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Abstract
Mitochondrial dysfunction plays a central role in the selective vulnerability of dopaminergic neurons
in Parkinson’s disease (PD) and is influenced by both environmental and genetic factors. Expression
of the PD protein α-synuclein or its familial mutants often sensitizes neurons to oxidative stress and
to damage by mitochondrial toxins. This effect is thought to be indirect, since little evidence
physically linking α-synuclein to mitochondria has been reported. Here, we show that the distribution
of α-synuclein within neuronal and non-neuronal cells is dependent on intracellular pH. Cytosolic
acidification induces translocation of α-synuclein from the cytosol onto the surface of mitochondria.
Translocation occurs rapidly under artificially-induced low pH conditions and as a result of pH
changes during oxidative or metabolic stress. Binding is likely facilitated by low pH-induced
exposure of the mitochondria-specific lipid cardiolipin. These results imply a direct role for α-
synuclein in mitochondrial physiology, especially under pathological conditions, and in principle,
link α-synuclein to other PD genes in regulating mitochondrial homeostasis.
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Introduction
Oxidative stress and metabolic dysfunction appear to be important factors in a number of
neurodegenerative diseases, including Parkinson’s disease (PD), although the cellular
pathways through which the various stresses converge are only slowly being uncovered [1,2].
Many of the pathological features of PD, including the selective loss of dopaminergic neurons
and α-synuclein aggregation can be reproduced by environmental toxins that principally target
mitochondria [3,4]. Impairments in the electron transport chain are associated with increased
levels of reactive oxygen species and decreased energy production [4,5], and can be amplified
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by proteasome inhibition [6,7]. In addition to environmental factors, multiple genes mediating
familial forms of PD or affecting PD risk have been identified, several of which encode proteins
that localize to mitochondria and/or are associated with mitochondrial homeostasis. These
include PINK1 [8], DJ-1 [9,10], parkin [11,12], and Omi/HtrA2 [13]. Since mitochondrial
complex I deficiencies have been reported in patients with sporadic PD [14,15], a common
cellular network likely links familial and sporadic forms of the disease.

There is increasing evidence that the first familial PD gene to be identified, α-synuclein, also
influences cellular responses to mitochondrial stress. Wild-type α-synuclein protects or
sensitizes cells to apoptotic stimuli, depending on the cell type and insult examined [16,17],
whereas mutant α-synucleins (A30P or A53T) generally increase neuronal vulnerability to
mitochondria-associated toxicity [16,18,19]. Conversely, α-synuclein knockout mice show
marked resistance to several mitochondrial toxins [20]. Mitochondrial morphology or
physiology may also be affected by α-synuclein overexpression [21,22], and mitochondrial
abnormalities are observed in α-synuclein-expressing mice treated with 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) [23]. There is, however, little evidence that α-
synuclein exerts these effects by a direct physical association with mitochondria.

We now report that, in response to reduced intracellular pH, α-synuclein translocates from the
cytosol onto the surface of mitochondria. This occurs under a number of oxidative and/or
metabolic stress conditions, and is likely mediated by pH-dependent exposure of mitochondria-
specific lipids. Thus, α-synuclein may play a direct role in mitochondrial physiology, ostensibly
establishing a link between mitochondrial dysfunction and α-synuclein-associated toxicity in
PD pathogenesis.

Materials and Methods
Cell lines, plasmids, and antibodies

All cell lines were from the ATCC. Stable cells were selected in G418 (500 µg/ml for HEK293)
and 200 µg/ml (for SK-N-SH). Primary rat hippocampal neurons were provided by C. Winters
(NINDS). Plasmids for expression of various synucleins in eukaryotic and prokaryotic cells
were as previously described [24,25]. Antibodies to synucleins included 202 (1/100, for
immunofluorescence and immunoelectron microscopy, from V. Lee, Univ. of Pennsylvania;
this antibody recognizes α- and β-synuclein) and anti-α-synuclein (1/2000 for immunoblotting,
BD Biosciences). Anti-BclXL was from Cell Signaling Technology (54H6; 1:250); anti-VDAC
from Alexis Biochemicals (210–785-C100; 1:2000); anti-Tom20 (FL-145; 1: 2500) from Santa
Cruz, and anti cytochrome c (556432; 1:500) was from Pharmingen. MitoTracker (Red and
Deep Red), and species-specific Alexa 488, 546, and 594-conjugated secondary antibodies
were from Molecular Probes (Invitrogen). Anti-ADRP (a lipid droplet binding protein) and
Bodipy 493/503 (to label lipid droplets) were described previously [24]. Additional anti-
synuclein antibodies: anti- α-synuclein (recognizes amino acids 2–25; 1/1000 for
immunofluorescence using Syn 1–102, Synaptic Systems); and anti γ-synuclein (1/500 for
immunofluorescence; Abcam Limited).

Transfections and Immunohistochemistry
All cell lines were cultured in Dulbecco’s modified Eagle’s medium (Invitrogen) in an
incubator containing 95% air/5% CO2. Cells were transiently transfected with Lipofectamine
2000 (Invitrogen) or calcium phosphate (HEK 293), and incubated for 16–30 hours at 37°C.
Cells were fixed, where indicated, in 3.7% formaldehyde for 20–30 minutes at RT in: phosphate
buffered saline (PBS; 1.06 mM KH2PO4; 2.97 mM Na2HPO4-7H2O; 155 mM NaCl, pH 7.4;
Invitrogen); 0.1 M sodium phosphate, pH 7.2, 150 mM NaCl; or 0.1 M sodium acetate buffer,
150 mM NaCl, pH 5.0. Stock 37% formaldehyde solutions (Sigma; Cat #252549) were
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deionized using mixed bed resin (Sigma, Cat # M8032) until no color change occurred.
Immunofluorescence staining was performed as described [24]. Preembedding
immunoelectron microscopy was performed, according to [26]. EM images were obtained on
a JEOL-100 transmission electron microscope. Images were calibrated and gold particles
counted using NIH Image.

Solutions, pH measurements, and microscopy
Nominally bicarbonate-free cell incubation buffer (PSS) contained: 120 mM NaCl; 5 mM KCl;
5 mM glucose; 1 mM CaCl2; 1 mM MgCl2; 1 mM Na2HPO4; and 20 mM Tris, pH 7.4. High
K+ buffers were similar to PSS except for the substitution of 130 mM KCl and 20 mM NaCl.
20 mM MES buffer was used for pH calibrations between pH 4.5–6.4 and MOPS buffer from
pH 6.8–8.0. For stress treatments, cells were rinsed once with PBS, and then incubated in PSS,
as indicated. For intracellular pH measurements, cells were plated on 8-well Lab-Tek II
chambered cover glass (Nalge Nunc International). For dye loading, cells were incubated in
PSS with 2.5–5 µM SNARF-4F/AM (Molecular Probes) for 1 hour at 37°C. Cells were then
incubated with the indicated treatments in PSS at 37°C before imaging. Cells were imaged at
RT on a Zeiss Axiovert 200M with a 63X/1.4 NA Plan Apocromat oil/DIC objective, using
an LSM 510 Meta scanning module. Measurements of pHi were performed using the dual-
emission ratio method, with excitation at 514 nm (Argon laser) and emission collected at 576–
608 nm and 630–673 nm. Mean fluorescence intensity ratio measurements were collected and
analyzed using MIPAV (Medical Image Processing, Analysis, and Visualization;
http://mipav.cit.nih.gov). A one-point calibration technique (at pH 6.4) was employed to
convert background-subtracted ratio values to pHi [27]. For cells that failed to respond to the
pH calibration buffer, fluorescence ratio measurements were fitted directly to the standard
curve. Within each, ratios from ~30–60 individual cells were determined. Data are expressed
as the mean ± s.e.m. from at least three independent experiments. Loss of SNARF 4F dye from
cells occurred with extended DOG/Az and CCCP incubations; therefore, these measurements
were generally performed after 30 minutes treatment. For the treatments and times indicated,
cells remained trypan blue negative (data not shown). SNARF-4F/AM (Invitrogen) was stored
as a 2.5 mM stock in DMSO. Nigericin was from Sigma and used at 10 µg/ml. The high K+ /
nigericin solutions used for SNARF-F pH calibrations were the same used in pH clamping
experiments, shown in Fig. 3. The pKa of the dye was determined to be ~6.4 for both in
vitro spectrofluorometric and cell-based measurements, confirming the accuracy of the
clamping procedure (data not shown).

Biochemical Procedures
For western blotting of α–synuclein released into fixation buffer, 6-well dishes containing
HEK293 cells stably expressing α-synuclein were washed twice with PBS, and then fixed as
indicated in 2 ml fixative for 45 minutes at RT. The fixative was removed and neutralized with
107 µl 28% NH4OH for 10 minutes on ice. The pH was then adjusted to ~7 with HCl, before
adding SDS-PAGE sample buffer. The sample was incubated at 37°C for 5 minutes before gel
loading.

Mouse brain mitochondria were isolated [28] and stored at ~10 mg/ml in MB buffer (10 mM
Tris-Cl, pH 7.4; 1 mM EDTA; 0.32 M sucrose) at −80°C. Recombinant synucleins were
prepared, as described [25], and incubated (0.25 µg) with mitochondria (1 mg/ml; ~500 µM
phospholipid) in assay buffer (60 mM KCl; 110 mM sucrose; 4 mM MgCl2; 0.5 mM EDTA;
20 mM MES, pH 6.0 or MOPS, pH 7.2) for 20 minutes at 30°C followed by ± formaldehyde
to 3.7% for 15 minutes at RT. In experiments using NAO, the dye was incubated with
mitochondria for 5 minutes before synuclein addition. Mitochondria were pelleted at 14,000
× g for 10 minutes. The supernatant was recovered and Tris base (or NH4OH) was added to
neutralize the formaldehyde, if necessary. The pellet was rinsed with 0.1 M pH buffer,
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resuspended in an equal volume of PBS and briefly sonicated. SDS-PAGE buffer was added
and solutions were incubated at 30°C for 15 minutes before gel electrophoresis and
immunoblotting. Sodium carbonate/proteinase K treated mitochondria were prepared by
resuspending 1 mg mitochondria in 1 ml cold 0.1 M Na2CO3, pH 11.5. 20 mg (20 U/ml) washed
Proteinase K-Agarose beads (Sigma) were added and rocked for 30 minutes at 4°C. Beads
were pelleted at 3,000 × g for 2 minutes. PMSF (2 mM final) was added to the membrane
supernatant, incubated on ice for 30 minutes, and membranes pelleted at 100,000 × g for 15
minutes. Pellets were resuspended in 0.1 ml MB buffer plus 2 mM PMSF and sonicated for 5
sec before use. The same total amount of input mitochondria was used in control and carbonate/
Proteinase K-treated binding reactions.

Lipid extraction of mitochondria was performed using 3:2 (v/v) hexane:isopropanol, as
described [28,29]. Phosphatidylcholine (POPC; Cat # 850457), phosphatidic acid (POPA; Cat
# 840857), heart cardiolipin (CL; Cat # 840012) (all in CHCl3 from Avanti Polar Lipids) and
mitochondrially-derived liposomes were prepared by sonication of N2-dried lipid films in 5
mM Tris-Cl, pH 7.4, 100 mM NaCl. PC/PA and PC/CL were prepared with 50% of each lipid
by weight. Although the total negative charge in PC/PA and PC/CL-containing liposomes is
likely similar, under normal physiological conditions, cardiolipin may carry only one negative
charge [30]. Binding reactions contained 2 µg synuclein Syn1-102 and ~500 µM total
phopspholipid in liposomes (~1:250 molar ratio; ~1:187 ratio for PC/CL), and were in 0.1 ml
50 mM NaCl, 0.5% BSA, 20 mM Tris-Cl, pH 7.4 (20 mM MES pH 6.0 or MOPS pH 7.2, when
performing pH binding experiments) for 30 minutes at room temperature. The molar ratio of
synuclein to phospholipid in both types of binding assays (intact mitochondria and liposomes)
is approximately equal. Assuming complete lipid recovery, saturation of surface exposed
cardiolipin in mitochondrial liposomes should occur at ~50 µM NAO. For sucrose
fractionation, 0.11 ml 85% sucrose (w/v) was added to 0.05 ml of the binding reaction, mixed
well, then overlaid with 0.1 ml 45% sucrose and 0.05 ml 50 mM NaCl, 20 mM buffer, at the
indicated pH. Tubes were spun for 2 h at 47k in an SW55 rotor (Beckman). 0.08 ml from the
top and bottom of the tubes was collected and diluted to 0.45 ml with H2O. Assuming complete
recovery in the upper fraction and 50% in the lower fraction due to sampling dilution, a
maximum of 25 ng Syn1-102 was loaded from each fraction onto SDS-PAGE from
immunoblotting.

Proton release with formaldehyde
It is known, but generally unappreciated that fixation with aldehydes causes the release of
protons, primarily derived from the reaction with primary amines [31,32]. The released protons
will be partially neutralized by the inherent buffering capacity of cytoplasmic components,
although this capacity is relatively low [31]. No effect of formaldehyde on pH was observed
during the in vitro mitochondrial binding reactions. However, such a fixation-induced drop in
pHi was responsible for synuclein translocation to mitochondria in cells preincubated with
high concentrations of primary amines (e.g. 25–50 mM NH4Cl, methylamine, etc) and fixed
at neutral pH (unpublished data).

Mitochondria lipid measurements
Mitochondria were suspended in pH 6.0 buffer at a phospholipid concentration of 0.1 mM.
1,6-diphenyl-1,3,5-hexatriene (DPH; Molecular Probes), was dissolved in THF and added at
a phospholipid to DPH ratio of 300 to 1. Fluorescence lifetime and differential polarization
measurements were performed at 30°C with a K2 multifrequency cross-correlation phase
fluorometer (ISS, Urbana, IL) as described [33]. Intensity decay and differential polarization
measurements were repeated with each sample a minimum of three times. Total fluorescence
intensity decays were analyzed with the sum-of-three exponentials, and the intensity-weighted
average lifetime, <τ>, is reported. Fluorescence anisotropy decays were analyzed using sum-

Cole et al. Page 4

Exp Cell Res. Author manuscript; available in PMC 2009 June 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of–three exponentials, and the weighted average correlation time, <φ>, and order parameter,
S, are reported, where S = (r∞/ro)1/2

Results
Synuclein translocates to mitochondria in response to cellular stress

α-Synuclein is a presynaptic neuronal protein that, when expressed in most non-neuronal cells,
is diffusely distributed throughout the cytosol with little accumulation at specific intracellular
sites [24,34,35]. A number of reports have demonstrated an effect of α-synuclein expression
on responses to various stress conditions. Alterations in the subcellular distribution of α-
synuclein under these conditions, however, have not been carefully addressed. We therefore
examined α-synuclein localization under conditions of oxidative and/or metabolic stress. SK-
N-SH cells stably expressing wild-type α-synuclein were treated with various concentrations
of hydrogen peroxide (H2O2) and processed for immunofluorescence microscopy. In untreated
cells, α-synuclein was diffusely distributed throughout the cytoplasm, as expected (Fig. 1A).
However, in cells treated for 2 hours with ≥100 µM H2O2, synuclein relocalized from the
cytosol to mitochondria, as indicated by colocalization with mitochondria-specific dyes (data
not shown) and mitochondria marker proteins (Fig. 1A). The structure of mitochondria was
affected by H2O2, and appeared less reticular and often swollen and collapsed near the center
of the cells. In addition, synuclein was clustered into variable numbers of structures that did
not appear to associate with any intracellular organelle. A similar phenotype was observed in
cells treated with metabolic poisons that reduce ATP levels, including 2-deoxyglucose/sodium
azide (DOG/Az), and the mitochondrial uncoupler/protonophore CCCP (Fig. 1A). The effects
of these reagents could be observed in as little as 30 minutes. Sodium dithionite, a potent
reducing agent and oxygen scavenger, was tested to examine the effects of anoxia on α-
synuclein localization in an incubator purged with 95% N2/5% CO2 [36]. Unexpectedly,
dithionite alone in an air environment induced synuclein translocation to mitochondria (Fig.
1A); this was presumably due to reactive oxygen species formed in the continued presence of
oxygen [37]. Hypoxic conditions alone induced a partial relocation of synuclein to
mitochondria (unpublished data). Thus, agents previously shown to cause oxidative or
metabolic stress induce the redistribution of α-synuclein from the cytosol to mitochondria.

Similar to wild-type synuclein, PD mutant A53T synuclein, β-synuclein, and a Cterminally
truncated α-synuclein (Syn1-102) all translocated to mitochondria in the presence of H2O2;
however, the PD mutant A30P and γ-synuclein showed dramatically reduced binding (Fig. 2).
These results correlate with the ability of these various synucleins to bind intracellular lipid
droplets, and further demonstrate that A30P and γ-synuclein are likely membrane-binding
deficient [24]. The various synucleins behaved similarly in cells treated with DOG/Az
(Supplemental Fig. 1A). Results obtained with HEK293 cell lines stably expressing wild-type
and A53T synuclein, but not A30P synuclein, were similar. Low levels of cytoskeletal staining
of all of the synucleins were frequently observed under stress conditions, although this
phenomenon was not investigated further. Translocation of α-synuclein to the nucleus in cells
treated with H2O2 was not observed, as has been reported in MES23.5 cells [38].

Oxidative and metabolic stresses induce cytosolic acidification
One common cellular response to a number of oxidative and metabolic challenges is a reduction
of intracellular pH (pHi) [36,39,40]; this is likely an early and essential event during apoptosis
and/or necrosis [41]. Mechanisms proposed for cytosolic acidification include: dysregulation
of ion transport [42]; proton leakage from acidic organelles [43]; and hydrolysis of high energy
nucleotides [44]. Notably, the PD toxin 1-methyl-4-phenylpyridinium (MPP+) impairs cellular
energy metabolism and leads to a decrease in pHi [45].
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To investigate possible alterations in pHi during the above stress conditions, the ratiometric
pH indicator SNARF 4F/AM (pKa ~6.4) was used. SK-N-SH cells stably expressing α-
synuclein were incubated with SNARF 4F/AM for 1 hour, H2O2 was added at various
concentrations, and samples were incubated for 2 hours at 37°C. The pHi was then determined
(see Materials and Methods). The pHi in untreated cells incubated in PSS buffer at 37°C was
6.9 ± 0.09 (mean ± s.e.m.) (Fig. 1B). This was slightly lower than parental SK-N-SH cells
incubated in the same buffer (7.1 ± 0.08), and may be due to slower growth and less active
proton exchange activity [46]. No effect on pHi was observed between α-synuclein and vector-
only expressing cells, demonstrating that α-synuclein itself has no effect on pHi (data not
shown). Treatment with 50–250 µM H2O2 resulted in a progressively reduced pHi that reached
6.03 ± .06 at 250 µM (Fig. 1B). ATP depletion with DOG/Az reduced the pHi to 6.2 ± 0.09.
Cells responded similarly to CCCP (6.2 ± 0.12). The pHi decreased rapidly with DOG/Az and
CCCP, with the final pHi reached within 20–30 minutes. These results correlate mitochondrial
translocation of α-synuclein with decreased pHi. Interestingly, both synuclein translocation
and pHi reduction induced by H2O2 were ameliorated by prior treatment of cells with the intra-
lysosomal iron chelator desferroxamine (DFO) (Fig. 1B, C); conversely, ferric chloride
(FeCl3) pretreatment sensitized α-synuclein translocation to H2O2 (Fig. 1C). These results are
consistent with those of Brunk and colleagues, who proposed that oxidative stress stimulates
apoptosis via destabilization of lysosomes through the Fenton reaction [47], and results in
cytosolic acidification via proton release [43]. Metabolic inhibition of the vacuolar ATPase or
protonophore activity would also be expected to dissipate cellular proton gradients, accelerate
the leakage of H+ from acidic organelles, and result in net cytosolic acidification. DFO had no
effect on synuclein translocation/pHi reduction with metabolic inhibition (DOG/Az or CCCP)
(data not shown), demonstrating that iron-catalyzed oxidative damage to lysosomes was not
the cause of intracellular acidification under these conditions, as expected [47].

α-Synuclein translocates to mitochondria directly upon intracellular acidification
The above results correlate stress-induced mitochondrial translocation α-synuclein with
decreased pHi. To determine if cytosolic acidification alone is sufficient for this effect, SK-N-
SH cells stably expressing α-synuclein were clamped to various pHi for 15 minutes using high
K+ buffers and the K+/H+ ionophore nigericin, which equilibrates intracellular with
extracellular pH [48]. Cells were then fixed at neutral pH (7.2). As shown in Figure 3, α-
synuclein appeared completely cytosolic when the pHi was clamped to pH 7.2, but became
increasingly associated with mitochondria at pH 6.0 and below. The translocation of synuclein
to mitochondria was complete when the pHi was reduced to 5.0. Thus, direct cytosolic
acidification is sufficient for translocation of synuclein to mitochondria. In addition, a number
of synuclein clusters were generated at low pHi, similar to those formed under stress conditions
(see Fig. 1A), demonstrating that cluster formation can be induced simply by lowering
intracellular pH.

Surprisingly, synuclein translocation to mitochondria could be mimicked when cells were fixed
directly at low pH. SK-N-SH cells transiently expressing α-synuclein were fixed without prior
manipulations at pH 7.2 or at pH 5.0, which resulted in the complete redistribution of synuclein
to mitochondria (Fig. 4A). Results obtained with SH-SY5Y, HeLa, CHO, primary human
fibroblasts, HEK293, and rho-minus HEK293 cells were similar, irrespective of the mode
(transient or stable) or levels of α-synuclein expression (data not shown). Interestingly, prior
binding to intracellular lipid droplets did not prevent synuclein from translocating to
mitochondria at low pH (see Supplemental Figure 2). These results demonstrate α-synuclein’s
selectivity for mitochondria at low pH, and presumably reflect synuclein’s ability to sample
various membrane environments under different conditions.
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Importantly, low pH-induced mitochondrial binding was observed in primary neuronal cells
expressing endogenous levels of α-synuclein. Rat hippocampal neurons were grown for 4 days
in vitro (div); longer incubations led to a decrease of synuclein within cell bodies and increased
amounts in presynaptic terminals. In cells fixed in at pH 7.2, synuclein was distributed diffusely
throughout the cell bodies, with a few boutons showing presynaptic staining (Fig. 4B).
However, fixation at pH 5.0 induced synuclein translocation to mitochondria, not only in cell
bodies, but extending to distal processes (Fig. 4B). These results demonstrate that α-synuclein
is highly mobile, even during the initial stages of fixation, with a high selectivity for
mitochondria under low pH conditions. Due to diffraction limits and the inability to distinguish
synaptic from non-synaptic mitochondria by light microscopy, we could not determine if
presynaptic α-synuclein translocated onto presynaptic mitochondria (see below).

Synuclein translocates to the outer mitochondrial membrane at low pH
There is limited literature on an association of α-synuclein with mitochondria, although it has
been reported that synuclein may be found within degenerating mitochondria [49]. Since low
pH fixation appears to mimic synuclein translocation to mitochondria under stress conditions,
we used immunoelectron microscopy to examine the subcellular distribution of synuclein in
cells stably expressing wild-type α-synuclein fixed under neutral (pH 7.4) or acidic (pH 5.0)
conditions. At neutral pH, synuclein was distributed throughout the cytosol; however, low
levels were found on the surface of mitochondria (Fig. 5A, left panel). This was not generally
appreciated via immunofluorescence microscopy, most likely due to a higher abundance of
cytosolic synuclein. However, under acidic conditions, the proportion of synuclein localized
to the outer surface of mitochondria was increased (Fig. 5A, right panel). No synuclein was
seen within the mitochondrial matrix or intermembrane space. Quantitation of electron
micrograph images indicated that low pH induced a ~3-fold increase in the proportion of
synuclein on mitochondria versus the cytosol (Fig. 5B, left graph). The fine structure of the
cytoplasm appeared disorganized at low pH. Western blotting demonstrated that a proportion
of synuclein was extracted into the fixative in a pH dependent manner (Fig. 5C). Based on total
gold particle counts, ~14% of the α-synuclein was extracted from the cytosol at pH 5.0. To
compensate for this extraction, we measured the density of gold particles per length of
mitochondrial membrane, and found a similar ~3 fold increase of mitochondria-bound
synuclein under acidic conditions (Fig. 5B, right graph). Thus, synuclein physically
translocates from the cytosol to mitochondrial membranes at low pH. In mature mouse
hippocampal neurons (10–21 div), we were unable to determine by immunoelectron
microscopy whether synuclein in presynaptic terminals translocated to the surface of
presynaptic mitochondria, since synapses containing significant levels of synuclein contained
very few mitochondria and, conversely, synapses with mitochondria expressed little or no
observable synuclein (unpublished observations). The functional significance of this is unclear.

Synuclein binds to purified mitochondria at low pH
We next tested whether purified synuclein could bind to mitochondria in vitro. Recombinant
full-length α-synuclein, A30P synuclein, and Syn1-102 were tested for binding to purified
mouse brain mitochondria at pH 6.0 and 7.2. There was minimal binding at either pH (Fig. 6A,
top). However, in the presence of deionized formaldehyde, similar to conditions used for
immunofluorescence, binding of wild-type and Syn1-102, but not A30P was enhanced in a
pH-dependent manner (Fig. 6A, bottom). This is consistent with ability of wild-type and
Syn1-102, but not A30P, to bind mitochondria in intact cells under low-pHi inducing stress
conditions (see Fig. 1 and Suppl. Fig. 1). Prior treatment of mitochondria with formaldehyde
did not enhance synuclein binding, and no effect of formaldehyde on the physical properties
of mitochondrial membranes themselves could be detected (Table 1). The simplest explanation
is that synuclein binding to native mitochondrial membranes is highly dynamic and that
formaldehyde stabilizes binding by cross-linking. This is consistent with data suggesting that
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synuclein binding to native membranes is rapidly reversible [24, 50]. Formaldehyde had no
effect on the pH of the binding reaction (see Materials and Methods), demonstrating that
reduction to pH 6.0 is sufficient for synuclein binding in vitro. In addition, the proportion of
synuclein bound to membranes from a high-speed post mitochondrial pellet (containing
primarily endoplasmic reticulum) was significantly reduced when compared with
mitochondria (data not shown), thus demonstrating organelle specificity. It is not clear whether
the transition from pH 7.2 to 6.0 alters binding via changes in the properties of mitochondria,
α-synuclein, or both. Notably, α-synuclein contains a single histidine residue (pKa ~6) at amino
acid 50, protonation of which may play a role in synuclein binding at low pH. Given the ability
of synuclein to bind acidic phospholipids, the ionic status of the carboxyl group of
phosphatidylserine (pKa ~5.5) may also play a role.

The well-known lipid binding properties of α-synuclein [51], led us to investigate whether
binding at acidic pH is mediated by mitochondria-specific lipids. Mitochondrial membranes
differ from other cellular membranes in that they contain a high proportion of cardiolipin (CL),
about 10–20% [52]. Cardiolipin provides essential structural and functional support to a
number of proteins involved in mitochondrial bioenergetics, and confers fluidity and stability
to the mitochondrial membrane [53,54]. Cardiolipin levels are highest in the inner
mitochondrial membrane, but significant amounts have been reported in the outer membrane
or associated with inner- and outer-membrane connections [55]. In addition, translocation of
cardiolipin from the inner to outer membranes may occur as an early event in apoptosis [55,
56]. Interestingly, brain cardiolipin levels are decreased by 22% in synuclein knockout mice
[28]. We therefore tested the effects of the cardiolipin-binding dye nonyl acridine orange
(NAO) on synuclein binding. NAO has a high affinity for cardiolipin, and binds via both
electrostatic and hydrophobic interactions with a stoichiometry of 2 mol NAO/mol cardiolipin
[57]. Based on phosphorous analysis, 1 mg/ml of total mitochondrial protein contained ~500
µM total phospholipid. Using a spectrophotometric assay that measures binding of NAO to
mitochondrial membranes [57], ~100 nmol NAO bound per mg total protein, which
corresponds to ~50 nmol cardiolipin/mg protein, or ~10% cardiolipin/mitochondrial
phospholipid. Using Syn1-102 in the mitochondrial binding reaction, NAO reduced synuclein
binding to mitochondria at pH 6.0 in a concentration-dependent manner (Fig. 6B); full-length
α-synuclein gave similar results (unpublished data). Since it is unclear what proportion of
cardiolipin is exposed on the outer membrane, the strong inhibitory effect of NAO (10 µM
NAO is predicted to bind to ~10% total cardiolipin) suggests that saturation of surface-exposed
cardiolipin may be sufficient to prevent synuclein binding at low pH.

To determine if mitochondrial proteins facilitate synuclein binding, intact mitochondria were
treated with both sodium carbonate (pH 11.5) [58] and proteinase K. When synuclein was
added to treated, re-purified membranes, no difference in pH or formaldehyde-dependent
binding was observed compared with untreated mitochondria, nor in the binding sensitivity to
NAO (Fig. 6C). The mitochondrial outer membrane protein Tom20 was efficiently degraded
by proteinase K under these conditions, whereas the primarily membrane-embedded voltage
dependent anion channel (VDAC) remained undigested. Although undigested embedded
proteins or protein fragments may remain to facilitate synuclein binding, these results indicate
that the low pH-stimulated association of synuclein with mitochondria is likely mediated by
direct lipid binding. This is consistent with the general lack of higher molecular mass synuclein
cross-links formed with mitochondrial proteins upon formaldehyde treatment (see Fig. 6A,
bottom).

Given α-synuclein’s capacity to bind liposomes containing acidic phospholipids [51], the pH
and formaldehyde dependence of synuclein binding to synthetic liposomes and to liposomes
generated from lipid-extracted mitochondria was examined. As expected, synuclein bound to
liposomes containing equal (weight) percentages of phosphatidylcholine (PC) and
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phosphatidic acid (PA), but not to PC itself (Fig. 6D). A greater proportion of synuclein bound
to liposomes made from mitochondrial lipids (Fig. 6D), and liposomes containing PC and
cardiolipin (CL) (Fig. 6E), establishing synuclein’s affinity for cardiolipin. The specificity of
NAO for cardiolipin versus other anionic phospholipids has been questioned [59]. We found,
however, that synuclein binding was less sensitive to the effects of NAO with liposomes
composed of PC/PA than those from CL-containing mitochondria (Fig. 6E), indicating a
reasonable degree of dye specificity in this assay. NAO also blocked synuclein binding to PC/
CL liposomes (not shown), Unlike binding to native mitochondria, binding of synuclein to
mitochondrial liposomes was no longer pH- or formaldehyde-dependent, although NAO still
inhibited binding (Fig. 6F). It is unclear whether the loss of pH/formaldehyde sensitivity was
due to extraction of an important protein component from the membranes, to changes in
composition or shape of the exposed liposome surface, or to the dynamic nature of synuclein
binding to native versus synthetic membranes [50]. Nevertheless, these results suggest that low
pH may increase cardiolipin levels exposed to the outer mitochondrial membrane and facilitate
synuclein binding.

Discussion
Oxidative stress and mitochondrial dysfunction are common features in virtually all
neurodegenerative diseases, and there is increasing evidence for a causal role of these stresses
in disease pathogenesis. In PD, identification of disease-specific genes that influence
mitochondrial physiology, either directly or indirectly, have contributed greatly to our
understanding of the role of mitochondrial impairment in the etiology of this disease [1,2]. For
example, mitochondrial pathology and oxidative stress are prominent in Drosophila parkin
null mutants, and are associated with degeneration of a subset of dopaminergic neurons in the
brain [11,60,61]. Although nigral degeneration is absent in parkin-deficient mice, they exhibit
decreased striatal mitochondrial respiratory capacity and decreased levels of proteins involved
in protection from oxidative stress [12]. In Drosophila, deficiency in the mitochondrial kinase
PINK1 resembles the pathology associated with mutant parkin, and notably, PINK1 defects
can be rescued by wild-type parkin overexpression [62–64]. This implies that these proteins
function in a common pathway to maintain mitochondrial integrity and function. Although the
precise cellular distribution of the PD protein DJ-1 is unsettled, it has been shown to protect
against neuronal apoptosis associated with oxidative stress, possibly by functioning as a redox-
sensitive co-transcriptional activator [1,65]. DJ-1-deficient mice are hypersensitive to MPTP
and oxidative stress [10], and inhibition of DJ-1A function in Drosophila by RNA interference
(RNAi) results in a number of defects, including hypersensitivity to oxidative stress,
degeneration of dopaminergic neurons and impaired phosphatidylinositol 3-kinase (PI3K)/Akt
signaling [66]. Interestingly, the same authors also observed impaired PI3K/Akt signaling in
parkin RNAi transgenic flies, hinting at a common pathway in the pathogenesis of these PD
genes [66].

Similar to other PD genes, α-synuclein has been shown to variably influence cellular responses
to a number of oxidative and metabolic stresses [16–19]. The mechanisms responsible for these
effects have not been firmly established. Here, we have found that one common feature to a
number of cell stresses is the translocation of α-synuclein (wild-type and A53T, but not A30P)
from the cytosol onto the mitochondrial surface. In each case, this was induced by a reduction
in intracellular pH. Surprisingly, cytosolic acidification alone mimicked these effects, which
occurred rapidly (within ~15 minutes) under artificially-induced low pH conditions. The
decreases in pHi associated with cellular stresses, however, were generally less than that
required for synuclein translocation via direct acidification (by ~1 pH unit; see Fig. 1, Fig. 3).
They were, however, similar to the pH decrease required for binding to purified mitochondrial
membranes (Fig 6). It is unclear why, in cells, direct acidification required a lower pHi than
that generated by oxidative and metabolic stresses. Perhaps, these stresses induce additional
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cytosolic or mitochondrial signals or biophysical changes in the mitochondrial membrane that
enhance synuclein binding. At pHi 5.0, these signals may be artificially bypassed.
Nevertheless, reduction of pHi is an essential component of synuclein translocation. Since low
levels of synuclein were observed on the mitochondrial surface at neutral pH (Fig. 5 A, left
panel), synuclein binding to mitochondria may be a physiological important component of its
normal function.

The requirement for formaldehyde (this study) or other cross-linking reagents in stabilizing
these interactions underscores the dynamic nature of synuclein binding to native membranes
[24,50], and likely explains our inability to observe significant mitochondrial binding at low
pH by subcellular fractionation in the absence of cross-linking (data not shown). It can be
questioned whether the observed binding of synuclein to mitochondria is physiologically
relevant. Although treatment of cells at low pH (see Fig. 3,Fig. 4) represents a non-
physiological manipulation of the cellular environment, we do observe synuclein translocation
to the surface of mitochondria in the absence of low-pH fixation under conditions of oxidative
stress and metabolic dysfunction (see Fig. 1). In addition, pHi decreases of similar magnitude
(0.6 to 1.4 pH units) can occur under pathophysiological conditions, such as during ischemia
and hypoxia [67]. Thus, the acute manipulations described here may expose a pathway that
occurs minimally under normal conditions but is enhanced during pathological situations.

The consequences of α-synuclein translocation to mitochondria are unclear. Binding under
stress conditions may protect mitochondria from subsequent damage (e.g during apoptosis),
or alternatively, target defective mitochondria for degradation. Conversely, based on the
reduced sensitivity of α-synuclein knockout mice to mitochondrial toxins [20], α-synuclein
binding may actually enhance mitochondrial dysfunction and/or result in the accumulation of
defective mitochondria. We were unable to detect significant differences in apoptosis (as
measured by cytochrome c release from mitochondria or caspase 3 activation) in H2O2-treated
HEK293 or HeLa cells expressing the various synucleins (data not shown). Whether use of
dopaminergic neuronal cells would reveal a distinction is currently being tested [17]. As α-
synuclein is normally degraded, in part, by autophagy [68], defective mitochondrial turnover
may also result in the accumulation of mitochondrially-bound synuclein, with subsequent
synuclein aggregation/fibrillization leading ultimately to Lewy body formation. Our results
suggest that α-synuclein may be linked directly to mitochondrial physiology, and shed light
on what may be an underlying signaling network that links cell stress to functional interactions
between the various familial PD genes.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Oxidative and metabolic stresses induce synuclein translocation to mitochondria
(A) Representitive immunofluorescence images from SK-N-SH cells stably expressing α-
synuclein. Cells were untreated or treated for 2 h with 250 µM H2O2, 30 mM 2-deoxyglucose
and 0.05% sodium azide (DOG/Az), 1 µM CCCP, or 2 mM sodium dithionite, as indicated,
and fixed with 3.7% formaldehyde in 0.1 M PO4 buffer, pH 7.2. Synuclein is labeled with the
anti-synuclein antibody 202 and Alexa 488 donkey anti-mouse secondary antibodies.
Mitochondria are labeled with antibodies to the outer mitochondrial protein BclXL and Alexa
594 donkey anti-rabbit secondary antibodies. Merged images are shown at the bottom. Arrows
indicate synuclein clusters apparently not associated with mitochondria. Bar: 10 µm; inset bar
for DOG/Az: 5 µm. (B) pHi measurements determined from treatments in (A) using SNARF
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4F (See Materials and Methods). (C) Representitive images showing the effect of DFO and
FeCl3 on α-synuclein localization in the presence of H2O2. Note that in cells pretreated with
DFO (1 mM for 4 h), synuclein remains diffusely cytosolic at 250 µM H2O2, whereas FeCl3
pretreatment (30 µM for 4 h) sensitizes synuclein translocation to mitochondria at 50 µM
H2O2. Not shown are merged images showing colocalization (or lack thereof) of synuclein
with mitochondrial markers under these conditions. Bar: 10 µm.
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Figure 2. Effects of oxidative stress on translocation of different synucleins to mitochondria
(A) Representative immunofluorescence images of SK-N-SH cells transiently expressing
various synucleins. Cells were untreated (A) or treated with 250 µM H2O2 for 2 h (B), before
being fixed as in Fig. 1. Note that A53T, β-synuclein, and Syn1-102 translocate to mitochondria
with H2O2, whereas translocation was minimal with A30P and γ-synuclein. Mitochondria were
labeled either with antibodies to the outer mitochondrial membrane protein Tom20 or to the
intermembrane space protein cytochrome c, depending on the species of primary synuclein
antibody used. Cells expressing low levels of various synucleins are depicted. Bar: 10 µm.
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Figure 3. Synuclein translocation to mitochondria is directly influenced by pHi
Immunofluorescence images of SK-N-SH cells expressing α-synuclein clamped to various
intracellular pHs with high K+ buffers/nigericin. Cells were incubated for 15 minutes before
fixation with 3.7% formaldehyde in 0.1 M PO4, pH 7.2. Cells were labeled with antibodies to
synuclein and BclXL. Note the partial redistribution of synuclein at pHi 6.0 and below; complete
redistribution occurs at pHi 5.0. The green arrow shows one of several synuclein clusters that
form at low pH. Bar: 10 µm.
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Figure 4. Synuclein translocates to mitochondria during acidic fixation
(A) Representative fluorescence micrographs of SK-N-SH cells transiently transfected with
α-synuclein. Cells were fixed at pH 7.2 (left panels) or 5.0 (right panels). Synuclein is labeled
with the antibody 202 and Alexa 488 donkey anti-mouse secondary antibodies. Mitochondria
are labeled with MitoTracker Red. Merged images are shown at the bottom. Nuclei are stained
with DAPI (blue). (B) Rat hippocampal neurons (4 div) were fixed at pH 7.2 (left panels) or
pH 5.0 (right panels) and stained with antibodies to synuclein or to the mitochondrial protein
BclXL. Short arrow indicates a synuclein-positive synaptic bouton; long arrow shows
colocalization of synuclein and mitochondria in distal processes. Scale bar: (A) 10 µm; (B) 5
µm.
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Figure 5. Synuclein redistributes to the outer membrane of mitochondria
(A) Immunoelectron micrographs of HEK 293 cells stably expressing α-synuclein. Cells were
fixed in deionized formaldehyde in PBS (left panel) or 0.1 M acetate buffer, pH 5.0 (right
panel) and labeled with the anti-synuclein antibody 202. Scale bar: 500 nm. (B) Quantitative
analysis from immunoelectron microscopy in (A). (Left graph) The fraction of total gold
particles on mitochondria (mito) versus the cytosol (cyto) is indicated for different fixation
conditions. The sum is <100% due to the presence of low levels of gold particles on unidentified
organelles. (Right graph) The numbers of gold particles per µm length of individual
mitochondria under the indicated fixation conditions. Error bars represent the mean ± s.e.m.
(n = ~20 images from 2 independent experiments). (C) Immunoblot of α-synuclein extracted
from HEK 293 cells during various fixation conditions. Note that increasing amounts of
synuclein are extracted as the pH of the fixative is reduced. Adding 0.01% formic acid to
formaldehyde buffered in PBS reduced the pH to 4.5. Increasing the buffering capacity
neutralized this effect. Form: formaldehyde. FA: formic acid.
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Figure 6. Synuclein binds to purified mitochondria at acidic pH
Synuclein binding assays from native mitochondrial membranes (A–C) and liposomes (D–F).
(A) Recombinant synuclein proteins were incubated with intact mitochondria at the indicated
pH in the absence (top panel) or presence (bottom panel) of 3.7% deionized formaldehyde
before pelleting. S, supernatant; p, pellet. Note that formaldehyde treatment enhances pH-
dependent binding of wild-type and Syn1-102, but not A30P synucleins. (B) Effect of nonyl
acridine orange (NAO) on Syn1-102 binding in the presence of formaldehyde. (C) Effect of
alkaline carbonate/proteinase K treatment on Syn1-102 binding (right panels). Immunoblots
show the presence or absence of the outer mitochondrial membrane protein Tom20 and
membrane embedded VDAC. Note the presence of higher molecular mass forms of Tom20
cross-linked with formaldehyde. No effect of formaldehyde on the mobility of synuclein was
observed. All cytochrome c was released from mitochondria during carbonate treatment (not
shown). (D–F) Flotation gradients of Syn1-102 binding to liposomes composed of PC, PC/PA,
PC/CL, or from purified mitochondria (Mito). T, top of gradient; b, bottom of gradient. (D)
Binding was without or with a prior 10,000 × g spin to pellet large lipid aggregates. (E)
Specificity of NAO with PC/PA versus mitochondrial liposomes. (F) Formaldehyde- and pH-
independent binding to mitochondrial liposomes. NAO inhibits binding.
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Table 1
Summary of DPH fluorescence dynamics in mitochondrial membranes before and after treatment with formaldehyde.

Florescence Lifetime, <τ> Average Rotational correlation time, <φ> Order parameter, S
Control, 30°C, pH 6.0 11.2 ± 0.4 ns 2.67 ± 0.2 ns 0.623 ± 0.005
+ 3.7 % Formaldehyde 11.1 ± 0.4 2.92 ± 0.23 0.626 ± 0.01
Parameters obtained from time-resolved fluorescence measurements of DPH in mitochondrial membranes demonstrate that both acyl chain and head group
packing are highly ordered in these membranes. The long fluorescence lifetime shows that these membranes are relatively well sealed with respect to
water penetration. The high value of the order parameter, S, and long rotational correlation time show that DPH is highly ordered and rotates relatively
slowly in the hydrophobic core of the membrane. The values of all 3 parameters are consistent with a membrane with high protein content. Addition of
3.7% formaldehyde at pH 6.0, 30°C, caused no significant changes in the measured properties of the DPH fluorescence dynamics, suggesting that this
treatment has no effect on acyl chain or phospholipid headgroup packing. Values are mean ± SD.
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