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Mitochondrial fission ensures organelle inheritance during cell division and participates in apoptosis. The fission protein
hFis1 triggers caspase-dependent cell death, by causing the release of cytochrome c from mitochondria. Here we show that
mitochondrial fission induced by hFis1 is genetically distinct from apoptosis. In cells lacking the multidomain proapop-
totic Bcl-2 family members Bax and Bak (DKO), hFis1 caused mitochondrial fragmentation but not organelle dysfunction
and apoptosis. Similarly, a mutant in the intermembrane region of hFis1-induced fission but not cell death, further
dissociating mitochondrial fragmentation from apoptosis induction. Selective correction of the endoplasmic reticulum
(ER) defect of DKO cells restored killing by hFis1, indicating that death by hFis1 relies on the ER gateway of apoptosis.
Consistently, hFis1 did not directly activate BAX and BAK, but induced Ca2�-dependent mitochondrial dysfunction.
Thus, hFis1 is a bifunctional protein that independently regulates mitochondrial fragmentation and ER-mediated
apoptosis.

INTRODUCTION

Mitochondria are crucial organelles in life and death of
eukaryotic cells. They participate in numerous metabolic
reactions, provide most of the energy required for endoer-
gonic processes, and play a key role in Ca2� signaling,
apoptosis, and aging (Rizzuto et al., 2000; Ferri and Kroemer,
2001; Dufour and Larsson, 2004). This functional versatility
is matched by their structural plasticity. Mitochondria are
dynamic organelles that continuously undergo fusion and
fission (Okamoto and Shaw, 2005). Mounting evidence indi-
cates that the equilibrium between fusion and fission is
crucial for several key cellular processes and that mitochon-
drial shape is finely regulated in response to intracellular
needs and extracellular signals (Westermann, 2002; Bossy-
Wetzel et al., 2003).

Fusion is required to maintain mtDNA integrity and
therefore mitochondrial function (Ono et al., 2001). In higher
metazoan, mitochondrial fusion is driven by two GTPases of
the outer membrane, Mitofusin (Mfn) 1 and 2 (Santel and
Fuller, 2001; Legros et al., 2002; Chen et al., 2003; Santel et al.,
2003). Mfns appear to play distinct roles in fusion, as sug-
gested by their different rates of GTP hydrolysis and sub-
stantiated by the different morphology of mitochondria in
single Mfn knockout fibroblasts (Chen et al., 2003; Ishihara
et al., 2004). Consistent with this, Opa1, a GTPase of the inner
membrane, requires Mfn1 but not Mfn2 to promote mito-
chondrial fusion (Cipolat et al., 2004). Disruption of fusion
results in cellular dysfunction. Mfn-null and Opa1-RNAi
cells display reduced respiration, loss of mitochondrial
membrane potential, and inhibition of cell growth (Chen
et al., 2005). In addition, proteins involved in mitochondrial
fusion can protect cells from apoptosis, as shown by gain
and loss of function approaches (Lee et al., 2004; Sugioka
et al., 2004).

Mitochondrial fission in mammals involves at least two
proteins: dynamin-related protein 1 (Drp1) and Fis1. Drp1 is
a cytosolic GTPase, which has been proposed to couple GTP
hydrolysis to membrane constriction and fission (Smirnova
et al., 2001). Fis1 is an outer membrane protein evenly dis-
tributed on the surface of mitochondria (James et al., 2003).
Its N-terminal domain is exposed to the cytoplasm and
forms a tetratricopeptide (TPR)-like fold (Suzuki et al., 2003).
The C-terminus of Fis1 harbors a predicted transmembrane
domain and a short stretch of amino acids facing the inter-
membrane space (IMS). Fis1 is thought to recruit Drp1 to
punctuate structures on mitochondria. It is therefore consid-
ered the limiting factor in the fission reaction (Stojanovski
et al., 2004).
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Pro- and anti-apoptotic members of the Bcl-2 family reg-
ulate the mitochondrial participation in the apoptotic cas-
cade (Danial and Korsmeyer, 2004). Activation of the mito-
chondrial pathway results in the release of apoptogenic
factors, such as cytochrome c, in the cytosol, where they are
required to fully activate effector caspases. This release is
accompanied by fragmentation and remodeling of the inter-
nal structure of mitochondria (Frank et al., 2001; Scorrano et
al., 2002). Both Drp1 and Fis1 have been implicated in these
pathways. Their silencing confers resistance to some apo-
ptotic stimuli (Lee et al., 2004). Drp1 participates in cristae
remodeling elicited by the BH3-only proapoptotic Bcl-2 fam-
ily member Bik (Germain et al., 2005). Finally, fragmentation
of mitochondria induced by Fis1 is followed by release of
cytochrome c, caspase activation and cell death (James et al.,
2003). However, it is unclear whether fission always results
in increased susceptibility to death. For example, mitochon-
drial fragmentation can also prevent apoptosis by blocking
Ca2� waves required for amplification of some apoptotic
signals (Szabadkai et al., 2004) or by directly cross-talking
with members of the Bcl-2 family. In Saccharomyces cerevisiae
the Drp1 orthologue dnm1p also seems to favor apoptosis.
This prodeath activity of dnm1p is blocked by the antiapop-
totic proteins Bcl-2 and Bcl-xL and by the yeast Fis1 ortho-
logue, fis1p (Fannjiang et al., 2004). Thus, at least in yeast,
mitochondrial shaping proteins and Bcl-2 family members
display some functional redundancy. Moreover, foci corre-
sponding to sites of mitochondrial fission are enriched in Drp1,
Mfn2, and the multidomain proapoptotic Bax (Karbowski et al.,
2002). Overexpression of Mfn2, as well as silencing of hFis1,
interferes with translocation of Bax to mitochondria (Lee et al.,
2004; Neuspiel et al., 2005), and the profusion Mfn2 physically
interacts with Bcl-XL and the Caenorhabditis elegans orthologue
CED-9 (Delivani et al., 2006).

Several central questions remain open. First, it is unclear
whether apoptosis and mitochondrial fission are related pro-
cesses or whether one can occur independently from the
other. Second, it is even less clear whether fragmentation
occurs before mitochondrial permeabilization (Arnoult et al.,
2005). Last, it is unknown how promotion of fission results
in caspase-dependent death. We therefore undertook a ge-
netic analysis exploring mitochondrial fission and killing by
hFis1 in cells deficient for the multidomain proapoptotics
BAX and BAK.

MATERIALS AND METHODS

Molecular Biology
Full-length hFis1 and �1-32 hFis1 were subcloned into the XbaI and EcoRI
sites of pCI. A myc-tag sequence was inserted by PCR at the 5� end of the
sequence. The K138R mutant of Fis1 was generated by site-specific mutagen-
esis. All constructs were confirmed by sequencing. YFP-hFis1 was previously
described (James et al., 2003).

Reagents, Cell Culture, and Transfection
Mouse embryonic fibroblasts (MEFs) were cultured as described before (Scor-
rano et al., 2003). Transfection was performed using Transfectin Lipid Reagent
(Bio-Rad, Richmond, CA) following the manufacturer’s instructions. Cyclo-
sporine H was generously provided by P. Bernardi (University of Padova).
All chemicals, unless specified, were from Sigma (St. Louis, MO).

Real-Time Imaging of Mitochondrial Membrane Potential
MEFs, 1 � 105, plated on 24-mm round glass coverslips were transfected and
after 24 h were loaded with 20 nM tetramethyl rhodamine methyl ester
(TMRM) dissolved in Hanks’ balanced salt solution (HBSS) supplemented
with 1.5 �M cyclosporine H (a P-glycoprotein inhibitor) or cyclosporine A for
30 min at 37°C. Cells were then placed on the stage of an Olympus IMT-2
inverted microscope (Melville, NY) equipped with a CellR imaging system.
After identification of GFP-positive cells, sequential images of TMRM fluo-
rescence were acquired every 60 s using exposure times of 30 ms with a 40�,

1.4 NA Plan Apo objective (Olympus). Cells were excited using a 525/20 BP
excitation filter, and emitted light was acquired using a 570/LP filter. Images
were stored and analysis of TMRM fluorescence over mitochondrial regions
of interest was performed as described in Scorrano et al. (2003).

Confocal Imaging and Morphometric Analysis
MEFs, 4 � 105, plated on 13-mm-diameter glass coverslips (VWR Scientific
Products, West Chester, PA) and transfected as indicated in the figure legends
were incubated after 24 h in HBSS supplemented with 10 mM HEPES. For
confocal images of mitochondrial network, red-channel images were acquired
using the detector assembly of a Nikon Eclipse E600FN microscope (Melville,
NY) equipped with a Bio-Rad Radiance 2100 Confocal Laser Scanning system.
Morphometric analysis was performed as described (Cipolat et al., 2004). Cells
were scored with fragmented or coalesced mitochondria when more than 50%
of the objects in the image (i.e., mitochondria) displayed aberrant morphology
(either fragmented or coalesced). For confocal imaging of mitochondrial
movement, mtRFP fluorescence was imaged using a Nikon Eclipse TE300
inverted microscope equipped with a spinning-disk Perkin Elmer-Cetus Ul-
traview LCI confocal system (Norwalk, CT) and a Orca ER 12-bit CCD camera
(Hamamatsu, Bridgewater, NJ).

Polyethylene Glycol Fusion Assay
For polyethylene glycol (PEG) fusion assay, 5 � 105 MEFs were cotransfected
with mtYFP or with mtRFP and �-Gal or HA-Fis1. After 24 h cells labeled
with different fluorescent proteins were coplated in a 1:1 ratio onto 13-mm
round coverslips. Fusion was induced after 24 h by a 60-s treatment with a
50% (wt/vol) solution of PEG1500 in PBS, followed by extensive washes in
DMEM supplemented with 10% FCS. To inhibit de novo synthesis of fluo-
rescent proteins, 30 min before PEG treatment cells were incubated with the
protein synthesis inhibitor cycloheximide (20 �g/ml), which was subse-
quently kept in all solutions and tissue culture media until cells were fixed for
30 min with ice-cold 3.7% (vol/vol) formaldehyde in PBS. After two washes
with PBS, coverslips were mounted on slides using Anti-Fade Reagent (Mo-
lecular Probes, Eugene, OR). Confocal images were acquired and fusion was
calculated exactly as described in Cipolat et al. (2004).

Immunofluorescence
MEFs, 6 � 105, plated on 13-mm-diameter glass coverslips (VWR Scientific
Products) were transfected as indicated in the figure legends, and after 24 h
immunofluorescence was performed as described in Griffiths et al. (1999).
Briefly, cells were fixed in 0.25% (wt/vol) paraformaldehyde, incubated over-
night with anti Bak (Ab1, Calbiochem, La Jolla, CA), washed, and then
incubated with TRITC-conjugated isotype matched antibody. Alternatively,
cells were fixed in 4% (wt/vol) paraformaldehyde, incubated overnight with
anti-Bax N20 (Santa Cruz Biotechnology, Santa Cruz, CA), and anti-cyto-
chrome c (BD Biosciences, San Jose, CA) washed and then incubated with
TRITC- and FITC-conjugated isotype-matched antibodies.

Electron Microscopy
MEFs (5 � 106 cells) transfected with �-Gal or HA-hFis1 were fixed in a 2.5%
(vol/vol) solution of glutaraldehyde in PBS for 30 min. Conventional electron
microscopy was then performed as described in Scorrano et al. (2002).

Analysis of Cell Death
MEFs, 6 � 104, of the indicated genotype grown in 12-well plates were cotrans-
fected with pEGFP and the indicated vector. At the indicated times, cells were
collected and stained with Annexin-V–Alexa568 according to the manufacturer’s
protocol. Apoptosis was measured by flow cytometry (FACSCalibur, BD Bio-
sciences) as the percentage of annexin-V–positive events in the GFP-positive
population.

Subcellular Fractionation
MEFs transfected as indicated were harvested and resuspended in isolation
buffer (IB, 0.2 M sucrose, 10 mM Tris-MOPS, pH 7.4, 0.5 mM EGTA-Tris), and
mitochondria were isolated by standard differential centrifugation. Light
membranes, which included endoplasmic reticulum (ER) and peroxisomes,
were obtained by centrifugation of the postmitochondrial supernatant at
100,000 � g for 30 min. Protein concentration was determined by BCA assay
(Pierce, Rockford, IL).

Recombinant Protein Production and Purification
Full-length hFIS1 was cloned in pET15b (Novagen, Madison, WI) and the
His-tagged hFIS1 (r-HisFIS1) was expressed in Escherichia coli (BL21DE3).
After induction with IPTG, bacteria were lysed, and monomeric FIS1 was
recovered in the soluble bacterial fraction and purified by chromatography on
nickel–nitriloacetic acid–agarose followed by Q-Sepharose resin. The protein
was stored in 25 mM Tris/HCl, 100 mM NaCl, 0.2 mM dithiothreitol, and 30%
(vol/vol) glycerol, pH 7.5, at �80°C. p7/p15 recombinant BID was produced,
purified, and cleaved with caspase 8 as described in Scorrano et al. (2002).
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In Vitro Assays and Cross-Linking
Purified mitochondria (0.5 mg/ml) were incubated at 37°C with p7/p15 BID (3.5
ng) or with r-HisFIS1 (125 ng) in experimental buffer (EB, 125 mM KCl, 10 mM
Tris-Mops, pH 7.4, 10 �M EGTA-Tris, 1 mM Pi, 5 mM glutamate, and 2.5 mM
malate) in the presence of cytosolic extract (0.5 mg/ml). After 30 min, mitochon-
dria were centrifuged at 8000 � g for 5 min. For BAX activation and insertion,
mitochondria were resuspended in 0.1 M Na2CO3, pH 11.5, incubated on ice for

30 min, and spun at 100,000 � g for 30 min. Proteins in pellet and supernatant
were then separated by SDS-PAGE. BAK oligomerization was assessed as pre-
viously described (Scorrano et al., 2002).

Immunoblotting
Protein extracts were separated by SDS-PAGE (NuPAGE, Invitrogen, Carls-
bad, CA), transferred onto PVDF membranes (Millipore, Bedford, MA) and

Figure 1. Mutational analysis of hFis1 domains re-
quired for mitochondrial fission and apoptosis. (A)
Cartoon of constructs used in this study. (B) Repre-
sentative images of mitochondrial morphology in wt
MEFs cotransfected with the indicated plasmid and
mtRFP. Forty-eight hours after transfection fluores-
cence of mtRFP was visualized by confocal micros-
copy. Bar 15, �m. (C) Morphometric analysis of mi-
tochondrial shape. Experiments were carried exactly
as in A. Data represent mean � SE of five different
experiments. (D) Deletion of the first �-helix and
K148R point mutation abolish hFis1-induced apo-
ptosis. wt MEFs were cotransfected with GFP and
the indicated plasmids, and after 48 h apoptosis was
determined as the percentage of GFP-positive, An-
nexin-V–positive cells by flow cytometry. Data rep-
resent mean � SE of six independent experiments.

Figure 2. hFis1 does not alter mitochondrial
fusion. (A) Representative images of hetero-
polykaryons after PEG-induced cell fusion.
MEFs cotransfected with mtYFP or mtRFP and
the indicated plasmids were coplated on glass
coverslips, fused, and fixed at the indicated
times. Confocal images of representative
polykaryons are shown. Bar, 20 �m. (B) Quan-
tification of the effects of wt and mutants of
hFis1 on the mitochondrial PEG fusion assay.
Experiments were carried out as in A, and
cells were fixed at the indicated times. Mito-
chondrial fusion was evaluated as described
in Materials and Methods from 30 randomly
selected polykaryons. Data represent mean �
SE of three different experiments.
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probed using the following antibodies: rabbit polyclonal anti-BAK (1:1000
Upstate Biotechnology, Lake Placid, NY), anti-BAX (1:1000, Upstate Biotech-
nology), anti-hFis1, anti-MnSOD (1:1000, StressGen Biotechnologies, San Di-
ego, CA), anti LDH (1:1000, Fitzgerald Industries International, Chelmsford,
MA), anti-Tom20 (1:1000, Santa Cruz), or anti-actin (1:3000, Chemicon Inter-
national, Temecula, CA). Horseradish peroxidase–conjugated isotype-
matched secondary antibodies (Amersham Pharmacia Biotechnology, Piscat-
away, NJ) were used followed by detection by chemiluminescence
(Amersham).

Cell Sorting
Transfected MEFs, 100 � 106, were analyzed by light forward and side scatter
and for YFP fluorescence through a 530-nm bandpass filter as they traversed
the beam of an argon ion laser (488 nm, 100 mW) of a FACSAria (Becton
Dickinson Biosciences, San Jose, CA). Untransfected control MEF cells were
used to set the background fluorescence. Sorted cells were checked for via-
bility by Trypan Blue exclusion.

Respiratory Assays
Intact or digitonin (0.01%, wt/vol) permeabilized MEFs (5 � 106 cells) trans-
fected with either �-Gal or HA-hFis1 were incubated in 0.5 ml of HBSS or EB,
respectively. Cellular oxygen consumption was measured using a Clarke-type
oxygen electrode (Hansatech Instruments, King’s Lynn, Norfolk, United
Kingdom).

Calcium Retention Capacity
After sorting, YFP-positive MEFs (5 � 106 cells) were incubated in 1 ml of EB
supplemented with digitonin (0.01% wt/vol) for 5 min. After permeabiliza-
tion of the plasma membrane, 2,5-di-(tert-butyl)-1,4 benzohydroquinone

(tBuQH, 100 �M) was added before measurement to inhibit sarcoplasmic ER
Ca2� ATPase (SERCA) pumps. The calcium retention capacity (CRC) of
mitochondria was assessed using the fluorescent Ca2� indicator Calcium
Green-5N (1 �M, Molecular Probes, Eugene, OR) in a Perkin Elmer-Cetus Life
Sciences LS50B spectrofluorimeter (Boston, MA) as described previously
(Fontaine et al., 1998).

In Gel ATPase Activity
Mitochondria were isolated as described previously and lysed for 10 min in
1 mM aminocaproic acid, 100 mM Bis-Tris, pH 7.0, 2% (wt/vol) n-dodecyl-
maltoside at 4°C. After centrifuging for 30 min at 20,000 � g, protein concen-
tration of the solubilized supernatant was measured by Bradford assay, and
equal amounts of protein were separated by Blue Native Gel Electrophoresis
as described in Schagger, (1995). After running the first dimension, ATPase
activity was assessed directly in the gel by incubating it for 2 h in a solution
containing 35 mM Tris, 270 mM glycine, 14 mM MgSO4, 0.2% Pb(NO3)2, and
8 mM ATP, pH 7.8 (Nijtmans et al., 2002).

RESULTS

hFis1 Independently Regulates Mitochondrial Fission and
Cell Death
To determine which domains of hFis1 regulate fission and
death, we generated a set of mutants in crucial regions of the
molecule (Figure 1A). We deleted the first �-helix of the TPR
motif (hFis1�1-32), required for hFis1-induced fragmentation
and perinuclear clustering of mitochondria (James et al.,

Figure 3. hFis1 triggers mitochondrial fis-
sion but not apoptosis in DKO MEFs. (A) Rep-
resentative images of mitochondrial morphol-
ogy in wt and DKO cells. wt and DKO MEFs
were cotransfected with the indicated plasmid
and mtRFP. Experiments were carried out ex-
actly as in Figure 1. (B) Morphometric analysis
of mitochondrial shape was carried out ex-
actly as in Figure 1. Data represent mean � SE
of five different experiments. (C) hFis1 does
not trigger cell death in DKO cells. MEFs of the
indicated genotype were cotransfected with
GFP and the indicated plasmids. Apoptosis
was determined as in Figure 1. Data represent
mean � SE of six different experiments.
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2003; Yu et al., 2005) and introduced a point mutation in the
short stretch of amino acids protruding in the IMS
(hFis1K148R). After transfection of MEFs, levels of these mu-
tants were comparable, as judged by immunoblotting (Sup-
plementary Figure 1). Expression of hFis1 in MEFs led to
fragmented, punctiform organelles, whereas hFis1�1-32 pro-
moted coalescence of mitochondria in larger, round struc-
tures clustering around the nucleus (Figure 1, B and quan-
tification in C). Mutation of charged amino acids of the IMS
stretch of hFis1 to neutral ones resulted in mistargeting of
the protein to other intracellular membranes, including ER
(unpublished data), consistent with what was observed
when the C-terminal of the molecule was tagged (Yoon et al.,
2003). However, a conservative substitution of K148 to more
positive R did not affect mitochondrial localization of hFis1
(Supplementary Figure 1). This mutant retained the ability
to fragment mitochondria, because fission was undistin-
guishable from that induced by wild-type (wt) hFis1 (Figure
1, B and quantification in C).

The mitochondrial fragmentation in MEFs expressing
hFis1 could be in principle caused not only by a stimulation
of the fission process, but also by inhibition of fusion. We
therefore measured whether hFis1 modified mitochondrial
fusion rates using an established PEG fusion assay (Cipolat

et al., 2004). Mitochondria expressing hFis1 or hFis1K148R,
albeit fragmented, fully retained their ability to fuse (Figure
2, A and quantification in B). Accordingly, mitochondrial
movement, which is required to promote encounters among
organelles that are going to fuse, was unaltered by expres-
sion of hFis1 (Supplementary Figure 2). On the other hand,
hFis1�1-32 impaired mitochondrial fusion, suggesting a dom-
inant negative effect of this mutant (Figure 2, A and B).
Taken together these results suggest that hFis1 causes frag-
mentation of mitochondria, without impairing fusion of the
organelle. The N-terminus of hFis1 is required to mediate
mitochondrial fission: positive amino acids of the IMS are
crucial for proper targeting and increasing the positivity of
this stretch does not interfere with the profission effect of
hFis1. On the other hand, deletion of the first �-helix of the
TPR motif results in mitochondrial coalescence that is ac-
companied by an impairment of fusion.

Because excessive mitochondrial fission is lethal for mam-
malian cells (James et al., 2003; Yu et al., 2005), we examined
whether these hFis1 mutants differentially regulated cell death.
Full-length, but not hFis1�1-32 promoted apoptosis of MEFs
(Figure 1D; Yu et al., 2005). Surprisingly, the hFis1K148R mutant
was also unable to induce cell death (Figure 1D). This suggests
that the C-terminus of hFis1 not only regulates mitochondrial

Figure 4. DKO cells are resistant to mito-
chondrial dysfunction induced by hFis1. (A
and C) Pseudocolor-coded, representative im-
ages of TMRM fluorescence intensity in wt (A)
and DKO (C) cells at 5 (5�) and 40 min (40�) of
the acquisition sequence. MEFs cotransfected
with GFP and the indicated plasmids (aster-
isks) after 24 h were loaded with TMRM and
imaged as described. Oligomycin (2.5 �g/ml)
was added at min 3 of the sequence. (B and D)
Quantification of the TMRM fluorescence
changes over mitochondrial regions in wt (B)
and DKO (D) MEFs. Experiments were carried
out as A and C, respectively. Quantification
procedure is described in the Materials and
Methods. Where indicated (arrows), oligomy-
cin (2.5 �g/ml) and FCCP (4 �M) were added.
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localization, but is also crucial for induction of apoptosis, as
even conservative amino acid substitution abrogates the pro-
apoptotic effect of the molecule. Moreover, these experiments
show that fission is not sufficient to induce cell death, at least in
the case of hFis1, whose mutants retaining the ability to frag-
ment mitochondria fail to induce apoptosis.

Expression of hFis1 results in the release of apoptogenic
factors from the IMS (James et al., 2003), albeit the underly-
ing molecular mechanism is not clear. We therefore turned
to a genetic model of Bax, Bak�/� (DKO) MEFs to verify
whether these multidomain proapoptotic Bcl-2 family mem-
bers were required. hFis1 promoted mitochondrial fission
also in the absence of Bax and Bak (Figure 3, A and quanti-
fication in B). On the other hand, DKO cells remained viable
after hFis1 expression (Figure 3C), even after 3 d (unpub-
lished data). These results further dissociate fission and

apoptosis induced by hFis1. We investigated interdepen-
dence between fission and death using staurosporine (STS),
which activates Drp1-dependent fission early in the course
of apoptosis (Frank et al., 2001). STS induced mitochondrial
fragmentation in both wt and DKO MEFs, but as expected
failed to trigger death in DKO cells (Supplementary Figure
3). Silencing of hFis1 interfered only partially with fission-
induced by STS (unpublished data), suggesting that mech-
anisms independent from hFis1 are recruited by this broad
range kinase inhibitor to fragment mitochondria. Taken to-
gether, these results suggest two separate pathways operate
downstream of hFis1: one that mediates mitochondrial fis-
sion and requires an intact N-terminus, and a second that
triggers cell death, depends on crucial amino acids of the
IMS region, and requires BAX and BAK. Moreover, fission
induced by intrinsic stimuli occurs independently of mul-

Figure 5. Mitochondrial respiration, ultra-
structure, and ATPase activity in cells express-
ing hFis1. (A) Oxygen consumption in control
and hFis1-expressing intact wt MEFs. Forty-
eight hours after transfection, cells were har-
vested, and 108 cells were incubated in HBSS
into an oxygen electrode chamber. Where indi-
cated (arrows), the uncoupler FCCP (2 �M) and
the complex IV inhibitor NaN3 (10 mM) were
added. (B) Oxygen consumption in control and
hFis1-expressing permeabilized MEFs. Experi-
ments were as in A, except that the cells (108)
were incubated in 0.5 ml EB containing 0.01%
(wt/vol) digitonin. Where indicated (arrows),
glutamate plus malate (G/M, 5/2.5 mM) or suc-
cinate (Succ, 5 mM in the presence of 2 �M
Rotenone, an inhibitor of complex I), ADP (100
�M), oligomycin (2.5 �g/ml), FCCP (60 nM),
and NaN3 (1 mM) were added. (C) In-gel activ-
ity assay of F1-ATPase. Mitochondria from
hFis1-transfected and untransfected cells were
isolated and solubilized in n-dodecylmaltoside.
Solubilized samples were then separated by
BN-PAGE as described in experimental proce-
dures. The Blue Native gel was then histochem-
ically stained for ATP hydrolysis activity. Mito-
chondria isolated from human hearth samples
were loaded as a control. (D) Representative
ultrastructure of mitochondria in hFis1-express-
ing cells. Cells transfected with hFis1 were fixed,
and standard electron microsopy images were
acquired as described. Bar, 100 nm.
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tidomain proapoptotics and therefore is genetically posi-
tioned upstream of mitochondrial permeabilization.

Bax and Bak Are Required for Mitochondrial Dysfunction
by hFis1
Apoptosis is characterized by impairment of mitochondrial
function, including loss of membrane potential (��m). We an-
alyzed the relationship between mitochondrial dysfunction
and fragmentation induced by hFis1. Real-time imaging of wt
MEFs loaded with the potentiometric dye TMRM showed
equivalent accumulation of the dye in mock-transfected cells
and in cells expressing wt and hFisK148R (Figure 4A), a result
confirmed by a cytofluorimetric analysis of TMRM uptake
(unpublished data). Oligomycin, a F1F0 ATPase inhibitor, un-
veils latent mitochondrial dysfunction, by inducing depolar-

ization of damaged organelles that maintain their membrane
potential by reversal of the ATPase (Irwin et al., 2003). As
expected, ��m was maintained in control transfected wt MEFs
upon treatment with oligomycin, whereas mitochondria ex-
pressing wt hFis1 but not hFisK148R underwent depolarization
(Figure 4, A and quantification in B). On the other hand, hFis1
did not cause loss of ��m in response to oligomycin in DKO
cells (Figure 4, C and quantification in D).

To further dissect the effect of hFis1 on mitochondrial
function, we turned to measurements of oxygen consump-
tion in intact and digitonin-permeabilized cells. hFis1 did
not affect basal or uncoupled respiration of intact wt MEFs
(Figure 5A). These results were confirmed in cells perme-
abilized with digitonin whose mitochondria were energized
using substrates for different respiratory chain complexes

Figure 6. hFis1 does not activate BAX and BAK. (A) hFis1 induces release of cytochrome c. wt MEFs were cotransfected with mtRFP and
the indicated plasmid. After 24 h, cells were fixed and immunostained for cytochrome c, and confocal images of mtRFP and cytochrome c
were acquired. Images are representative of 80 different cells in three independent experiments. Bar, 15 �m. (B) hFis1 does not trigger BAX
insertion into mitochondrial membranes. Purified mitochondria (50 �g) were incubated with p7/p15 BID or with r-HisFis1. Mitochondria
were then treated with 0.1 M Na2CO3, and alkali-resistant (pellet) and -sensitive fractions (supernatant) were separated by centrifugation.
Proteins were separated by SDS-PAGE and immunoblotted using the indicated antibodies. (C) hFis1 does not induce BAK oligomerization.
Purified mitochondria (50 �g) were incubated as in A, and proteins were cross-linked where indicated by incubating with bismaleimidohex-
ane (BMH, 10 mM) for 15 min. Samples were separated by SDS-PAGE and immunoblotted with an anti-BAK antibody. Asterisk, BAK
multimers; arrow, BAK monomer. (D) hFis1 does not trigger BAX activation in vivo. MEFs were transfected with indicated plasmids, and
48 h after transfection cells were stained for Tom20 and for activated BAX using a BAX-NT antibody and counterstained with FITC- and
TRITC-conjugated isotype-matched secondary antibodies. (E) hFis1 does not trigger BAK activation in vivo. wt MEFs were cotransfected with
the indicated plasmid and mtYFP. After 48 h cells were fixed and immunostained with a monoclonal anti-BAK antibody and counterstained
with a TRITC-conjugated secondary antibody. Bar, 15 �M.
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(Figure 5B). Thus, transient expression of hFis1 does not
impair mitochondrial respiration, irrespective of the sub-
strate used to feed the respiratory chain. We next addressed
the function of mitochondrial ATPase. A specific in-gel anal-
ysis showed that ATPase activity of mitochondria express-
ing hFis1 was equivalent to that of mock-transfected ones
(Figure 5C). Accordingly, cellular ATP content after expres-
sion of hFis1 remained unchanged for up to 3 d (3.0 � 0.5
�M in mock vs. 2.7 � 0.22 in hFis1-transfected cells at 24 h;
3.7 � 0.2 vs. 3.9 � 0.7 at 48 h; 2.8 � 0.3 vs. 2.9 � 0.5 at 72 h;
n � 3 � SE). These data indicate 1) that fragmented mito-
chondria are not necessarily dysfunctional, 2) that apoptosis
by hFis1 correlates with induction of organelle dysfunction,

and 3) that mitochondrial dysfunction by hFis1 is not caused
by an impairment of mitochondrial respiration nor ATPase
activity, but requires BAX and BAK.

The ER Gateway Regulates Apoptosis by hFis1
We measured whether dysfunction was accompanied by
cytochrome c release. Cells expressing hFis1 displayed a
markedly diffuse cytochrome c immunostaining pattern, a
picture similar to that observed in MEFs expressing BAX
(Figure 6A). We therefore verified whether hFis1 triggered
activation of BAX and BAK. We first used an in vitro assay
using purified organelles and recombinant proteins. Incuba-
tion of isolated mitochondria with purified cytosol and re-
combinant active truncated BID (tBID) resulted in the inser-
tion of BAX in the mitochondrial membranes (Figure 6B)
and in oligomerization of BAK (Figure 6C). Recombinant
HisFIS1 was conversely unable to induce both BAK oli-
gomerization and BAX insertion (Figure 6, B and C). tBID
but not hFis1 induced BAX and BAK activation also in situ,
as shown by immunostaining with antibodies that specifi-
cally recognize the activated forms of these proteins (Figure
6, C and D).

The lack of direct activation of BAX and/or BAK by hFis1
prompted a more detailed evaluation of its killing mecha-
nism. DKO cells also display lower ER steady state Ca2�

concentration ([Ca2�]ER), a gateway for Ca2�-dependent ap-
optotic stimuli (Scorrano et al., 2003). Selective correction of
the ER and the mitochondrial defect of DKO cells by expres-
sion of SERCA or by mitochondrially targeted Bax (mtBAX)
enabled us to test which pathway was recruited by hFis1
(Scorrano et al., 2003). As expected, apoptosis by tBID totally
depended on the correction of the mitochondrial pathway.
On the other hand, hFis1 induced apoptosis only in the
DKO-SERCA–corrected MEFs (Figure 7A). In line with this,
apoptosis by tBID was not affected when we depleted ER
Ca2� stores by culturing wt MEFs in low Ca2� (Pinton et al.,
2000), and this maneuver fully prevented death by hFis1
(Figure 7B). Finally, mitochondrial dysfunction by hFis1 in
DKO cells depended on ER Ca2� levels, as shown by cor-
rection of the ER defect by SERCA (Figure 8, A and quan-
tification in B). Taken together, these experiments show that
the apoptotic program elicited by hFis1 is controlled by the
ER death gateway requiring adequate [Ca2�]ER.

Death by hFis1 Involves Mitochondrial Permeability
Transition and Production of Reactive Oxygen Species
Apoptotic stimuli passing trough the ER gateway can im-
pinge on the mitochondrial permeability transition pore
(PTP), a Ca2�-dependent inner mitochondrial membrane
channel whose dysregulated opening participates in death
after selected stimuli (Bernardi, 1999). We wanted to test
whether mitochondrial dysfunction induced by hFis1 could
be ascribed to dysregulation of PTP. To this end, we tested
the effect of cyclosporine A (CsA), an immunosuppressive
drug that is also a well-characterized inhibitor of the PTP
(Bernardi, 1999). CsA prevented depolarization induced by
oligomycin in MEFs expressing hFis1 (Figure 8, C and quan-
tification in D). Prevention of production of reactive oxygen
species (ROS) can block opening of the PTP by a variety of
inducers, including Ca2� (Kowaltowski et al., 1996). The
glutathione precursor N-acetylcysteine (NAC) prevents PTP
opening (Reid et al., 2005) and inhibits apoptosis by several
agents (Hockenbery et al., 1993; Zamzami et al., 1995). NAC
blocked apoptosis (Figure 7B) and mitochondrial dysfunc-
tion (Figure 8, C and D) induced by hFis1 in wt MEFs,
further substantiating a role for the PTP in this.

Figure 7. The BAX, BAK ER gateway controls death by hFis1. (A)
hFis- induced apoptosis is restored in DKO-SERCA but not in
DKO-mtBAX MEFs. MEFs of the indicated genotype were cotrans-
fected with GFP and the indicated plasmids. Apoptosis was deter-
mined as the percentage of GFP-positive, Annexin-V–positive cells
by flow cytometry. Data represent mean � SE of six different
experiments. (B) hFis1 induced cell death is inhibited by low extra-
cellular [Ca2�] and by NAC. wt MEFs were transfected as in A, and
after 4 h NAC (2.5 mM) was added to the media. Apoptosis was
monitored 48 h after transfection. Where indicated (0.1 mM Ca2�),
wt MEFs were incubated in KRB supplemented with EGTA for 3 h
and then maintained in complete DMEM containing 0.1 mM Ca2

before transfection.
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Figure 8. Mitochondrial dysfunction by hFis1 is mediated by permeability transition. (A and B) hFis1 induces mitochondrial dysfunction
in DKO-SERCA MEFs. DKO-SERCA MEFs cotransfected with GFP, and the indicated plasmid (asterisks in A) were loaded with TMRM, and
fluorescence imaging was performed as described in Figure 3. Data represent mean � SE of three independent experiments. (C and D)
Mitochondrial dysfunction induced by hFis1 is inhibited by CsA and NAC. wt MEFs cotransfected with GFP and Myc-hFis1 (asterisks in C)
were loaded with TMRM in the presence of 2.5 mM NAC or 1.5 �M CsA when indicated. TMRM fluorescence over mitochondrial regions
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We next decided to measure CRC, an indicator of PTP
open probability, in mitochondria expressing different levels
of hFis1. After transfection of wt MEFs with a YFP-tagged
version of hFis1 (that induced death as efficiently as wt
hFis1; unpublished data), cells were sorted. Expression of
high levels of hFis1 was confirmed by specific immunoblot-
ting of sorted samples (Figure 8E). Increased hFis1 resulted
in markedly reduced mitochondrial CRC in these digitonin-
permeabilized, sorted cells (Figure 8, F and quantification in
G). Conversely, hFis1K148R did not reduce CRC (Figure 8, F
and quantification in D). These results show that hFis1 reg-
ulates PTP. Moreover, fission does not necessarily correlate
with increased PTP opening probability.

Transient openings of the PTP have been associated with
mitochondrial remodeling, which ensures complete release
of cytochrome c. We therefore verified whether mitochon-
dria of cells expressing hFis1 displayed an altered ultrastruc-
ture. Electron microscopy showed that in �40% of the mi-
tochondria the expression of hFis1 resulted in a more
positive curvature of the cristae and in a widening of the
narrow tubular junction (Figure 5).

DISCUSSION

Changes in mitochondrial shape have been recently identi-
fied as a common subroutine of apoptosis. Genetic disrup-
tion of profusion mitochondria-shaping proteins impairs
function of the organelle, whereas excess fission results in
cytochrome c release and apoptosis. An emerging view pre-
dicts a linear relation between fragmentation of mitochon-
dria and their permeabilization. Whether and how fission
necessarily results in permeabilization of mitochondria is
however largely unknown. A current model implies that
components of the mitochondrial fission machinery can
cross-talk with members of the Bcl-2 family to regulate
egress of cytochrome c from mitochondria. Multidomain
proapoptotic members seem likely candidate to participate
in the release of proapoptotic factors after fragmentation of
the organelles, but their role in this process remains unclear.
Here we genetically dissected the mechanism of death by
the profission protein hFis1 and found that fragmentation of
mitochondria and apoptosis can occur independently.

hFis1 Does Not Require BAX and BAK To Fragment
Mitochondria
Proapoptotic multidomain Bcl-2 family members are multi-
functional gatekeepers of organelles that participate in the
amplification of apoptotic signals (Scorrano and Korsmeyer,
2003). It has been suggested that they participate in apopto-
tic fragmentation of mitochondria, based on the colocaliza-
tion of BAX with sites of fission and on the ability of over-
expressed BAX to promote mitochondrial shape changes
(Frank et al., 2001; Karbowski et al., 2002). hFis1, a compo-
nent of the mitochondrial fission machinery, and the intrin-
sic death stimulus staurosporine, equally fragment mito-
chondria in wt and Bax, Bak doubly deficient cells.
Fragmentation by hFis1 was not associated with a decrease
in mitochondrial fusion or with a decreased or disordered
movement of the fragmented organelles. Thus, both BAX
and BAK are dispensable for fission induced by hFis1 or by
a widely used intrinsic apoptotic stimulus. In accordance
with this, expression of Bcl-XL blocked death, but not fission
induced by hFis1 (James et al., 2003). Moreover, because
DKO cells do not undergo mitochondrial permeabilization,
our results contribute to place fission temporally in the
course of apoptosis. At least in MEFs, fragmentation occurs
before the release of mitochondrial IMS proteins, such as
DP/TIMM8a, which has been reported to trigger apoptotic
translocation of Drp1 to mitochondria (Arnoult et al., 2005).
On the other hand, we cannot exclude that mitochondrial
fission by staurosporine in DKO cells is the morphological
epiphenomenon of complete inhibition of fusion occurring
in the course of apoptosis (Karbowski et al., 2004). This
possibility was reinforced by silencing of hFis1 expression
that only partially inhibited fission induced by staurospor-
ine. In any case, this would imply that during cell death by
staurosporine fusion is inhibited independently from BAX
and BAK as well as from the activation of the postmitochon-
drial program of apoptosis.

DKO cells display multiple defects, including a reduction
in the steady state ER Ca2� levels (Scorrano et al., 2003).
DKO cells proved therefore informative to address the role
of Ca2� in controlling mitochondrial shape. DKO cells dis-
played normal steady state morphology and underwent
equivalent fission when hFis1 was expressed. This implies
that adequate [Ca2�]ER, crucial for several mitochondrial
functions, is not required to control morphology of the or-
ganelle. Likely, dynamic changes in cytosolic and/or mito-
chondrial Ca2� can conversely modulate mitochondrial
shape by yet unidentified mechanisms, such as regulation of
kinase/phosphatase couples (Yi et al., 2004).

The ER Gateway Controls Apoptosis by hFis1
The resistance of DKO cells to death induced by hFis1 sug-
gested that hFis1 would directly or indirectly activate these
multidomain proapoptotics to provide an efflux pathway for
cytochrome c. A set of in vitro experiments using purified
organelles and recombinant proteins excluded a direct effect
of hFis1 on BAX and BAK activation, as well as on cyto-
chrome c release (J.-C. Martinou, unpublished results). This
did not depend on additional factors missing in this recon-
stituted assay, because activation of multidomain proapop-
totics was also excluded in situ. These surprising results
suggest that in the case of hFis1 induced fission, insertion and
oligomerization of BAX at sites of fragmentation is not favored
as in other paradigms of apoptosis (Frank et al., 2001).

Selective correction of ER versus mitochondrial defect of
DKO cells has been used to define the gateway through
which a given apoptotic stimulus passes (Scorrano et al.,

Figure 8 (cont). was imaged, stored, and analyzed as described in
Figure 3. Where indicated (arrows in B and D), oligomycin (2.5
�g/ml) and FCCP (4 �M) were added. Data represent mean � SE of
five different experiments. (E) Cell sorting of YFP-expressing wt
MEF. Twenty-four hours after transfection with YFP-hFis1 (YFPFis),
mtYFP or mtYFP plus hFis1K148R (FisK148R), wt MEFs (108) were
washed, harvested, and sorted as described in the Materials and
Methods. Dot plot histograms of YFP fluorescence in control (top
panel) and transfected (bottom panel) cells are shown. R2 indicates
sorted population. Sorted cells were lysed in RIPA buffer, and equal
amounts of protein (40 �g) were separated by SDS-PAGE and
immunoblotted with the indicated antibodies. (F) Representative
traces of mitochondrial calcium retention capacity (CRC). Sorted
(5 � 106) cells were permeabilized with digitonin (0.001% wt/vol) in
experimental buffer, and Ca2� uptake was measured after the flu-
orescence changes of the Ca2� indicator Ca-Green. Where indicated
(arrows), 5 �M Ca2� were added. Final volume, 1 ml, pH 7.4, 37°C.
(G) Quantitative analysis of CRC of mitochondria from digitonin-
permeabilized cells. CRC of mitochondria of sorted wt MEFs trans-
fected with the indicated plasmids was measured exactly as in F.
Data represent mean � SE of five different experiments.
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2003). hFis1 induced death in SERCA-, but not in mtBAX-
corrected DKO MEFs. Further evidences showed that hFis1
required adequate ER Ca2� to kill, placing it genetically
downstream of the ER gateway of apoptosis. Our results
provide a molecular explanation for the previous finding
that death by hFis1 is blocked by Bcl-XL (James et al., 2003),
which also regulates release of Ca2� from the ER (Li et al.,
2002). The small reduction in capacitative Ca2� entry (CCE)
promoted by hFis1 (Frieden et al., 2004) can therefore be
viewed as a compensatory mechanism to protect cells with
high levels of this protein, because CCE dictates Ca2� refill-
ing of the ER (Jaconi et al., 1997). In line with this, direct
measurement of free [Ca2�]ER using targeted aequorin
showed that expression of hFis1 reduced in rate and extent
of ER refilling by �40% (unpublished data). Whether other
conditions of excessive fragmentation kill via the ER gate-
way still needs to be elucidated, but this remains a viable
possibility that extends ER-mitochondria cross-talk to a pre-
viously unexpected process.

Latent Mitochondrial Dysfunction Precedes Death
by hFis1
Mitochondria lacking essential components of mitochon-
drial fusion display multiple functional defects, including
greatly reduced respiratory rates (Chen et al., 2005). This
holds true also in yeast, where most deletion mutants of
genes involved in mitochondrial fusion are petite, as a con-
sequence of their respiratory incompetence (Dimmer et al.,
2002). Moreover, the importance of profusion proteins for
cellular physiology is confirmed by their ablation in the
mouse, which results in early embryonic lethality (Chen et
al., 2003). We therefore reasoned that increasing mitochon-
drial fission by expressing hFis1 could have similar results.
On the other hand, hFis1 did not impair mitochondrial
fusion nor did it affect a variety of bioenergetic parameters,
including total ATP content, mitochondrial respiration, or
membrane potential. This raised the question of the mecha-
nism of killing by hFis1, which apparently did not involve a
gross destabilization of mitochondrial function.

A detailed analysis of mitochondrial membrane potential
in situ in cells expressing hFis1 showed conversely a latent
organelle dysfunction, unveiled only after treatment with
oligomycin. This drug is expected to induce slight hyperpo-
larization, because the inhibition of the F1F0 ATPase blocks
diffusion of protons back into the matrix of phosphorylating
mitochondria. On the other hand, oligomycin induced de-
polarization of wt mitochondria expressing hFis1, which
most probably maintain their membrane potential by rever-
sal of the ATPase. Such a depolarization was not observed in
hFis1-transfected DKO cells and was restored by genetic
correction of DKO with SERCA. A more detailed analysis of
respiration of intact and digitonin-permeabilized cells ruled
out gross impairment of the respiratory chain. Moreover,
assembly of the ATPase and total cellular ATP content were
not affected by high levels of hFis1. When hFis1 is overex-
pressed, basic bioenergetics appears therefore to be con-
served. On the other hand, hFis1 reduces the mitochondrial
threshold to stresses, as highlighted by the oligomycin-in-
duced depolarization. It should be noted that similar exper-
iments have been performed in HeLa cells, where oligomy-
cin had apparently no effect (Frieden et al., 2004). One
explanation can be found in the short experimental window
used by Demaurex and colleagues that precluded highlighting
of the slow depolarization induced by oligomycin (Gugliucci et
al., 2002; Irwin et al., 2003). Latent mitochondrial dysfunction
unveiled by oligomycin characterizes cells from mouse models
of collagen VI deficiency (Irwin et al., 2003), as well as prostate

cancer cells where accumulation of arachidonic acid was
induced by pharmacological inhibition of its metabolism
(Gugliucci et al., 2002). In both these models, dysfunction
was prevented by the PTP inhibitor CsA, suggesting a role for
this inner mitochondrial membrane channel.

An IMS Mutant of hFis1 Dissociates Fission from
PTP Opening
CsA as well as NAC, inhibitors of Ca2�-induced PTP open-
ing, blocked depolarization induced by oligomycin in mito-
chondria expressing hFis1. Furthermore, CRC of mitochon-
dria expressing high levels of hFis1 was reduced by �50%
compared with control organelles, indicating that hFis1 does
not require additional cytosolic components to induce mito-
chondrial dysfunction. The mechanism by which hFis1 re-
duces the threshold for PTP opening remains to be investi-
gated. Recently, it has been proposed that mitochondrial
fission is required for the generation of ROS in a model of
hyperglycemia (Yu et al., 2006), suggesting a cross-talk be-
tween the fission machinery and the mechanisms involved
in the production of ROS. It is tempting to speculate that
high levels of hFis1 can trigger production or favor accumu-
lation of ROS that in turn lower the Ca2� threshold of the
PTP (Chernyak and Bernardi, 1996).

Mitochondrial dysfunction and death induced by hFis1
was genetically distinct from mitochondrial fission. A con-
servative single amino acid mutant in the short IMS stretch
of hFis1 completely abolished mitochondrial dysfunction in
situ and restored CRC to levels found in control mitochon-
dria. These results have important implications. First, they
point to a crucial role for a previously overlooked domain of
the molecule. Second, they show that mitochondrial dys-
function is not caused solely by fission, because this K148R
mutant causes efficient fragmentation. Finally, they imply
that the hFis1 mutant lacking the first �-helix induces PTP-
dependent mitochondrial dysfunction and death via its in-
tact IMS stretch (Yu et al., 2005). In this view, the IMS stretch
could somehow communicate with the inner mitochondrial
membrane to elicit opening of the PTP and perhaps remod-
elling of the cristae, a process accompanied by transient
opening of the this channel (Scorrano et al., 2002; Germain et
al., 2005). On this line, we found that �40% of mitochondria
overexpressing hFis1 displayed a morphology reminiscent
of cristae remodelling. Opening of the PTP has been re-
ported in cells expressing the �1-deleted mutant of hFis1
and associated with the appearance of “swollen” mitochon-
dria as opposed to the small, fragmented ones caused by
expression of wt hFis1 (Yu et al., 2005). Interestingly, we
found that this mutant interferes with mitochondrial fusion,
raising the possibility that the coalesced appearance of mi-
tochondria expressing �1-deleted hFis1 is caused also by an
inhibition of fusion. It remains to be addressed whether this
inhibition is a consequence of the depolarization caused by
the deleted hFis1 mutant (Yu et al., 2005).

In conclusion, our genetic dissection illustrates that hFis1
kills via the ER gateway, impinging on Ca2�-dependent,
PTP-mediated mitochondrial dysfunction.
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