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ABSTRACT:
Mitochondrial outer and inner membrane dynamics are key processes in the switch from
growth conditions to cell death. During apoptosis, fission of the mitochondrial network and
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drastic remodelling of the cristae structures occur, and involve the intramitochondrial
dynamin OPA1. The 8 possible OPA1 isoforms result from the alternate splicing
combinations of exons 4, 4b and 5b. We show here that exon 4, which is conserved
throughout evolution, confers functions to OPA1, involved in the maintenance of the ∆Ψm
and in the fusion of the mitochondrial network. Conversely, exon 4b and exon 5b, that are
vertebrate specific, define a function involved in cytochrome c release, an apoptotic process
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also restricted to vertebrates. The uncoupling of OPA1 functions confirms that nuclear
splicing can control mitochondrial dynamic fate and susceptibility to pathologies.
Key words: OPA1, alternate splicing, mitochondria, fusion, apoptosis,

Abbreviations list:
cyt c:

cytochrome c

OMM:

outer mitochondrial membrane

IMM:

inner mitochondrial membrane

IMS:

inter membrane space

∆Ψm:

mitochondrial membrane potential

IF:

immuno-fluorescence

TEM:

transmission electron microscopy

ADOA:

autosomal dominant optic atrophy
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INTRODUCTION:
Mitochondrial membrane dynamics, involving both the fusion-fission of the mitochondrial
network and remodelling of cristae structures are essential processes in cellular adaptation to
HAL author manuscript

changes of growth conditions and programmed cell death (1; 2). Both the outer and inner
mitochondrial membrane (OMM and IMM) dynamics involve large GTPases: respectively the
Mitofusins, MFN1 and MFN2 (3; 4), and the dynamin-related protein, DRP1 (5) on the
OMM, and the dynamin related OPA1, localized in the inter membrane space (IMS) (6).
Mitochondrial fission can be activated by the apoptotic machinery, and physical and
functional interactions between apoptotic proteins including Bcl2-homolog domains and
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DRP1 and Mitofusins have been identified (7-9). Further regulation of the equilibrium
between fission and fusion is associated to the IMM potential (∆Ψm) (10) and the IMM
structural integrity (11). The IMM forms an architecturally complex structure which has been
reconsidered recently in the light of tomography analysis associated to transmission electron
microscopy (TEM). Indeed, tubular inner membrane junctions, called cristae junctions, have
been evidenced between the IMM facing the OMM, and the vesicular shaped cristae (12). In
vertebrate cells, during apoptosis, the cristae junction topology is drastically modified by the
proapoptotic protein tBid, to mobilize cyt c from the intra-cristae compartment to the IMS,
before its complete release into the cytoplasm (2). How this process is controlled and related
to the OMM dynamic remains unknown. OPA1 functions are involved in the fusion of the
mitochondrial network, via its interaction with mitofusin (13) and the maintenance of the
∆Ψm, and in the dynamic of cristae structure and cyt c release (11). 8 OPA1 isoforms result
from alternate splicing of 3 exons (Ex4, Ex4b and Ex5b) (14) (Fig 1A), but their respective
function is unknown. Among the almost 100 mutations, spanning the 31 exons of OPA1
(eOPA1, http://lbbma.univ-angers.fr/lbbma.php), that have been identified in patients affected
by Autosomal Dominant Optic Atrophy (ADOA, MIM165500), none involve these 3 exons,
suggesting that Ex4, Ex4b and Ex5b integrity is a strict requisite for OPA1 functions. Here,
we investigate their involvement in specifying OPA1 functions.
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RESULTS:
Amino acid sequence alignment between OPA1 and orthologous sequences indicated that the
domain 4, corresponding to Ex4, is conserved from yeast to man, while domains 4b and 5b,
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corresponding to Ex4b and Ex5b, are only found in vertebrate genomes, examplified here in
mammal and fish sequences (Fig.1B) and absent from Drosophila, Caenorhabditis and lower
eucaryote genomic sequences. The 17 amino-acids of the domain 4b are well conserved but
do not display any specific motif or structure. The first 24 residues of the 37 amino-acid long
domain 5b are highly conserved and the whole domain displays a highly conserved coiled coil
structure predicted to homopolymerize (Fig.1C).
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To address the function of the domains 4, 4b and 5b in mammalian cells, we compared the
overexpression effects of the isoforms containing either none (OPA1-0) or one of these three
domains (OPA1-4, OPA1-4b and OPA1-5b). HeLa cell cultures were transfected by vectors
expressing each variant and the detection of the over-expressed OPA1 was performed by
Western blotting and indirect immuno-fluorescence. In a whole cell lysate of untransfected
HeLa cells, the OPA1 antibodies labeled 5 bands with different intensities ranging from 98 to
86 kDa (11) which we referred here as a, b, c, d, and e (Fig.2A). 24 hours after transfection,
all the OPA1 isoforms were over-expressed at similar amounts and displayed one to three
bands that superimposed on the endogenous forms, respectively bands c and e for OPA1-0,
bands b and e for OPA1-4, band d for OPA1-4b, and bands b, c and d for OPA1-5b (Fig. 2A).
The fact that overexpression of each variant, with the exception of OPA1-4b, leads to at least
two peptides suggests that OPA1 is probably targeted by a second intra-mitochondrial
cleavage. Mitochondrial phenotypes were observed using MitotrackerTM Red CMXRos
staining and immunofluorescence (IF) using OPA1 antibody dilution that barely detect
endogenous expression. Arround 35% of the cells were strongly stained by IF and showed a
fragmented mitochondrial networks colocalizing with the MitotrackerTM fluorescence (Figure
2C a-h). Over-expression of OPA1-0, OPA1-4 and OPA1-4b led to intermediate fragmented
figures and punctuated mitochondria in almost equal proportions (Fig. 2B and 2C a-f). Cells
with a low exogenous OPA1 level had mitochondria appearing as short tubules, whereas cells
with high over-expression level had mitochondria appearing as dots (not shown). In addition,
expression of OPA1-5b led to an homogeneous phenotype with extremely small vesicular
mitochondria (Fig. 2B and 2C g,h), contrasting with the phenotype in surrounding
untransfected cells (Fig. 2C, stars), or in YFP transfected cells (Fig. 2B i,j). To address the
possible relationship between the mitochondrial network fission and a ∆Ψm dissipation, a
qualitative analysis was performed using the JC-1 probe. While no ∆Ψm dissipation was
4

observed in control cells, expression of OPA1 isoforms 0, 4, or 4b, produced around 15% of
cells totally devoid of red JC-1 aggregates. This value reached 30% in cultures expressing the
OPA1-5b isoform. Since all cells with ∆Ψm dissipation displayed a punctate mitochondrial
HAL author manuscript

network and over-expression of OPA1 variants induced fragmentation of the mitochondrial
network, we assume that the cells with ∆Ψm dissipation correspond to transfected cells and
consequently that mitochondrial fragmentation induced by OPA1 isoform overexpression
correlates with progressive ∆Ψm dissipation (not shown). We further examined the effect of
the overexpression of OPA1 isoforms on the mitochondrial ultrastructure by TEM. HeLa cells
were microinjected with a YFP or OPA1 variant expressing vectors, together with
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immunoglobulin conjugated to 10 nm gold beads to locate injected cells. Cells overexpressing OPA1 had predominantly small spherical mitochondria (Fig. 2D a-d), compared to
the filamentous shape of mitochondria in control cells (Fig. 2D e). Nevertheless, while
mitochondria of control cells or cells expressing OPA1-0, OPA1-4 or OPA1-4b showed
normal cristae structure with a regular diameter (Fig. 2D a-c,e), the cristae structure of cells
expressing OPA1-5b were dramatically modified, reminiscent of apoptotic mitochondria (Fig.
2D d). To assess possible apoptotic events, we used a direct DAPI labelling procedure that
prevents cells detaching from the support. In HeLa cells transfected by OPA1-0, OPA1-4 and
OPA1-4b or YFP, similar background levels of apoptotic like nuclei, with condensed and
fragmented chromatin were observed. In contrast, 16% (+/- 4%) of cells transfected by OPA5b, had a phenotype reminiscent of apoptosis (Fig. 3: A), that could be prevented by treating
cells with the caspase inhibitor Z-VAD-fmk (data not shown). This apoptotic nuclear
phenotype correlated with cyt c release in the cytoplasm in cells over-expressing OPA1-5b
(9%, n= 200) (Fig. 3, B:j-l), while no cyt c release was observed in cells transfected with the
other variants (Fig. 3 B:a-i) or in control cells. Thus, independently of the presence of the
alternate domains, over-expression of the different OPA1 variants induced a membrane
potential dissipation and fragmentation of the mitochondrial network. In addition the
overexpression of OPA1-5b induced an apoptotic process with major cristae remodelling and
cyt c release, suggesting that domain 5b function is related to the apoptotic process.
To further investigate whether special functions are associated with OPA1 domains,
we selectively inhibited the expression of the endogenous OPA1 variants. 3 siRNAs, siEx4,
siEx4b and siEx5b were transfected into HeLa cells, and their effects studied 72 hours later in
comparison with a siRNA targeting all OPA1 variants (OPA1-siRNA) and a scramble
siRNA(11). Silencing of OPA1 variants that contain the Ex4 led to the disappearance of the
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most abundant OPA1 isoforms, almost as did the OPA1-siRNA. Silencing of variants
containing the Ex4b led to a decrease of bands a and b, and silencing of variants containing
the Ex5b led to a decrease of bands a, c and d (Fig. 4A). Examination of mitochondrial
HAL author manuscript

network morphology with MitotrackerTM Red showed that control cells had a filamentous
mitochondrial network, while virtually all cells transfected with siEx4 or OPA1-siRNA
showed a punctated mitochondrial network (Fig. 4B b and e). However, cells transfected with
either siEx4b or siEx5b showed a highly filamentous mitochondrial network (Fig. 4B c,d)
which appeared even thinner and more interconnected than in control cells (Fig 4B a). ∆Ψm
measurement was performed by a spectroscopic quantitative approach using the JC-1 probe
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(Fig.4C) assessing the red to green fluorescence ratio. Significant ∆Ψm dissipation was
observed in cells transfected with the siEx4 and this was more extensive in cells transfected
with OPA1-siRNA, consistent with the fragmented mitochondrial phenotype. In cells
transfected with siEx4b and siEx5b, only a slight decrease of the ∆Ψm was found compared to
cells transfected with the scramble siRNA. Labeling chromatin with DAPI revealed that a
significant proportion (Fig. 4B graph) of the cells transfected with siEx4b, siEx5b or OPA1siRNA showed condensed and fragmented chromatin, a phenotype reminiscent of apoptotic
cells (Fig. 4B f), that was absent from cells transfected with siEx4 or the scramble siRNA. To
confirm that down-regulation of OPA1 variants containing Ex4b or Ex5b induced apoptosis,
we assessed by Western blot the PARP cleavage, that indeed correlates with the apoptotic
phenotype (Fig.4A). To further study the apoptotic process, we monitored in transfected cells
(n=900) the status of the cyt c, using specific antibodies, and the Mitotracker dye (Fig. 5, B).
In control and siEx4 transfected cells, cyt c IF perfectly colocalized with the Mitotracker
fluorescence in mitochondria. In siEx4b and siEx5b transfected cultures, some cells (6%)
showed partial release of cyt c (phenotype a) with the mitochondrial network still highly
tubular. Very few cells (< 0.5%) showed a complete release of cyt c and Mitotracker
fluorescence into mitochondria (phenotype b). In addition, we evidenced cells (>2%) with a
uniform cytoplasmic cyt c fluorescence and an unsual uniform cytoplasmic Mitotracker
fluorescence (phenotype c), suggesting that in these cells the membrane potential was beyond
the minimal level required for the Mitotracker to accumulate into mitochondria. In cells
treated with the OPA1-siRNA, a significant proportion showed a partial (7%) or complete
(22%) release of cyt c, with a uniform Mitotracker fluorescence in the mitochondrial network.
Finally, we explored the mitochondrial ultrastructures by TEM (Fig. 4Bg-k). Consistent with
former observations, mitochondrial shapes were tubular for control cells and siEx4b and
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siEx5b transfected cells (Fig.4B g,i,j), and spherical in siEx4 and OPA1-siRNA transfected
cells (Fig. 4B h,k). Surprisingly, no major perturbations of the IMM structure, and in
particular of the cristae morphology, were observed in cells transfected by the exon specific
HAL author manuscript

siRNAs or in control cells (Fig. 4B g-j), in contrast to cells transfected by the OPA1-siRNA
(Fig. 4B k).
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DISCUSSION:
OPA1-Ex4 involvement in mitochondrial dynamic.
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Taking together our results on the mitochondrial network dynamics, we observed that
OPA1 variant over-expression induced fission of the mitochondrial network, as the silencing
of OPA1 variants containing the Ex4. This suggests that modifying OPA1 abundance
interferes with its basic functions, that consist in ∆Ψm maintenance and membrane fusion.
Conversely, results from silencing of Ex4b and Ex5b suggest that domain 4b or 5b do not
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interfere with the fusion process or the membrane potential. Therefore, the presence of
domain 4 in OPA1, which is conserved in all OPA1 ortholog sequences, specifies functions
associated with the ∆Ψm maintenance and fusion of the mitochondrial network, that are
conserved throughout evolution, as similar observations were found in yeasts (15; 16).
OPA1-Ex4b or 5b involvement in the apoptotic process.
Our results from OPA1-5b overexpression and Ex4b and Ex5b silencing evidenced two types
of apoptotic processes based on cyt c release. The first one, already described for the silencing
of all OPA1 isoforms, is similar to that found for overexpression of OPA1-5b and corresponds
to most apoptotic processes described in the literature. Cells undergo mitochondrial fission,
∆Ψm dissipation, cytoplasm shrinkage, major modifications of the cristae structure and rapid
and complete cyt c release to terminate with nuclear fragmentation. The second form of
apoptosis was observed when OPA1 variants containing Ex4b or Ex5b were silenced. In these
later cases, cells undergo apoptosis without mitochondrial network fission, without major
∆Ψm dissipation, with very few cells showing complete cyt c release and without major
modifications of the cristae structure. These observations suggest that a descrete
modifications of the IMM, undetectable by conventional TEM, are sufficient for a
progressive, probably slow process of cyt c mobilization and release, that do not affect other
processes associated with IMM integrity. The uncoupling of this apoptotic process from
mitochondrial network fission and the presence of some cells showing complete cyt c release
with an unusual cytoplasmic Mitotracker dye staining, suggest that the final ∆Ψm dissipation
is not associated with an apoptotic specific process, but probably to the cyt c progressive
release and subsequent impairment of the respiratory chain.
Since the absence of both domains 4b and 5b led to this apoptotic process, one might
speculate that OPA1 isoforms including these domains have a specific and restricted function
in trapping cyt c inside mitochondria and in particular within cristae. Because cristae junction
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remodelling, cyt c release during apoptosis and alternate splicing in OPA1 have only been
described in vertebrates (12); (17), we propose that these processes result from co-evolution
and constitute a vertebrate specific mechanism controlling segregation of cyt c. Domain 5b
HAL author manuscript

that is predicted to form a homo-polymerizing coiled-coil structure, might induce a higher
level of OPA1 assembly to form a tight structure “plugging” cristae junction. Its absence
would mobilize cyt c into the IMS and allow subsequent release into the cytoplasm, without
initial modification of other mitochondrial functions. Similarly, domain 4b could positively
regulate this complex structure and consequently, its absence would generate a similar process
leading to cyt c release.
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Mitochondrial fate associated to OPA1 alternate splicing.
Our data suggest that mitochondrial fusion and susceptibility to apoptosis might be basically
regulated by the splicing machinery and consequently that the relative abundance of each
OPA1 isoform can contribute to adapt mitochondrial dynamic to cell types and growth
conditions. In this respect, characterization of the expression levels of each variant in human
retinal ganglion cells might contribute to identify the patho-physiological mechanism
responsible for their susceptibility to degeneration in optic neuropathies.
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MATERIAL AND METHODS.
Antibodies.
OPA1 antibodies were as previously described (6). Commercial antibodies were from
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the sources indicated: monoclonal anti-cytochrome c (Promega), polyclonal anti-cleaved
PARP (Promega), monoclonal anti actin (Chemicon), Alexa-594 anti-rabbit IgG and Alexa488 anti-mouse IgG (Molecular Probes), anti-rabbit IgG-HRP and anti-mouse IgG-HRP (New
England Biolabs).
Cell culture, plasmid transfection and Western blots.
HeLa cells were cultured in DMEM, 10% FCS, 5 % CO2. OPA1 variants were cloned by RT-
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PCR using oligonucleotides situated in the exons 3 and 5 to amplify sequences either
containing or not exons 4 and 4b, and oligonucleotides situated in exons 5 and 9 to amplify
sequences either containing or not exon 5b. All amplified fragments were cloned in the topopCRII vector (Invitrogen), sequenced, and recombined in OPA1 open reading frame to
provide the 4 transcripts. They were further sub-cloned in the pCCEY plasmids. SiRNA
(Dharmacond Research) experiments were carried out as described previously with some
modifications (11; 18). The sequences of the regions targeted by the siEx4, siEx4b and siEx5b
are

respectively

5'-AAGATTGTTGAAAGCCTTAGCTT-3',

5'-

AAGTCATAGGAGCTTCTGACCTA-3', and 5'-AAGAGGAAGCGCGCAGAGCCGCT-3'.
Final concentration of the siRNA duplex in culture medium was 100 nM. Transfections of
HeLa cells were performed with Lipofectamine 2000® reagent (Invitrogen). Inhibition of
caspases was performed with 100µM z-VAD-fmk (Calbiochem). To detect OPA1 and actin
by Western blots, transfected cells were harvested, washed once in PBS and equal amounts of
proteins were solubilized in 50µl Laemelli sample buffer and boiled for 10 minutes. Samples
were run on 7% polyacrylamide gels and transferred to nitrocellulose. Immuno-detection
(anti-OPA1: 1/2000 for over-expression experiments and 1/400 for RNAi; anti-actin:
1/10000; IgG-HRP: 1/10,000) was carried out using ECL (Amersham Pharmacia Biotech).
PARP detection was performed according to the protocol from Promega (anti-PARP: 1/400).
Microscopy.
For indirect immunofluorescent microscopy, cells grown on glass coverslips were
fixed in PBS, 3.7% paraformaldehyde (30 min, 4°C), permeabilized in PBS, 0.2% Triton X100 (10 min, room temperature) and immuno-labelled in PBS, 2% BSA, using the following
antibodies (OPA1: 1/800; cyt c: 1/1000; Alexa-594 anti-rabbit IgG: 1/600; Alexa-488 antimouse IgG: 1/600) and stained with DAPI (0.1µg/ml). For the cyt c localisation in siRNA
transfected cells, phenotypes were counted on 300 cells in duplicate experiments. For direct
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labelling procedure of mitochondria and chromatin, cell cultures were stained using 100nM
CMXros Mitotracker® Red (Molecular Probes) for 30 minutes, then fixed and DAPI
stained. To analyze the ∆Ψm, cells were incubated 20 minutes with 5µg/ml JC-1 (Molecular
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Probes) in culture medium and either directly observed in microscopy in culture medium
without phenol red (GIBCO), or subsequently collected, washed in PBS, and processed for
fluorescence analysis on an Ascent Fluoroscan using the Ascent Software (excitation 488nm;
emission 538 nm and 590 nm). The ratio of the fluorescence at 590 nm, proportional to the
∆Ψm, to that at 538 nm, proportional to the mass of mitochondria, was calculated from
triplicate values obtained in the course of three independent experiments. Fluorescence
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images were acquired and processed using a Leica DMIRE-2 microscope.
For TEM, cells were either transfected by siRNA and analysed 72 hours afterwards, or microinjected using a Zeiss Axiovert microinjector with the different plasmids in the presence antirabbit antibodies conjugated to 10 nm gold beads (EMS) and harvested after 24 hours. Cells
were fixed for 2 hours with 4% glutaraldehyde in sodium cacodylate buffer, post-fixed for 1h
with 1% osmium tetroxide, dehydrated and embedded in Epon (EMS). Thin sections collected
onto nickel grids were stained with 1% uranyl acetate and 0.3% lead citrate, and observed in a
JEOL-1200 EX electron microscope at 80 kV.
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TITLES AND LEGENDS TO THE FIGURES:
Figure 1. (A) Schematic representation of human OPA1 variants
Schematic representation of primary structures of the 8 OPA1 variants and the precursor
HAL author manuscript

predicted molecular weight. Arrows indicates predicted mitochondrial pre-sequence cleavage
sites. mRNA isoform numbering corresponds to PubMed classification (B) Evolutionary
conservation of domain 4b and 5b. Amino-acid alignment of the domains 4b and 5b.
Hs:homo sapiens, Rt: Ratus norvegicus Mm: mus musculus, Dr: Danio rerio , Fr: Fugu
rubripes. (C) Probability of coiled-coil structure for domain 5b in man and Fugu.
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Figure 2. OPA1 variant over-expression in HeLa cells induces fragmentation of the
mitochondrial network and a loss of ∆Ψm.
HeLa cells were transfected with plasmids expressing OPA1-0, OPA1-4, OPA1-4b, OPA15b, or control plasmids expressing YFP or nothing (mock) and processed 24 hours after
transfection. (A) Western blot analyses of whole cell extracts probed with anti-OPA1 (1/2000)
or anti-actin (1/10000) antibodies. Endogenous OPA1 signal is shown in mock transfected
cells. Actin labelling was used as a loading control (B) Percentage of phenotypes shown
above the table, among transfected cells. (C) Mitotracker® Red and DAPI staining (a, c, e, g,
i) and immuno-fluorescence anti-OPA1 labelling (b, d, f, h, j) fluorescence in transfected
cells. Untransfected cells are shown by stars. (D) TEM micrographs of thin section of HeLa
cells showing the ultrastructure of mitochondria 24 h after microinjection of plasmids. Bars
100 nm.
Figure 3. Cytochrome c release correlates with OPA1-5b induced apoptosis. HeLa cells
were transfected with plasmids expressing OPA1-0, OPA1-4, OPA1-4b, OPA1-5b and
processed 24 hours after transfection. (A) Quantification of apoptotic nuclei with DAPI
staining. (B) Cells, treated with Z-VAD-fmk (100µM) 4 hours after transfection, were fixed at
24 h, stained with DAPI, and immuno-labelled with anti-OPA1 (1/800) (red: a, d, g, j,) and
anti-cytochrome c (green: b, e, h, k,). Merged (c, f, i, l,). Untransfected cells are shown by
stars.
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Figure 4. Exon specific siRNA uncouples functions in mitochondrial network fusion and
apoptosis.
HeLa cells were transfected with siRNA matching the alternatively spliced exons, siEx4,
HAL author manuscript

siEx4b and siEx5b, or with the OPA1-siRNA or with the scramble as controls, and processed
72 hours after transfection. (A) Western blot analyses of whole cell extracts, probed with antiOPA1 (1/400) or anti-actin (1/10000) antibodies. (B) Analysis of Mitotracker® Red and
DAPI staining by fluorescence microscopy (a-f). Percentage cells showing a filamentous or
punctate mitochondrial network, or showing an apoptotic phenotype (graph). Transmission
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electron microscope micrographs of thin section of HeLa cells showing the ultrastructure of
mitochondria (g-k). Bars 100 nm (C) ∆Ψm assesment using JC-1 dye.
Figure 5. Assesment of cytochrome c release in cells transfected by the different siRNAs.
HeLa cells were transfected by the 5 different siRNA, then processed after 72 hours for
cytochrome c IF and Mitotracker® Red fluorescence and DAPI staining. (A): phenotypes
observed : - a: cyt c partially released in the cytoplasm; - b: cyt c completely released in the
cytoplasm and mitochondrial Mitotracker labelling; - c: cyt c completely released in the
cytoplasm and cytoplasmic Mitotracker florescence. (B): Relative amounts of the 3
phenotypes in the siRNA transfected cultures (n=900).

16

HAL author manuscript

inserm-00164127, version 1

HAL author manuscript

inserm-00164127, version 1

HAL author manuscript

inserm-00164127, version 1

HAL author manuscript

inserm-00164127, version 1

HAL author manuscript

inserm-00164127, version 1

