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Optic atrophy 3 as a protein of the mitochondrial outer membrane
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Abstract The optic atrophy 3 (OPA3) gene, which has no

known homolog or biological function, is mutated in

patients with hereditary optic neuropathies. Here, we

identified OPA3 as an integral protein of the mitochondrial

outer membrane (MOM), with a C-terminus exposed to the

cytosol and an N-terminal mitochondrial targeting domain.

By quantitative analysis, we demonstrated that overex-

pression of OPA3 significantly induced mitochondrial

fragmentation, whereas OPA3 knockdown resulted in

highly elongated mitochondria. Cells with mitochondria

fragmented by OPA3 did not undergo spontaneous apop-

totic cell death, but were significantly sensitized to

staurosporine- and TRAIL-induced apoptosis. In contrast,

overexpression of a familial OPA3 mutant (G93S) induced

mitochondrial fragmentation and spontaneous apoptosis,

suggesting that OPA3 mutations may cause optic atrophy

via a gain-of-function mechanism. Together, these results

indicate that OPA3, as an integral MOM protein, has a

crucial role in mitochondrial fission, and provides a direct

link between mitochondrial morphology and optic atrophy.
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Introduction

Mitochondria are dynamic organelles maintained by fre-

quent fission and fusion processes that influence their

morphology [1, 2]. The dynamic behavior of mitochondria

plays a central role in a variety of cellular processes,

including cell survival, development, proliferation, and

apoptosis [3–5]. Mitochondrial dysfunction is emerging as

a central event in the pathogenesis of several neurode-

generative diseases such as Charcot-Marie-Tooth (CMT)

2A [6], Parkinson’s disease [7], and hereditary optic

neuropathies [8]. CMT2A is characterized by muscle

weakness and axonal degeneration in sensory and motor

neurons; it is caused by a mutation in mitofusin 2 (Mfn2),

which mediates mitochondrial fusion. Inherited autosomal

dominant optic atrophy (ADOA) involves the loss of visual

acuity due to the degeneration of optic nerve and retinal

ganglion cells. The major form of ADOA is caused by a

mutation in optic atrophy 1 (OPA1), which is a protein

essential for mitochondrial fusion.

The OPA3 gene has been found to be mutated in patients

with autosomal, dominantly inherited optic atrophy and

cataracts, as well as Costeff optic atrophy syndrome, also

known as 3-methylglutaconic aciduria (MGA) type III [9,

10]. Mitochondrial inner membrane (MIM) proteomics and

sequence analysis of the OPA3 protein predicted that

OPA3 localizes to the inner membrane [9, 11]. Homozy-

gous ENU-induced OPA3 mutant mice (OPA3L122P)
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display the features of MGA type III: reduced visual

function, loss of retinal ganglion cells, and degeneration of

the optic nerve [12]. Although OPA3 was proposed to play

an important role in optic atrophy and neuronal degenera-

tion, OPA3 protein function and regulation that underlie

OPA3-linked pathogenic processes remain poorly under-

stood. Here, we show that OPA3 is an integral protein of

the mitochondrial outer membrane (MOM) and has an

important role in regulating mitochondrial dynamics and

sensitivity to apoptotic cell death.

Materials and methods

Reagents

OPA3-specific polyclonal antibody was raised against a

GST-fused partial OPA3 protein (residues 61–179). Puri-

fied OPA3 antibody was used at a 1:500 dilution for

Western-blot analysis (Supplementary Fig. 1D in ESM).

Antibodies against FLAG, GFP, actin, and myc were pur-

chased from Sigma (St. Louis, MO, USA). Antibodies

against Tom 20, Tim 23, OPA1, cytochrome c, and DRP1

were from BD Bioscience. Antibodies against caspase-3

and PARP were purchased from Cell Signaling (Beverly,

MA, USA). The polyclonal Bax antibody was from Upstate

Biotechnology (Bellerica, MA, USA). Fluor 594-conju-

gated goat anti-mouse and goat anti-rabbit IgG and Fluor

488-conjugated goat anti-mouse and goat anti-rabbit IgG

were purchased from Molecular Probes (Eugene, OR,

USA). Horseradish peroxidase (HRP)-conjugated second-

ary antibodies were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). Proteinase K was

from Sigma, and digitonin was purchased from Calbio-

chem (La Jolla, CA, USA).

Expression constructs, cell culture, and transfection

OPA3 cDNA (NP_079412) was amplified by PCR, diges-

ted with EcoR1 and Sal1, and ligated into the pFLAG-

CMV-6A plasmid (Sigma; indicated as FLAG-OPA3) and

the pCMV 3Tag4B plasmid (Stratagene, La Jolla, CA,

USA; indicated as OPA3-myc). Wild-type OPA3, OPA3

deletion mutants, OPA3 variant 1 (NP_001017989, indi-

cated as OPA3-v1) and Drosophila OPA3 [NP_651192,

indicated as Drosophila OPA3 (dOPA3)] were amplified

using specific primers, digested with restriction endonu-

cleases, and ligated into the pEYFP-N1 plasmid (Clontech,

Mountain View, CA, USA; indicated as OPA3-YFP and

OPA3-YFP mutants). The nucleotide sequences of the

wild-type and mutant OPA3 inserts were confirmed by

DNA sequencing. Mito-YFP and mito-DsRed (Clontech)

were used as mitochondrial controls.

HeLa cells and COS-7 cells were grown in Dulbecco’s

complete medium supplemented with 10% heat-treated

fetal calf serum, 100 U/ml penicillin, and 100 lg/ml

streptomycin (Invitrogen). The cells were transfected using

Effectene reagent (Qiagen, Hilden, Germany) and FuGene

6 (Roche, Basel, Switzerland).

Fluorescence recovery after photobleaching

To measure mitochondrial fusion, fluorescence recovery

after photobleaching (FRAP) was performed as described

previously [13]. Briefly, cells in two-well chamber slides

(Nunc, Rochester, NY, USA) were transfected with

mito-YFP, together with myc-fused vector or OPA3-myc

(1:3 ratio), respectively. After 15 h, the cells were

imaged using a LSM510 Meta imaging station (Carl

Zeiss MicroImaging Inc.). A small region of identical

size (white circle, ROI) was photobleached in mito-YFP-

expressing cells, using a 30.0-mV argon laser set to

488 nm with 30% laser power output and 100% trans-

mission, until the fluorescence intensity of the region

reached zero. The region was then monitored for YFP

fluorescence recovery. Fluorescence intensity was nor-

malized to the intensity of the ROI in the first image of

the series, and fluorescence intensity recovery rates were

plotted. Data represent the mean ± SD of experiments

with 70 cells per treatment.

Assessment of apoptotic cell death

To measure staurosporine (STS)- and TRAIL-induced

apoptosis, cells were incubated in the absence or presence

of 5 lg/ml cyclohexamide (CHX) for 3 h and then treated

with 300 ng/ml TRAIL or 1 lM STS. The cells were

immunostained with anti-cytochrome c or anti-Bax anti-

bodies and observed under a confocal microscope. For

caspase-3 activation and poly(ADP-ribose) polymerase

(PARP) cleavage, cells were harvested and analyzed by

Western blotting with anti-PARP and anti-active caspase-3

antibodies.

Subcellular fractionation and proteinase K assay

For subcellular fractionation, cells were harvested, washed

with ice-cold phosphate-buffered saline (PBS), and resus-

pended in five volumes of buffer containing 10 mM

HEPES–KOH, pH 7.4, 38 mM NaCl, 1 lg/ml aprotinin,

1 lg/ml leupeptin, and 1 mM phenylmethyl sulfonyl fluo-

ride (PMSF) with 250 mM sucrose. The cells were

homogenized with 50 strokes in a Dounce homogenizer, and

the homogenates were cleared by centrifugation (750 9 g,

10 min, 4�C). The mitochondria were collected by centri-

fugation (10,000 9 g, 10 min, 4�C) and resuspended in
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mitochondria extraction buffer (50 mM Tris–HCl, pH 7.4,

150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 0.2% Triton

X-100, 0.3% NP-40, 1 mM PMSF, 1 lg/ml aprotinin, and

1 lg/ml leupeptin). The supernatant was used to prepare the

cytosolic fraction by ultracentrifugation (100,000 9 g,

30 min, 4�C). For the proteinase assay, the mitochondrial

fraction was washed with IB buffer (220 mM mannitol,

70 mM sucrose, 10 mM HEPES/KOH, pH 7.6, 1 mM

MgCl2, 1 mM DTT, and 1 mM EDTA), proteinase K

(10 lg/ml) was added to the samples in IB buffer or swelling

buffer (20 mM HEPES/KOH, pH 7.4), and the samples were

incubated on ice for 30 min. Protease activity was termi-

nated by the addition of SDS-PAGE sample buffer.

In vitro mitochondrial import

Mitochondria (1 mg/ml) were isolated from healthy cells

and incubated in import buffer (220 mM mannitol, 70 mM

sucrose, 10 mM HEPES/KOH, pH 7.2, 1 mM MgCl2,

1 mM EDTA and 1 mM dithiothreitol) containing 1 mM

ATP, 0.1 mM GTP, and 5 mM NADH. Import reactions

were started by addition of [35S]-labeled OPA3 synthesized

by in vitro transcription and translation in rabbit reticulo-

cyte lysate (TNT coupled system, Promega). After

incubation, mitochondria were recovered by centrifugation

at 10,000 9 g for 10 min at 4�C. Isolated mitochondria

were incubated with trypsin for 20 min at 4�C after import.

Western-blot analysis

Cell lysates, mitochondrial extracts, and cytosolic fractions

were analyzed by Western blotting. SDS-PAGE was car-

ried out in 4–12% polyacrylamide gradient gels (NuPAGE,

Invitrogen, Carlsbad, CA, USA). The separated proteins

were electroblotted onto nitrocellulose or polyvinylidene

fluoride (PVDF) membranes (Invitrogen). Anti-FLAG,

anti-myc, anti-Tom 20, anti-OPA1, anti-OPA3, anti-actin,

anti-GFP, anti-PLC-c, and anti-DRP1 antibodies were

used.

RNA interference

The experiments using OPA3 siRNAs and RNAi negative

control duplexes were performed using an Invitrogen Stealth

RNAi system. The target sequences for OPA3 were: 50-A
GCAAGCCGCTTGCCAACCGTATTA-30 (#156), 50-GCC

GAAGCGAGTTCTTCAAGACCTA-30 (#157) and 50-TC

ACTGGGTGGAGATGCGGACCAAG-30 (#158). DRP1

shRNA and FIS1 shRNA were cloned as described previ-

ously [14]. One day after the cells were transfected with

these siRNAs, the medium was changed, and the cells

were grown for an additional 2 days prior to further

experiments.

Immunofluorescence assay

Cells grown in two-well chamber slides were fixed with

4% paraformaldehyde for 15 min at room temperature,

permeabilized with 0.15% Triton X-100 in PBS for 15 min

at room temperature, and then blocked with 3% bovine

serum albumin in PBS for 45 min at room temperature.

The slides were incubated with monoclonal anti-Tom 20,

monoclonal anti-cytochrome c, polyclonal anti-Bax, poly-

clonal anti-FLAG, or polyclonal anti-myc antibodies as the

primary antibody. After washing with PBS, the slides were

incubated with goat anti-mouse IgG conjugated with Alexa

Fluor 488 or 594 or goat anti-rabbit IgG conjugated with

Alexa Fluor 488 as the secondary antibody. The slides were

observed under a Zeiss LSM 510 confocal microscope

using 639 and 409 Apochromat objectives (Zeiss). The

excitation wavelengths for YFP, Alexa Fluor 594, Alexa

Fluor 488, and DsRed were 514, 594, 488, and 543 nm,

respectively.

Digitonin differential permeabilization

For topology experiments, differential permeabilization

was performed as described previously [15]. Briefly, HeLa

cells were transfected with the indicated plasmids. After

15 h, the cells were fixed with 4% paraformaldehyde for

15 min at room temperature, permeabilized with increasing

concentrations of digitonin in PBS, and immunofluores-

cently labeled using anti-FLAG, anti-myc, anti-Tom 20, or

anti-cytochrome c antibodies.

Results

OPA3 affects mitochondrial morphology

To determine the function of OPA3, we first investigated

whether it had an impact on mitochondrial morphology in

HeLa, COS 7, and 293 cells. The C-terminally myc-tagged

OPA3 (OPA3-myc) expressed in HeLa cells co-localized

with the mitochondrial marker protein Tom 20 (Fig. 1a).

Interestingly, HeLa cells transfected with OPA3-myc fre-

quently showed abnormal mitochondrial morphology,

which led to extensive mitochondrial fragmentation

(Fig. 1a(ii)). In contrast, most of the cells transfected with

control myc-vector had mitochondria with normal mor-

phology, and short- and long-form mitochondria were

present in each cell (Fig. 1b). Less than 5% of the cells

transfected with control myc-vector had fragmented mito-

chondria, whereas most (84 ± 1%) of the cells transfected

with OPA3-myc had fragmented mitochondria. To quantify

the OPA3-induced mitochondrial fragmentation in HeLa

cells, we analyzed mitochondrial volume and connectivity
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using the FRAP technique. In the control cells, the fluo-

rescence of the mitochondrial matrix-targeted yellow

fluorescent protein (mito-YFP) recovered rapidly (within

*10 s) into the bleached area of the mitochondria; how-

ever, the recovery of fluorescence into the bleached area

was significantly blocked in OPA3-myc-transfected cells

(Fig. 1c, d). These results clearly indicate that OPA3-myc

overexpression induced mitochondrial fragmentation.

To confirm the effect of OPA3 on mitochondrial mor-

phology, we designed three specific siRNAs (156i, 157i,

and 158i) for knockdown of endogenous OPA3 protein.

The decreased level of OPA3 protein was validated using a

rabbit anti-OPA3 polyclonal antibody generated against

truncated human OPA3 (62–179) with GST (Supplemen-

tary Fig. 1A). After transient transfection with OPA3

siRNA, the levels of OPA3 protein were significantly

reduced compared to those in control siRNA transfectants

(Fig. 1e). In HeLa cells transfected with control siRNA,

less than *40% of the mitochondria showed elongated

mitochondrial morphology, and a small fraction

(6.5 ± 2.2%) exhibited the short form (Fig. 1f, g). By

contrast, most OPA3-knockdown HeLa cells had more

Fig. 1 Effect of OPA3 on mitochondrial morphology. a, b Cells were

stained with fluorescently labeled anti-myc (green) and anti-Tom 20

(red) antibodies. Higher magnification of the white square is

presented in the right panel: top without OPA3-myc (i); and bottom
with OPA3-myc (ii). Data are the mean ± SD of three experiments,

each with 100 cells per treatment. Bar 10 lm. c, d The white circle
(ROI) is the photobleached area monitored for recovery of mito-YFP

fluorescence. Each line represents the mean of[70 measurements (d).

e Total extracts from cells transfected with OPA3 RNAi (156i, 157i,

and 158i) were analyzed by Western blotting with anti-OPA3

antibody. Actin was used as a loading control. f, g Mitochondria

with OPA3 siRNA or control siRNA, together with mito-YFP, were

analyzed by confocal microscopy. The number of cells displaying

normal mitochondria (mixed), elongated mitochondria, and frag-

mented mitochondria were counted. Data are the mean ± SD of three

experiments, each with 100 cells per treatment. h The fusion activity

of individual mitochondria measured by fluorescence recovery after

photobleaching in living OPA3-depleted HeLa cells

2842 S. Ryu et al.



elongated and tubular mitochondria. Fluorescence recovery

in bleached areas was significantly more prominent and

rapid in OPA3 RNAi cells than in control siRNA trans-

fectants (Fig. 1h).

Knockdown of DRP1 and FIS1 does not affect

mitochondrial fragmentation induced by OPA3

To test whether OPA3-induced mitochondrial fission was

dependent on the activity of dynamin-related protein

(DRP) 1, we cotransfected C-terminally YFP-tagged OPA3

(OPA3-YFP) along with N-terminally myc-tagged DRP1

K38A (myc-DRP1 K38A), a dominant-negative mutant. As

expected, 98% of the transfected cells with myc-DRP1

K38A showed highly interconnected mitochondria, while

there was no effect of myc-DRP1 K38A on the OPA3-

mediated mitochondrial fragmentation (Fig. 2a, b). Con-

sistent with this, knockdown of DRP1 or fission (FIS) 1

using RNA interference also did not affect mitochondrial

fragmentation induced by OPA3 (Fig. 2c, d). To examine

the effects of OPA3 knockdown on DRP1/FIS1-mediated

mitochondrial fission, HeLa cells were transfected with

OPA3 siRNA along with YFP-DRP1 or YFP-FIS1. We

observed increased recruitment of large punctate

YFP-DRP1 at the fission sites of the mitochondria and

extensive mitochondrial fragmentation by overexpression

of YFP-FIS1 (Fig. 2e). Conversely, OPA3 knockdown

significantly induced a cytosolic distribution of YFP-DRP1

in a more diffuse manner, with smaller punctate foci and

reduced FIS1-induced mitochondrial fragmentation

(Fig. 2f). These results clearly indicate that OPA3 can

induce mitochondrial fragmentation independently on

DRP1/FIS1-mediated mitochondrial fission.

OPA3 increases sensitivity to apoptotic signals

It has been established that altered mitochondrial mor-

phology is closely related with apoptotic sensitivity [5]. We

examined whether extrinsic expression of OPA3 could lead

to cell death in the absence or presence of apoptotic

stimuli. HeLa cells were transiently transfected with

OPA3-YFP or mito-YFP and further examined the cyto-

chrome c release and mitochondrial intermembrane

potential. Cells with fragmented mitochondria attributable

to OPA3 overexpression showed normal cytochrome c

distribution (Fig. 3a) and concentrated TMRE fluorescence

Fig. 2 Effect of OPA3

depletion on DRP1/FIS1-

mediated mitochondrial fission.

a, b HeLa cells were transfected

with the indicated constructs

(1:3 ratios). After 15 h, the cells

were fixed and analyzed by

confocal microscopy. Bar
10 lm. c HeLa cells stably

transfected with DRP1 shRNA

or FIS1 shRNA were harvested

and analyzed by Western

blotting with anti-DRP1, anti-

FIS1, and anti-actin antibodies.

d HeLa cells stably expressing

DRP1 shRNA or FIS1 shRNA

were transfected with the

indicated constructs. Cells were

fixed, stained with anti-Tom 20

antibody (red) and analyzed by

confocal microscopy. Bar
10 lm. e–g HeLa cells were

transfected with control siRNA

(e) or OPA3 siRNA (f), along

with mito-YFP, YFP-DRP1, or

YFP-FIS1. Cells were fixed,

stained with anti-Tom 20 (red)

and analyzed by confocal

microscopy. Higher

magnification of the white
square is presented in the right
panel of the merged image. Bar
10 lm
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intensity (data not shown), indicating that OPA3 overex-

pression alone is not sufficient to induce spontaneous

apoptotic cell death. However, treatment with STS signif-

icantly increased the redistribution of cytochrome c from

the mitochondria to the cytosol in cells with OPA3-YFP

(41.0 ± 1.2%), compared with cells with mito-YFP

(22.6 ± 2.1%; Fig. 3b, c), showing that OPA3-induced

mitochondrial fragmentation augments the sensitivity to

STS-stimulated apoptosis. On the other hand, cytochrome c

appeared in the cytosol of HeLa cells transfected with a

patient OPA3 mutant, OPA3 (G93S) in the absence of

external apoptotic stimuli (Fig. 3a–c). Cells with OPA3

(G93S)-YFP showed extensive mitochondrial fragmenta-

tion (Supplementary Fig. 2B), comparable to that induced

by the overexpression of wild-type OPA3.

OPA3 expression also increased the sensitivity to

TRAIL-induced cell apoptosis. Treatment of the cells with

TRAIL induced redistribution of cytochrome c from the

mitochondria to the cytosol in cells with OPA3-YFP

(85.8 ± 2.8%), compared with cells with mito-YFP

(43.2 ± 1.2%; Fig. 4a, b). Consistent results were obtained

for the translocation of Bax to mitochondria (Fig. 4c, d),

caspase-3 activation, and PARP cleavage (Fig. 4e). To

validate the apparent role of OPA3 in apoptotic sensitivity,

we examined OPA3-knockdown HeLa cells and measured

cytochrome c release following STS treatment. As shown

in Fig. 4f, OPA3 knockdown significantly decreased the

release of cytochrome c by STS, indicating that depletion

of OPA3 could protect against apoptotic cell death.

OPA3 is in the mitochondrial outer membrane

To determine the localization of OPA3, we performed

subcellular fractionations. Both endogenous and extrinsi-

cally introduced OPA3 were detected in the mitochondrial

fraction, but not in the cytosolic fraction (Fig. 5a, b).

Consistent with this, OPA3-myc and FLAG-OPA3 colo-

calized with mitochondrial proteins such as cytochrome c

and Tom 20 in HeLa cells (Fig. 5c, upper panel) and COS7

cells (Fig. 5c, lower panel). After confirming that OPA3

was located in the mitochondria, we investigated whether it

is localized in the MOM or the MIM by treating mito-

chondrial fractions with proteinase K. The MIM protein

OPA1 was degraded by proteinase K only after osmotic

Fig. 3 Overexpression of

OPA3 increases the release of

cytochrome c with apoptotic

stimuli. a, b HeLa cells were

transfected with the indicated

constructs. After 15 h, the cells

were treated without (a) or with

(b) 1 lM STS for 30 min,

stained with fluorescently

labeled anti-cytochrome c
antibody (red), and analyzed by

confocal microscopy. Higher

magnification of the white
square a is presented in the right

panel of the merged image. Bar
10 lm. White arrows b indicate

cells with YFP and cytosolic

cytochrome c. c The number of

cells displaying cytosolic and

mitochondrial cytochrome c
were counted and are shown as

a percentage of the total cells

counted in each green image

cell population. Data are the

mean ± SD of three

experiments, each with 100

cells per condition. *p \ 0.05
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shock (Fig. 5d). In contrast, endogenous OPA3 and the

MOM protein Tom 20 were digested by proteinase K even

in the absence of osmotic shock, indicating that OPA3 is

localized in the MOM (Fig. 5d). Similar results were

obtained using OPA3-YFP (Fig. 5e), FLAG-OPA3, and

OPA3-myc (Supplementary Fig. 1B, C). Consistent with

this, we did not detect [35S]-labeled OPA3 upon trypsin

treatment of mitochondria that had been incubated with

[35S]-labeled OPA3 in an ATP regeneration system

(Fig. 5f). As OPA3 might have been degraded by pro-

teinase K whether it is peripherally or integrally associated

with the MOM, we used high-pH sodium carbonate

(Na2CO3) to extract the peripherally attached proteins from

the MOM. DRP1 was extracted with this alkali treatment,

consistent with its known peripheral attachment to the

MOM (Fig. 5g). In contrast, endogenous OPA3 and

FLAG-OPA3 were precipitated with the membrane frac-

tion in both control buffer and 0.1 M Na2CO3 (Fig. 5g).

These results collectively indicate that OPA3 is an integral

protein, localized in the MOM.

To understand the role of OPA3 in mitochondrial

dynamics and function, it is important to understand its

topology in the MOM. To this end, we employed a dif-

ferential permeabilization technique, using different

concentrations of digitonin to selectively break the plasma

membrane and MOM. In HeLa cells treated with 5 lg/ml

Fig. 4 Overexpression of OPA3 leads to apoptotic sensitivity of

cells. a–e HeLa cells were transfected with the indicated constructs.

Cells were treated with TRAIL for 6 h, stained with fluorescently

labeled anti-cytochrome c antibody (a) or anti-Bax antibody (c), and

analyzed by confocal microscopy. The number of cells displaying

cytosolic cytochrome c (b) and Bax translocation (d) were counted,

and are shown as a percentage of the total cells counted in each green
image cell population. Data are the mean ± SD of three experiments,

each with 100 cells per condition. Bar 10 lm. White arrows indicate

cells with YFP and cytosolic cytochrome c (a), or with YFP and

cytosolic Bax (c). e Caspase-3 activation and PARP cleavage were

assessed by Western blotting with the indicated antibodies. f HeLa

cells were transfected with the control siRNA or OPA3 siRNA. Cells

were treated with 1 lM STS for the indicated time. Cells were stained

with anti-cytochrome c antibody, and then analyzed by confocal

microscopy. The numbers of cells displaying cytosolic cytochrome c
were counted, and are shown as a percentage of the total cells

counted. Data are the mean ± SD of three experiments, each with

100 cells per condition. Knockdown of OPA3 was assessed by

Western blotting using anti-OPA3 and anti-actin antibodies (f)

Mitochondrial fragmentation by OPA3 2845



digitonin (Fig. 5h), Tom 20 was immunostained by an

antibody against its TPR motif, which is exposed to the

cytosol, but cytochrome c was not immunostained by an

antibody against cytochrome c, which is localized in the

mitochondrial intermembrane space. Both cytochrome c

and Tom 20 were immunostained in HeLa cells treated

with 12 lg/ml digitonin. As shown in Fig. 5h, an antibody

against the C-terminally fused myc tag immunostained

OPA3-myc in mitochondria after treatment with 5 lg/ml

digitonin. However, cytochrome c was not detected by

immunostaining under the same conditions, confirming that

the C-terminus of OPA3 is exposed to the cytosol.

Immunostaining of FLAG-OPA3 by an antibody against

the N-terminally fused FLAG tag was positive only in the

presence of 12 lg/ml digitonin, which also resulted in

positive immunostaining of cytochrome c. Together, these

results demonstrate that OPA3 is anchored in the MOM

with its N-terminal region exposed to the mitochondrial

intermembrane space and its C-terminal region exposed to

the cytosol.

Its N-terminus targets OPA3 to mitochondria

OPA3 amino acid residues 25–29 (NRIKE) have been

proposed to be a mitochondrial targeting peptide that is

imported into the mitochondrial matrix [9]. To examine

this mitochondrial targeting sequence, we tested the

localization of an NRIK deletion mutant of OPA3 fused

N-terminally to YFP. Consistent with our earlier results,

full-length OPA3-YFP was localized on the mitochondria

in HeLa cells using DsRed-Mito as the mitochondrial

control (Fig. 6a). Contrary to our expectation, OPA3

(DNRIK)-YFP was also localized on the mitochondria,

suggesting that the N-terminal NRIKE sequence is not

crucial for mitochondrial targeting of OPA3 (Fig. 6a, b).

To determine the mitochondrial-targeting domain of

OPA3, we made several deletion mutants, including a

mutant lacking the putative hydrophobic region, corre-

sponding to amino acids 83–102, which represents a

predicted membrane-spanning segment according to the

TMHMM server (http://www.cbs.dtu.dk), the DAS trans-

membrane prediction server (http://www.sbc.su.se), and

the Kyte-Doolittle hydropathy plot server (Fig. 6a, c). The

C-terminally truncated OPA3-YFP mutants, including

OPA3 (D83–102), OPA3 (1–30), and OPA3 (1–105), were

localized to the mitochondria, whereas the N-terminal

deletion mutants of OPA3, OPA3 (20–179) (data not

shown) and OPA3 (31–179) were found in the cytoplasm

(Fig. 6a, b). These results suggest that the N-terminal 30

residues of OPA3 are required for mitochondrial targeting.

Hydrophobic region of OPA3 is required

for mitochondrial fragmentation

We next examined the effect of the functional domain of

OPA3 on mitochondrial morphology. As shown in Fig. 6d,

Fig. 5 Localization of OPA3 on the mitochondrial outer membrane

(MOM). a, b HeLa cells or FLAG-OPA3-expressing HeLa cells were

harvested. Two subcellular fractions were prepared, cytosol (Cyto)

and mitochondria (Mito), and analyzed by Western blotting with the

indicated antibodies. WCL Whole-cell lysate. c HeLa cells (upper
panel) and COS7 cells (low panel) were transfected with OPA3-myc

and FLAG-OPA3, respectively. Cells were fixed, and stained with

fluorescently labeled anti-cytochrome c and anti-myc antibodies, or

anti-Tom 20 and anti-FLAG antibodies, followed by confocal

microscopy. Mitochondrial fractions (d) and mitochondrial fraction

with OPA3-YFP (e) in control buffer or swelling buffer (OS) were

digested by proteinase K (PK). Western blots of the separated proteins

were probed with anti-OPA3, anti-GFP, anti-Tom 20, and anti-OPA1

antibodies. f Mitochondria labeled with in vitro translated [35S]-OPA3

were incubated with and without 200 lg/ml trypsin. Proteins were

separated by SDS-PAGE. [35S]-OPA3 was detected using Kodak

X-ray film. g Alkali (Na2CO3)-treated mitochondria were extracted

and subjected to further ultracentrifugation to separate soluble (S) and

pelleted proteins (P). Western blots of the separated proteins were

probed with anti-OPA3, anti-FLAG, and anti-DRP1 antibodies.

h Cells with FLAG-OPA3 or OPA3-myc were permeabilized with

the indicated concentrations of digitonin and were co-immunostained

with fluorescently labeled anti-FLAG and anti-Tom 20 antibodies, or

anti-myc, and anti-cytochrome c antibodies. Bar 10 lm
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e, overexpression of OPA3-YFP induced significant mito-

chondrial fragmentation, despite the low expression level

of OPA3-YFP. Cells with the C-terminal deletion mutant

of OPA3 that retained the hydrophobic region (residues

83–102) also displayed excessively fragmented mitochon-

dria. In contrast, cells transfected with OPA3 (D83–102),

the OPA3 deletion mutant lacking the hydrophobic region,

did not exhibit mitochondrial morphological changes, with

[70% of the cells showing mitochondrial networks con-

sisting of tubules (Fig. 6d, e). Although OPA3 (D83–102)-

YFP localized to the mitochondria, the proteinase K assay

showed that the construct failed to localize to the MOM

(Fig. 6f). These results suggest that OPA3 residues 83–102

are required for mitochondrial fragmentation and MOM

localization of OPA3.

Human OPA3 has two splicing variants (v1, NP_0010

17989 and v2, NP_079412), which show 81.7% amino

acid identity (data not shown). Interestingly, residue 93

(G93) of OPA3 variant 2 (NP_079412, as used in this

study) is mutated in the OPA3 of an ADOA patient and

is absent from OPA3 variant 1 (NP_001017989). Thus,

we investigated whether the expression of OPA3 variant

1 (OPA3-v1) resulted in the same phenotype as

the expression of variant 2 (OPA3-v2). As shown in

Fig. 7a, OPA3-v1-YFP showed colocalization with Tom

20 in mitochondria and exhibited extensive mitochon-

drial fragmentation, indicating that mutation of residue

93 of OPA3 is not necessary for mitochondrial

fragmentation.

Drosophila OPA3, CG13601, rescued the mitochondrial

function of human OPA3

To assess the evolutionary relationships of OPA3, we

performed a BLAST search (http://blast.ncbi.nlm.nih.gov/

Blast.cgi) and Pfam analysis (http://pfam.sanger.ac.uk).

Pfam analysis revealed 179 homologs containing OPA3

domains in eukaryotes (data not shown). Twenty-one

orthologs formed monophyletic subgroups. As shown in

Fig. 7b, eight of these orthologs showed high amino acid

sequence identity with human OPA3. These results sug-

gest that proteins with an OPA3 domain also have an

important role in mitochondrial fragmentation in other

species. To this end, we investigated whether the elon-

gated mitochondrial morphology observed in OPA3-

downregulated cells could be rescued by expression of an

OPA3 ortholog from Drosophila (dOPA3). HeLa cells

were transfected with OPA3 siRNA, and we assessed the

OPA3 knockdown by Western blotting (Fig. 7c). Because

the target sequence we used for OPA3 siRNA is unique to

the human OPA3 sequence, dOPA3 constructs could be

used to express dOPA3-YFP in the OPA3 siRNA-trans-

fected cells. Consistent with previous results, most OPA3-

knockdown HeLa cells had more elongated tubular

mitochondria (Fig. 7d). As expected, dOPA3-YFP

expressed in cells transfected with either control siRNA

or OPA3 siRNA colocalized with Tom 20 on the mito-

chondria (Fig. 7e). The OPA3 siRNA cells expressing

dOPA3 showed extensive mitochondrial fragmentation

(Fig. 7e), indicating that expression of Drosophila OPA3

could rescue the mitochondrial morphology induced by

human OPA3 knockdown. These results also show that

OPA3 orthologs in several species function in mitochon-

drial fragmentation.

Fig. 6 Hydrophobic region of OPA3 in the MOM is sufficient to

trigger mitochondrial fragmentation. a Diagram of C-terminally YFP-

fused OPA3 deletion mutants; ?, fragmented mitochondria; Mito,

mitochondria; Cyto, cytoplasm. b HeLa cells were transfected with

the indicated constructs and analyzed by confocal microscopy.

DsRed-Mito was used as a mitochondrial marker. c The amino acid

sequence of OPA3 was analyzed by Kyte-Doolittle hydropathy plot

server. The putative membrane-spanning segment is shown as a black
rectangle. d, e Cells were co-transfected with the indicated constructs.

Mitochondrial morphology was analyzed by confocal microscopy.

Data are the mean ± SD of three experiments, each with 100 cells per

treatment. f Mitochondrial fractions with OPA3 (D83–102)-YFP in

control buffer or swelling buffer (OS) were digested by proteinase K

(PK). Western blots of the separated proteins were probed with anti-

GFP, anti-Tom 20, and anti-OPA1 antibodies
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Discussion

In this study, we identified OPA3 as an integral protein of

the MOM with effects on mitochondrial dynamics

involving mitochondrial fission. We observed a change in

mitochondrial morphology to fragmented, ring-like mito-

chondria after the introduction of either wild-type or a

mutant OPA3. The OPA3-induced alteration in mitochon-

drial morphology increased cellular sensitivity to apoptotic

stimuli, supporting a close connection between mitochon-

drial fragmentation and the apoptotic process. Recent

studies have shown that the dysfunction in mitochondrial

dynamics owing to mutations in MIM proteins such as

OPA1, which is essential for mitochondrial fusion, is

closely associated with optic neuropathies [8, 16]. Dys-

function in mitochondrial dynamics resulting from

mutations in MOM proteins such as Mfn2, which is

essential for mitochondrial fusion, has been associated with

the pathogenesis of CMT type 2 with optic atrophy [17],

and a mutation of OPA3 has been linked to Costeff optic

atrophy syndrome [9].

Ring-like mitochondrial fragmentation has been reported

in studies of the overexpression of major MOM fission

mediators such as DRP1 and FIS1 [18, 19]. Loss of fusion

activity in ring-like mitochondria has been reported with the

downregulation of MOM fusion mediators such as Mfn1 and

Mfn2 [20]. Mitochondrial morphology significantly changes

in various OPA3-overexpressing mammalian cells (e.g.,

ring-like mitochondrial fragmentation). OPA3 depletion by

RNA interference induced an elongated mitochondrial

morphology, suggesting a role of OPA3 as a mitochondrial

fission factor or an inhibitor of fusion. We showed that

expression of dominant-negative DRP1 (DRP1 K38A) had

no appreciable effect on OPA3-mediated mitochondrial

fragmentation. Consistent with this, OPA3 was able to

induce mitochondrial fragmentation following the knock-

down of DRP1 or FIS1 via RNA interference. These results

suggest that OPA3 might serve as a fission factor for DRP1/

FIS1-independent mitochondrial fission. Recently, the Rho-

family GTPase Miro was shown to induce mitochondrial

fission without an obvious connection to DRP1 [21]. Pre-

liminary data from our laboratory have demonstrated that

OPA3 interacts with endogenous Mfn1 (unpublished data).

Thus, it is possible that the activity of Mfn1 could increase in

the absence of OPA3, such that hyperfusion by Mfn1

activity is sufficient to inhibit mitochondrial fragmentation

induced by overexpression of DRP1 or FIS1.

In the present study, C-terminal deletion mutants of

OPA3 seemed not to affect the ability of OPA3 to induce

mitochondrial fragmentation, as long as the hydrophobic

region (83–102) was preserved. The OPA3 mutant lacking

the hydrophobic region (D83–102) showed a mitochondrial

distribution, but failed to induce mitochondrial fragmen-

tation. A plausible explanation is the missorting of the

OPA3 mutant (D83–102) to the mitochondrial matrix.

Thus, our data show that OPA3 in the MOM was sufficient

to trigger complete mitochondrial fission, although

additional work is required to clarify the mechanism of

OPA3-mediated mitochondrial fragmentation.

Our results confirm the sub-mitochondrial localization

of OPA3 and its function in mitochondrial morphology.

OPA3 was predicted to be an MIM protein [9, 11] and was

listed as a MIM protein in a proteomic profile of MIM

proteins extracted by alkali treatment of mitochondria [11].

However, it is possible that the alkali-extracted MIM

Fig. 7 OPA3 orthologs in several species can induce mitochondrial

fragmentation. a HeLa cells were transfected with the indicated

constructs. Cells were fixed and stained with anti-Tom 20 antibody

(red). Mitochondrial morphology was analyzed by confocal micros-

copy. Bar 10 lm. b Diagram showing high amino acid sequence

identity with that of human OPA3. c–e HeLa cells were transfected

with OPA3 siRNA or control siRNA, together with Drosophila OPA3

(dOPA3). Knockdown of OPA3 was assessed by Western blotting

using anti-OPA3 and anti-actin antibodies (c). Cells were fixed,

stained with anti-Tom 20 antibody (red) and analyzed by confocal

microscopy. Higher magnification of the white square is presented in

the right panel of the merged image. Bar 10 lm
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proteins might have been contaminated with outer mem-

brane proteins, as Da Cruz et al. [11] showed that 3.5 and

5% of the proteins in the MIM proteomic profile are known

to reside outside the mitochondria and to localize on the

MOM, respectively. Moreover, by a differential perme-

abilization technique, OPA3 was shown to be anchored to

the MOM, with its N- and C-terminal regions exposed to

the intermembrane space and cytoplasm, respectively.

A link between mitochondrial fission and apoptosis

has been indicated by experiments in which, with the

overexpression of a DRP1 dominant-negative mutant

(DRP1K38A), Mfn1 and Mfn2 were able to prevent apop-

tosis triggered by many stimuli [22, 23]. Furthermore, the

mitochondrial fission machinery has been shown to accel-

erate cell death induced by many stimuli [14]. In our

experiments, OPA3 overexpression did not induce

cytochrome c release, caspase-3 activation, or Bax trans-

location; nevertheless, as indicated by assessment of

apoptotic cell death, OPA3-overexpressing cells were sen-

sitized to apoptotic stimuli, compared with control cells.

Thus OPA3 itself had no pro-apoptotic effect, but rather

potentiated cell death, via mitochondrial fragmentation,

after apoptotic stimulation.

Hereditary optic atrophy is characterized by progressive

loss of visual acuity and bilateral loss of retinal ganglion

cells [16]. Fibroblasts of an ADOAC patient harboring an

OPA3 mutation (G93S) were more susceptible to apoptotic

stimuli [10], and a mouse model of human Costeff syn-

drome induced by an OPA3 mutation (L122P) is also

characterized by loss of retinal ganglion cells and degen-

eration of optic nerve axons [12]. In the present study,

mutant OPA3 (G93S) increased cell death and mitochon-

drial fragmentation in the absence of apoptotic stimuli. Our

findings substantiate the participation of OPA3 in both

mitochondrial dynamics and the pathogenesis of optic

atrophy. Further studies are necessary to determine the

detailed mechanism of OPA3 action.
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