for
pSypHer-dMito34 or wt (AT1.03) or inactive (AT1.03R122K/R126K) ATeam38. Acute
Opa1 ablation in Opa1flx/flx MAFs was performed by co-transfections with the
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Cre-recombinase under the control of a PGK promoter (pPGK-Puro, Addgene)
and subjected to analysis after 48 h incubations.

Real time imaging. For live imaging, cells (5 × 104) seeded onto 24-mm round
glass coverslips and incubated in Ca2+/Mg2+ supplemented HEPES buffer (HBSS,
Invitrogen) were transferred onto the stage of an Olympus IX81 inverted micro-
scope (Melville, NY) equipped with a CellR imaging system and a beam-splitter
optical device (Multispec Microimager; Optical Insights). Images were acquired
using a 40×, 1.4 NA objective (Olympus) and the CellR software. Analysis of
fluorescence was performed following background subtraction over mitochondrial
regions of interests (ROIs), using the multi-measure plug-in of Image J (NIH).
Representative still frames are pseudocolor coded.

For real time imaging of mitochondrial ΔpH, cells (5 × 104) seeded onto 24-mm
round glass coverslips were transfected with pSypHer-dMito34 and analyzed after
24 or 48 h after transfection to express Cre recombinase. Ratiometric images of the
535-emission fluorescence were acquired every 10 s by alternate excitation of cells
at 430 and 500 nm for 100 ms. Mean fluorescence ratios of selected ROIs matching
mitochondria were measured and expressed as mtSypHer (430/500 nm) ratios.

Mitochondrial ATP content was determined by FRET image analysis of cells
transfected with pcDNA-ATeam1.0338. Sequential images of the 525 and 475 nm
fluorescence emission after alternate excitation at 435 nm for 100 ms were acquired
every 30 s.

For TMRM fluorescence analysis, sequential images were acquired every 30 s11.

Transmission electron microscopy. Electron microscopy (EM) imaging of cells
was performed as described26 on a Tecnai G2 (FEI) transmission electron
microscope operating at 100 kV. Images were captured using a Veleta (Olympus
Imaging System) digital camera (pixel size 13 × 13 µm; pixel size at a 46,000X
magnification with screen magnification of 3 × 0.1 × 0.1 nm). For morphometric
analysis of mitochondrial cristae, performed in a blind fashion on at least five
mitochondria/cell from six randomly selected cells (n= 3 independent experi-
ments), maximal cristae width was measured using the ImageJ Multimeasure plug-
in3; the number of horizontal cristae and cristae junctions were quantified
manually.

Immunoblotting. For SDS-PAGE experiments, proteins (30–40 µg) were separated
on Any-KD (BioRad) polyacrilamide precasted gels, transferred onto PVDF
membranes (BioRad) and probed using the indicated antibodies and isotype
matched HRP-conjugated secondary antibodies. The following primary antibodies
were employed at 1:1000 dilution: OPA1 (BD, #612607), ATP5A (ab14748),
ATP5B (ab14705), IF1 (ab110277), SDHA (ab14715), ATP5 subunit e (ab54879)
from Abcam; ACTIN (Chemicon) was used at a 1:30000 dilution (MAB1501
Millipore). Densitometry was performed using ImageJ gel measure tool and ana-
lyzing the optical density of selected ROIs containing ATP synthase dimers,
monomers and F1. Uncropped scans of relevant blots are included in Supple-
mentary Figure 9.

Isolated mitochondria assays. Mitochondria were extracted from cells grown in
500 cm2 dishes67. After isolation, mitochondrial protein concentration was deter-
mined by Bradford assay (BioRad) and 0.5 mg/ml protein were incubated in
Experimental Buffer (EB: 150 mM KCl, 10 mM Tris MOPS, 10 µM EGTA-Tris, 1
mM KHPO4, 5 mM glutamate, 2.5 mM malate) and further incubated where
indicated with 10 pmol/mg cBID for 30 min at room temperature.

Blue-native polyacrylamide gel electrophoresis. Isolated mitochondria were
resuspended (0.5 mg/ml) in NativePAGE Sample buffer (Invitrogen) containing
1.1% (w/V) digitonin (Sigma) and protease-inhibitor cocktail (Sigma). After 5 min
on ice, the lysate was spun at 20,000xg for 30 min at 4 °C. G250 (5%, 1 µl/100 µg
protein, Invitrogen) was added to the supernatant 30–40 µg of protein were loaded
onto a 3–12% native precast gel (Invitrogen).

Protein crosslinking. Where indicated, mitochondrial extracts were crosslinked in
the presence of the zero-length crosslinker EDC11. Proteins (50 µg) were incubated
for 30 min at 37 °C in PBS supplemented with 10 mM EDC. The reaction was
quenched by adding 15 mM dithiothreitol (DTT) and proteins were separated by
SDS-PAGE after 15 min.

Immunoprecipitation. Isolated mitochondria were lysed in 150 mM NaCl, 25 mM
Tris-Cl pH 7.4, 1 mM EDTA, 5% glycerol, 0.1% Triton X-100 in the presence of
Protease Inhibitory Cocktail (PIC) (Sigma). Lysates (250 μg) were precleared on 20
μl of Protein-A agarose beads (Roche) for 30 min at 4 °C and subsequently
immunoprecipitated with protein-A agarose beads coupled with the indicated
antibodies in lysis buffer overnight at 4 °C26. The immunoprecipitated material was
separated by SDS-PAGE.

Liposomes preparation. Liposomes were prepared from purified soybean asolectin
(L-α-phosphatidylcholine, Sigma). Lipids were dissolved in chloroform (5 mg/ml)
until a homogeneous mixture was obtained; the solvent was then evaporated on a

nitrogen stream to yield a thin lipids layer on a glass tube bottom. The lipid film
was thoroughly dried by placing the tube on a vacuum pump overnight to remove
residual chloroform. To obtain large multilamellar vesicles (LMV) the lipid film
was hydrated with 1 mL buffered solution (150 mM KCl, 10 mM Hepes, pH 7.4),
containing where indicated 20 µg of purified recombinant OPA1 (rOPA1), and
gently agitated at room temperature. When rOPA1 was added, liposomes were
then centrifuged at 30,000×g for 5 min and resuspended in fresh buffer devoid of
rOPA1. LMV were then downsized to liposomes (large unilamellar vesicles, LUV)
by extrusion through a polycarbonate filter with a pore size of 100 nm (Avanti
Polar Lipids).

Intact mammalian F1FO-ATP synthase was purified from beef heart
mitochondria as described68 and inserted into freshly made liposomes by direct
incubation of the protein (20 µg) with the liposomes solution for 30 min at 4 °C. To
remove non-inserted F1FO-ATP synthase complexes proteoliposomes were pelleted
by centrifugation at 30,000×g for 5 min and resuspended in buffer.

Negative staining EM. Twenty-five µl of containing freshly prepared proteoli-
posomes suspension were placed on a 400-mesh holey film grid, stained with 1%
UO2(CH3COO)2 and observed with a Tecnai G2 (FEI) transmission electron
microscope operating at 100 kV. Images were captured using a Veleta (Olympus
Imaging System) digital camera.

Blue native PAGE and silver staining of recombinant proteins. Purified ATP
synthase was supplemented with Coomassie Blue G-250 (Serva) and applied to 1D
3–12% polyacrylamide gradient BNE (Invitrogen). After electrophoresis, proteins
were eluted from BNE gels overnight as follows. Bands corresponding to mono-
mers of F-ATP synthase were excised and diluted with 25 mM tricine, 7.5 mM Bis-
Tris, and 1% (w/V) n-heptyl β-D-thioglucopyranoside, pH 7.0 supplemented with
8 mM ATP-Tris, and 10 mM MgSO4. Samples were incubated at 4 °C, centrifuged
at 20,000 × g for 20 min at 4 °C, and supernatants were inserted into liposomes as
described above.

Liposomes were then solubilized with 4% (wt/vol) freshly prepared digitonin,
supplemented with Coomassie Blue G-250 (Serva), and loaded in 2D-BNE followed
by silver staining. Gels were fixed overnight with formaldehyde, rinsed with
ethanol, and pretreated with a solution of 0.8 mM Na2S2O3; gels were then stained
with 11.2 mM AgNO3 for 20 min, and then with 0.6 M Na2CO3 for the time
required for the bands to be revealed.

Production and purification of recombinant OPA1. OPA1 mouse transcript
variant 2 (NM_133752) was amplified from position 502 to the stop codon to
produce recombinant OPA1 (rOPA1) lacking the N-terminal transmembrane
domain. The PCR product was cloned into pET21+ (Novagen) which adds a His-
tag to the C-terminus of the encoded protein and expressed in E. coli. Protein
production was induced with 0.5 μM IPTG for 20 h at 18 °C. E. coli were collected
by centrifugation and the pellet was resuspended in lysis buffer (40 mM Hepes/
KOH, 500 mM NaCl, 10% glycerol, 5 mM MgCl2, 5 mM β-mercaptoethanol, 0.5%
Triton-X-100, 2% Tween-20, 1 mM PMSF, 20 mM Imidazole, Roche protease-
inhibitor cocktail, pH 8.0). Cells were lysed by sonication and cell debris was
removed by centrifugation at 14,000xg for 45 min, 4 °C. rOPA1 was purified by Ni-
NTA batch chromatography. Prior to elution, beads were washed with 1 mM ATP
and 10 mM MgCl2 in lysis buffer for 30 min at room temperature followed by an
intermediate washing step in wash buffer (40 mM Hepes/KOH, 300 mM NaCl,
0.05% Triton-X-100, 5 mMMgCl2, 5 mM β-mercaptoethanol, 10% glycerol, 20 mM
Imidazole, pH 8.0). rOPA1 was eluted with increasing concentrations of imidazole
in elution buffer (40 mM Hepes/KOH, 0.05% Triton-X-100, 5 mM β-mercap-
toethanol, 10% glycerol, pH 7.4). Imidazole was removed by dialysis and the
protein was concentrated in storage buffer (40 mM Hepes/KOH, 0.05% Triton-X-
100, 0.3 mM TCEP, 10% glycerol) and stored at -80 °C until use.

In-gel ATPase activity assay. ATPase in-gel activity was measured directly in the
gel by incubating it for 2 h in a solution containing 35 mM Tris, 270 mM glycine,
14 mM MgSO4, 0.2% Pb(NO3)2, and 8 mM ATP, pH 7.869,70.

BNGE based semi-quantitative proteomic analysis. Mass spectrometry analysis
of mitochondrial complexes from mouse CD1 hearts was performed as indicated26.
False discovery rate (FDR) of identification was controlled as described by the
algorithm Dxtractor. Median values of all identified ATP synthase subunits and
representative color-contour plots of spectral counts of OPA1 peptides, core F1
ATP synthase subunits and FO complex subunit e required for dimerization were
considered for analysis.

Cell death assays. For cell death analysis, 3.5 × 103 cells/cm2 of the indicated
genotype were co-transfected with SureSilencing® shRNA and pIRES2-eGFP
plasmids (3:1 ratio). After 48 h, the medium was replaced with galactose-
supplemented DMEM and after 24 h cells were treated with 5 µM antimycin A for
6 h. Cell death was assessed by flow cytometry detection (FACSCalibur) of double
Annexin-V-APC/PI positive events from the transfected GFP+ cell population3.
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Statistical analysis. Results are expressed as the mean ± SEM values of the indi-
cated number (n) of independent experiments. Individual data points are overlaid
on the bar graphs. Statistical significance was determined by Student's t test or
ANOVA between the indicated samples. P values are indicated in the legends and
P < 0.05 was considered significant.

Data availability. The data that support the findings of this study are available
from the corresponding author upon reasonable request. The uncropped blots can
be found in Supplementary Figure 9.

Received: 23 May 2017 Accepted: 18 July 2018

References
1. Cogliati, S., Enriquez, J. A. & Scorrano, L. Mitochondrial cristae: where beauty

meets functionality. Trends Biochem. Sci. 41, 261–273 (2016).
2. Hackenbrock, C. R. Ultrastructural bases for metabolically linked mechanical

activity in mitochondria. I. Reversible ultrastructural changes with change in
metabolic steady state in isolated liver mitochondria. J. Cell. Biol. 30, 269–297
(1966).

3. Cogliati, S. et al. Mitochondrial cristae shape determines respiratory chain
supercomplexes assembly and respiratory efficiency. Cell 155, 160–171 (2013).

4. Varanita, T. et al. The OPA1-dependent mitochondrial cristae remodeling
pathway controls atrophic, apoptotic, and ischemic tissue damage. Cell. Metab.
21, 834–844 (2015).

5. Dudkina, N. V., Eubel, H., Keegstra, W., Boekema, E. J. & Braun, H. P.
Structure of a mitochondrial supercomplex formed by respiratory-chain
complexes I and III. Proc. Natl Acad. Sci. USA 102, 3225–3229 (2005).

6. Lapuente-Brun, E. et al. Supercomplex assembly determines electron flux in
the mitochondrial electron transport chain. Science 340, 1567–1570 (2013).

7. Acin-Perez, R. et al. Respiratory complex III is required to maintain complex I
in mammalian mitochondria. Mol. Cell 13, 805–815 (2004).

8. Enriquez, J. A. Supramolecular organization of respiratory complexes. Annu.
Rev. Physiol. 78, 533–561 (2016).

9. Frey, T. G. & Mannella, C. A. The internal structure of mitochondria. Trends
Biochem. Sci. 25, 319–324 (2000).

10. Scorrano, L. et al. A distinct pathway remodels mitochondrial cristae and
mobilizes cytochrome c during apoptosis. Dev. Cell. 2, 55–67 (2002).

11. Frezza, C. et al. OPA1 controls apoptotic cristae remodeling independently
from mitochondrial fusion. Cell 126, 177–189 (2006).

12. Yamaguchi, R. et al. Opa1-mediated cristae opening is Bax/Bak and BH3
dependent, required for apoptosis, and independent of Bak oligomerization.
Mol. Cell 31, 557–569 (2008).

13. Cipolat, S. et al. Mitochondrial rhomboid PARL regulates cytochrome c
release during apoptosis via OPA1-dependent cristae remodeling. Cell 126,
163–175 (2006).

14. Olichon, A. et al. Loss of OPA1 perturbates the mitochondrial inner
membrane structure and integrity, leading to cytochrome c release and
apoptosis. J. Biol. Chem. 278, 7743–7746 (2003).

15. Civiletto, G. et al. Opa1 overexpression ameliorates the phenotype of two
mitochondrial disease mouse models. Cell. Metab. 21, 845–854 (2015).

16. Munoz-Gomez, S. A., Slamovits, C. H., Dacks, J. B. & Wideman, J. G. The
evolution of MICOS: Ancestral and derived functions and interactions.
Commun. Integr. Biol. 8, e1094593 (2015).

17. Allen, R. D. Membrane tubulation and proton pumps. Protoplasma 189, 1–8
(1995).

18. Giraud, M. F. et al. Is there a relationship between the supramolecular
organization of the mitochondrial ATP synthase and the formation of cristae?
Biochim. Biophys. Acta 1555, 174–180 (2002).

19. Paumard, P. et al. The ATP synthase is involved in generating mitochondrial
cristae morphology. EMBO J. 21, 221–230 (2002).

20. Dudkina, N. V., Sunderhaus, S., Braun, H. P. & Boekema, E. J.
Characterization of dimeric ATP synthase and cristae membrane
ultrastructure from Saccharomyces and Polytomella mitochondria. FEBS Lett.
580, 3427–3432 (2006).

21. Bornhovd, C., Vogel, F., Neupert, W. & Reichert, A. S. Mitochondrial
membrane potential is dependent on the oligomeric state of F1F0-ATP
synthase supracomplexes. J. Biol. Chem. 281, 13990–13998 (2006).

22. Rampelt, H., Zerbes, R. M., van der Laan, M., & Pfanner, N. Role of the
mitochondrial contact site and cristae organizing system in membrane
architecture and dynamics. Biochim. Biophys. Acta 1864, 737–746 (2016).

23. Strauss, M., Hofhaus, G., Schroder, R. R. & Kuhlbrandt, W. Dimer ribbons of
ATP synthase shape the inner mitochondrial membrane. EMBO J. 27,
1154–1160 (2008).

24. Rabl, R. et al. Formation of cristae and crista junctions in mitochondria
depends on antagonism between Fcj1 and Su e/g. J. Cell. Biol. 185, 1047–1063
(2009).

25. Baker, L. A., Watt, I. N., Runswick, M. J., Walker, J. E. & Rubinstein, J. L.
Arrangement of subunits in intact mammalian mitochondrial ATP synthase
determined by cryo-EM. Proc. Natl. Acad. Sci. U. S. A 109, 11675–11680
(2012).

26. Glytsou, C. et al. Optic Atrophy 1 Is epistatic to the core MICOS Component
MIC60 in mitochondrial cristae shape control. Cell Rep. 17, 3024–3034 (2016).

27. Banerjee, S. & Chinthapalli, B. A proteomic screen with Drosophila Opa1-like
identifies Hsc70-5/Mortalin as a regulator of mitochondrial morphology and
cellular homeostasis. Int. J. Biochem. Cell. Biol. 54, 36–48 (2014).

28. Patten, D. A. et al. OPA1-dependent cristae modulation is essential for cellular
adaptation to metabolic demand. EMBO J. 33, 2676–2691 (2014).

29. Gilkerson, R. W., Selker, J. M. & Capaldi, R. A. The cristal membrane of
mitochondria is the principal site of oxidative phosphorylation. FEBS Lett.
546, 355–358 (2003).

30. Vogel, F., Bornhovd, C., Neupert, W. & Reichert, A. S. Dynamic
subcompartmentalization of the mitochondrial inner membrane. J. Cell. Biol.
175, 237–247 (2006).

31. Reid, R. A., Moyle, J. & Mitchell, P. Synthesis of adenosine triphosphate by a
protonmotive force in rat liver mitochondria. Nature 212, 257–258 (1966).

32. Walker, J. E. The ATP synthase: the understood, the uncertain and the
unknown. Biochem. Soc. Trans. 41, 1–16 (2013).

33. Giorgio, V. et al. Dimers of mitochondrial ATP synthase form the
permeability transition pore. Proc. Natl Acad. Sci. U. S. A 110, 5887–5892
(2013).

34. Santo-Domingo, J., Giacomello, M., Poburko, D., Scorrano, L. & Demaurex,
N. OPA1 promotes pH flashes that spread between contiguous mitochondria
without matrix protein exchange. EMBO J. 32, 1927–1940 (2013).

35. Porcelli, A. M. et al. Respiratory complex I dysfunction due to mitochondrial
DNA mutations shifts the voltage threshold for opening of the permeability
transition pore toward resting levels. J. Biol. Chem. 284, 2045–2052 (2009).

36. Chen, H. et al. Mitochondrial fusion is required for mtDNA stability in
skeletal muscle and tolerance of mtDNA mutations. Cell 141, 280–289
(2010).

37. Chinopoulos, C., Tretter, L. & Adam-Vizi, V. Depolarization of in situ
mitochondria due to hydrogen peroxide-induced oxidative stress in nerve
terminals: inhibition of alpha-ketoglutarate dehydrogenase. J. Neurochem. 73,
220–228 (1999).

38. Imamura, H. et al. Visualization of ATP levels inside single living cells with
fluorescence resonance energy transfer-based genetically encoded indicators.
Proc. Natl Acad. Sci. USA 106, 15651–15656 (2009).

39. Wei, M. C. et al. Proapoptotic BAX and BAK: a requisite gateway to
mitochondrial dysfunction and death. Science 292, 727–730 (2001).

40. Arnold, I., Pfeiffer, K., Neupert, W., Stuart, R. A. & Schagger, H. Yeast
mitochondrial F1F0-ATP synthase exists as a dimer: identification of three
dimer-specific subunits. EMBO J. 17, 7170–7178 (1998).

41. Habersetzer, J. et al. Human F1F0 ATP synthase, mitochondrial ultrastructure
and OXPHOS impairment: a (super-)complex matter? PLoS One 8, e75429
(2013).

42. Arselin, G. et al. The modulation in subunits e and g amounts of yeast ATP
synthase modifies mitochondrial cristae morphology. J. Biol. Chem. 279,
40392–40399 (2004).

43. Arselin, G. et al. The GxxxG motif of the transmembrane domain of subunit e
is involved in the dimerization/oligomerization of the yeast ATP synthase
complex in the mitochondrial membrane. Eur. J. Biochem. 270, 1875–1884
(2003).

44. Cabezon, E., Butler, P. J., Runswick, M. J. & Walker, J. E. Modulation of the
oligomerization state of the bovine F1-ATPase inhibitor protein, IF1, by pH. J.
Biol. Chem. 275, 25460–25464 (2000).

45. Minauro-Sanmiguel, F., Wilkens, S. & Garcia, J. J. Structure of dimeric
mitochondrial ATP synthase: novel F0 bridging features and the structural
basis of mitochondrial cristae biogenesis. Proc. Natl Acad. Sci. USA 102,
12356–12358 (2005).

46. Hahn, A. et al. Structure of a complete ATP synthase dimer reveals the
molecular basis of inner mitochondrial membrane morphology. Mol. Cell 63,
445–456 (2016).

47. Seelert, H. & Dencher, N. A. ATP synthase superassemblies in animals and
plants: two or more are better. Biochim. Biophys. Acta 1807, 1185–1197
(2011).

48. Davies, K. M., Anselmi, C., Wittig, I., Faraldo-Gomez, J. D. & Kuhlbrandt, W.
Structure of the yeast F1Fo-ATP synthase dimer and its role in shaping the
mitochondrial cristae. Proc. Natl Acad. Sci. USA 109, 13602–13607 (2012).

49. Ramonet, D. et al. Optic atrophy 1 mediates mitochondria remodeling and
dopaminergic neurodegeneration linked to complex I deficiency. Cell Death
Differ. 20, 77–85 (2013).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05655-x

12 NATURE COMMUNICATIONS |  (2018) 9:3399 | DOI: 10.1038/s41467-018-05655-x | www.nature.com/naturecommunications

www.nature.com/naturecommunications


50. Davies, K. M. et al. Macromolecular organization of ATP synthase and
complex I in whole mitochondria. Proc. Natl Acad. Sci. USA 108,
14121–14126 (2011).

51. Rieger, B., Junge, W. & Busch, K. B. Lateral pH gradient between OXPHOS
complex IV and F(0)F(1) ATP-synthase in folded mitochondrial membranes.
Nat. Commun. 5, 3103 (2014).

52. Campanella, M. et al. Regulation of mitochondrial structure and function by
the F1Fo-ATPase inhibitor protein, IF1. Cell. Metab. 8, 13–25 (2008).

53. Boyle, G. M., Roucou, X., Nagley, P., Devenish, R. J. & Prescott, M.
Identification of subunit g of yeast mitochondrial F1F0-ATP synthase, a
protein required for maximal activity of cytochrome c oxidase. Eur. J.
Biochem. 262, 315–323 (1999).

54. Gohil, V. M. et al. Nutrient-sensitized screening for drugs that shift energy
metabolism from mitochondrial respiration to glycolysis. Nat. Biotechnol. 28,
249–255 (2010).

55. Rossignol, R. et al. Energy substrate modulates mitochondrial structure and
oxidative capacity in cancer cells. Cancer Res. 64, 985–993 (2004).

56. Faccenda, D., Tan, C. H., Seraphim, A., Duchen, M. R. & Campanella, M. IF1
limits the apoptotic-signalling cascade by preventing mitochondrial
remodelling. Cell Death Differ. 20, 686–697 (2013).

57. Lodi, R. et al. Deficit of in vivo mitochondrial ATP production in OPA1-
related dominant optic atrophy. Ann. Neurol. 56, 719–723 (2004).

58. Zanna, C. et al. OPA1 mutations associated with dominant optic atrophy
impair oxidative phosphorylation and mitochondrial fusion. Brain 131,
352–367 (2008).

59. Kucharczyk, R. et al. Mitochondrial ATP synthase disorders: molecular
mechanisms and the quest for curative therapeutic approaches. Biochim.
Biophys. Acta 1793, 186–199 (2009).

60. Ghezzi, D. et al. Mutations in TTC19 cause mitochondrial complex III
deficiency and neurological impairment in humans and flies. Nat. Genet. 43,
259–263 (2011).

61. Benit, P., Lebon, S. & Rustin, P. Respiratory-chain diseases related to complex
III deficiency. Biochim. Biophys. Acta 1793, 181–185 (2009).

62. Teixeira, F. K. et al. ATP synthase promotes germ cell differentiation
independent of oxidative phosphorylation. Nat. Cell Biol. 17, 689–696 (2015).

63. Burte, F., Carelli, V., Chinnery, P. F. & Yu-Wai-Man, P. Disturbed
mitochondrial dynamics and neurodegenerative disorders. Nat. Rev. Neurol.
11, 11–24 (2015).

64. Garcia-Bermudez, J. et al. PKA Phosphorylates the ATPase Inhibitory Factor 1
and Inactivates Its Capacity to Bind and Inhibit the Mitochondrial H(+)-ATP
Synthase. Cell Rep. 12, 2143–2155 (2015).

65. Caro, P. et al. Metabolic signatures uncover distinct targets in molecular
subsets of diffuse large B cell lymphoma. Cancer Cell. 22, 547–560 (2012).

66. Buck, M. D. et al. Mitochondrial dynamics controls T cell fate through
metabolic programming. Cell 166, 63–76 (2016).

67. Frezza, C., Cipolat, S. & Scorrano, L. Organelle isolation: functional mitochondria
from mouse liver, muscle and cultured fibroblasts. Nat. Protoc. 2, 287–295 (2007).

68. Jiko, C. et al. Bovine F1Fo ATP synthase monomers bend the lipid bilayer in
2D membrane crystals. eLife 4, e06119 (2015).

69. Gomes, L. C., Di, B. G. & Scorrano, L. During autophagy mitochondria
elongate, are spared from degradation and sustain cell viability. Nat. Cell Biol.
13, 589–598 (2011).

70. Alirol, E. et al. The mitochondrial fission protein hFis1 requires the
endoplasmic reticulum gateway to induce apoptosis. Mol. Biol. Cell 17,
4593–4605 (2006).

Acknowledgements
The authors thank Drs. F. Caicci and E. Boldrin (Department of Biology, University of
Padova) for EM sample preparation; Drs. N. Demaurex (University of Geneva, Swit-
zerland), H. Imamura and H. Koji (University of Kyoto, Japan) for reagents, J.P. Bolaños
and A. Almeida (University of Salamanca, Spain) for facilities and discussion. R.Q.-C.
was supported by an AIRC Postdoctoral Fellowship, a Fondazione Umberto Veronesi
Postdoctoral Fellowship and is currently a recipient of a Juan de la Cierva-Incorporación
fellowship from the Spanish Ministry of Economy, Industry and Competitiveness (IJCI-
2015–26225). This work was supported by Telethon-Italy GPP10005, GGP14187,
GGP15091; AIRC Italy IG-15748, ERC FP7-282280, FP7 CIG PCIG13-GA-2013-618697;
Italian Ministry of Research FIRB RBAP11Z3YA_005 to L.S. C.Ge. is supported by JST,
CREST Grant JPMJCR13M4 (to Genij Kurisu and C.Ge.), the Platform for Drug Design,
Discovery and Development from MEXT, Japan and the Grants-in-Aid for Scientific
Research (Kiban B: 17H03647) from MEXT, Japan. JAE is supported by Spanish Ministry
of Economy, Industry and Competitiveness (SAF2015-65633-R; SAF2015-71521-REDC).
The CNIC is supported by MINECO and Pro-CNIC Foundation and is a SO-MINECO
(award SEV-2015-0505).

Author contributions
R.Q.-C. and L.S. conceived the project, acquired funds and wrote the manuscript. R.Q.-
C., C.Gl., M.C., C.Q., A.P., A.U., and M.E.S performed and analyzed experiments. E.C.
and M.E.S. wrote software and analyzed data; J.V., J.A.E., C.Ge., P.B, M.E.S. provided
reagents, conceptualized experiments and edited the manuscript; L.S. supervised the
project.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-05655-x.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05655-x ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:3399 | DOI: 10.1038/s41467-018-05655-x | www.nature.com/naturecommunications 13

https://doi.org/10.1038/s41467-018-05655-x
https://doi.org/10.1038/s41467-018-05655-x
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	The cristae modulator Optic atrophy 1 requires mitochondrial ATP synthase oligomers to safeguard mitochondrial function
	Results
	OPA1 counteracts mitochondrial dysfunction by antimycin A
	OPA1�sustains mitochondrial function via ATP synthase activity
	OPA1�stabilizes ATP synthase oligomers
	OPA1 does not directly stimulate ATP synthase oligomerization
	OPA1�sustains mitochondrial function via ATPase oligomers

	Discussion
	Methods
	Cell culture and transfection
	Real time imaging
	Transmission electron microscopy
	Immunoblotting
	Isolated mitochondria assays
	Blue-native polyacrylamide gel electrophoresis
	Protein crosslinking
	Immunoprecipitation
	Liposomes preparation
	Negative staining EM
	Blue native PAGE and silver staining of recombinant proteins
	Production and purification of recombinant OPA1
	In-gel ATPase activity assay
	BNGE based semi-quantitative proteomic analysis
	Cell death assays
	Statistical analysis
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS


