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A B S T R A C T   

Reactive oxygen species (ROS) are a common product of active mitochondrial respiration carried in mitochon
drial cristae, but whether cristae shape influences ROS levels is unclear. Here we report that the mitochondrial 
fusion and cristae shape protein Opa1 requires mitochondrial ATP synthase oligomers to reduce ROS accumu
lation. In cells fueled with galactose to force ATP production by mitochondria, cristae are enlarged, ATP synthase 
oligomers destabilized, and ROS accumulate. Opa1 prevents both cristae remodeling and ROS generation, 
without impinging on levels of mitochondrial antioxidant defense enzymes that are unaffected by Opa1 over
expression. Genetic and pharmacologic experiments indicate that Opa1 requires ATP synthase oligomerization 
and activity to reduce ROS levels upon a blockage of the electron transport chain. Our results indicate that the 
converging effect of Opa1 and mitochondrial ATP synthase on mitochondrial ultrastructure regulate ROS 
abundance to sustain cell viability.   

1. Introduction 

One of the key roles of mitochondria is to supply ATP, synthesized by 
the F1FO-ATP synthase [1,2]. The F1FO-ATP synthase uses the proton 
electrochemical gradient generated by the proton pumping of the res
piratory chain complexes (RCC) [1,3], located in the cristae folding of 
the inner mitochondrial membrane (IMM) [4–6]. Given that these 
complexes are all located at the IMM, cristae morphology was proposed 
to influence mitochondrial respiration and energy conversion efficiency 
[7]. Genetic and apoptotic manipulations proved indeed that cristae 
morphology favors assembly of RCCs into quaternary respiratory 
supercomplexes (RCS). The existence of respiratory supercomplexes 
(RCS) is becoming unambiguously accepted, reinforced by the resolu
tion of their structure by cryo-electron microscopy that provides a basis 
for their functional role [15–17]. Notwithstanding, controversies on 
supercomplexes function still exist. This may be due to technical issues 

along with coexistence of RCS different conformations [14]. Contro
versies particularly concern RCS engagement in electron transfer, sta
bility of complexes, substrate channeling, ROS generation, protein 
nucleation, and pathological consequences [13-15]. Recent cryo-EM 
structural data and functional experiments of assembly factors manip
ulation suggest that RCS facilitate cytochrome c shuttle between CIII and 
CIV and hence maximal respiration [12]. Structural data also suggest 
that transfer of electrons can be facilitated the in the “respirasome” RCS 
(Letts et al., 2016). 

Both cristae shape and RCS stability depend on the formation of 
cristae junctions (CJ), narrow tubular structures connecting the cristae 
to the inner boundary membrane [20,21]. CJ fulfill a variety of bio
logical functions: they needed to individualize cristae as independent, 
dynamic bioenergetic units [22]; CJ are also central to keep the bulk of 
cytochrome c inside the cristae [23,24] and pro-apoptotic BH3-only 
BCL-2 family members such as BID, BIM-S or BNIP3 induce cytochrome c 
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mobilization to the IMS by causing CJ enlargement and inversion of the 
cristae curvature [23,25–27]. From a bioenergetics point of view, the 
aberrant ultrastructure caused by apoptotic signals destabilizes RCS 
composition. Conversely, cristae preservation favors RCS stability and 
mitochondrial-dependent cell growth [8]. 

The IMM dynamin-related protein optic atrophy 1 (OPA1) is central 
for the processes described above: its oligomers maintain CJ tight to 
prevent cytochrome c mobilization and therefore control the mito
chondrial arm of apoptosis [24,26]. By narrowing cristae independently 
of its mitochondrial pro-fusion role, OPA1 also stabilizes RCS and reg
ulates respiratory efficiency [8–10]. OPA1 favors also the supramolec
ular assembly of the F1Fo-ATP (ATP) synthase into oligomers [28–30]. 
This configuration sustains mitochondrial ATP levels and homeostasis 

during starvation [31], limited respiratory substrate availability [30] or 
compromised electron transfer [29]. In this latter condition, improved 
bioenergetics and electron transfer by RCS may prevent both reactive 
oxygen species (ROS) generation [18,19,32–34], and their effects 
[35–38]. However, the role of mitochondrial ultrastructure in control
ling ROS levels remains unclear [39]. We therefore dissected whether 
and how OPA1 can influence mitochondrial ROS accumulation. Stabi
lization of cristae by OPA1 preserves ATP synthase dimerization and 
reversal activity, required to sustain the electrochemical gradient, and 
reduces mitochondrial ROS levels. We illustrate how Opa1 limits ROS 
accumulation via ATP synthase dimerization and activity. 

Fig. 1. OPA1 prevents mitochondrial 
dysfunction and cell death under bio
energetic stress. 
a, b) Cell death of MAFs of the indicated 
genotype, incubated for the indicated time 
in medium supplemented with the indicated 
monosaccharide. Data are mean ± SEM of 
four independent experiments. 
c) Gem-color coded images of mtSypHer 
fluorescence ratios (em: 535 nm) after 
alternate excitation (exc: 500/430 nm) of 
WT or Opa1tg MAFs incubated for 24 h in 
complete DMEM supplemented with the 
indicated monosaccharide. The gem color 
scale is shown. Scale bar, 20 μm 
d) Quantitative analysis of experiments 
performed as in c. mtSypHer ratios are 
shown as mean excitation 500/430 nm ra
tios. 
e) Representative pseudocolor-coded FRET 
ratio images of mtATeam matrix ATP re
porter in cells incubated for 24 h in the 
indicated medium. The pseudocolor scale is 
shown. Scale bar, 20 μm. 
f) FRET fluorescence ratios of WT or Opa1tg 

MAFs, as in (e). Results show the average 
emission ratio (525/475 nm). 
g) Mitochondrial redox levels quantified 
from ratiometric excitation ratio (400/480 
nm) image analysis mt-roGFP1 fluorescence, 
in cells grown for 24 h in medium supple
mented with either glucose or galactose. In 
box plots, boxes represent SEM, middle line 
mean, whiskers 5th-95th percentile, dots the 
individual values of the independent exper
iments. *p < 0.05 in a two-way ANOVA 
versus control.   
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2. Results 

2.1. OPA1 overexpression prevents mitochondrial ROS accumulation 

The master regulator of cristae shape Opa1 [24,40–42] protects from 
compromised mitochondrial function and respiratory chain blockage by 
sustaining F1FO-ATP synthase (ATP synthase) reversal activity [29]. It is 
however unclear whether Opa1 also impacts ROS accumulation, a 
known product of oxidative phosphorylation (OXPHOS) and a player in 
cell death caused by respiratory dysfunction. To address this question, 
we first confirmed that viability of Opa1Tg mouse adult fibroblasts 
(MAFs) where Opa1 is mildly upregulated (Fig. S1a), was sustained 
when they were cultured in medium supplemented with galactose to 
halt glycolysis and force ATP biosynthesis by mitochondria [18,43,44] 
(Fig. 1a). Reciprocally, deletion of Opa1 in MAFs from Opa1flx/flx mice 
(Fig. S1b) doubled cell death in galactose-containing media (Fig. 1b). 
We then profiled mitochondrial function in cell lines cultured in glucose 
vs. galactose. We did not measure any difference in the basal levels of 
the potentiometric dye tetra methyl rhodamine methyl ester (TMRM) in 
glucose or galactose containing media, between Wt and Opa1Tg cells 
(Fig. S2a). In glucose-containing media, TMRM response to the ATP 
synthase inhibitor oligomycin, a reliable assay to unveil latent mito
chondrial dysfunction [45] was also similar between Wt and Opa1Tg cells 
(Fig. S3a). We obtained similar results when we analyzed the chemical 
component of the proton electrochemical gradient (ΔμH+) using mtSy
pHer, a genetically encoded pH ratiometric sensor targeted to the 
mitochondrial matrix [46]. In galactose-containing medium, basal 
mtSypHer ratios were slightly lower, irrespective of the genetic back
ground of the cells or even the absence of Opa1 (Fig. 1c, d, S3b). This 
Opa1-independent matrix acidification likely reflects the activation of 
mitochondrial ATP synthase when glycolysis is marginal and mito
chondrial OXPHOS is engaged to produce ATP. We therefore compared 
resting matrix ATP levels measured using the genetically encoded sensor 
ATeam1.03 [47]. Interestingly, we did not see differences in mito
chondrial ATP levels between WT and Opa1Tg MAFs, irrespective of the 
monosaccharide supplemented to the culture media. ATP levels were 
lower in mitochondria of both genotypes when cells were cultured in 
galactose-containing medium (Fig. 1e and f). Altogether, these experi
ments indicate that in glucose- or galactose-containing media, the 
mitochondrial electrochemical gradient and steady state mitochondrial 
ATP levels are similar in WT and Opa1tg MAFs. Nevertheless, when cells 

rely on mitochondrial respiration to provide ATP, Opa1 overexpression 
preserves cell viability, independently from changes in ΔμH+ or mito
chondrial ATP levels. We therefore evaluated ROS levels in mitochon
dria in the two cell types using mt-roGFP1, a genetically encoded ROS 
sensor targeted to the mitochondrial matrix, responsive to 1 mM H2O2 
(Fig. S4). In glucose containing media steady state mt-roGFP1 fluores
cence ratio was slightly but not significantly lower in Opa1tg vs. WT 
MAFs. When cells were switched to galactose media, mt-roGFP1 fluo
rescence ratio significantly increased in WT but not in Opa1tg cells 
(Fig. 1g). These data indicate that when mitochondrial respiration is 
stimulated, ROS accumulation is lowered by Opa1 overexpression. 

We next addressed if Opa1 overexpression could also prevent ROS 
production when mitochondrial respiratory activity was inhibited. To 
this end, we treated cells with antimycin A (AA) which stimulates ROS 
production by interfering with the Q cycle in complex III. Two inde
pendent sensors of mitochondrial ROS production, the fluorescent dye 
MitoSOX and the ratiometric probe mt-roGFP1 concurrently reported 
that mitochondrial ROS accumulate in WT but not Opa1tg MAFs treated 
with AA (Fig. 2a and b). In Opa1tg cells, TMRM decayed in response to 
the concomitant inhibition of complex III using AA and ATP synthase 
using oligomycin slower than in WT cells (t1/2: 20 min in WT cells, 24 
min in Opa1tg, Fig. S3c). Accordingly, Opa1tg MAFs grown in galactose 
were protected from cell death induced by AA (Fig. 2c), as we previously 
reported [29]. Altogether, these data indicate that Opa1 overexpression 
protects from ROS accumulation produced by forced respiration and 
complex III inhibition. 

2.2. OPA1 requires ATP synthase activity to reduce mitochondrial ROS 
accumulation 

We wished to understand how Opa1 overexpression reduced ROS 
accumulation. We therefore first measured levels of endogenous anti
oxidant enzymes. Immunoblotting showed no difference in the levels of 
superoxide dismutase 2 (SOD2), glutathione synthetase (GSS) or gluta
thione reductase (GSR) as well as of the master transcriptional regulator 
of the antioxidant response NRF2 in Opa1tg vs. WT MAFs, irrespective of 
whether they were grown in galactose or glucose containing media 
(Fig. 3a). These results suggested that the reduced ROS accumulation in 
Opa1tg MAFs was not due to an increase in the antioxidant enzymatic 
defenses. We next asked whether expression of catalase, an antioxidant 
enzyme genetically modified to be targeted to the mitochondrial matrix 

Fig. 2. Opa1 prevents ROS accumulation 
in cells relying on mitochondrial meta
bolism. 
a) Mitochondrial redox levels quantified 
from ratiometric excitation ratio (400/480 
nm) image analysis mt-roGFP1 fluorescence 
in WT or Opa1tg MAFs challenged for 2 h 
with vehicle or 5 μM AA before recordings. 
Results are expressed as mean ± SEM of 
three independent experiments. *p < 0.05 in 
an unpaired two-sample Student’s t-test. 
b) Fold increase in MitoSOX fluorescence 
after treatment with AA (10 μM, 15 min) in 
cells of the indicated genotype grown for 24 
h in the indicated media. Data are mean ±
SEM of four independent experiments. *p <
0.05 in a two-way ANOVA versus control (a, 
b) or paired two-sample Student’s t-test 
versus control (c) 
c) Cell death determined by flow cytometry 
as the percentage of annexin-V, PI double 
positive events from WT and Opa1tg MAFs 
MAFs, incubated for 48 h in the presence of 

the indicated monosaccharides and exposed to 5 μM AA for 4 h. In box plots, boxes represent SEM, middle line mean, whiskers 5th-95th percentile, dots the individual 
values of the independent experiments.   
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(mtCAT) [35] could enhance the protection afforded by Opa1 over
expression. Moderate mtCAT expression (Fig. 3b) reduced superoxide 
accumulation in both WT and Opa1tg MAFs grown in galactose (Fig. 3c), 
without altering basal mitochondrial membrane potential (Fig. S1b). 
Judging from experiments of real time mitochondrial membrane po
tential measurements, mtCAT expression did not protect from acute 
AA-induced mitochondrial depolarization in cells of either genotype, 
indicating that mtCAT does not directly interfere with loss of membrane 
potential upon acute AA exposure in our setting (Fig. 3d). However, 
mtCAT prevented the spontaneous cell death observed in WT MAFs 
grown in galactose, whereas it did not increase the protection afforded 
by Opa1 overexpression (Fig. 3e), indicating that this mitochondrially 
targeted catalase protects WT cells from ROS accumulation and cell 
death but is not additive to Opa1 overexpression. Altogether, these ex
periments point to the existence of a mechanism different than induction 
of antioxidant defense that explains the resistance of Opa1tg cells to ROS. 
We therefore wondered whether the reduced ROS accumulation 
observed in Opa1tg MAFs involved the known stimulatory effect of Opa1 
on the activity of the ATP synthase [29]. Indeed, the ATP synthase in
hibitor oligomycin abolished the protective effect of Opa1 

overexpression on AA-induced ROS accumulation (Fig. 3f). 

2.3. OPA1 stabilizes ATP synthase monomers and oligomers under 
restricted glycolysis 

Because our results pointed to a role for ATP synthase in the reduced 
ROS accumulation observed in Opa1 overexpressing cells, we wished to 
characterize the relationship between Opa1 and ATP synthase in ROS 
accumulation. We first compared ATP synthase oligomerization in cells 
cultured in glucose and in galactose, a condition where ROS accumulate. 
We measured in blue-native gel electrophoresis (BNGE) gels the as
sembly ATP synthase in mitochondria from WT MEFs cultured in glucose 
and galactose containing media. In-gel activity (as well as levels) of ATP 
synthase oligomeric forms were lower in galactose than in glucose-based 
media (Fig. 4a and b). However, we noticed that in galactose ATP syn
thase monomers were more efficiently assembled, as we could not detect 
any free F1 subunit that was conversely visible in BNGE from cells 
cultured in glucose (Fig. 4c and d). Importantly, oligomycin inhibited in 
gel activity of monomeric ATP synthase, but not of free F1, indicating 
that OSCP does not copurify with F1 and that under our experimental 

Fig. 3. Opa1 requires ATP synthase activity to prevent mitochondrial ROS accumulation. 
a) Protein lysates from MAFs of the indicated genotype and incubated for 24 h in medium supplemented with the indicated monosaccharide, were separated by SDS- 
PAGE and immunoblotted with the indicated antibodies. 
b) WT cells transfected with empty (EV) or mitochondrial-targeted catalase (mtCAT) were lysed after 24 h equal amounts of protein were separated by SDS-PAGE and 
immunoblotted using the indicated antibodies. 
c) MitoSOX fluorescence values of WT and Opa1Tg cells transfected as indicated and incubated in galactose medium for 24 h; a.u.: arbitrary units. 
d) Analysis of TMRM fluorescence in cells transfected as indicated, incubated in galactose medium for 24 h and treated where indicated with 10 μM AA and 2 μM 
FCCP. Data are mean ± SEM of four independent experiments. 
e) Cell death after 48 h incubation in galactose medium in cells transfected with the indicated plasmids and treated with AA (5 μM, 4 h). 
f) MitoSOX mean fold changes from four experiments performed with cells grown in galactose supplemented medium for 24 h and challenged with AA (10 μM, 15 
min). Where indicated, cells were pre-incubated with oligomycin (1 μM, 5 min). In box plots, boxes represent SEM, middle line mean, whiskers 5th-95th percentile, 
dots the individual values of the independent experiments. *p < 0.05 in a two-way ANOVA. 
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Fig. 4. Opa1 promotes ATP synthase monomers assembly and oligomers stability. 
a) Complexes from 40 μg mitochondrial extracts from cells of the indicated genotypes, incubated for 24 h in the indicated media, were separated by Blue-native PAGE 
(BNGE) and analyzed for ATP synthase in-gel activity. 
b) Densitometric analysis of experiments as in (a). 
c, d) BNGE (c) and densitometric analysis (d) of immunoblotted mitochondrial extracts from WT or Opa1tg cells incubated for 24 h as indicated from at least four 
independent experiments as in a). Ratios between the bands corresponding to oligomeric (oligomers, Vo + dimers, Vd) and the sum of all conformations (Vo + Vd +
Vm + F1) dimeric are shown. 
e, f) BNGE blot (e) and densitometric analysis (f) of OPA1 High Molecular Weight (HMW) complexes of protein extracts (40 μg) from MAFs of the indicated genotype 
incubated for 24 h in the presence of the referenced media. In box plots, boxes represent SEM, middle line mean, whiskers 5th-95th percentile, dots the individual 
values of the independent experiments. *p < 0.05 in a two-way ANOVA. 
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conditions this band represents non assembled F1 (Fig. S5). These results 
indicate that in galactose containing media ATP synthase monomer as
sembly is favored, whereas superassembly is impaired. This decrease in 
ATP synthase oligomers observed in galactose was accompanied by the 
destabilization of Opa1 oligomers (Fig. 4e and f). We therefore tested 
whether Opa1 overexpression prevented the destabilization of ATP 
synthase oligomers in galactose, and the accumulation of free F1 in 
glucose-rich media. In Opa1Tg cells cultured in both glucose and galac
tose oligomeric OPA1 was increased, as expected (Fig. 4e and f). In 
glucose, levels of oligomeric ATP synthase were slightly but not signif
icantly increased, but we could not detect any free F1. Oligomers of ATP 
synthase were significantly more stable in Opa1Tg than in WT cells 

cultured in galactose (Fig. 4b, d). Genetic Opa1 deletion yielded the 
opposite results of Opa1 overexpression: ATP synthase oligomeric levels 
and activity were reduced (Fig. S6a-d). Free F1 levels were greatly 
reduced also in Opa1 knockout cells when cultured in galactose con
taining media (Fig. S6d). Taken together, these results indicate that 
OPA1 abolishes the reduction in ATP synthase dimers observed in cells 
cultured in galactose. 

2.4. Opa1 requires ATP synthase dimerization to prevent ROS 
accumulation 

Because Opa1 protects from mitochondrial dysfunction by sustaining 

Fig. 5. Opa1 requires the ATP synthase 
dimerization subunit e to prevent ROS 
accumulation. 
a, b) Representative electronic micrographs 
(a) and cristae profile (b) of mitochondria 
from MAFs of the indicated genotype trans
fected with the indicated shRNA for 72 h. 
The cristae profiles illustrate cristae and 
their width along the overall mitochondrial 
length (μm). Arrowheads indicate inter
cristal matrix space. 
c) Analysis of mitochondrial matrix redox 
status in cells co-transfected with mt-roGFP1 
and the indicated shRNAs. Data represent 
mean ± SEM of 400/492 nm fluorescence 
ratio. Where indicated, cells were treated for 
2 h with 5 μM AA. 
d) Spontaneous death of cells of the indi
cated genotype transfected with the indi
cated shRNA after 72 h incubation in glucose 
or galactose medium. In box plots, boxes 
represent SEM, middle line mean, whiskers 
5th-95th percentile, dots the individual 
values of the independent experiments. *p <
0.05 in a two-way ANOVA.   
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cristae shape and ATP synthase supramolecular assembly [29], we 
wished to address the role of cristae shape and ATP synthase oligo
merization in the observed reduced ROS accumulation. We therefore 
deleted the supernumerary ATP synthase subunit e (ATP5k) that is 
critical to form dimers at cristae tips [48–51]. Importantly, ATP5k 
deletion and subsequent impairment of dimerization does not signifi
cantly impact resting ATP, mitochondrial content and mtDNA [29, 
52–56], although it may compromise OXPHOS [56] and ATPase activity 
that is favored when ATP synthase is in its oligomeric forms [29]. 

We first addressed whether cristae shape changed depending on the 
monosaccharide supplied to the cells. Switching cells from glucose to 
galactose resulted in a reduction in the total number of cristae per 
mitochondrion (Fig. S6a-c) but more importantly in a reduction in 
cristae width (Fig. S6a,b,d). These data suggest that cristae dynamics is 
modulated by the fuel utilized for mitochondrial respiration and confirm 
that Opa1 overexpression reduces cristae width, irrespective of the fuel 
burned. We next silenced ATP5k in cells grown in glucose. Cristae were 
altered morphologically and reduced in number in WT but not in Opa1Tg 

cells (Fig. 5a and b) [29,56,57]. Silencing of subunit e on the other hand 
blunted the protective effect of Opa1 on accumulation of mitochondrial 
ROS induced by AA (Fig. 5c). Similarly, it abolished the ability of Opa1 
to prevent spontaneous cell death of MAFs grown in galactose contain
ing medium (Fig. 5d). In conclusion, Opa1 requires F1FO-ATP synthase 
dimerization to block ROS production and cell death caused by mito
chondrial bioenergetic stress. 

3. Discussion 

Accumulation of ROS is a common consequence of mitochondrial 
dysfunction. Whether shaping of cristae by Opa1 that protects mito
chondrial function also inhibits mitochondrial ROS accumulation was 
unclear. Here we show that Opa1 requires ATP synthase activity and 
dimerization to reduce ROS accumulation when mitochondrial respira
tion is enforced by culturing cells in galactose, or when the respiratory 
chain is inhibited with Antimycin A. 

Opa1 is a central modulator of cristae shape and because of its ability 
to reduce cytochrome c release and to engage the reversal activity of the 
ATP synthase it protects mitochondria from dysfunction downstream a 
plethora of different stimuli. This protective effect can be harnessed 
therapeutically to ameliorate induced and inherited mitochondrial 
dysfunction. However, whether and how Opa1 affects mitochondrial 
ROS generation or accumulation, a well-known consequence of mito
chondrial dysfunction is unclear. Our results indicate that Opa1 over
expression did not affect levels of endogenous antioxidant enzymatic 
defenses, but it nevertheless blunted ROS accumulation recorded when 
mitochondrial respiration was forced in galactose supplemented me
dium, where glycolysis is residual and ROS arise as products of forced 
respiration [9,18,43,44], as well as when we inhibited complex III with 
Antimycin A to induce ROS generation [18,19]. In principle, Opa1 could 
lower ROS production by favoring RCS formation and respiratory effi
ciency [8,9]. However, we found that Opa1 required ATP synthase ac
tivity to reduce ROS generation. This result was interesting because it 
indicated that ATP synthase reversal in antimycin A treated mitochon
dria not only sustains membrane potential and hence ion homeostasis 
across the inner membrane [29], but also reduces ROS production. 

A surprising result was that in galactose containing media where 
respiration is stimulated, F1Fo-ATP synthase dimers were less abundant. 
Conversely, monomers were fully assembled as we could not detect any 
free F1 subunit. Monomers display a limited ATP hydrolysis capacity 
[29,31], but they can still support cell growth [52–55] and do not affect 
mitochondrial ATP levels [29]. We noticed an interesting parallelism 
between the scenario observed in cells grown in galactose and Opa1 
overexpressing cells where we silenced the e subunit of the ATP syn
thase, required for its dimerization. In both conditions, ATP synthase 
dimerization was impaired, cristae were tightened, and ROS accumu
lated. It is tempting to speculate that the increased ROS accumulation 

observed in cells grown in galactose might be explained by the reduced 
levels of ATP synthase dimers. 

Another perhaps surprising result was that in cells cultured in 
galactose measured mitochondrial matrix ATP levels were lower. This 
might reflect be the consequence of less abundant F1Fo-ATP synthase 
dimers, or of the rapid export of neosynthesized ATP from mitochondria 
to match cytosolic demands. Alternatively, ATeam1.03 fluorescence 
could be reduced by the higher basal ROS levels and by the matrix 
acidification observed in galactose (Imamura et al., 2009). However, in 
galactose the reduction in matrix ATP levels were comparable between 
WT and Opa1Tg cells where matrix acidification and ROS accumulation 
are conversely different, thus reducing the likelihood of this 
explanation. 

A yet unresolved issue was how dimerization and crista shape impact 
on ROS production [6,39]. Manipulations of cristae morphology based 
on Opa1 [8,24,40] alter the stability of F1Fo-ATP synthase dimers [29] 
that accommodate at the edge of cristae and maintain their orthodox 
structure [11,49,50,58]. Capitalizing on Opa1 ability to prevent the 
aberrant ultrastructure that follows subunit e (ATP5k) deletion, which 
impairs ATP synthase dimerization [29], we could use it as a strategy to 
dissect that F1Fo-ATP synthase acts downstream of cristae remodeling in 
mitochondrial ROS production. Functionally, Opa1 is unable to lower 
ROS generation and cell death in galactose medium unless F1Fo-ATP 
synthase dimers are preserved, indicating that these two players define 
not only cristae shape and bioenergetics, but also ROS accumulation. A 
potential caveat of our finding is that ATP synthase subunit e may affect 
other ATP synthase complex functions or mitochondrial bioenergetics 
(Everard-Gigot et al., 2005; Hahn et al., 2016). While ATP5k down
regulation does not alter the activity of monomeric ATP synthase in 
yeast (Arnold et al., 1998; Bornhövd et al., 2006; Boyle et al., 1999; 
Paumard, 2002), its downregulation in human cells alters mitochondrial 
ultrastructure and reduces respiratory complex stability, ultimately 
compromising OXPHOS [56]. The reduction in respiratory complex 
stability might be a consequence of the altered mitochondrial ultra
structure as also observed in models of Opa1 acute deletion [8]. How
ever, in our system resting matrix ATP levels are not affected by e 
subunit deletion, suggesting that OXPHOS and ATP synthase activity are 
not impaired (Quintana-Cabrera et al., 2018). 

Our study did not address the role of other modulators of cristae 
shape such as MICOS components [11,59–61], prohibitins [62], lipid 
fluidity [12] or cardiolipin composition [63,64] in the regulation of 
mitochondrial dysfunction and ROS production. Whether they partici
pate in pathways like the one described here remains to be ascertained. 
Nevertheless, Opa1 emerges as an interesting tool to protect mito
chondria from ROS accumulation, a common issue for example in neu
rodegeneration [65] or ischemia-reperfusion injury [66], two of the 
many disease conditions characterized by compromised bioenergetics 
and excessive ROS production. 

4. Conclusions 

Our work sheds light on a still elusive mechanism by which mito
chondrial ultrastructure sets ROS abundance. We demonstrate that 
changes in cristae shape are exerted by Opa1 to stabilize ATPase olig
omers and reversal activity, that in turn avoids the rise of ROS that 
follows a blockage of complex III. While providing a so far missing 
mechanism for the ability of the shaping protein Opa1 to blunt ROS 
production, our results may be extended to other cristae modulators, 
that could play a similar role to preserve mitochondrial function from 
the deleterious consequences of excess ROS generation. 

4.1. Materials and methods 

4.1.1. Cell culture 
WT, Opa1flx/flx, Opa1tg MAFs SV40 transformed cell lines were 

generated from the diaphragm of the respective 7-week-old mouse as 
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described [8]. Cells were grown in Dulbecco’s Modified Eagle Medium 
(DMEM, Invitrogen) containing 4.5 mg/ml glucose and supplemented 
with 10% fetal bovine serum (FBS, Invitrogen), 2 mM L-glutamine, 100 
μM non-essential amino acids, 50 U/ml penicillin and 50 μg/ml strep
tomycin (Invitrogen) at 37 ◦C in a 5% CO2 atmosphere. Unless otherwise 
stated, glucose was substituted with 0.9 mg/ml galactose [18,43,44]. 

4.1.2. Transfection 
Scramble or ATP5k (F1Fo-ATP synthase sub. e; NM_007507.2) shRNA 

encoding SureSilencing® plasmids (Qiagen, KM31364H, plasmid #3) 
were transiently transfected using Transfectin (Biorad). Briefly, a 4:3 
(μg/μL) DNA:Transfectin ratio was mixed in Optimem® (Invitrogen) 
medium and added to cultures in penicillin/streptomycin and FBS-free, 
glucose-supplemented DMEM. After 4–6 h incubations, transfection 
medium was replaced with complete DMEM and incubated for the 
indicated time points. Following overnight transduction, the rate of GFP 
expression was typically around 60–70%, as determined by flow 
cytometry. Transfections were made with the following plasmids: 
SureSilencing® shRNA, pEGFP-N1-mt-roGFP1 (Qiagen), mt-roGFP1 
[67] or wt (AT1.03) or inactive (AT1.03R122K/R126K) ATeam cloned 
into a pRSET-B vector (Invitrogen) [47]. OPA1 ablation in Opa1flx/flx 

MAFs was performed acutely at least 48 h after co-delivery of the 
Cre-recombinase controlled by a PGK promoter (pPGK-Puro, Addgene). 

Transfection with empty pIRES or pIRES-mtCAT vectors [35] was 
performed Lipofectamine LTX-PLUS Reagent (Life Technologies) 
following the manufacture’s instructions. 

4.1.3. Imaging 
For live imaging of mitochondrial probes, cells were seeded onto 24- 

mm round glass coverslips and mounted on the stage of an Olympus 
IX81 inverted microscope (Melville, NY) equipped with a CellR imaging 
system and a beam-splitter optical device (Multispec Microimager; Op
tical Insights). Images were acquired at the indicated time points and 
excitation/emission ratios using a × 40, 1.4 NA objective (Olympus) and 
the CellR software. Mitochondrial toxins were added at the indicated 
concentrations and time points in Ca2+/Mg2+ supplemented HEPES 
buffer (HBSS, Invitrogen), without further washings between additions. 
Analysis of fluorescence variance was performed over regions of in
terests (ROIs) including clusters of mitochondria, using the multi- 
measure plug-in of Image J software (NIH) following background sub
traction. Representative micrographs of experiments are represented, 
using red hot (TMRM), gem (mtSypHer) or pseudocolor (ATeam) 
ImageJ filters for color coded images. 

4.1.4. Analysis of mitochondrial matrix pH 
Matrix ΔpH analyses were performed 24 h after transfection with the 

pSypHer-dMito [46]. Sequential images of the pSypHer-dMito 535-emis
sion fluorescence were acquired every 10 s for 30 min after alternate 
excitation for 100 ms at 430 and 500 nm. Mean fluorescence ratios of 
selected ROIs matching mitochondria were estimated in at least three 
experiments and expressed as mtSypHer (430/500 nm) ratios. 

4.1.5. Analysis of mitochondrial membrane potential 
For imaging of Δᴪm, MAFs grown on coverslips were loaded with 10 

nM TMRM (Molecular Probes) in the presence of 1 μM cyclosporine H, a 
P-glycoprotein inhibitor (30 min at 37 ◦C in a 5% CO2 atmosphere). 
Sequential images of TMRM fluorescence were acquired at every 30 s as 
described [24] upon the addition of the indicated inhibitors. The mito
chondrial uncoupler carbonyl cyanide p-tri
fluoromethoxyphenylhydrazone (FCCP, 2 μM, Sigma) was added at the 
end of every experiment as a control for mitochondrial depolarization. 

4.1.6. Analysis of mitochondrial ATP levels 
Mitochondrial ATP content was determined by FRET image analysis 

of cells transfected with the plasmid pRSET-B-ATeam1.03, encoding for 
the ε subunit of the B. subtilis F1Fo-ATP synthase with humanized codons 

sandwiched between the mseCFPΔC11 (cyan) and cp173-mVenus (yel
low) fluorescent proteins [47]. Sequential alternate images of the 525 
nm and 475 nm fluorescence emission after excitation at 435 nm for 100 
ms were acquired every 30 s. As negative control, cells were transfected 
with a pRSET-B-mtATeam1.03R122K//R126K plasmid expressing an inac
tive, ATP-insensitive form of the enzyme. 

4.1.7. Determination of ROS production 
Mitochondrial ROS levels were analyzed in cells incubated for 24 h in 

DMEM supplemented with glucose or galactose, as indicated. The 
mitochondrial matrix redox potential was addressed by analyzing fluo
rescence changes of the ratiometric, genetically encoded reporter 
pEGFP-N1-mt-roGFP1 [67]. To this end, images of the 535 nm fluores
cence emission were acquired every 30 s for 5 min, following sequential 
excitation for 100 ms at 400/480 nm, averaged and expressed as 
400/480 nm excitation ratios. 

Mitochondrial O2
− ⋅ production was determined as previously 

described [68]. Briefly, cells were stained with 2 μM MitoSOX (Invi
trogen) in Ca2+/Mg2+ HBSS for 30 min at 37 ◦C in a 5% CO2 atmosphere. 
After rinsing with PBS, each sample was split into two tubes and treated 
with either vehicle or 10 μM antimycin A for 20 min at RT; where 
indicated, 1 μM oligomycin was added 5 min before antimycin A. The 
MitoSOX fluorescence was assessed by flow cytometry using the FL1 
channel of a FACSCalibur (BD Pharmingen) cytometer and expressed as 
fold increase over vehicle treated cells. 

4.1.8. Transmission electron microscopy 
For morphometric analysis of cristae structure, MEFs of the specified 

genotypes and treated as indicated were fixed with 1.25% (v:v) glutar
aldehyde in 0.1 M sodium cacodylate at pH 7.2 for 1 h at 37 ◦C in a 5% 
CO2 atmosphere. Samples were washed with PBS, fixed with 2.5% 
glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4 for 1 h at 37 ◦C 
and left at 4 ◦C in 0.1 M sodium cacodylate buffer until postfixation, 
performed with a mixture of 1% OsO4, 1.5% K4Fe(CN)6 in 0.1 M sodium 
cacodylate pH 7.4 for 1 h at 4◦ and overnight incubation in 0.25% uranyl 
acetate at 4 ◦C. After three water washes, samples were dehydrated in 
series of 15 min steps in 25%, 50%, 75%, 95% and 100% (v/v) ethanol 
and embedded in an epoxy resin (Sigma-Aldrich). Ultrathin sections 
(60–70 nm) were obtained with an Ultrotome V (LKB) ultramicrotome 
and counterstained with 1% uranyl acetate for 15 min and 1% lead 
citrate for 6 min. In cell populations co-transfected with the pIRES2- 
eGFP and SureSilencing® shRNA plasmids, GFP+ cells were sorted 
with a FACS Aria sorter (BD Pharmingen) and fixed 24 h after re-seeding 
in complete glucose-supplemented DMEM. Electron microscopy (EM) 
imaging of cells was performed as described [8] and thin sections were 
imaged using a Tecnai G2 (FEI) transmission electron microscope 
operating at 100 kV. Images were captured with a Veleta (Olympus Soft 
Imaging System) digital camera. For morphometric analysis of mito
chondrial cristae in randomly selected cells, maximal cristae width was 
measured on at least five mitochondria/cell from six randomly selected 
cells (n = 3 independent experiments) using the ImageJ Multimeasure 
plug-in as previously described [8]. To further quantify ultrastructure 
changes, the number of horizontal cristae and cristae junctions were 
manually quantified. Cristae profiles were obtained with the plot profile 
plugin of ImageJ software from the line transversally crossing individual 
cristae along the major axis of mitochondria. 

4.1.9. Isolated mitochondrial assays 
Mitochondria were individualized in Isolation Buffer (IB: 10 mM 

Tris-MOPS, 1 mM EGTA/Tris, 200 mM Sucrose) as described [69] from 
cells plated in 150 cm2 plates and incubated for 48 h in complete glucose 
supplemented DMEM. After isolation, mitochondrial protein concen
tration was determined by the Bradford assay (BioRad). 

4.1.10. Blue-native polyacrylamide gel electrophoresis 
Isolated mitochondria were resuspended to 0.5 mg/ml protein in 
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NativePAGE Sample buffer (Invitrogen) containing 1.1% (w/v) digi
tonin (Sigma) and protease-inhibitor cocktail (Sigma). After 5 min on 
ice, the lysate was spun at 20,000×g for 30 min at 4 ◦C. G250 (5%, 1 μl/ 
100 μg protein, Invitrogen) was added to the supernatant at 1 μl/100 μg 
protein and 40 μg of protein were loaded onto a 3–12% native precasted 
gels (Invitrogen). Running was performed at 4 ◦C for 30 min at 150 V in 
cathode buffer 1 (1X Native Page buffer, 1X Native Blue buffer; Invi
trogen) and further 90 min at 250 V in cathode buffer 2 (1X Native Page 
buffer, 0.1X Native Blue buffer; Invitrogen). Transfer of native gels was 
carried out overnight at constant 35 V onto PVDF membranes, fixed for 
10 min in 8% (v/v) acetic acid and activated for 5 min in absolute 
methanol before blocking and probing with antibodies in 5% (w/v) 
skinned milk. 

4.1.11. Immunoblotting 
Immunoblotting in SDS-PAGE experiments with samples collected in 

cells transfected and incubated for 24 h in either glucose or galactose 
medium, was performed with (50 μg) loaded protein immunodecorated 
with mouse monoclonal anti-GSS (1:1000) (Sc-166882, Santa Cruz 
Biotechnologies, Heidelberg, Germany), mouse monoclonal anti-GSR 
(Sc-133159, Santa Cruz Biotechnologies), mouse monoclonal anti- 
SOD2 (1:2000) (ab16,956, Abcam), rabbit anti-catalase (1:1000) 
(PA5-23246, Thermo Scientific), anti-Nrf2 (sc30915, Santa Cruz Bio
technologies) or mouse monoclonal anti-GAPDH (1:40,000) (glyceral
dehyde-3-phosphate dehydrogenase; 4300 Ambion, Cambridge, UK) 
antibodies. 

4.1.12. In-gel ATPase activity assay 
ATPase in-gel activity was measured as previously described [31,70, 

71]. After running native gels, ATPase activity was assessed in gels by 
incubating them overnight in ATPase activity buffer (35 mM Tris, 270 
mM glycine, 14 mM MgSO4, 0.2% Pb(NO3)2 and 8 mM ATP, pH 7.8) at 
room temperature. Gels were washed in water to stop the reaction ATP 
measurement and scanned for densitometric analysis. All uncropped 
gels and immunoblots are shown in Fig. S8. 

4.1.13. Cell death assays 
For cell death analysis, 3.0 × 103 cells/cm2 of the indicated genotype 

were seeded and, after 24 h, co-transfected with SureSilencing® shRNA 
and pIRES2-eGFP plasmids (3:1 ratio) and further incubating for 72 h in 
galactose-supplemented DMEM. To analyze cell death, after transfection 
cells were incubated for 24 h in the indicated medium, treated with 5 μM 
antimycin A for 6 h and subsequently were trypsinized for analysis. Cell 
death was assessed by flow cytometry detection (FACSCalibur) of double 
Annexin-V-APC/PI or Annexin-V/7-AAD positive events from the 
transfected GFP+ cell population when cells were transfected. 

4.1.14. Statistical analysis 
All measurements in cell culture were carried out, at least, in tripli

cate, and the results are expressed as the mean ± SEM values of the 
indicated number (n) of independent experiments. Statistical signifi
cance was determined by ANOVA between the indicated samples with 
Bonferroni post hoc analysis. P values are indicated in the legends (P <
0.05 was considered to indicate a significant difference). 
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