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The dynamin-like GTPase OPA1, a causal gene product of
human dominant optic atrophy, functions in mitochon-
drial fusion and inner membrane remodeling. It has sev-
eral splice variants and even a single variant is found as
several processed forms, although their functional signifi-
cance is unknown. In yeast, mitochondrial rhomboid
protease regulates mitochondrial function and morphol-
ogy through proteolytic cleavage of Mgml, the yeast
homolog of OPA1l. We demonstrate that OPA1l variants
are synthesized with a bipartite-type mitochondrial target-
ing sequence. During import, the matrix-targeting signal
is removed and processed forms (L-isoforms) are anchored
to the inner membrane in type I topology. L-isoforms
undergo further processing in the matrix to produce
S-isoforms. Knockdown of OPA1l induced mitochondrial
fragmentation, whose network morphology was recovered
by expression of L-isoform but not S-isoform, indicating
that only L-isoform is fusion-competent. Dissipation of
membrane potential, expression of m-AAA protease para-
plegin, or induction of apoptosis stimulated this proces-
sing along with the mitochondrial fragmentation. Thus,
mammalian mitochondrial function and morphology is
regulated through processing of OPA1 in a AY-dependent
manner.
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Introduction

Mitochondria are extremely dynamic, changing their size and
shape through frequent fusion and fission in response to the
cell environment, cellular differentiation, or pathologic con-
ditions (Yaffe, 1999; Jensen et al, 2000; Griparic and van der
Bliek, 2001; Shaw and Nunnari, 2002; Mozdy and Shaw,
2003; Westermann, 2003; Chen and Chan, 2004). Recent
studies with cultured mammalian cells revealed that mito-
chondrial activity or cellular signaling are reflected in the
mitochondrial morphology (Yaffe, 1999; Karbowski and
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Youle, 2003). Dissipation of the mitochondrial inner mem-
brane potential (AY) induces mitochondrial fragmentation
by inhibiting mitofusin (Mfn)-dependent mitochondrial
fusion or activating dynamin-related protein (Drpl/Dlpl)-
dependent mitochondrial fission (Legros et al, 2002;
Ishihara et al, 2003). The re-establishment of AY recovers
filamentous mitochondrial structures by fusion; the recovery
requires de novo protein synthesis (Ishihara et al, 2003).
Proapoptotic stimuli also activate mitochondrial fission and,
conversely, inhibit mitochondrial fusion, resulting in mito-
chondrial fragmentation (Frank et al, 2001; Karbowski and
Youle, 2003). In this context, mitochondrial fragmentation is
intimately correlated to the progression of apoptosis (Frank
et al, 2001; Lee et al, 2004; Sugioka et al, 2004).

OPAl is a causal gene product of autosomal dominant
optic atrophy, which features a progressive loss of retinal
ganglion cells that leads to legal blindness (Alexander et al,
2000; Delettre et al, 2000). OPA1 is a dynamin-like protein
with a sequence homology to yeast Mgml, which is an
essential factor for maintaining mitochondrial DNA and
inner membrane structures in yeast (Shepard and Yaffe,
1999; Wong et al, 2003). Mgm1 interacts with Fzol through
Ugol and is involved in mitochondrial fusion (Wong et al,
2003; Sesaki and Jensen, 2004). In mammalian cells, exogen-
ous expression of OPA1 affects mitochondrial morphology,
and depletion of OPA1 by RNA interference (RNAi) induces
mitochondrial fragmentation with aberrant inner membrane
structures (Misaka et al, 2002; Olichon et al, 2003; Cipolat
et al, 2004; Griparic et al, 2004). Furthermore, the OPA1-
depleted cells become sensitive to exogenous apoptotic
induction, suggesting that OPAL1 is involved in the apoptotic
process (Olichon et al, 2003; Lee et al, 2004).

Recent studies in yeast indicate that the function of Mgm1
is regulated by proteolytic cleavage (Herlan et al, 2003;
McQuibban et al, 2003; Sesaki et al, 2003). Mgm1 exists in
two forms of different lengths: the large isoform (I-Mgm1)
representing the mitochondrial processing peptidase (MPP)-
processed mature form, and the small isoform (s-Mgml)
produced after cleavage of the mature form by the mitochon-
drial thomboid protease Pcpl/Rbd1/Mdm37/Ugo2. The ex-
pression of both isoforms, but not either one alone, weakly
complements the yeast mgm1 phenotype. Processing of the
large isoform and the presence of both isoforms are essential
for the maintenance of both normal mitochondrial morphol-
ogy and mitochondrial DNA. Presenilin associated rhomboid-
like (PARL) is a mammalian mitochondrial rhomboid
protease (Pellegrini et al, 2001; McQuibban et al, 2003), but
it is not known if it is involved in OPA1 processing.

In human cells, there are eight OPA1 splice variants
(Delettre et al, 2001), each of which seems to be subsequently
processed to form several isoforms with distinct molecular
sizes. In the present study, we used two OPA1 splice variants,
rat variants 1 and 7, as the substrates, expressed in mam-
malian cells, and analyzed their processing and effects
upon mitochondrial morphology. OPA1 was synthesized as
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a precursor with a bipartite mitochondrial targeting signal:
the matrix-targeting signal (MTS) followed by a transmem-
brane domain (TM). The N-terminal MTS is removed by MPP
in the matrix during import to form the mature OPA1 isoform
(L-isoform of variants 1 and 7), which was subjected to
further processing to form the short isoforms: S1 for variant
1, and S1 and S2 for variant 7. Here, we demonstrated that
OPA1 processing occurred in the matrix was important for the
regulation of mitochondrial morphology. Stimulation of the
processing strongly correlated with stimulation of mitochon-
drial fragmentation, and conversely, inhibition of the proces-
sing was reflected in the extension of the mitochondrial
tubular networks. Interestingly, the processing was activated
by dissipation of the AW across the inner membrane and by
proapoptotic stimuli. In this relation, we demonstrated that
the L-isoform had mitochondrial fusion stimulating activity,
which was lost by proteolytic processing to be the S-isoform.
Our present results suggest that m-AAA-protease is involved
in some way in this processing reaction.

Results

Multiple processing of rat OPA1 variants at the
N-terminal portion

Human OPAl exists as eight variants due to alternative
splicing at the N-terminal portion (Delettre et al, 2001), in
which variants 1 and 7 are dominantly expressed, although
their differences in function and processing mechanisms
remain unknown. In the present study, we used two rat
OPA1 isoforms, rat variant 1 (960 amino-acid residues)
corresponding to human OPA1 variant 1, and rat variant 7
(997 amino-acid residues) corresponding to human OPAl
variant 7, which has a 37-residue insertion encoded by
exon 5b (209-245). Hydrophobicity profiles indicated that
variant 1 has a hydrophobic segment (residues 93-113) with
moderate hydrophobicity that might function as membrane-
anchoring domain (TM1) followed by two segments with
lower hydrophobicity (Figure 1A and B).

Immunoblot analysis of HeLa cells with OPA1 antibodies
for endogenous OPA1 detected at least five bands (Figure 1C).
To analyze whether these multiple forms resulted from
proteolytic cleavage of OPA1l variants, rat OPA1 variants 1
and 7 were FLAG-tagged at the C-terminus, expressed in HeLa
cells, and analyzed by Western blotting using anti-FLAG
antibody. Two bands (L: ~100kDa and S1: ~80kDa) or
three bands (L: ~110kDa, S1: ~90kDa and S2: ~85kDa)
were detected for variants 1 and 7, respectively (Figure 1C).
These results indicated that proteolytic cleavage of each OPA1
splice variant produced multiple forms, and the processing
occurred at their N-terminal segments.

To analyze biosynthetic process of these bands, pulse-chase
experiments were performed for both endogenously- and
exogenously expressed OPA1 variants. L-isoforms of variants
1 and 7 converted over time to S-isoforms (Figure 1D and E).
Size changes of newly synthesized endogenous OPA1 proteins
were, however, not clear; band a of endogenous OPA1 de-
creased appreciably with chase time, and conversely band d
accumulated, whereas bands b and c did not change.

Processing sites of OPA1 variants
The amino-acid sequence of OPA1 residues 86-89 (RNFW)

matched well with the consensus sequence for the MPP
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processing site (Taylor et al, 2001). To determine the proces-
sing site, several N-terminal deletion constructs were synthe-
sized in vitro, and their mobility in SDS-PAGE was compared
with that of the proteins expressed in HeLa cells (Figure 1F).
The mobility of in vitro-synthesized OPA1AN87 of each
variant coincided with that of variant 1-L (100-kDa band)
and variant 7-L (110-kDa band). Protein sequencing of variant
7-L immunoisolated from HeLa cells revealed that its
N-terminal sequence starts from Phe-88. We further confirmed
that the N-terminal 90 amino-acid residues were sufficient to
function as the MPP-cleavable MTS. The OPA1(1-90)-DHFR
and su9(1-69)-DHFR proteins imported into mitochondria
in vitro and those incubated with purified MPP gave mature
forms having similar gel-mobility as DHFR (Supplementary
Figure S1). These results clearly indicated that the prese-
quence cleavage of both OPA1 variants occurred at the N87/
F88 site to produce the L-isoforms.

We then determined the downstream processing sites of
OPA1 variants that produce S-isoforms. Mobility of AN194 of
both variants coincided well with that of variant 1-S1 and
variant 7-S1 (Figure 1F). Sequence analysis revealed that the
N-terminal sequence of variant 7-S1 started from Ala-195,
demonstrating that both OPA1 variants were processed at
position R194/A195 after MPP processing. Variant 7-S1 was
further processed at the position around residue 220 because
variant 7-S2 and in vitro-synthesized OPA1 A219 exhibited
similar gel-mobility (Figure 1F). Although the exact S2 pro-
cessing site was not determined by protein sequencing, the
N-terminal segment of variant 7-S2 contained several Gln
residues, and we speculated that the S2-processing site
localized around *'LQQQIQE??3. Variant 1 seemed to have
lost the S2-processing site because exon 5b was skipped.
When expressed in HeLa cells, variant 1 dominantly pro-
duced the L-isoform, whereas variant 7 efficiently produced
the S1 and S2 isoforms (Figure 1C), suggesting that insertion
of the 37-residue sequence affected processing efficiency.

Localization and membrane topology of OPA1

in mitochondria

Subcellular localization of OPA1 isoforms as analyzed for
OPA1-FLAG-expressing HeLa cells revealed that they were
weakly anchored to the inner membrane (Figure 5D), expos-
ing the bulk portion to the inter membrane space (IMS)
(Supplementary Figure S2A), confirming the previous results
(Satoh et al, 2003; Griparic et al, 2004).

We then analyzed the membrane topology of the N-term-
inal portion of OPAI, using the tobacco etch virus (TEV)
protease as the probe (Faber et al, 2001) (Supplementary
Figure 2B). The OPA1 variant 7 precursor, in which the S1 site
region (170-200) was replaced by the TEV-cleavage sequence
((A170-200)-tev), was processed only when mitochondrial
matrix-targeted version of TEV (mit-TEV) was coexpressed
(Supplementary Figure S2C). Alternatively, (A170-200)-tev
in the isolated mitochondria was cleaved by externally added
TEV protease only when both outer and inner membranes
were solubilized by detergent (Supplementary Figure S2D).
Thus, OPA1 variant 7 is a type I inner membrane protein
exposing the N-terminal segment to the matrix and the
bulk of the C-terminal domain to the IMS (Supplementary
Figure S2E).

Although OPA1 proteins assumed a transmembrane topol-
ogy, a significant fraction was extracted from the inner
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Figure 1 Processing of OPA1 splice variants. (A) Schematic representation of rat OPA1 variants 1 and 7, and their processing sites. Processing
sites are indicated by arrowheads, and numbers represent the amino-acid residues of the rat OPA1 precursor. The N-terminal amino-acid
residues of L-OPA1 and S1-OPA1 are shown. (B) Hydrophobicity profiles of the N-terminal domain of two OPA1 variants were analyzed by Kite
and Doolittle program (window 15). (C) Endogenously expressed OPA1 and exogenously expressed C-terminal FLAG-tagged OPA1 variants in
HeLa cells were analyzed by immunoblotting using anti-OPA1 or anti-FLAG antibodies. (D, E) Processing of OPA1 proteins as analyzed by
pulse-chase experiments. HeLa cells expressing endogenous OPA1 or exogenous OPA1 variants 1 or 7 were labeled with >*S-Met/Cys mix for
30min, then chased for the indicated time periods. The cell lysates were subjected to immunoprecipitation using anti-OPA1 (endo-OPA1) or
anti-FLAG (variant 1 and variant 7) antibodies. The indicated band intensities were quantified. As bands d and e were electrophorased closely,
they were quantified together. p: precursor. (F) The N-terminal deletion mutants of OPA1-FLAG (AN87, AN194, and AN219) synthesized
in vitro by PURESYSTMEM and the total lysates of the cells expressing OPA1-FLAG variants were subjected to SDS-PAGE and analyzed
by immunoblotting using anti-FLAG antibodies.
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membrane by alkaline treatment (Figure 5D). This is prob-
ably because the hydrophobicity of the putative TM was
too low to firmly anchor them to the inner membrane.
The mitochondrial apoptosis-inducing factor (AIF), a type I
inner membrane protein with the bulk of the C-terminal
segment exposed to the IMS, had similar properties, although
it was completely extracted from the membrane under pH
11.5 (See Figure 5D; Otera et al, 2005).

OPAT1 processing is affected by membrane potential
and proapoptotic stimuli

As reported previously (Ishihara et al, 2003), treatment of
cultured mammalian cells with protonophore carbonylcya-
nide m-chlorophenylhydrazone (CCCP) led to mitochondrial
fragmentation, and removal of CCCP recovered the filamen-
tous mitochondrial networks (Figure 2A). This recovery
depended on de novo protein synthesis, because cyclohex-
imide (CHX) inhibited the morphologic recovery. These re-
sults indicated that mitochondrial morphology is controlled
by AY. We found, in this context, that dissipation of AY
stimulated OPA1 processing. When HeLa cells were cultured
in medium containing CCCP for 15 min, the longer forms of
the endogenous OPA1 rapidly disappeared, and the shorter
forms accumulated (Figure 2B). Similar results were obtained
with the exogenously expressed variant 1-FLAG and variant
7-FLAG (Figure 2C), suggesting that OPA1 processing was
activated by the dissipation of A¥. The OPA1 L-isoforms were
regenerated following 4-h culture after the removal of CCCP,
depending on de novo protein synthesis (Figure 2B). These
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Figure 2 Processing of OPA1 after dissipation of membrane poten-
tial. (A) HeLa cells stained by MitoTracker were cultured in the
presence of 20 uM CCCP for 0.25 or 1 h. After 1 h culture, CCCP was
washed out and the cells were further cultured for 1 or 4 h with or
without 1 mM cycloheximide (CHX). Images were obtained by
confocal microscopy. Inset: magnified images. Scale bar: 10 um.
(B) HeLa cells were treated as in (A). Lysates obtained from these
cells were subjected to immunoblotting using anti-OPA1 antibodies.
(C) HeLa cells expressing OPA1-FLAG variants were cultured under
the indicated conditions, and the cell lysates were subjected to
immunoblotting using anti-FLAG antibodies.
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results coincided well with the CCCP-induced mitochondrial
morphologic changes, and suggested that OPA1 processing
and mitochondrial fragmentation were correlated.

Mitochondria have a central role in apoptosis, and mito-
chondrial fragmentation activates the progression of apopto-
sis and increases sensitivity to proapoptotic stimuli (Frank
et al, 2001; Lee et al, 2004). In this context, when HeLa cells
were treated with actinomycin D, mitochondrial fragmenta-
tion was induced (Supplementary Figure S3A). During this
process, the long forms of endogenous OPA1 disappeared
(Supplementary Figure S3B). The same results were obtained
by actinomycin D treatment in the presence of the broad
caspase inhibitor zVAD-fmk (data not shown). The actino-
mycin D-induced OPA1 processing was blocked, however, by
expressing antiapoptic factor Bcl-X; (Supplementary Figure
S3B). Processing of the exogenously expressed OPA1 variants
was also stimulated by proapoptotic stimuli (Supplementary
Figure S3C). These results indicated that OPA1 processing is
activated in response to proapoptotic stimuli and might be
involved in mitochondrial fragmentation in the progression
of apoptosis.

OPA1 processing and mitochondrial morphology

Thus, mitochondrial morphology in HeLa cells seemed to be
influenced by the expression levels of the L- and S-isoforms.
To address the functional difference of the L- and S-isoforms,
we tried to express a single isoform, either the L- or
S-isoform, within the IMS, to analyze their effects on mito-
chondrial morphology (Figure 3A). Deletion from variant 7 of
residues 190-200 (variant 7-AS1) prevented formation of the
Sl-isoform, and formed the L- and S2-isoforms, indicating
that processing at the S2-site occurred independently of the
S1-site (Figure 3B). On the other hand, deletion of the S1-site
(residues 190-200) from variant 1 (variant 1-AS1) produced
a single L-isoform (Figure 3B). A single S-isoform could be
expressed in the IMS using cDNA in which residues 1-229 of
variant 7 was replaced with the IMS-targeting signal of AIF
(AIF-230 in Figure 3A and B)(Otera et al, 2005).

Exogenously expressed variant 1-AS1, which produced
only the L-isoform, had an increased number of filamentous
network mitochondria compared with the other constructs
which produced both L- and S-isoforms (Supplementary
Figure S4A and B). In contrast, when AIF-230 was expressed
in HeLa cells, it localized in the IMS (data not shown) as a
processed form with mobility similar to that of the S1-isoform
(Figure 3B), and induced extensive mitochondrial fragmenta-
tion (Supplementary Figure S4A and B). Less than 20% of the
expressing cells had normal filamentous mitochondrial struc-
tures. Taken together, these results indicated that the short
isoforms induced mitochondrial fragmentation, whereas the
long isoforms induced filamentous mitochondrial network
extension.

As OPAL is strictly required for mitochondrial fusion (Chen
et al, 2005), we then examined mitochondrial fusion activity
for the mitochondria harboring various OPA1 constructs. We
took advantage of CCCP-treated mitochondria and measured
recovery of mitochondrial network structures by fusion reac-
tion after removal of the protonophore (Ishihara et al, 2003).
The mitochondria harboring all these constructs responded to
CCCP to become fragmented, indicating that these constructs
did not affect mitochondrial fission reaction (Figure 3C).
Mitochondria in mock-transfected control cells recovered
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Figure 3 Exogenous expression of processing-defect mutants of
OPA1 and their effects on mitochondrial fusion reaction. (A)
Schematic representation of OPA1 constructs and their process
sites. See Figure 1A for details. (B) HeLa cells expressing the
indicated constructs were analyzed by immunoblotting using anti-
FLAG antibodies. (C) The indicated OPA1 constructs were exogen-
ously expressed in HeLa cells and the cells were treated with CCCP
for 1h. After removal of CCCP, the cells were incubated for the
indicated times. At least 100 cells were counted for the cells with
filamentous network structures of mitochondria for three distinct
fields. Note that ‘cell with filamentous mit’ in this figure (ordinate)
corresponds to ‘filamentous/network’ plus ‘intermediate’ in
Supplementary Figure S4B.

normal network structures in 4h after CCCP removal.
However, the mitochondria harboring GTPase-domain
mutant of OPA1 (OPA1¥%3®4) failed to recover the network
structures, indicating that OPA1¥**%# inhibited mitochondrial
fusion. Similarly, the fusion reaction was inhibited for the
mitochondria harboring AIF-230. In marked contrast, the
mitochondria harboring OPA1 variant 1-AS1 efficiently re-
covered elongated network structures. Together, these results
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Figure 4 Complementation of mitochondrial morphology by
L-OPA1 in OPA1-RNAi cells. (A) HeLa cells were transfected with
the siRNA for GFP (cont.) or for human OPA1 three times with 48 h
intervals. Then the indicated constructs were transfected and
cultured for 18h. The cells were stained with MitoTracker.
(B) HeLa cells with filamentous-network, intermediate, or comple-
tely fragmented mitochondrial structures in (A) were counted. At
least 100 cells were counted from three different optical fields.

indicated that L-isoform had mitochondrial fusion stimulat-
ing activity, whereas the S-isoform rather inhibited fusion
activity.

In the above experiments, the effects of exogenously
expressed OPA1 isoforms were examined under the endogen-
ous OPA1 background. We therefore examined the effects in
OPAl-repressed cells. Knockdown of human OPA1 in HeLa
cells by small interference RNA (siRNA) induced mitochon-
drial fragmentation through inhibition of mitochondrial
fusion, confirming the previous report (Figure 4A and B)
(Griparic et al, 2004; Chen et al, 2005). Expression of rat
OPA1 variant 1, which does not have target sequence of this
siRNA, recovered filamentous mitochodrial structures to
a similar extent as in mock-RNAi cells (Figure 4A and B),
suggesting that rat OPA1 variant 1 could substitute for human
OPA1 function. Expression of rat OPA1 variant 7 partially, but
significantly, recovered the filamentous mitochondrial struc-
ture. Variant 1-AS1 clearly induced filamentous network
structures. In marked contrast, AIF-230 did not have any
effects on the mitochondrial morphology in endogenous
OPA1 knockdown cells (Figure 4A and B). Together, these
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results clearly indicated that the L-isoforms are the fusion-
active species of OPA1.

m-AAA protease is involved in OPA1 processing in yeast
Yeast Mgm1, the homolog of OPA1, is present as the l-isoform
and the processed s-isoform, whose balance is important for
mitochondrial function and the conversion is mediated by
mitochondrial rhomboid-like protease Pcpl/Rbd1/Mdm37/
Ugo2 (Herlan et al, 2003; McQuibban et al, 2003; Sesaki
et al, 2003; Herlan et al, 2004). When OPA1 variants 1 and 7
were expressed in yeast cells, they were both processed to
smaller isoforms with the size corresponding to S1-OPA1 and
S2-OPA1 detected in HeLa cells (Supplementary Figure S5A),
suggesting that OPA1 proteins were cleaved similarly as in
mammalian cells. We therefore probed the protease respon-
sible for OPA1 processing using mitochondrial protease-defi-
cient yeast mutants (Supplementary Figure S5B and C).

Of two known yeast mitochondrial rhomboid-like pro-
teases (Pcpl/Rbdl and Rbd2), Rbd2 was not involved in
the processing of OPAl, as the processing proceeded nor-
mally in Arbd2 cells. The processing was compromised
significantly in Apcpl cells (Supplementary Figure S5B).
Consistent with previous reports, the endogenous Mgml
processing was completely blocked in Apcpl cells (Herlan
et al, 2003; McQuibban et al, 2003; Sesaki et al, 2003).
Unexpectedly, the OPA1 processing was efficiently blocked
in the m-AAA protease-deficient mutants (Supplementary
Figure S5B). m-AAA protease is an ATP-dependent metallo-
protease anchored to the inner membrane exposing the active
site to the matrix (Langer et al, 2001). It is a hetero-multi-
meric complex composed of Ytal0/Afg3 and Ytal2/Rcal.
In AytalO and Aytal2 strains, processing of the exogenously
expressed variants 1 and 7 was severely blocked, whereas
processing of endogenous Mgml was not affected.
Furthermore, the processing defect in Aytal0 was partially,
but clearly, suppressed by YTA10 on multicopy plasmids
(Supplementary Figure S5C). Processing of endogenous
Mgm1 was not affected by this manipulation. Thus, m-AAA
protease is essential for OPA1 processing in yeast cells. On the
other hand, OPA1 processing proceeded normally in cells
deficient in Ymel, the i-AAA protease that exposes the
catalytic site to the IMS (Supplementary Figure S5B). These
results were consistent with the finding described above that
the OPA1 processing site is exposed to the matrix in mam-
malian cells (see Supplementary Figure S2). These results
suggested that m-AAA protease and rhomboid-like protease
Pcpl/Rbdl are involved in OPA1 processing in yeast cells.

OPA1 processing occurs irrespective of TM1
hydrophobicity
Mgml has two hydrophobic segments at the N-terminal
portion and is anchored to the inner membrane through the
first hydrophobic segment (TM1). Processing by Pcpl/Rbd1
occurs only when the cleavage site in the second hydrophobic
segment localizing in the IMS reaches the inner membrane,
which is driven by matrix ATP and preprotein import motor
(Herlan et al, 2004). In this case, TM1 functions as a stop-
transfer sequence and the hydrophobicity of TM1 determines
the processing efficiency; TM1 with increased hydrophobicity
strongly inhibits the processing.

If OPA1 processing is regulated by the similar mechanism,
introduction of hydrophobic amino-acid residues in its TM1
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Figure 5 Increment of hydrophobicity of TM1 does not inhibit
OPA1 processing. (A) Schematic representation of OPA1 constructs
mutated in TM1. Average hydrophobicity of mutated TM1 was also
shown. (B, C) HeLa cells expressing the indicated constructs were
analyzed by immunoblottiong using anti-FLAG antibodies. (D) The
indicated constructs were transfected to HeLa cells, and cultured
with or without CCCP for 1 h. Isolated mitochondria were converted
to mitoplasts in hypotonic buffer, then treated with sodium carbo-
nate at pH 10.5, or pH 11.5. The membrane pellets (P) and soluble
fractions (S) were subjected to immunoblotting using antibodies
against FLAG or the indicated proteins.

should affect the processing (Figure 5A). However, the
processing was not inhibited by increment of TM1 hydro-
phobicity (Figure S5A-C). Of note, increment of TM1
hydrophobicity increased membrane-anchoring efficiency of
OPA1 as assessed by alkaline treatment (Variant 1-VVVL;
Figure 5D). Furthermore, it was completely processed to the
S1-isoform by CCCP treatment of the cells (Figure SD). These
results strengthened our notion that the L-isoforms of OPA1
are anchored to the inner membrane with type I topology.
Furthermore, these results suggested that OPA1 processing
was drived by a mechanism distinct from that of yeast Mgm1.

Metal-dependent processing of OPA1 in mammalian
mitochondria

If m-AAA protease also functions in OPAl processing in
mammalian cells, bivalent metal chelators should inhibit
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Figure 6 Inhibition of CCCP-induced processing of OPA1 variants
by o-phenanthroline. (A) HeLa cells expressing FLAG-tagged OPA1
variant 1 were cultured in the presence of 0.5 mM 1,10-phenanthro-
line (o-phe) for 2 or 6h, then 20 uM CCCP was added. After 1h
culture, cell lysates were prepared and subjected to immunoblotting
using anti-FLAG antibodies. p: precursor. (B) Isolated mitochondria
from HeLa cells expressing FLAG-tagged OPA1l variant 1 were
incubated with or without 20 uM CCCP in the presence of 1 mM
o-phe at 30°C for 60min. The mitochondria were subjected to
immunoblotting using anti-FLAG antibodies. (C) The isolated mi-
tochondria from HeLa cells expressing the OPA1-FLAG constructs
were incubated with or without 1 mM o-phe or 1 mM TPCK at 30°C
for the indicated time periods. The mitochondria were subjected to
immunoblotting using anti-FLAG antibodies.

the processing. We therefore examined the effect of
1,10-phenanthroline (o-phe) on the CCCP-induced OPA1l
processing. Processing of FLAG-tagged OPA1l variant 1
(Figure 6A) and variant 7 (data not shown) was efficiently
inhibited by pretreatment of the cells with o-phe. We further
analyzed the processing reaction using isolated mitochondria
harboring variants 1-FLAG or 7-FLAG. When the isolated
mitochondria were incubated at 30°C, OPA1 processing oc-
curred in a time-dependent manner (Figure 6B and C). In
contrast to the in vivo results, the processing reaction pro-
ceeded in the absence of CCCP; mitochondria might be in
some uncoupled states in the in vitro assay system. This
processing reaction was also significantly blocked by o-phe
(Figure 6B and C). In contrast, serine protease inhibitor
TPCK, which inhibits Drosophila rhomboid protease,
had no effect on the OPA1 processing (Figure 6C). These
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results indicated that OPA1 processing is catalyzed by metal-
loprotease.

m-AAA protease paraplegin is involved in OPA1
processing and mitochondrial fragmentation

We then examined whether m-AAA protease is involved in
OPA1 processing in mammalian cells. Two m-AAA proteases,
paraplegin and AFG3L2, are expressed in human and form a
high molecular weight complex in the mitochondrial inner
membrane (Atorino et al, 2003). Although mutation in para-
plegin causes an oxidative phosphorylation defect and neu-
ronal degeneration (Casari et al, 1998; Ferreirinha et al,
2004), its specific substrates are not fully understood. The
function of AFG3L2 is not known. Recently Langer and
collaborators demonstrated in yeast that m-AAA protease
Ytal2/Ytal0 is involved in processing of mitochondrial ribo-
somal protein MrpL32 and ribosome assembly (Nolden et al,
2005). Similarly, mMrpL32 processing and mitochondrial
protein synthesis are affected in paraplegin-deficient mice
(Nolden et al, 2005).

Here we analyzed the effect of the exogenous expression of
m-AAA proteases on the processing of OPAl. When HA-
tagged paraplegin was coexpressed with OPA1 variant 1 or
variant 7, the L-isoforms were clearly decreased, and instead
the Sl-isoforms accumulated (Figure 7A and B), suggesting
that the expressed paraplegin activated conversion of the
L-isoforms to S1-isoforms. The conversion was not stimulated
by expression of paraplegin carrying a mutation within the
metal-binding motif (ES75Q) of the protease domain, suggest-
ing that protease activity was essential (Figure 7A). Afg3L2
and mammalian mitochondrial rhomboid-like protease PARL
did not affect the conversion (Figure 7A-C). The same results
were obtained for variant 7 (Figure 7C and data not shown).
To analyze kinetics of the OPA1 processing, HeLa cells
that had been transfected with paraplegin, AFG3L2, or
PARL cDNAs were subjected to pulse-chase reaction with
[**SImethionine (Supplementary Figure S6). Conversion of
the L- to S1- isoforms of variant 1 was clearly stimulated by
exogenous expression of paraplegin, whereas no stimulation
was observed with AFG3L2 or PARL (Supplementary Figure
S6A). The same was true for the endogenous OPA1 proteins
(Supplementary Figure 6B).

The physical interaction of paraplegin with OPA1 in inner
membrane was then examined. The mitochondria isolated
from HeLa cells cotransfected with OPA1-FLAG and paraple-
gin-HA were preincubated with o-phe, solubilized with digi-
tonin, and subjected to immunoprecipitation using anti-HA.
OPA1 was co-precipitated dependent on expressed paraple-
gin, and recovery of the complex was stimulated by preincu-
bation of the mitochondria with o-phe (Figure 7D). The
interaction was also observed in the presence of Triton
X-100 (data not shown).

In this context, exogenous expression of paraplegin in-
duced mitochondrial fragmentation depending on the func-
tional protease domain (Figure 7E and F), suggesting that
overexpression of paraplegin stimulated OPA1 processing,
which resulted in mitochondrial fragmentation. Intriguingly,
expression of the protease-site mutant of paraplegin (E575Q),
AFG3L2, or PARL did not affect mitochondrial morphology
(Figure 7E and F). Taken together, these results suggest that
the m-AAA protease paraplegin stimulates OPA1 processing
in mammalian cells.
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Figure 7 Effect of m-AAA proteases on OPA1 processing and mitochondrial morphology. (A) HA-tagged paraplegin (Para), AFG3L2 (AFG), or
paraplegin mutant on metal-binding motif (E575Q) was cotransfected with FLAG-tagged OPA1l-variant 1 into HeLa cells. The mitochondrial
fractions were subjected to immunoblotting using anti-FLAG or anti-HA antibodies. For cotransfection, OPAl-expression plasmid (0.5 pug) was
mixed with 0.5pg (+) or 1.5pug (+ + +) of the protease-expression plasmids. Total amounts of DNA were adjusted to 2.0 ug with empty
vector. The upper bands detected in paraplegin-HA-expressing cells seemed to be the precursor. (B, C) Paraplegin (Para) or PARL were
cotransfected with OPA1 variants into HeLa cells and analyzed as in (A). (D) OPA1-FLAG (variant 1) was transfected with or without
paraplegin-HA. Isolated mitochondria were preincubated with 2mM o-phe at 30°C (pre-inc.), then solubilized in 1% digitonin and
immunoprecipitated with anti-HA IgGs. The precipitants were washed with 150 or 500mM (NaCl ‘+’) NaCl. They were analyzed by
immunoblotting using anti-HA or anti-FLAG IgGs. (E) HeLa cells expressing the indicated constructs were labeled with MitoTracker and
subjected to immunofluorescence microscopy. Scale bar: 10pum. (F) HeLa cells with filamentous-network, intermediate, or completely
fragmented mitochondrial structures in (E) were counted. More than 100 cells were counted for three different optical fields.

Knockdown of paraplegin affects OPA1 processing siRNA treatment efficiently reduced the expression of para-
and mitochondrial morphology plegin (Figure 8A and B). However, the effect of paraplegin
To further corroborate the above findings, we performed knockdown on processing of endogenously- or exogenously
knockdown experiments for paraplegin using RNAi. The expressed OPA1 at steady-state level was only weak, if any
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Figure 8 Knockdown of paraplegin and PARL by RNAIi in HeLa cells. (A) HeLa cells were transfected with the siRNA duplex for GFP (control)
or the indicated proteases three times. An aliquot of the cells was subjected to immunoblot analysis using anti-OPAl antibodies (for
endogenous OPA1l). The other aliquots were transfected with OPAl-variant 1-FLAG, paraplegin-HA, or PARL-FLAG, then analyzed by
immunoblotting using anti-FLAG (for OPA1 variant 1 and PARL) or anti-HA antibodies (for paraplegin). (B) The amount of mRNAs for
paraplegin, PARL, Afg3L2, and OPA1 were examined by RT-PCR using 100- (+) or 10-fold (4 +) diluted templates. In all, 200-400 bp
fragments were amplified. (C, D) The RNAi cells in (A) were labeled with 355-Met/Cys mix for 30 min, then chased for the indicated time
periods (h). The cell lysates were subjected to immunoprecipitation using anti-FLAG (for OPA1 variant 1; C) or anti-OPA1 (for endogenous
OPA1; D). The immunoprecipitates were analyzed by SDS-PAGE and subsequent digital autoradiography as in Figure 1D and E. *P and
**P<0.05 in (C). *P and **P<0.05 in (D). (E) HeLa cells subjected to RNAi as above were stained with MitoTracker and analyzed by
fluorescence microscopy. Scale bar: 10 pm. (F) The number of cells with highly elongated and enriched mitochondria, filamentous-network,
intermediate, or completely fragmented mitochondrial structures in (E) were counted and are shown as a percentage. More than 100 cells were
counted for three different optical fields.
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(Figure 8A). We therefore analyzed the effect of RNAi on the
kinetics of OPA1 processing by pulse-chase reaction. The
processing rate was significantly compromised by paraplegin
knockdown (Figure 8C). Similar results were obtained for
endogenous OPA1 species (Figure 8D). We further examined
the effect of PARL knockdown on OPA1 processing (Figure
8A-D). Steady-state population of endogenously- or exogen-
ously expressed OPAL1 proteins, as well as the processing rate
of the L-isoforms was not inhibited; rather, the processing
rate was stimulated for unknown reasons (Figure 8C and D).

As for mitochondrial morphology, paraplegin knockdown
induced a highly extended and connected tubulo-network
mitochondrial morphology in approximately 30% of the
cells, which is rarely observed in mock-transfected cells
(Figure 8E, and Figure 8F, orange bars). Repression
of PARL, on the other hand, did not affect mitochondrial
morphology (Figure 8E and F).

Taken together, we concluded that m-AAA protease para-
plegin stimulated OPA1 processing, which reflected in mito-
chondrial morphologic changes.

Discussion

We used two rat OPA1 splice variants, variants 1 and 7, and
demonstrated that each variant is present as two (L and S1)
and three (L, S1, and S2) proteolytically processed isoforms
of distinct lengths, respectively. OPA1 proteins are synthe-
sized as preproteins with a bipartite-type MTS at the N-
termini. During mitochondrial import, MPP-induced cleavage
occurred at residue 87-88 of the preproteins in the matrix to
form the L-isoforms. Then, the second processing occurred at
residues 194-195 to produce the S1 isoforms. In the case of
variant 7, further proteolytic processing occurred at around
217-223, present in the 37 amino-acid residue segment
derived from exon 5b to produce the S2 isoform. All these
isoforms were present within the steady-state mitochondria,
although their levels were distinct for each variant and
probably depended on the condition of the cells.

In yeast, Mgml exists in two isoforms (l-Mgml and
s-Mgm1) and both forms are required to rescue Amgm1 cells.
1-Mgm1 contains two putative TMs in the N-terminus (up-
stream TM1 and the more C-terminal TM2) and is anchored
to the inner membrane through TM1. Processing of 1-Mgm1
occurs within TM2 by Pcp1/Rbd1 when it is translocated into
the inner membrane by the pulling force provided by ATP and
the mitochondrial import motor complex (Herlan et al, 2004).
We found that OPA1 processing was also significantly com-
promised in Pcpl-deficient yeast cells. Most importantly,
however, OPA1 processing was almost completely blocked
in m-AAA protease-deficient yeast cells, where Mgm1 proces-
sing was not affected, and its reintroduction efficiently re-
stored the processing (Supplementary Figure S5B and C). It is
known that yeast cytochrome c¢ peroxidase is processed by
novel two-step sequential mechanism involving Pcpl and
m-AAA protease (Esser et al, 2002). In case of OPA1 processing
in yeast cells, Pcpl and m-AAA protease might be involved
independently but not sequentially, as the processing inter-
mediate was not detected in Apcpl cells in contrast to the
case for yeast cytochrome c peroxidase (Esser et al, 2002).

In marked contrast, in mammalian cells, repression or
exogenous expression of mammalian rhomboid protease
PARL had no effect on OPAl processing. Confirming our
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results, OPA1 processing still proceeded in the PARL-deficient
mouse cells (S Cipolat, T Rudka, L Scorrano and BD Strooper;
personal communication). We showed in the present study
that m-AAA-protease paraplegin is involved in OPA1 proces-
sing in mammalian cells. Exogenous expression of paraplegin
efficiently stimulated OPAl processing in a metal-binding
site-dependent manner, although paraplegin knockdown
only weakly affected the processing (Figure 8). This might
be caused by incomplete repression of endogenous paraple-
gin. Or, another possibility might be that paraplegin coopera-
tively regulates OPA1 processing with PARL or other protease
yet to be identified.

At present, we have no appropriate interpretation for the
discrepancy in the processing reaction between yeast Mgm1
and mammalian OPA1. One explanation might be that PARL
directly cleaved OPA1l, and m-AAA protease is required for
full activation of PARL in the inner membrane. If PARL is not
rate limiting in the OPA1 processing reaction, expression of
PARL should not stimulate the OPA1 processing. It is also
possible that overexpression of paraplegin affects the mito-
chondrial morphology and OPA1 processing by indirect pro-
cessing of unknown proteins, as m-AAA protease should
have various substrates in inner membrane. It should be
noted, however, that corepression of paraplegin and PARL,
or paraplegin and AFG3L2 had no significant effect on OPA1
processing (data not shown). Clearly, further studies are
needed to elucidate the exact mechanisms of OPA1 proces-
sing in the mitochondrial inner membrane.

What is the functional significance of the L- and S-isoforms
in mammalian mitochondrial morphogenesis? Considering
that dissipation of AY or proapoptotic stimuli induced the
S-isoform formation concomitant with mitochondrial frag-
mentation, and exogenous expression of the L-isoform com-
plemented the OPA1-depleted phenotype to induce extension
of mitochondrial networks, it seemed that mitochondrial
fusion depended on the L-isoform. Indeed, we could demon-
strate using CCCP-treated cells that the L-isoform, but not
S-isoform, exhibited mitochondrial fusion-stimulating activity.
As confirming these results, mitochondria in the S-isoform-
expressing cells exhibited small fragmented morphology (see
AIF-230 in Supplementary Figure S4), resembling that of the
fusion-defect mitochondria in OPAl-depleted cells (Chen
et al, 2005). These results seemed to be consistent with the
notion that mitochondrial fusion reaction proceeds in Apcpl
yeast cells (Sesaki et al, 2003), indicating that the s-isoform of
Mgml is not essential for mitochondrial fusion reaction.

What is the mechanism underlying activation of OPA1
processing? Because mitochondrial AAA-proteases can ex-
tract TM from the membrane bilayer and translocate the
unfolded hydrophilic domain in the trans-side across the
membrane (Arlt et al, 1996; Leonhard et al, 1999), it is
conceivable that paraplegin translocates the OPA1 L-isoforms
across the membrane into the matrix side unless the IMS
domain is tightly folded or firmly associated with other
components. Conditions that dissipate AY or induce apopto-
sis stimulate processing at the downstream of TM1 as if the
membrane-anchoring function of TM1 is compromised
(Figure 9). We therefore examined if translocation of the L-
isoform could be impeded by increasing TM1 hydrophobicity
(average hydrophobicity increased from 0.65 to 1.23-2.35).
However, the processing of OPA1 was not inhibited by this
manipulation (Figure 5). These properties are in striking
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Figure 9 Model of proteolytic processing of OPA1. See Discussion for details.

contrast to those of Mgm1 processing by Pcpl/Rbdl1 in yeast;
conversion of I-Mgm1 to s-isoform is strongly inhibited by
increasing hydrophobicity of the TM1 (Herlan et al, 2004).
This difference might reflect an intrinsic difference in the
substrate driving system between mammalian and yeast
mitochondria. m-AAA protease seems to extract substrate
proteins irrespective of the hydrophobicity of their TMs.

In yeast, Mgm1 couples with Fzol of the outer membrane
via Ugol to function in the mitochondrial fusion reaction
(Sesaki and Jensen, 2004). Similarly, OPA1 requires Mfnl of
the outer membrane to promote mitochondrial fusion in
mammalian cells (Cipolat et al, 2004), although the func-
tional homologue of yeast Ugol is not known. If this is the
case, A¥ might be required to maintain mechanical coupling
of the fusion machinery of the outer membrane with the
OPAl-containing inner membrane machinery, which pre-
vents paraplegin-powered translocation and processing of
OPAl L-isoforms across the inner membrane. Once this
mechanical coupling is broken by dissipation of AY, the
L-isoforms would be translocated further into the matrix to
form the S-isoforms.

Materials and methods

Cell culture and transfection

HeLa cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum under 5% CO, at 37°C.
DNA transfection was performed using lipofectamine (Invitrogen)
as recommended by the manufacturer. SIRNAs were transfected to
HeLa cells three times using oligofectamine (Invitrogen) as
recommended by the manufacturer. The expression plasmids and
the sequences for siRNA were described in supplemental section.
The cells were fixed with 4% paraformaldehyde for fluorescent
microscopy. Mitochondrial morphology was analyzed by 20nM
MitoTracker Red CMXRos (Molecular Probes) staining before
fixation. All panels of microscopic images were 50 pm x 50 um.
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Determination of N-termini of OPA1 isoforms
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sequencing by Edman degradation. N-terminal deletion constructs
of OPA1 variants were synthesized in vitro using PURESYSTEM
(Post Genome Institute Co.).

Analyses

Preparation of total cell lysates and subcellular fractionation were
performed as described previously (Ishihara et al, 2004). For pulse-
chase experiment, HeLa cells were cultured in DMEM without
methionine and cysteine for 1 h, then labeled with 3°S-labeling mix
(Express, Pharmacia) for 30 min (pulse). These cells were further
cultured in DMEM with 10% FCS. The cells were recovered,
washed, and examined for immunoprecipitation using anti-FLAG
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were quantified by BAS 2500 (Fuji Film). Co-immunoprecipitation
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