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Aggregation of a-synuclein (aS) is involved in the patho-
genesis of Parkinson’s disease (PD) and a variety of related
neurodegenerative disorders. The physiological function
of oS is largely unknown. We demonstrate with in vitro
vesicle fusion experiments that oS has an inhibitory func-
tion on membrane fusion. Upon increased expression in
cultured cells and in Caenorhabditis elegans, oS binds to
mitochondria and leads to mitochondrial fragmentation.
In C. elegans age-dependent fragmentation of mitochon-
dria is enhanced and shifted to an earlier time point upon
expression of exogenous oS. In contrast, siRNA-mediated
downregulation of oS results in elongated mitochondria
in cell culture. oS can act independently of mitochon-
drial fusion and fission proteins in shifting the dynamic
morphologic equilibrium of mitochondria towards red-
uced fusion. Upon cellular fusion, oS prevents fusion
of differently labelled mitochondrial populations. Thus,
oS inhibits fusion due to its unique membrane interaction.
Finally, mitochondrial fragmentation induced by expres-
sion of oS is rescued by coexpression of PINKI1, parkin or
DJ-1 but not the PD-associated mutations PINK1 G309D
and parkin A1-79 or by DJ-1 C106A.
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Introduction

A characteristic feature of Parkinson’s disease (PD) is the
intracellular deposition of Lewy bodies, which are predomi-
nantly composed of a-synuclein («S). This 140 amino acid
protein is widely distributed throughout the brain and
expressed at high levels in neurons where it can reach con-
centrations of 0.5-1% of total protein (i.e. 30-60uM) (Iwai
et al, 1995; Spillantini et al, 1997; Bodner et al, 2009). In Lewy
bodies, oS is arranged in fibrils with a B-sheet like structure
(Der-Sarkissian et al, 2003; Chen et al, 2007). It is assumed that
the pathogenicity of oS is associated with aggregation of the
protein, which involves formation of small neurotoxic oligo-
mers that eventually mature to larger insoluble deposits (Lee
et al, 2004a; Haass and Selkoe, 2007; Kramer and Schulz-
Schaeffer, 2007; Kostka et al, 2008; Kayed et al, 2009). A similar
cascade of protein aggregation and precipitation is causative for
the onset of other neurodegenerative diseases, such as
Alzheimer’s disease (Dobson, 2003; Haass and Selkoe, 2007).

A remarkable property of oS is its structural flexibility
(Davidson et al, 1998; Beyer, 2007; Uversky, 2007). The
protein is essentially unstructured in dilute aqueous solution
(Uversky, 2002), whereas a-helical folding occurs upon bind-
ing to lipid surfaces. The NMR-derived structure of SDS-
micelle-bound oS revealed two anti-parallel aligned amphi-
pathic a-helices, the ‘N-helix’ spanning residues 3 through 37
and the ‘C-helix’ spanning residues 45 through 92. The
C-terminal domain, which contains approximately 40 amino
acids of which 14 are negatively charged and 2 positively
charged, remains unstructured (Lee et al, 2004b; Ulmer and
Bax, 2005; Ulmer et al, 2005). The structure of membrane-
bound «S cannot be resolved by NMR as the rotation of
vesicles is too slow. However, other biophysical techniques
including electron spin resonance and circular dichroism
(CD) revealed that o-helical folding also occurs for the N-
terminal region when oS binds to membranes (Nuscher et al,
2004; Beyer, 2007; Jao et al, 2008; Drescher et al, 2008a).
However, whether membrane-bound oS assumes a single
extended o-helix, a broken helix or multiple structures
(including oligomers) is unclear (Drescher et al, 2008a, b;
Bodner et al, 2009; Ferreon et al, 2009; Perlmutter et al, 2009;
Trexler and Rhoades, 2009). It has also been reported that oS
binds to synaptic vesicles (Maroteaux et al, 1988; Jensen
et al, 1998; Abeliovich et al, 2000; Kahle et al, 2000; Murphy
et al, 2000; Cabin et al, 2002; Chandra et al, 2004, 2005;
Jo et al, 2004; Yavich et al, 2004; Larsen et al, 2006; Ben
Gedalya et al, 2009) as well as to mitochondria (Martin et al,
2006; Nakamura et al, 2008; Shavali et al, 2008). Biophysical
studies from our laboratory revealed that binding of oS to
highly curved bilayers leads to a stabilization of defects in the
lipid packing (Nuscher et al, 2004; Cornell and Taneva, 2006;
Kamp and Beyer, 2006). This motivated us to investigate
whether oS could have an impact on membrane fusion.

So far little is known about the biological consequences of
binding of oS to intracellular membranes. Studies in yeast
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revealed that overexpression of aS leads to cellular toxicity by
interfering with vesicular transport between the endoplasmic
reticulum and the Golgi complex (Cooper et al, 2006).
Fragmentation of the Golgi apparatus was also reported in
neurons containing Pale bodies, pathological deposits known
as early stages of Lewy bodies (Gosavi et al, 2002; Fujita et al,
2006; Lee et al, 2006). Moreover, functional impairment of
mitochondria was caused by expression of wild type or
mutant oS (Hsu et al, 2000; Orth et al, 2003; Smith et al,
2005; Parihar et al, 2008, 2009).

Although one of the well-described biochemical properties
of oS is membrane binding associated with a structural
switch, the biological function of the membrane-associated
variant is unclear. Here, we demonstrate for the first time that
oS inhibits fusion of model membranes. Biophysical studies
led us to investigate the consequences of enhanced oS levels
on membrane fusion in vivo. Life imaging in cultured cells
and Caenorhabditis elegans demonstrates that expression of
oS induces mitochondrial fragmentation, whereas down-
regulation of aS leads to elongation of mitochondria. Strik-
ingly, the mitochondrial phenotype caused by expression of
aS could be rescued by coexpression of three recessive
PD-associated genes, PINK1, parkin and DJ-1, but not the
corresponding familial PD-associated mutants PINK1 G309D,
and parkin A1-79 or by the synthetic mutant DJ-1 C106A
(Waak et al, 2009).

Results

oS inhibits membrane fusion in vitro

We tested the effect of oS in several ‘classic’ fusion assays
using protein-free model membranes. In our first protocol, we
used small unilamellar vesicles (SUVs) consisting of dipalmi-
toyl-phosphatidylcholine (DPPC), which are known to fuse
below the chain-melting temperature T,,, increasing their
diameter from 30 to 70 nm (Schullery et al, 1980a, b; Gaber
and Sheridan, 1982). This spontaneous fusion is a very slow
process (Supplementary Figure S1). Trace amounts of non-
ionic detergent C;,Eg accelerate the fusion of DPPC-SUV,
particularly at temperatures just below T, (the gel to
liquid-crystalline phase transition of bilayers of DPPC occurs
at T, =41°C). We measured vesicle fusion by following
changes in the static light scattering. At 36°C a suspension
of DPPC-SUV reached maximal light scattering values within
10min after detergent addition (Figure 1A). Fusion was
suppressed when the experiment was performed in the pre-
sence of increasing amounts of oS and was blocked comple-
tely at lipid/aS ratios <200 mole/mole (3 uM aS), that is at
concentrations where oS binding to vesicles saturates
(Nuscher et al, 2004). We also applied dynamic light scatter-
ing (DLS) experiments, which demonstrated the increase
in diameter of fusing vesicles (Supplementary Figure S2).
To confirm that the increase in light scattering of fusing
vesicles was not an aggregation artifact, we used two fluor-
escent membrane fusion assays. In a lipid-mixing assay, NBD
fluorescence of ‘donor’ vesicles was completely quenched
prior to addition of detergent. Upon fusion of donor vesicles
and vesicles without fluorescent probes, lipid mixing abo-
lishes the quenching effect. Membrane fusion, monitored by
this technique could be reduced by increasing amounts of oS
(Figure 1B). Alternatively, in a contents-mixing assay we
repeated the C;,Es-induced fusion of DPPC-SUV by mixing
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equal amounts of vesicles with trapped Tb®"-citrate with
vesicles containing dipicholinic acid (DPA). Formation of the
Tb® "-DPA complex led to a strong increase in fluorescence
(Figure 1C). Almost no fluorescence increase was observed
after addition of «S at a lipid/protein molar ratio 200:1,
indicating that fusion was effectively inhibited. Together,
these independent experiments support the inhibition of
membrane fusion by aS.

Considering the domain structure of lipid-bound «S, the
question arises whether its anti-fusogenic behaviour is due to
stabilization of packing defects in the bilayer (Kamp and
Beyer, 2006), or rather to membrane repulsion caused by
the negatively charged C-terminal domain. To distinguish
between these two possibilities, the fusion assay was re-
peated using an oS mutant lacking the last 24 amino acids
of the C-terminus. This fragment (¢S1-116) was still capable
of completely suppressing membrane fusion (Figure 1D). On
the contrary, a peptide composed of 25 amino acids of the
C-terminus of aS (2S116-140), as well as a peptide comprised
of 25 amino acids of the centre region of oS (xS41-65), was
not capable of inhibiting membrane fusion (Figure 1D). We
also compared the anti-fusogenic effect of oS with other
membrane-binding proteins. Cytochrome c and lysozyme
have similar molecular weights as oS. Both are globular
proteins with a net positive charge known to bind to mem-
brane surfaces. Cytochrome c and lysozyme did not signifi-
cantly slow down the fusion of DPPC-SUV (Figure 1E).
Exchangeable apolipoproteins have structural similarities to
oS and share stabilization of lipid packing because of the
binding of a ‘sided’ helix to the lipid surface (Derksen et al,
1996; Nuscher et al, 2004; Cornell and Taneva, 2006; Beyer,
2007). Interestingly, apolipoprotein A-I (ApoA-I) blocked the
fusion completely, just like oS (Figure 1E). These findings
indicate that the folding and membrane interaction of the
N-terminal domain rather than the negative charges of the
C-terminal domain are responsible for the anti-fusogenic
effect of aS.

To test whether the effect of oS also applies to vesicles
composed of other lipids, we investigated fusion of vesicles
composed of negatively charged palmitoyl-oleoyl-phosphati-
dylserine (POPS), triggered by Ca®*-ions (Wilschut et al,
1980). Fusion was initiated by adding CaCl, and was com-
plete within 10 min after the addition (Figure 1F). When oS
was added after the addition of Ca?", the fusion rate was
reduced >10 times. Again, we compared the anti-fusogenic
effect of oS with other membrane-binding proteins. In this
case, we used cytochrome c and poly-lysine. Poly-lysine,
like cytochrome c, is expected to bind to negatively charged
membranes (Zhang and Rowe, 1994). Cytochome c had
no effect even at a 10-fold higher molar concentration than
oS. Poly-lysine reduced the fusion rate about five times
(Figure 1F). Having established the suppression of membrane
fusion by oS in classic fusion assays of vesicles composed of
only one kind of lipid, we wondered whether oS would also
suppress fusion of membranes of lipid mixtures mimicking
compositions of biological membranes. The effect of S
on polyethyleneglycol (PEG)-mediated fusion of vesicles
composed of a lipid mixture with reported optimal fusion
potential (Haque et al, 2001) is shown in Figure 1G. The
suppression of fusion by aS was significant, although higher
amounts of oS were required compared with the DPPC-SUV
and POPS-SUV, probably because of a lower affinity of aS to
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Figure 1 oS inhibits membrane fusion in vitro. (A) Fusion of DPPC-SUV was monitored by the increase in static light scattering upon addition
of an aliquot of C;,Eg. Increasing amounts of S inhibit membrane fusion (blue lines). Lipid concentration 600 pM, T=36°C. (B) Lipid-mixing
assay of DPPC-SUV. oS inhibited fusion completely at lipid/«S = 200 mole/mole (purple line). T=35°C. Pink line: no fusion occurred at 45°C,
that is at temperature above T,,,. (C) Contents-mixing assay carried out in the presence and absence of oS (lipid/«S =200 mole/mole, green
line). T=30°C. (D) An N-terminal fragment mutant of oS, «S(1-116) (blue line), lacking the negatively charged C-terminal domain was capable
of completely suppressing the fusion of DPPC-SUV, like wt-aS (dark blue line); whereas peptides comprised of the C-terminal fragment,
0S(116-140), or the central domain of oS, aS(41-65), failed to inhibit fusion (blue lines). Lipid/protein =100 mole/mole. T =25°C.
(E) Comparison of inhibition of membrane fusion by «S with cytochrome c, lysozyme and Apolipoprotein A-I (ApoA-I). For all proteins:
lipid /protein = 200 mole/mole. T=36°C. (F) Ca®"-induced fusion of POPS-SUV. Fusion was initiated by adding an aliquot of CaCl, and
monitored by the lipid-mixing assay. «S, added 2min after the addition of Ca®** (arrow), blocked fusion almost completely (lipid/
oS =200 mole/mole). Control experiments: cytochrome c (lipid/protein =20 mole/mole) or poly-lysine (lipid/protein 200 mole/mole) was
added instead of aS. T=25°C. (G) SUV of a mixture of lipids with reported optimal fusion potential (DOPC/DOPE/BBSM/cholesterol,
35:30:15:20 molar ratio) (Haque et al, 2001). Fusion was initiated by addition of 4% PEG and followed using the lipid-mixing assay. Total lipid
concentration was 300 uM. When the experiment was repeated with oS, fusion was slowed. T=37°C. (H) Spontaneous rapid fusion of SUV
composed of lipids with opposite charges (POPS-SUV and PC*-SUV). Lipid-mixing assay performed in stop-flow fluorimetry. Lipid
concentration was 60 pM. oS (1.2 uM) inhibited the fusion. When POPS was replaced by POPC (uncharged) no fusion occurred, as expected.
T=25°C.

the membranes comprised of the chosen lipid mixture. Finally, fusion was complete after about 3 sec (Figure 1H). Again fusion
rapid spontaneous fusion can be achieved upon mixing of was reduced by aS. Taken together, these findings demonstrate
vesicles with opposite interfacial net charges (Pantazatos and that oS selectively blocks membrane fusion in a number of
MacDonald, 1999; Lei and MacDonald, 2003). In this assay, independent in vitro fusion assay systems.
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oS impairs mitochondrial fusion in cultured cells
Mitochondria change their morphology because of continu-
ous fusion and fission (Detmer and Chan, 2007; Westermann,
2008). In addition, mitochondrial morphology and function is
affected by loss of parkin or PINK1 function, which are both
associated with familial PD (Kitada et al, 1998; Valente et al,
2004; Exner et al, 2007; Dagda et al, 2009; Lutz et al, 2009;
Morais et al, 2009; Sandebring et al, 2009). To prove whether
enhanced levels of oS, as observed in sporadic PD (Sharon
et al, 2003; Chiba-Falek et al, 2006; Grundemann et al, 2008)
as well as in familial PD associated with a triplication of the
aS gene (Singleton et al, 2003), influence the balance be-
tween mitochondrial fission and fusion, we overexpressed oS
in neuronal SH-SYSY cells. This was particularly interesting
as oS has been reported to bind to intracellular membranes
including mitochondria (Nakamura et al, 2008; Shavali et al,
2008). Changes in mitochondrial morphology were moni-
tored by imaging of cells, transfected with mito-GFP. When
wild-type oS was overexpressed in SH-SY5Y cells, increased
mitochondrial fragmentation was observed (Figure 2A).
Quantification of the relative amounts of cells with fragmen-
ted mitochondria revealed that upon overexpression of «S,
the number of cells that display fragmented mitochon-
dria increased from 34% under control conditions to 46%
(Figure 2B). Expression of similar amounts of mutant
aS-A30P or A53T led to fragmentation of mitochondria to
the same extent as the wild-type protein (Figures 2A-C). This
is consistent with the finding that mutants of oS also bind to
model membranes (Nuscher et al, 2004; Ramakrishnan et al,
2006; Giannakis et al, 2008; Karpinar et al, 2009; Perlmutter
et al, 2009). B-Synuclein (BS) shares a number of biological
and biophysical properties with oS, including binding to lipid
surfaces (Nuscher et al, 2004; Beyer, 2007). We therefore
investigated if BS may also affect mitochondrial fusion/
fission. Indeed, both orthologs lead to the formation
of fragmented mitochondria (Figures 2D-F), suggesting a
redundant function of oS and fS.

To further address the question whether the increase
in mitochondrial fragmentation observed in «S-expressing
SH-SYS5Y cells is due to alterations in mitochondrial fusion,
we performed a PEG fusion assay (Niemann et al, 2005;
Malka et al, 2007) (Figure 3). A first set of cells was
transiently cotransfected with mito-GFP and oS or empty vector
as a control. Another set of cells was cotransfected with
mito-DsRed and oS or vector. At 8h after transfection, both
sets of cells were mixed and plated on coverslips.
After 16h, fusion of cocultured cells was induced by a 90-s
treatment with PEG and fused cells were further incubated
in the presence of cycloheximide for Sh. Mitochondria
of fused cells were analysed by confocal microscopy.
Mitochondrial fusion is indicated by extensive colocalization
of mito-GFP and mito-DsRed in control cells (Figures 3A and
B). In contrast, upon overexpression of aS colocalization was
dramatically reduced demonstrating that oS blocks mito-
chondrial fusion.

Mitochondria are known to fragment in stress situations
(Westermann, 2008; Cho et al, 2010). To exclude that
the changes in mitochondrial phenotype caused by oS
overexpression are due to a secondary stress response, we
performed control experiments to prove whether mitochon-
drial function was impaired by the expression of «S. The
membrane potential in SH-SY5Y cells expressing mito-GFP
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was evaluated by TMRM fluorescence intensity of the
mitochondria. There was no difference in TMRM fluores-
cence intensity when we compared the vector control cells
with cells expressing oS (Figures 4A and B). In addition, no
reduction of ATP production was observed in cells expressing
wt-aS, oS A30P or oS AS53T compared with the control-
transfected cells (Figures 4C and D).

oS enhances age-dependent mitochondrial
fragmentation in C. elegans
In line with our observations in cultured cells, when ex-
pressed in C. elegans body wall muscles (BWMs) wt-aS led to
dramatic alterations of mitochondrial morphology and
also to mitochondrial fragmentation (Figure 5). As C. elegans
BWMs contain a highly stereotyped planar arrangement
of mitochondria (Figure 5A) they are particularly suited for
the analysis of mitochondrial morphology. To visualize
mitochondria, we used the transmembrane domain of the
outer mitochondrial membrane protein TOM70 fused to CFP
(Labrousse et al, 1999). Moderate expression of aS led to the
formation of extremely thin and highly interconnected
mitochondria (Figures 5B and D) in about 20-40% of
the transgenic BWMs. However, the majority, 50-70% of
aS-expressing BWMs contained highly fragmented mitochon-
dria that are roundish in their appearance (Figures 5C and D)
in all independent transgenic strains analysed. Strikingly, a
similar mitochondrial fragmentation was observed in aged
7-day-old worms in the absence of exogenous oS expression
(Figure 5E), suggesting that mitochondrial fragmentation also
happens during the normal ageing process of the BWM tissue.
C. elegans BWMs are particularly susceptible to ageing and
have been shown to gradually and progressively deteriorate
with age (Herndon et al, 2002). C. elegans mean life span
is about 12-18 days. After reaching adulthood, C. elegans
hermaphrodites lay all their eggs within approximately 3 days
and then persist through a post-reproductive period were
senescent decline is evident (Herndon et al, 2002). As C.
elegans animals still grow after reaching adulthood, aged
BWMs were bigger in size (Figure SE). Interestingly, ectopic
expression of aS accelerated the mitochondrial aging pheno-
type (Figures 5E and F).

oS expression also led to mitochondrial fragmentation in
neurons (Figures 5G-I). In neuronal cell bodies, we distin-
guished three categories of mitochondrial morphology:
ring-like [R], tubular [T] or fragmented [F] mitochondria.
Wild-type neurons mostly contained ring-like and long tubu-
lar mitochondria, whereas oS-expressing neurons showed
mostly fragmented mitochondria. These observations confir-
med that oS expression in living organisms leads to mito-
chondrial fragmentation in a tissue-independent manner.

oS is enriched at the mitochondrial outer membrane

To assess whether the increased mitochondrial fragmentation
seen upon oS overexpression is caused by a direct binding of
aS to mitochondrial membranes, we analysed mitochondrial
morphology and the subcellular localization of oS by high
pressure freeze (HPF) immuno-electron microscopy (EM).
We did not observe any changes in the morphology of the
mitochondrial cristae by oS expression as seen in the HPF-EM
images (Figure 6A). We detected oS by using polyclonal oS
antibodies on 90nm thin immuno-EM sections of plastic
embedded and HPF fixed SH-SY5Y cells. Label density was

©2010 European Molecular Biology Organization
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Figure 2 Mitochondrial fragmentation imaged in SH-SYSY cells expressing aS. (A) Images of fluorescently labelled mitochondria. The panels
display representative individual cells either control transfected (co) or transfected with wild-type oS (aS-wt), oS A30P or oS AS3T. Scale
bars =10 pm. (B) Statistical analyses of mitochondrial morphology of cells from the experiments shown in (A). Approximately 250 cells of each
experiment were counted, and the relative amount of transfected cells with altered mitochondrial morphology (i.e. fragmentation) was
determined. (C) Expression levels of oS were analysed by western blotting using B-actin as loading control (v, vector). (D) Images of
fluorescently labelled mitochondria. The panels display representative individual cells either untransfected (co) or transfected with oS-V5 (aS)
or B-synuclein-V5 (BS). Scale bars =10 pm. (E) Statistical analyses of mitochondrial morphology of cells from the experiments shown in (D).
Approximately 300 cells of each experiment were counted, and the relative amount of transfected cells with altered mitochondrial morphology
(i.e. fragmentation) was determined. Error bars indicate s.d. (F) Expression levels of oS and BS were analysed by western blotting with a
V5-antibody using B-actin as loading control. *P<0.05, **P<0.01.
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PEG in the presence or absence of exogenous aS. (A) Confocal images of representative polykaryons are shown. Fusion was monitored by the
extent of mito-GFP and mito-DsRed colocalization. Scale bars = 15 um. Upper panel: vector transfected (control); lower panel: oS transfected.
(B) Quantification of mitochondrial fusion in S and control cells. Each dot represents one measured value. Mean values are indicated by
horizontal bars. Asterisks indicate significant differences in the percentage of cell hybrids with fused mitochondria compared with the vector

control. Expression controls are provided in Supplementary Figure S3.

estimated by calculating the number of gold particles per pm?*
of the EM image. Three different areas were measured: the
cytosol, the inside of mitochondria and the mitochondrial
membrane. The mitochondrial membrane area was calcu-
lated as length of the membrane (um) multiplied with
0.03 um, because of possible shift of the gold particle of
15nm in both directions of the membrane (Hoppert, 2003).
When oS was overexpressed, it was detected at the mitochon-
drial membrane, whereas no aS signal was found inside
mitochondria (Figures 6B and C). The amount of oS bound

3576 The EMBO Journal VOL 29 | NO 20 | 2010

to the mitochondrial membrane was evaluated statistically
(Figure 6C). About 38 gold particles were detected per
um? mitochondrial membrane area, whereas less than one
oS signal was detected per pm?® of cytosol. Because of the
fact that HPF immuno-EM is a post-embedding labelling
technique, the labelling intensity is usually lower than with
classical fixation pre-embedding techniques. Therefore, endo-
genous oS was near the detection limit. These findings
suggest that oS induces mitochondrial fragmentation by
direct binding to the outer mitochondrial membrane.

©2010 European Molecular Biology Organization
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calnexin as loading control. Error bars indicate s.d.

Pink-1, parkin and DJ-1 rescue o.S-induced changes

in mitochondrial morphology

Previously it was shown that familial PD-associated genes
can confer stress protection (Palacino et al, 2004; Clark et al,
2006; Park et al, 2006). We therefore investigated whether
Pink-1, parkin and DJ-1 protect from aS-induced mitochon-
drial fragmentation. Strikingly, coexpression of wild-type
PINK1, wild-type parkin, wild-type DJ-1 with oS rescued
the morphological phenotype caused by S (Figure 7A). How-
ever, the mitochondrial fragmentation caused by aS over-
expression could not be rescued by coexpression of the
familial PD-associated mutants PINK1 G309D or by a parkin
mutant lacking the N-terminal ubiquitin-like domain
(A1-79), which is impaired in its ubiquitylation activity and
neuroprotective capacity (Henn et al, 2007). The synthetic
loss of function DJ-1-1 C106A mutant that prevents oxidation
at the active centre (Waak et al, 2009) also failed to rescue the
mitochondrial fragmentation (Figure 7A). Expression of wild-
type PINKI1, wild-type parkin and wild-type DJ-1 and each
mutant alone did not affect mitochondrial morphology
(Figure 7B).

Downregulation of oS forces mitochondrial fusion
To further substantiate the physiological relevance of the

involvement of oS in modulating mitochondrial morphology,
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we used a siRNA knockdown approach to study physiological
consequences of oS loss-of-function. As oS binds to mito-
chondria (Figure 6) (Li et al, 2007; Cole et al, 2008; Devi et al,
2008; Nakamura et al, 2008; Parihar et al, 2008), we assumed
that a loss of aS may lead to the opposite effect as observed
upon overexpression, namely to an increase of cells with
elongated mitochondria (Figure 8). Knockdown of aS by
siRNA considerably reduced oS protein levels (Figure 8C).
Under these conditions, a significant increase in the number
of cells with elongated mitochondria (13%) was observed
(Figures 8A and B). Mitochondrial tubules were extended
through the entire cell, which was rarely observed in control
transfected (4 %) or untransfected cells. Expression of siRNA
resistant oS reverted this phenotype to control levels (5%),
demonstrating the specificity of the knockdown effect. In
these experiments, mitochondrial morphology was moni-
tored using the fluorescent dye DiOCG6(3). Similar results
were obtained when we imaged mitochondria labelled with
mito-GFP (Supplementary Figure S5).

To independently confirm that oS suppresses mitochon-
drial fusion, we induced fragmentation via the addition of the
respiratory chain uncoupler CCCP (Ishihara et al, 2003). After
1h, CCCP was removed and the recovery of mitochon-
drial morphology was monitored over the next 45min in
the presence of endogenous oS or upon siRNA-mediated
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knockdown of «S. After CCCP treatment, the number of
mitochondria with normal morphology was dramatically
reduced (Figure 8D). Over the next 45 min in the absence of
CCCP physiological mitochondrial morphology recovered
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declined significantly faster in cells with reduced S levels.
These findings therefore further support that oS directly
inhibits mitochondrial fusion.

oS-mediated mitochondrial fragmentation is
independent of mitochondrial fusion and fission
proteins

We next shifted the dynamic equilibrium of mitochondria
towards increased fusion and investigated whether this can
be antagonized by addition of aS. This was done on the one
hand by expression of the fusion-promoting proteins Mfnl,
Mfn2 and Opal or on the other hand by downregulation of
the fission-promoting protein Drpl. Overexpression of aS did
not affect expression levels or subcellular localization of
Mifn1, Mfn2, Opal or Drpl. Furthermore, no aberrant proces-
sing of Opal was observed (Duvezin-Caubet et al, 2006)
(Supplementary Figure S7). Nevertheless, the appearance of
a higher number of cells with elongated and highly connected
mitochondria, as observed upon expression of Mfn1, Mfn2 or
Opal alone was reduced by coexpression of aS (Figure 9A).
Moreover, expression of Mfn2 together with the downregula-
tion of oS had an additive effect in inducing mitochondrial
elongation (Figure 9B). Likewise, knockdown of Drpl with
siRNA leads to an increase in elongated mitochondria, in-
dicating reduced mitochondrial fission. This increase was
significantly less when oS was overexpressed. Similarly,
elongation of mitochondria was induced by expression of
the dominant-negative Drpl K38E mutant. Again, coexpres-
sion with oS reduced the number of cells with elongated
mitochondria (Figures 9C and D).

Discussion

Familial PD is not only caused by missense mutations within
the oS gene, but also by a gene duplication/triplication,
which leads to enhanced protein levels of oS (Singleton
et al, 2003; Ibanez et al, 2004). Moreover, in patients with
sporadic PD, an increase of oS mRNA and oligomers was
observed (Sharon et al, 2003; Chiba-Falek et al, 2006;
Grundemann et al, 2008). A polymorphism in the SNCA
promoter increases gene expression and PD susceptibility
(Maraganore et al, 2006). Two recent large genome-wide
association studies concordantly revealed that common var-
iants in SNCA increase the risk of PD (Satake et al, 2009;
Simon-Sanchez et al, 2009). oS has a high propensity to bind
to lipid membranes in vitro and multiple evidence exists
that oS may affect vesicular trafficking, Golgi structure and
mitochondrial function, although a unifying cellular mech-
anism behind these observations is not known (Cooper et al,
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2006; Fujita et al, 2006; Larsen et al, 2006; Gitler et al, 2008;
Parihar et al, 2009). On the basis of biophysical studies, our
hypothesis has been that «S inhibits membrane fusion.
Undoubtedly, proteins and Ca** ions have an essential role
in the regulation, targeting and triggering of fusing mem-
branes in vivo (Weber et al, 1998; Nickel et al, 1999; Tamm
et al, 2003; Liu et al, 2005; Chen et al, 2006; Dennison et al,
2006; Takamori et al, 2006). However, a necessary require-
ment for any membrane fusion is mixing of the lipids
(Chernomordik et al, 1995; Chernomordik and Kozlov,
2003; Lentz, 2007; Weinreb and Lentz, 2007; Piomelli et al,
2007). High curvature of membranes causes defects in the
packing of the lipids, which are necessary to trigger the
formation of a fusion stalk (Chernomordik et al, 1995;
Dennison et al, 2006). As oS seals defects in stressed bilayers
(Kamp and Beyer, 2006), we expected that oS might inhibit
membrane fusion (see model in Figure 10). Although we
recognize that the in vitro fusion assays do not fully represent
in vivo membrane fusion events, the biophysical experiments
provided the basis for the in vivo experiments. We therefore
first studied the influence of oS binding to lipid vesicles in
vitro and in a next step investigated the effects of oS expres-
sion in the living cell and in an animal model. In this study,
aS inhibited fusion in all in vitro fusion assays applied.
Differential scanning calorimetry experiments further sup-
ported our hypothesis that aS suppresses fusion due to its
unique interaction with the membrane (Supplementary
Figure S1). In control experiments, no significant decrease
in the fusion rate was found with cytochrome c and lyso-
zyme. Thus, partial coating of the lipid/water interface by
proteins with a net positive charge affected the fusion only
marginally. Poly-lysine inhibited fusion but to a much lesser
extent compared with aS. One poly-lysine molecule contains
about 500 lysine residues. At the lipid/protein molar ratio
used, a large fraction of the outer surface would be coated by
poly-lysine. In this case, the fusion would be inhibited by
charge repulsion. In contrast, ApoA-I inhibited fusion as
efficiently as aS. As the biological function of apolipoproteins
is to stabilize plasma lipoproteins (Gursky, 2005; Cornell and
Taneva, 2006), we conclude that ApoA-I suppresses fusion of
membranes probably by a similar mechanism as «S. Finally,
fusion was also blocked with a truncated «S, lacking the
charged C-terminal domain. These observations support our
hypothesis that oS inhibits membrane fusion by stabilizing
the lipid packing of stressed bilayers, independently of other
protein factors that might be involved in the fusion machin-
ery of membranes.

Investigating in vivo effects of oS on mitochondrial fusion
was particularly interesting, as morphological changes and

Figure 5 oS expression leads to mitochondrial fragmentation in C. elegans muscles and neurons. (A) In wild-type muscles without expression
of oS, mitochondria are forming regular tubular structures. (B, C) Expression of human oS leads to changes in mitochondrial morphology,
which can be classified into two categories: (B) very thin and highly interconnected tubules and (C) fragmented vesicular mitochondria. Scale
bars=10um. (D) Quantification of the relative appearance of wild-type-like, fragmented, and thin mitochondria in independent transgenic
lines expressing oS-mYFP. Expression levels of aS-mYFP were analysed by western blot using tubulin as a loading control. All lanes originate
from the same gel. Only the lanes of those transgenic lines, which were chosen for imaging due to good penetrance and fluorescent signal, are
shown here. (E) Mitochondrial fragmentation is also observed in aged 7-day-old wild-type body wall muscles. Scale bar=10um. (F)
Mitochondrial morphologies are compared between 3 day versus 7-day-old muscles without (right graph) and with aS-mYFP expression (left
graph). (G, H) Images show TOM70-CFP-labelled mitochondria in motoneurons of young adult C. elegans. Arrowheads label neuronal cell
bodies, indicating the morphological category. The mitochondrial morphology in neuronal cell bodies was grouped into three categories: ring-
like [R], tubular [T] or fragmented [F] mitochondria. Wild-type neurons mostly contain ring-like and long tubular mitochondria (G), whereas
aS-expressing neurons show mostly fragmented mitochondria in cell bodies as well as in the axons (H). Scale bars =5 pm. (I) Quantification of
relative occurrence of ring-like, tubular and fragmented mitochondria and oS-mYFP expression levels.
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Figure 6 oS binds to mitochondrial outer membranes. (A) Electron microscopy of mitochondria in cells overexpressing oS (left panel) and
without overexpression (control, right panel). Scale bars =200 nm. (B) Immunostaining for «S. Insets: Mitochondria in high magnification.
Arrows indicate localization of aS. Scale bars =200nm. (C) Statistical analysis of the density of immunogold labelling in the cytosol, at the
mitochondrial membrane and inside the mitochondria, comparing oS overexpressing cells (+) and the control without overexpression (—).
No label inside the mitochondria was detected in both samples. Error bars indicate s.d.

dysfunction of mitochondria have frequently been reported
as a consequence of a loss of function of familial PD-asso-
ciated genes such as PINKI and parkin (Exner et al, 2007;
Dagda et al, 2009; Lutz et al, 2009; Sandebring et al, 2009).
Moreover, localization of S to mitochondria has also been
reported (Li et al, 2007; Cole et al, 2008; Devi et al, 2008;
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Nakamura et al, 2008; Parihar et al, 2008) and was confirmed
in this study. We found evidence that «S is functionally
involved in fusion of mitochondrial membranes. This was
demonstrated by different approaches: (i) when cells were
transfected with S, a significantly larger amount of the cells
displayed fragmented mitochondria (Figure 2). Similarly,
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Figure 7 Expression of three familial PD-associated genes rescues mitochondrial fragmentation caused by aS. (A) Coexpression of PINK1,
parkin or DJ-1 with oS rescues fragmentation of mitochondria, whereas their loss-of-function mutants do not. Cells were transfected as
indicated and mitochondrial morphology was quantitated as in Figure 2B. (B) Single expression of PINK1, parkin or DJ-1 or each mutant alone
does not affect mitochondrial morphology. Error bars indicate s.d. Expression controls are provided in Supplementary Figure S4. ***P<0.001.

increased fragmentation of mitochondria was observed,
when oS was expressed in BWMs and neurons of C. elegans
(Figure 5). Interestingly, overexpression of oS accelerated a
mitochondrial phenotype associated with physiological aging
(Figure 5). As aging is a major risk factor for PD, this finding
may have fundamental implications for the understanding of
disease progression. (ii) The opposite phenotype, namely an
elongation of mitochondria, occurred upon siRNA-mediated
knockdown of oS (Figure 8). (iii) The experiment from
Figure 8D showed that re-elongation of mitochondria upon
CCCP-induced fragmentation was faster when oS levels were
suppressed by oS siRNA. (iv) Specific enrichment of oS at
mitochondrial outer membranes was visualized by immuno-
EM. Notably, under conditions of mitochondrial fragment-
ation, cristae structure and length was unchanged and
morphology was not affected on the level of EM. These
experiments support the idea that oS binds to the outer
membrane of mitochondria and inhibits or reduces their
fusion. (v) When the plasma membranes of two populations
of cells with differently coloured mitochondria were fused,
subsequent mitochondrial fusion was significantly reduced
when oS was overexpressed (Figure 3). (vi) When fusion was
elevated by overexpression of the fusion-promoting proteins
Mfnl, Mfn2 and Opal, by downregulation of the fission-
promoting protein Drpl or by expression of the dominant-
negative mutant Drp1-K38E, we observed a backshift of the
equilibrium towards reduced fusion by coexpression of asS.
Together, these data indicated that oS is not interacting
directly with proteins involved in fusion or fission machi-
neries. We propose that the influence of oS on mitochondrial
dynamics is based on its interaction with membrane lipids,
preventing the necessary formation of a fusion stalk, an idea
that is strongly supported by our in vitro fusion experiments.
Moreover, oS could inhibit lipid fusion events in protein-
assisted mitochondrial fusion.

An alternative explanation for the observed effects of oS
on mitochondrial dynamics would be that «S enhances

©2010 European Molecular Biology Organization

mitochondrial fission. This is unlikely as the free-energy
change involved with the structural switch of oS upon
membrane binding (Nuscher et al, 2004) is not enough to
cause fission and mitochondrial fission is a GTP requiring
event (Westermann, 2008). The experiment of Figure 3, in
which fusion of red and green labelled mitochondria in
fused cells was slower when oS was overexpressed, can
only be explained by an inhibitory effect of oS on fusion.
Furthermore, the experiment from Figure 8D showed that
re-elongation of mitochondria upon CCCP-induced fragmen-
tation was faster when cytosolic oS levels were suppressed by
oS siRNA. As during the re-elongation phase hardly any
mitochondrial fission occurs, the slower re-elongation in
the presence of oS can only be explained by a specific
inhibitory effect of aS on the fusion of mitochondrial mem-
branes. Another alternative explanation for the observed
effects of S on mitochondrial dynamics would be that oS
expression alters the levels of expression of fission or fusion
proteins, their subcellular localizations and/or post-transla-
tional modifications. However, no such effects were observed
(Supplementary Figure S7).

We suggest that oS may have a general protective role
preventing spontaneous membrane fusion. A rather unselec-
tive lipid membrane binding of oS independent of the in-
dividual fusion machineries suggests a pleiotropic function
of oS. Indeed, there is evidence that oS directly affects
Golgi morphology as well as priming of synaptic vesicles
(Gosavi et al, 2002; Fujita et al, 2006; Larsen et al, 2006).
Interestingly, a recent genome-wide screen for yeast genes
that rescue aS-mediated toxicity revealed several conserved
genes involved in vesicular trafficking including the evolu-
tionarily conserved Rab1 GTPase Yptl (Cooper et al, 2006). In
subsequent experiments, the authors were also able to show
that Rab1 overexpression in the model systems C. elegans and
Drosophila melanogaster were similarly effective to amelio-
rate aS-induced cellular toxicity. In combination with in vitro
ER-to-Golgi transport assays, this strongly indicates that
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Figure 8 Loss of S induces elongation of mitochondria. (A) Images of fluorescently labelled mitochondria. The panels display representative
individual cells either untransfected (co) or transfected with control-siRNA, aS-siRNA, and «S-siRNA + aS-cDNA. Scale bar =10 pm.
(B) Statistical analyses of mitochondrial morphology of cells from the experiments shown in (A). Approximately 300 cells of each experiment
were counted, and the relative amount of cells with changed mitochondrial morphology (i.e. fragmentation or elongation) was determined.
Error bars indicate s.d. (C) Downregulation of oS in SH-SYSY cells and retransfection with wild-type oS was monitored by western blotting
using B-actin as a loading control. (D) Analyses of mitochondrial morphology of cells transfected with a control siRNA or an siRNA against .S
before exposure to 10 uM CCCP for 1h and at different recovery times after removal of CCCP. Insets show images of fluorescently labelled
mitochondria. The panels display representative mitochondrial phenotypes as observed before (normal) and after (fragmented) exposure to
CCCP. Scale bars = 10 um. Approximately 60 cells of each experiment were counted, and the relative amount of transfected cells with normal or

fragmented mitochondrial morphology was determined. **P<0.01.

overexpression of aS affects vesicle fusion at the Golgi and
not vesicle budding at the ER (Gitler et al, 2008). According to
our data, these observations may now be attributed to the
lipid membrane-binding properties of oS rather than a genetic
interaction of «S and the Rab GTPase Yptl. However, in a
cellular context, some organelles might be preferentially
bound by oS and binding might depend on oS expression

The EMBO Journal VOL 29 | NO 20 | 2010

levels. Indeed, in our cell system, a preferential binding to
mitochondria was observed. In contrast, in embryonic hip-
pocampal neurons a mild overexpression of oS reduced
reclustering of synaptic vesicles, with no apparent change
in the rate of fusion (Nemani et al, 2010). However, it was
unclear if binding of S to synaptic vesicles was directly
affected. Interestingly, our study revealed that the inhibition
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Figure 9 oS-mediated mitochondrial fragmentation is independent of the fusion and fission machinery. (A) Cells were transfected with Mfn1,
Min2, Opal and oS as indicated. The relative amounts of cells with changed mitochondrial morphology (i.e. fragmentation or elongation)
were determined. (B) Cells were transfected with control siRNA or siRNA directed against oS and cotransfected with Mfn2 where indicated.
The relative amounts of cells with altered mitochondrial morphology (i.e. fragmentation or elongation) were determined. (C) Cells were
transfected with control siRNA or Drpl-specific siRNA and cotransfected with oS where indicated, fluorescently labelled and the relative
amounts of cells with fragmented or elongated mitochondria were determined. (D) Cells were transfected with vector (control), S and Drpl
K38E where indicated, and the relative amounts of cells with fragmented or elongated mitochondria were determined. Error bars indicate s.d.
Expression controls are provided in Supplementary Figure S6. *P<0.05, **P<0.01, ***P<0.001.

of mitochondrial fusion by S could be rescued by coexpres-
sion of PINK1, Parkin or DJ-1 but not by the PD related PINK1
G309D and parkin A(-79), or by DJ-1 CI106A. As PINKI,
parkin and DJ-1 have no homologues in S. cerevisiae, they
could not be found in the extended genome-wide screen
(Cooper et al, 2006; Gitler et al, 2009). Our findings are in
line with data from D. melanogaster, where aS-induced loss
of climbing activity and degeneration of the retina was
rescued by PINK1 or parkin (Haywood and Staveley, 2006;
Todd and Staveley, 2008). So far, it can only be speculated
how this beneficial effect of PINK1 and parkin could be
mediated. Obviously, PINK1, parkin and DJ-1 can function-
ally interact to maintain mitochondrial morphology and
function and to protect against adverse effects of aS over-
expression. This functional interaction does not necessarily
involve a direct interaction between these proteins, it is rather
conceivable that different pathways converge at the level of
mitochondrial integrity. As PINK1, parkin and DJ-1 are
known to protect cells against mitochondrial stress (Canet-
Aviles et al, 2004; Palacino et al, 2004; Kim et al, 2005; Clark
et al, 2006; Park et al, 2006; Exner et al, 2007; Henn et al,
2007; Wood-Kaczmar et al, 2008) they could exert a protec-
tive effect on mitochondria that counteracts negative effects
of &S accumulation. Our data do not exclude that the rescuing
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effects of the recessive PD-associated genes may work via
interaction with the fusion/fission machinery.

Taken together, our findings suggest that oS gene duplica-
tions or triplications may lead to increased amounts of oS
binding to mitochondria, which inhibits mitochondrial fusion
and would therefore trigger disease pathology. In contrast,
the missense mutations may rather affect other cellular path-
ways such as aggregation (Karpinar et al, 2009; Tsika et al,
2010). Further support to our finding that altered mitochon-
drial dynamics induced by oS might contribute to PD pathol-
ogy comes from a recent finding that Pink1l and Parkin affect
mitophagy in an ubiquitination-dependent manner (Geisler
et al, 2010). Therefore, the changes in mitochondrial
dynamics and turnover might render neurons susceptible to
degeneration in PD.

Materials and methods

Chemicals

Phospholipids (1-palmityl-2-oleoyl-sn-glycero-3-phospho-choline (POPC),
dipalmitoyl-sn-glycero-3-phospho-choline (DPPC), dioleoyl-sn-glycero-
3-phosphocholine (DOPC), 1-palmityl-2-oleoyl-sn-glycero-3-phospho-
serine (POPS), dioleoyl-sn-glycero-3-phospho-ethanolamine (DOPE)
and 1-palmityl-2-oleoyl-sn-glycero-3-ethyl-phosphocholine (PC™))
were purchased from Avanti Polar Lipids (Alabaster, AL).
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Fusion stalk

Inhibition of fusion

Figure 10 A model of inhibition of membrane fusion by aS. (A) Formation of a fusion stalk in the absence of aS. Two membranes achieve close
proximity, possibly assisted by a docking machine (not drawn). Curvature in at least one of the fusing membranes causes stress in the packing
of the lipids (see inset, the red lipids are not ideally packed), which is necessary to enable fusion of the leaflets of the two fusing membranes
and the formation of a fusion stalk. (B) Binding of oS to curved membranes seals the packing defects and therefore inhibits the formation of a

fusion stalk.

N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-
phospho-ethanolamine (NBD-PE) and rhodamine-B 1,2-dihexadeca-
noyl-sn-glycero-3-phosphoethanolamine (Rh-PE) were purchased
from Invitrogen. Bovine Brain Sphingomyelin (BBSM), cholesterol,
Cytochrome ¢ (MW 13 kDa), Poly-L-lysine (MW 67 kDa), lysozyme
(MW 14.3kDa) and ApoA-I (MW 28.3kDa) were purchased from
Sigma. PEG octa-n-dodecylether detergent (C;,Eg) was purchased
from Fluka.

Protein preparations
Recombinant oS (wt-aS) was prepared, purified and desalted as
described before (Kahle et al, 2001). Lyophilized aliquots were kept
at —20°C. Stock solutions of 0.1-0.2 mg/ml oS were kept at 4°C for
not longer than 1 week. CD and DLS showed that the protein was in
random-coil conformation and that no aggregates were present.
The construct aS1-116, lacking the last 24 amino acids from the
C-terminus was generated by PCR amplification of the oS gene with
the 5’-oligonucleotide primer GGAATTCCATATGGATGTATTCATGA
AAGGACTT, and the 3’-oligonucleotide primer GGAATTCCATATG
TTACATATCTTCCAGAATTCCTTCCTG containing the Ndel restric-
tion site. Amplimers were subcloned into the Ndel site of pET-5a
(Novagen, San Diego, CA), and constructs used to transform
Escherichia coli BL21 (DE3). The construct was confirmed by DNA
sequencing and the expressed mutant checked by mass spectro-
metry. Peptides oS (41-65) and oS (116-140) were purchased from
PANATecs GmbH.

A cytochrome c stock solution (1 mM) in water was prepared and
calibrated with a spectrophotometer using €sso_s3o = 20.1mM ' for
reduced cytochrome c.

Vesicle preparation

SUVs were prepared by sonicating the hydrated lipids 20 min
(pulsed mode 20%) under Argon at >5°C above the phase
transition temperature of the lipids. SUV were usually diluted to a
final lipid concentration of <1mM to slow down spontaneous
fusion. For SUV containing a mixture of lipids, the lipids were first
mixed in chloroform. Chloroform was evaporated with nitrogen gas
and 1h vacuum. For cholesterol-containing vesicles, the lipids were
mixed in 1 ml of tert-butanol. After overnight lyophilization, buffer
was added to the lipids. Lipids were always vortexed and hydrated
at least 1h prior to sonication.

Fusion experiments using static light scattering

DPPC-SUV in phosphate buffer (20 mM Na-Phosphate, 100 mM KCl,
pH 7.4) were prepared as described above and diluted in a
temperature controlled, stirred fluorescence cuvet (2.5ml) to
a final lipid concentration of 600 uM. Static light scattering was
measured with a Jasco FP-6300 Fluorimeter with excitation and
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emission both at 500 nm. Aliquots of protein were added using a
Hamilton Syringe through a pinhole in the lid of the instrument.
Fusion was initiated by mixing quickly 15 ul of a 5mM C,,Eg stock
solution (final C;,Eg: 30 uM, lipid/detergent ratio = 20 mole/mole).

Lipid-mixing assay

We incorporated 2 mole % NBD-PE and 2 mole % Rhodamine-PE in
the vesicles of DPPC-SUV. In these ‘donor’ vesicles, the fluorescence
of NBD was completely quenched by Rhodamine. However, when
these vesicles fuse with a 10-fold excess of vesicles without
fluorescent probes, lipid-mixing results in dilution of the probes,
which neutralizes the quenching effect, that is the NBD-fluores-
cence increases (Struck et al, 1981). Excitation was at 450 nm and
emission at 530nm. Experiments were done at a total lipid
concentration of 625uM, and fusion was triggered with Ci,Eg
(lipid/detergent ratio = 20 mole/mole).

Contents-mixing assay

Vesicles A: 8 mg DPPC hydrated in 1 ml DPA buffer (100 mM KCl,
20mM Hepes-NaOH, 75 mM DPA, pH 7.4) were sonicated at 45°C
for 20 min under Argon. External buffer was replaced by Hepes
buffer (20 mM Hepes-NaOH, 150 mM KCl, pH 7.4) using a Sephadex
G75 Column, at 45°C, eluting with Hepes buffer. Final lipid
concentration was about 5mM. Vesicles were stored at 45°C to
prevent fusion. Vesicles B were prepared as vesicles A, except that
Terbium buffer was trapped (100mM KCI, 20mM Hepes-NaOH,
75mM Citrate, 7.5mM TbCl;, pH 7.4). Fusion experiment: stirred
cuvet at 30°C with 1.75 ml Hepes buffer + 2 ul 1 M EDTA (final EDTA
concentration 1mM) + 125l Vesicles A+ 125 pl vesicles B (final
total lipid concentration about 625puM). Fusion was induced by
adding 12.5ul C;,Eg stock solution (final lipid/C;,Eg =20mole/
mole). Formation of the Tb®*-DPA complex due to mixing of the
contents of the SUV was revealed by the Terbium fluorescence
(Mem =454 nm, excitation at 276 nm). Any Tb®* that had leaked to
the external buffer was bound to EDTA resulting in total suspension
of the Terbium fluorescence. The experiment was repeated in the
presence of oS (lipid/aS =200 mole/mole).

Calcium-induced fusion

Fusion assay: donor vesicles (POPS-SUV with 2 mole % NBD-PE
and 2 mole % Rhodamine PE) were mixed with a 10-fold excess of
acceptor vesicles (POPS-SUV) in 2.5 ml stirred Hepes buffer (20 mM
Hepes-NaOH, 100mM KCl, pH 7.4.) at RT (final donor lipid
concentration: 2 uM, acceptor lipid concentration: 20 uM). Fusion
was initiated after 2 min by adding 25 pl of a 100 mM CaCl, stock
solution (final CaCl,: 1 mM).
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Spontaneous fusion of vesicles with opposite charges
measured with stop-flow fluorescence

Experiments were carried out with a Jasco J-810 CD Spectrometer
equipped with a BioLogic pSFM-20 stop-flow extension. Fluores-
cence was measured by setting the photomultiplier at 90 degree
angle and placing a 500 nm cutoff filter in front of it. Excitation was
at 450 nm with open slit (20 nm). Donor vesicles (SUV of PC" with
2% NBD-PE and 2% Rh-PE) were put into one syringe and acceptor
vesicles (POPS-SUV) in the other. Equal volumes of both syringes
were rapidly mixed and subsequent fluorescence changes mon-
itored after the dead time of mixing (about 8ps). Final lipid
concentration of POPS-SUV was 50 uM and PC *-SUV was 10 uM.

PEG-induced vesicle fusion

SUV composed of DOPC:DOPE:BBSM:cholesterol (molar ratio
35:30:15:20) were prepared in phosphate buffer (20mM Na-
Phosphate, 100 mM KCl, pH 7.4) by sonication. Fusion of ‘donor’
vesicles (including 2 mole % NBD-PE and 2 mole % Rh-PE) with a
10-fold excess of ‘acceptor’ vesicles (containing no fluorescent
lipids) was initiated by addition of 4% (w/w) of PEG (Polyethy-
leneglycol 8000).

Cell culture and transfection

SH-SYSY human neuroblastoma cells were cultured in DMEM F-12
with glutamine (Lonza) supplemented with 15% (v/v) fetal calf
serum, non-essential amino acids (Invitrogen) and penicillin/
streptomycin. Transfection was performed with Lipofectamine/Plus
(Invitrogen) according to the manufacturer’s instructions. Vectors
for expression of oS wt, A30P and AS53T mutants as described
(Hasegawa et al, 2004) and for expression of DJ-1 Cl06A as
described (Waak et al, 2009) were kindly provided by P Kahle
(Laboratory of Functional Neurogenetics, Hertie Institute for
Clinical Brain Research, Tiibingen, Germany). The following DNA
constructs have been described before: PINK1 wt and PINK1 G309D
(Exner et al, 2007), parkin wt and parkin A1-79 (Winklhofer et al,
2003; Henn et al, 2005), DJ-1 wt (Gorner et al, 2004), Mfn2, Opal,
Drp1(K38E)-ECFP (Harder et al, 2004; Neuspiel et al, 2005), mito-
DsRED (Okita et al, 2004). The human Mfnl cDNA sequence
(BC040557) was obtained from Open Biosystems and subcloned
into pcDNAG6A/V5-His (Invitrogen) using Nhel and Xhol. BS was
subcloned into pcDNA6A/VS using HindlIll and Xhol. Mito-GFP was
purchased from Invitrogen. For RNA interference, cells were
transfected with HP-validated siRNA directed against the 3'UTR of
oS or non-targeting control siRNA (Qiagen). Downregulation of
Drpl was performed as described (Lutz et al, 2009).

Fluorescent staining of mitochondria

For visualization of mitochondria, SH-SYSY cells were cotransfected
with mito-GFP (Invitrogen), fixed for 15min in 4% paraformalde-
hyde in phosphate-buffered saline (PBS) at room temperature.
Coverslips were mounted onto glass slides using ProLong Gold
Antifade Reagent (Invitrogen) for analysis. A series of images along
the z axis were taken with an inverted laser scanning confocal
microscope (Zeiss Axiovert 200M), with a x 100/1.4 DIC oil
immersion lens and projected into a single image using the maximal
projection tool of the LSM 510 confocal software (Zeiss). For life-cell
imaging, SH-SY5Y cells were seeded on poly-L-lysine-coated cover-
slips. On the day after transfection, cells were fluorescently labelled
with 0.1 uM DiOC6(3) (Molecular Probes) in medium for 15min.
Coverslips were rinsed in PBS and living cells were analysed for
mitochondrial morphology by fluorescence microscopy using a
Leica DMRB microscope. Transfected cells were identified by
coexpression of mCherry for life-cell imaging or by coexpression
of mito-GFP. Cells that displayed a network of filamentous
mitochondria (see Figures 2A and D and 8A; control transfected)
were classified as normal, cells with a disrupted network of
mitochondria (see Figure 2A; oS wt, A30P and A53T and Figure 2D
oS and BS) were classified as fragmented, cells with much extended
mitochondrial tubules were classified as elongated (see Figure 8A;
siRNA «S). Data are mean values of at least three independent
experiments. Fragmentation was induced by incubation of cells in
10 uM carbonyl cyanide 3-chlorophenylhydrazone (CCCP) for 1h.
The medium was replaced by fresh medium without CCCP and after
different time points cells were fixed and mounted onto glass slides.
Cells that displayed a network of filamentous mitochondria were
classified as normal, cells with fragmented or partially re-elongated
mitochondria were classified as fragmented.
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Measurement of mitochondrial membrane potential with
TMRM

SH-SY5Y cells were seeded on poly-L-lysine-coated coverslips. On
the day after transfection, cells were fluorescently labelled with
20nM TMRM (Molecular Probes) in imaging buffer (116 mM NacCl,
5.4mM KCl, 0.4mM MgSO,, 20mM HEPES, 0.9mM Na,HPO,,
1.2mM CaCl,, 10 mM glucose, 20 mM taurine, 5 mM pyruvate, pH
7.4) for 60 min at room temperature as described (Davidson et al,
2007). Pictures were taken with an inverted laser scanning confocal
microscope (Zeiss LSM 510 Meta) with a x 100/1.4 DIC oil
immersion lens at lowest setting of the HeNe (543 nm) laser. The
intensity of the TMRM signal in the area of mito-GFP and TMRM
signal colocalization was measured in life cells using the LSM 510
confocal software (Zeiss).

Measurement of cellular ATP levels

Cellular steady-state ATP levels were measured using the ATP
Bioluminescence assay kit HS II (Roche Applied Science) according
to the manufacturer’s instructions. SH-SYSY cells were plated on
six-well plates. After 24 h, cells were transfected using Lipofecta-
mine/Plus (Invitrogen) with the indicated DNA constructs. At 20h
before harvesting cells, the culture medium was replaced by
medium containing 3 mM glucose. Cells were washed twice with
PBS, scraped off the plate, and lysed according to the provided
protocol. Bioluminescence of the samples was determined using an
LB96V luminometer (Berthold Technologies), analysed with Win-
Glow Software (Berthold Technologies) and normalized to total
protein levels. Each transfection was performed in duplicate, and all
experiments were repeated at least five times.

PEG cellular fusion assay

SH-SY5Y cells were transiently transfected with either mitochond-
rially targeted green fluorescent protein (mito-GFP) or mitochond-
rially targeted DsRED (mito-RFP) and either empty vector or aS. At
8 h after transfection, cells were coplated (ratio 1:1) on coverslips
and cocultivated for 16h. Then, fusion of cocultured cells
was induced by a 90-s treatment with a pre-warmed solution of
50% (w/v) PEG 3350 in PBS, followed by extensive washing with
pre-warmed PBS. After additional cocultivation for Sh in cell
culture medium, cells were fixed with 3.7% (v/v) formaldehyde in
PBS. After two washes with PBS, coverslips were mounted and then
analysed using confocal microscopy (Zeiss LSM 510 Meta) in a
blinded manner. To inhibit de novo synthesis of fluorescent
proteins, 30 min before PEG treatment cells were incubated with
the protein synthesis inhibitor cyclohexymide (40pg/ml), which
was subsequently added to all solutions and tissue culture media
until the cells were fixed. Cell hybrids from two independent
experiments were analysed in a blinded manner for mitochondrial
fusion using Zeiss LSM 510 Meta Software. Per experiment at least
40 cell hybrids were analysed. The percent mitochondrial fusion
indicates the rate of overlap between green and red mitochondrially
targeted fluorescent proteins expressed in one cell hybrid.

Antibodies

Protein expression was controlled by separation of 0.25% Triton
X-100 cell lysates on SDS gels, followed by immunoblotting with the
following antibodies: oS rat monoclonal antibody against human oS
(116-131) peptide MPVDPDNEAYEMPSEE, (Kahle et al, 2000),
PINK]1 polyclonal antibody BC100-494 (Novus Biologicals), parkin
polyclonal antibody 2132 (Cell Signaling), DJ-1 rabbit polyclonal
antiserum 3407 (Gorner et al, 2007), Mfnl polyclonal antibody
(Novus Biologicals), Mfn2 polyclonal antibody (Sigma), Opal
polyclonal antibody (Duvezin-Caubet et al, 2006) Drpl monoclonal
antibody (BD Transduction Laboratories), Tim23 monoclonal anti-
body (BD Bioscience), calreticulin polyclonal antibody (Calbio-
chem), V5 monoclonal antibody (Invitrogen), calnexin poly-
clonal antibody (StressGen), GFP mouse monoclonal (Roche) and
B-actin monoclonal antibody (Sigma). Bound antibodies were
detected with the enhanced chemiluminescence detection system
(Amersham) or the Immobilon western chemoluminescent HRP
substrate (Millipore).

Statistical analysis
Statistical analysis was carried out using ANOVA (*P<0.05;
**P<0.01; ***P<0.001).
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C. elegans: generation of transgenic animals, fluorescence
microscopy

C. elegans strains were cultured at 20°C as described previously
(Karpinar et al, 2009). To express human aS in C. elegans BWMs, a.S
was fused to mYFP citrine at the C-terminus and cloned under the
control of the myo-3-promoter in the expression vector pPD115.62
(Pmyo-3::gfp, kindly provided by A Fire) replacing gfp (Karpinar
et al, 2009). C-terminal fusion of S with YFP has been used before
and it has been shown that it does not significantly change the
structure of the protein or its aggregation properties (van Ham et al,
2010). To create transgenic C. elegans expressing the mitochondrial
marker TOM70-CFP in muscle cells, an injection mix containing
Pmyo-3::tom70-cfp (5ng/pl, kindly provided by A van der Bliek,
UCLA) and the coinjection-marker pRF4 (rol-6(su1006sd); 40 ng/ul)
was injected into the gonads of young adults as described (Mello
et al, 1991). To create transgenic worms expressing «S-YFP in
addition to the mitochondrial marker, worms were injected with a
plasmid mix additionally containing Pmyo-3::aS-yfp (55ng/ul for
gzEx119 and 30 ng/pl for gzEx120 and gzEx121). All injection mixes
were adjusted to a total DNA concentration of 100 ng/ul by addition
of pBluescript II (Stratagene). Transgenic animals were imaged on
the first day of adulthood while being anaesthetized with 50 mM
NaN; in M9 buffer and mounted on 2% agarose pads. Imaging
was performed using an UltraviewVox spinning disk microscope
(Perkin Elmer) with a x 100/1.40 oil immersion objective. The
morphological appearance of mitochondria in BWMs of transgenic
strains were classified into three categories: (i) wild-type like,
(ii) fragmented or (iii) thin and highly interconnected. The
classification was done on z-stacks, which were projected into a
single plane using the extended focus tool of the Volocity software
(Perkin Elmer).

In order to analyse the changes in mitochondrial morphology
occurring during aging, we compared the mitochondrial morphol-
ogy in muscle cells of young adult worms (3 days after hatching)
with that of worms in the post-reproductive stage (7 days after
hatching).

For neuronal expression, the myo3-promoter in was replaced by
the neuronal rab-3-promoter creating Prab-3::tom70-cfp (5ng/ul)
and Prab-3::aS-yfp (30ng/ul), respectively (the respective plasmid
concentrations in the injection mixes are indicated). Motor neu-
rons were imaged as described previously for BWMs. Mitochondrial
appearance in neuronal cell bodies was classified into three
categories: as (i) ring-like, (ii) tubular or (iii) highly fragmented.
oS expression levels were determined by western blotting using
either a polyclonal rabbit oS antibody (Anaspec) or monoclonal rat
oS antibody 15G7 and normalized against a-tubulin using the
monoclonal mouse antibody 12G10 (DSHB).
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Electron microscopy
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Tween20. In all, 50nm EPON sections were post-stained with
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(Reynolds, 1963). In all, 90 nm Lowicryl sections were post-stained
with 6% phoshotungstic acid. Micrographs were taken with a
1024 x 1024 CCD detector (Proscan CCD HSS 512/1024; Proscan
Electronic Systems, Scheuring, Germany) in a Zeiss EM 902A,
operated in the bright field mode.
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