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Lipid Rafts Mediate the Synaptic Localization of �-Synuclein
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�-Synuclein contributes to the pathogenesis of Parkinson’s disease (PD), but its precise role in the disorder and its normal function
remain poorly understood. Consistent with a presumed role in neurotransmitter release and its prominent deposition in the dystrophic
neurites of PD, �-synuclein localizes almost exclusively to the nerve terminal. In brain extracts, however, �-synuclein behaves as a
soluble, monomeric protein. Using a binding assay to characterize the association of �-synuclein with cell membranes, we find that
�-synuclein binds saturably and with high affinity to characteristic intracellular structures that double label for components of lipid rafts.
Biochemical analysis demonstrates the interaction of �-synuclein with detergent-resistant membranes and reveals a shift in electro-
phoretic mobility of the raft-associated protein. In addition, the A30P mutation associated with PD disrupts the interaction of
�-synuclein with lipid rafts. Furthermore, we find that both the A30P mutation and raft disruption redistribute �-synuclein away from
synapses, indicating an important role for raft association in the normal function of �-synuclein and its role in the pathogenesis of PD.
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Introduction
Parkinson’s disease (PD) involves the selective degeneration of
dopamine neurons in the substantia nigra. Although the patho-
genesis of PD remains poorly understood, converging evidence
indicates a central role for the presynaptic protein �-synuclein.
Mutations in �-synuclein cause a rare autosomal dominant form
of PD (Polymeropoulos et al., 1997; Kruger et al., 1998; Zarranz et
al., 2004). In addition, increased dosage of the wild-type gene
appears sufficient to produce PD (Singleton et al., 2003).
�-Synuclein is also a major component of Lewy bodies, the cyto-
plasmic inclusions characteristic of PD (Spillantini et al., 1997,
1998), supporting its role in the idiopathic disorder. Further-
more, the dystrophic neurites of idiopathic PD contain abundant
�-synuclein (Galvin et al., 1999).

Despite an important role in PD, the mechanism by which
�-synuclein influences neural degeneration and indeed its nor-
mal function remain unclear. In vivo, �-synuclein localizes al-
most exclusively to synaptic terminals (Maroteaux et al., 1988;
Jakes et al., 1994; Iwai et al., 1995; Withers et al., 1997; Murphy et
al., 2000). Consistent with this subcellular location, the expres-
sion of �-synuclein has been found to correlate with changes in
synaptic plasticity and has been suggested to influence certain
features of neurotransmitter release (George et al., 1995; Abeliov-
ich et al., 2000; Murphy et al., 2000; Cabin et al., 2002). Nonethe-

less, �-synuclein behaves as a soluble protein by differential cen-
trifugation and gradient fractionation (Ueda et al., 1993; George
et al., 1995; Iwai et al., 1995; Kahle et al., 2000). The mechanisms
responsible for its synaptic localization are thus not preserved in
standard biochemical studies.

In vitro, �-synuclein binds to artificial membranes (Eliezer et
al., 2001; Jo et al., 2002; Chandra et al., 2003), especially those
containing acidic phospholipids (Davidson et al., 1998).
�-Synuclein has also been shown to associate as a peripheral
membrane protein with synaptic vesicles (Maroteaux et al.,
1988), axonal transport vesicles (Jensen et al., 1998), lipid drop-
lets (Cole et al., 2002), and yeast membranes (Outeiro and
Lindquist, 2003). However, the relationship of these observations
to the synaptic localization of �-synuclein in neurons and the
changes that lead to PD remains unclear.

We now show that �-synuclein associates specifically with
lipid rafts. The A30P mutation linked to PD blocks the interac-
tion with rafts, and raft association is required for the synaptic
localization of �-synuclein. The results thus suggest an important
role for rafts in the normal function of �-synuclein and raise the
possibility that perturbing raft association may induce changes in
�-synuclein that contribute to the pathogenesis of PD.

Materials and Methods
Reagents. The rat monoclonal antibody (15G7) to human �-synuclein
was obtained from Alexis Biochemicals (San Diego, CA); the mouse
monoclonal antibodies to CD55 (used for immunofluorescence), major
histocompatibility complex (MHC) class I, phosphatidylinositol-4,5-
bisphosphate, thy-1, and transferrin receptor were from Oncogene Sci-
ences (Uniondale, NY), Research Diagnostics (Flanders, NJ), Assay De-
signs (Ann Arbor, MI), BD Biosciences (San Diego, CA), and Zymed
(San Francisco, CA), respectively; the CD55 antibody used for Western
blotting and the antibody to focal adhesion kinase (FAK) were from
Santa Cruz Biotechnology (Santa Cruz, CA); and the glutathione
S-transferase (GST) antiserum was from Molecular Probes (Eugene,
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OR). Polyclonal anti-synaptophysin antibody was obtained from
Zymed, and antibodies to �-tubulin and caveolin-1 were from Oncogene
and BD Biosciences. F. Brodsky (University of California San Francisco)
generously provided a mouse monoclonal antibody to clathrin heavy
chain, and R. B. Kelly (University of California San Francisco) provided
the monoclonal antibody to SV2. Secondary antibodies conjugated to
horseradish peroxidase were purchased from Amersham Biosciences
(Arlington Heights, IL), and Cy2, Cy3, Cy5, and FITC-conjugated sec-
ondary antibodies were from Jackson ImmunoResearch (West Grove,
PA). IR800-conjugated anti-rabbit antibody was obtained from LI-COR
Biosciences (Lincoln, NE), cholera toxin subunit B conjugated to biotin
was from Sigma (St. Louis, MO), and streptavidin-Alexa546 was from
Molecular Probes. High purity digitonin, mevastatin, fumonisin B1, and
nystatin were purchased from Calbiochem (La Jolla, CA), and
�-methylcyclodextrin and mevalonic acid were from Sigma.

Molecular biology and cell culture. �-Synuclein cDNA was amplified by
PCR from a human brain library, and PCR mutagenesis was used to
introduce the A30P and A53T mutations. All constructs were verified by
sequence analysis. To express recombinant protein in bacteria,
�-synuclein was subcloned into pGEX (Amersham Biosciences) and
pCAL-n-FLAG (Stratagene, Cedar Creek, TX) vectors and transformed
into Escherichia coli strain BL21. For expression in mammalian cell cul-
ture, wild-type and mutant �-synuclein cDNAs were subcloned into
pcDNA3 (Invitrogen, San Diego, CA), pEGFP-N1, and C2 (Clontech,
Cambridge, UK). HeLa cells were grown in DMEM with 10% cosmic calf
serum (HyClone, Logan, UT) at 5% CO2 on either plastic or poly-D-
lysine-coated glass coverslips (for immunofluorescence) and transfected
using the Effectene reagent (Qiagen, Hilden, Germany). Recombinant
adenoviruses directing the expression of GFP-tagged and untagged wild-
type and mutant �-synuclein were generated by CRE8-mediated recom-
bination in human embryonic kidney 293 cells (Hardy et al., 1997).
Dissociated hippocampal cultures containing glia were prepared from
embryonic day 18.5 rats and maintained in neurobasal medium for 2–3
weeks (Higgins and Banker, 1998).

Synuclein binding in permeabilized cells. Two days after transfection
with DNA or infection with recombinant adenovirus, HeLa cells express-
ing wild-type �-synuclein, �-synuclein-GFP, and the corresponding
A53T and A30P mutants were permeabilized for 5 min at room temper-
ature in 12.5 mM HEPES—KOH, pH 7.4, 50 mM PIPES—KOH, pH 6.9,
1 mM MgSO4, and 4 mM EGTA–KOH [cytoskeleton buffer (CB)] con-
taining 40 �M digitonin. After five washes in PBS, pH 7.4, including one
for 5 min, the cells were fixed in 4% PFA and imaged directly in the case
of GFP-tagged �-synuclein, or immunostained in PBS containing 5%
cosmic calf serum (Hyclone) and 0.05% saponin. Alternatively, untrans-
fected HeLa cells grown to 75% confluence were permeabilized in CB
containing 40 �M digitonin and recombinant, bacterially expressed GST-
�-synuclein for 5 min at room temperature, washed as above in PBS,
fixed, and immunostained for GST. Competition experiments involved
incubation of the permeabilized HeLa cells in 200 nM GST-�-synuclein
and increasing amounts of calmodulin-binding protein (CBP)-�-
synuclein followed by immunofluorescence or quantitative Western
blotting for GST. Fluorescence images were acquired on a Zeiss
(Oberkochen, Germany) LSM 510 confocal laser-scanning microscope
using a fixed laser strength, pinhole size, and detector gain for all samples
within a single experiment.

Quantitative Western blotting. The competition assay was performed
as described above with the exception that cells were permeabilized for 15
min. At the end of the assay, cells were harvested in sample buffer, and the
protein was separated by electrophoresis through Criterion Tris-HCl
polyacrylamide gels (Bio-Rad, Hercules, CA), electrotransferred to poly-
vinylidene difluoride (PVDF) and immunostained with the appropriate
antibodies. The immunoblots were scanned and protein was quantified
using the Odyssey Infrared Imaging System (LI-COR Biosciences) and
Odyssey analysis software.

Isolation of detergent-resistant membranes. Cells were harvested 2 d
after transfection using a nonenzymatic cell dissociation buffer (Invitro-
gen), pelleted at 5000 � g, and detergent-resistant membranes were iso-
lated as previously described (Field et al., 1995). Briefly, the HeLa cells
were resuspended in 25 mM MES, pH 6.5, 50 mM NaCl, 1 mM NaF, 1 mM

Na3VO4, and 1% TX-100 (lysis buffer) supplemented with leupeptin,
pepstatin, PMSF, and phosphatase inhibitor cocktails I and II (Calbio-
chem) and incubated at 0°C for 30 min with Dounce homogenization
every 10 min. The cell lysate was then adjusted to 42.5% sucrose, over-
layed with 35 and 5% sucrose in lysis buffer without TX-100 and sedi-
mented at 275,000 � g, 4°C for 18 hr. Fractions were collected from the
top of the gradient (1 ml fractions in the case of the SW41 rotor, 0.5 ml
fractions in the case of the SW55) and stored at �80°C until used. Equal
volumes of each fraction were subjected to electrophoresis through Cri-
terion Tris-HCl polyacrylamide, transferred to PVDF, immunostained
with appropriate antibodies, and visualized using West Pico Supersignal
(Pierce, Rockford, IL).

To deplete cholesterol, HeLa cells transfected with �-synuclein were
serum-starved for 2 hr and incubated in 20 mM �-methylcyclodextrin for
1 hr at 37°C before the isolation of detergent-resistant membranes as
above.

Production and analysis of �-synuclein transgenic mice. Synuclein
cDNAs were subcloned into the cosSHa.Tet cosmid vector (a gift from
S. B. Prusiner, University of California San Francisco) downstream of the
Syrian hamster prion protein promoter. Transgene constructs were lin-
earized and injected into fertilized ova from outbred mice (C3H �
C57BL/6J hybrids). Transgenic mice were backcrossed to the C57BL/6J
strain, and F5-F10� generations were used for experiments. Transgene
expression in brain was confirmed by Northern and Western analyses.
Two transgenic lines, S214 (wild-type) and P263 (A30P mutant), were
used for our studies because they had well matched expression levels of
�-synuclein approximately twofold higher than endogenous.

Isolation of detergent-resistant membranes from brain. Synaptosomes
were prepared from mouse cortex as previously described (Hell and Jahn,
1994). Briefly, the cortices of young adult mice were homogenized in 320
mM sucrose and 4 mM HEPES, pH 7.4, containing protease and phospha-
tase inhibitors (HB). Cell debris was removed by centrifugation at
1350 � g for 10 min at 4°C and crude synaptosomes sedimented at
12,000 � g for 10 min at 4°C. The synaptosomal pellet was washed in HB
and sedimented at 13,000 � g for 15 min. The resulting pellet was resus-
pended in raft lysis buffer, and detergent-resistant membranes were iso-
lated as described above. Fractions from the flotation gradient were im-
munoblotted for thy-1 and transferrin receptor as well as human
�-synuclein, and the synuclein immunoreactivity was quantified by
densitometry.

Quantification of fluorescence in hippocampal neurons. Hippocampal
neurons were transfected at 7 d in vitro using Effectene (Qiagen) with
pCAGGS-GFP (a gift from J. L. R. Rubenstein, University of California
San Francisco), GFP-SV2 (a gift from C. Waites), and GFP-�syn (wild-
type and mutants). Neurons were fixed between 17–21 d in vitro using
4% PFA and immunostained for synaptophysin, SV2, or dendritic neu-
rofilaments. For cholesterol and sphingolipid depletion, mevalonic acid
(250 �M), mevastatin (4 �M) and fumonisin B1 (10 �M) were added on
days 12 and 15 in vitro, with fixation and analysis at day 18. Nystatin (10
�g/ml) was added for 20 min at day 18 in vitro, just before fixation.
Confocal images were acquired on a Zeiss LSM 510 microscope with the
pinhole opened to 2.5 �m for light collection from the whole synapse.
Synapses were identified by immunostaining for synaptophysin or SV2.
Using the Zeiss LSM510 confocal software, 4 � 4 pixel boxes were drawn
to cover each synapse, and the fluorescence per pixel for each box was
averaged over all the boxes in the field. Axons were identified as weakly
fluorescent structures between boutons staining strongly for synapto-
physin or SV2, and the fluorescence per pixel from 4 � 4 pixel boxes
covering the entire length between synapses was averaged over all the
axons in the field. The ratio of average fluorescence at synapses divided by
average fluorescence at axons was then calculated for individual fields.
Multiple fields were then averaged to generate the mean ratios presented
in the figures, with the number of fields indicated in the legends.

Results
To identify the mechanism by which �-synuclein localizes to a
specific cellular structure such as the nerve terminal, we ex-
pressed the protein in HeLa cells using a recombinant adenovi-
rus. �-Synuclein tagged at the C terminus with green fluorescent
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protein (�-synuclein-GFP) and untagged �-synuclein (data not
shown) exhibit a diffuse distribution that occupies the entire cell
volume (Fig. 1), consistent with the behavior of a soluble protein.
HeLa cells may lack a structure specific for neurons with which
�-synuclein normally associates. Alternatively, large amounts of
soluble �-synuclein may mask a small fraction associated with
particular cell structures. To test this possibility, we removed
soluble �-synuclein by permeabilizing the infected HeLa cells
with digitonin before fixation. At the low concentration used (40
�M), digitonin selectively permeabilizes the plasma membrane,
releasing soluble, cytoplasmic proteins (Schulz, 1990). In HeLa
cells expressing �-synuclein-GFP, digitonin treatment reveals
particulate, residual fluorescence that forms a regular array near
the cell surface (Fig. 1). Retained �-synuclein also outlines the cell
periphery (Fig. 1). The precise pattern of labeling varies from cell
to cell, but all permeabilized cells contain residual �-synuclein.
Similar patterns of labeling were observed for �-synuclein tagged
at the N terminus with GFP and untagged �-synuclein detected
by immunofluorescence (data not shown). Cells expressing GFP
show no labeling after permeabilization, indicating the specificity
of retention for �-synuclein-GFP (Fig. 1). Interestingly, coex-
pression of untagged wild-type protein reduces retention of wild-

type �-synuclein-GFP, suggesting that binding is saturable (data
not shown). We also observed that �-synuclein remains bound to
the cells for up to 45 min after permeabilization (data not
shown), indicating a low rate of dissociation in this assay. To
assess the potential relevance of this observation for PD, we fur-
ther examined the retention of A53T and A30P mutants associ-
ated with PD. The A53T mutation converts a residue poorly con-
served in other species to the normal rodent amino acid, and
perhaps consistent with this, has little effect on the retention of
human �-synuclein by permeabilized HeLa cells (data not
shown). In contrast, the A30P mutation affects a highly con-
served amino acid and virtually eliminates retention by perme-
abilized cells (Fig. 1).

To characterize the association of �-synuclein with intracel-
lular structures, we added recombinant, bacterially expressed
GST-�-synuclein to HeLa cells permeabilized with digitonin.
Low concentrations of exogenous GST-�-synuclein (10 nM) as-
sociate with structures very similar to those labeled in infected (or
transfected) cells, and the binding appears to saturate �500 nM

(Fig. 2A). Even at high concentrations, recombinant GST shows
no binding. In addition, GST-A30P-�-synuclein shows no de-
tectable binding at concentrations �1 �M (Fig. 2A), although
higher concentrations can weakly label permeabilized HeLa cells
in the same general pattern as wild-type �-synuclein (data not
shown). In contrast, the A53T mutation has no discernible effect
on the binding of GST-�-synuclein (Fig. 2A). Taking advantage
of the assay with permeabilized cells, we examined the binding of
GST-�-synuclein (200 nM) in the presence of wild-type or mu-
tant CBP-�-synuclein as competitor, detecting the bound GST-
�-synuclein by immunofluorescence for GST. Figure 2B shows
that increasing concentrations of wild-type CBP-�-synuclein de-
crease the binding of GST-�-synuclein. The same concentrations
of CBP-A30P do not inhibit binding of GST-�-synuclein (Fig.
2B). By quantitative Western analysis, wild-type and A53T CBP-
�-synuclein reduce the binding of GST-�-synuclein with IC50

values �200 nM. In contrast, 5 �M CBP-A30P-�-synuclein fails
to displace the wild-type protein (Fig. 2C).

The pattern of labeling in permeabilized cells indicated that
�-synuclein localizes to particular cell structures near the plasma
membrane. To identify these structures, we double-labeled for
several markers of the cytoskeleton and intracellular membranes.
Bound GST-�-synuclein does not colocalize with filamentous
actin or microtubules, nor does it coincide with clathrin-coated
pits, endosomes, or focal adhesions (Fig. 3A). However, bound
GST-�-synuclein colocalizes extensively with MHC class I (Fig.
3B), an integral membrane protein suggested to associate with
detergent-resistant membrane microdomains known as lipid
rafts (Nichols and Lippincott-Schwartz, 2001; Pelkmans et al.,
2001). Lipid rafts are thought to be liquid-ordered domains dis-
tinct from the liquid-disordered domains that comprise the re-
mainder of cell membranes (Simons and Toomre, 2000). GPI-
anchored proteins selectively partition into lipid rafts (Brown
and Rose, 1992), and bound GST-�-synuclein also colocalizes
with CD55, a GPI-anchored protein (Fig. 3B). Furthermore,
GST-�-synuclein labels structures containing GM1 (labeled by
cholera toxin B) and PIP2 (Fig. 3B), lipids enriched in rafts (Pike
and Casey, 1996; Brown and London, 1998; Liu et al., 1998).
�-Synuclein thus colocalizes with components of lipid rafts. In
intact cells, rafts are generally considered to be submicroscopic
unless specifically clustered by cross-linking (Simons and
Toomre, 2000; Sharma et al., 2004). However, depletion of cho-
lesterol in live cells can induce the formation of large, easily
detectable membrane microdomains in which different lipid

Figure 1. Wild-type but not A30P �-synuclein binds specifically to permeabilized HeLa cells.
A recombinant adenovirus was used to express GFP, �-synuclein-GFP (�synGFP), and A30P-
�-synuclein-GFP (A30PGFP) in HeLa cells. In intact (NP) cells, �synGFP and A30PGFP have a
diffuse cytosolic distribution, similar to GFP. After permeabilization with digitonin for 5 min (P),
the cells specifically retain �synGFP but not GFP. The PD-associated A30P mutation completely
abolishes this retention. Permeabilized HeLa cells (P) are double stained for transferrin receptor
(red). Scale bar, 20 �m.
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probes partition according to their prefer-
ence for ordered or disordered membrane
domains (Hao et al., 2001). Digitonin per-
meabilizes cells by extracting cholesterol
(Schulz, 1990), suggesting that the in-
duced phase separation has enabled us to
detect the association of �-synuclein with
lipid rafts.

Lipid rafts are defined biochemically
by their insolubility in Triton X-100 (TX-
100) at 4°C and their behavior as low den-
sity membranes during equilibrium sedi-
mentation. We therefore solubilized HeLa
cells expressing wild-type �-synuclein in
TX-100 at 4°C, and separated the remain-
ing membranes on a flotation gradient.
Under these conditions, a substantial pro-
portion of �-synuclein associates with
light membranes and cofractionates with
the GPI-anchored protein CD55 (Fig.
4A). As expected, transferrin receptor
(TfR), which does not associate with lipid
rafts, remains at the bottom of the gradi-
ent. Perturbing the properties of lipid rafts
by depleting cholesterol with �-methyl-
cyclodextrin dramatically reduces the
amount of �-synuclein in light fractions
(Fig. 5), supporting its association with
lipid rafts. Consistent with the results
obtained using cells permeabilized with
digitonin, the A53T mutation does not
significantly affect the partitioning of
�-synuclein to light membranes (Fig.
4C). In contrast, the A30P mutation pri-
marily eliminates �-synuclein binding
to lipid rafts (Fig. 4 B). Interestingly, the
�-synuclein in light membrane fractions
migrates more slowly by gel electro-
phoresis than soluble �-synuclein at the
bottom of the gradient, suggesting a raft-
associated post-translational modifica-
tion. Previous work has indeed indicated
both phosphorylation and O-linked glycosylation of �-synuclein
(Pronin et al., 2000; Ellis et al., 2001; Nakamura et al., 2001;
Shimura et al., 2001), but several phosphatases and O-glycosidase
fail to shift the mobility of raft-associated �-synuclein back to
that of the non-raft protein (data not shown).

To determine whether �-synuclein associates with lipid rafts
in the brain, we used transgenic mice expressing wild-type and
A30P human �-synuclein under the control of the prion pro-
moter. These mice produce human �-synuclein at levels approx-
imately twofold higher than endogenous �-synuclein through-
out the brain (M. D. Troyer and R. H. Edwards, unpublished
observations), enabling us to examine the behavior of human
�-synuclein in an experimentally accessible organism. Both wild-
type and A30P transgenic mice have no detectable neurological
or degenerative phenotype. We prepared synaptosomes from
transgenic animals (Hell and Jahn, 1994), solubilized them in
TX-100 at 4°C, and separated the insoluble membranes by flota-
tion on a sucrose density gradient. Using a human-specific anti-
body for Western blotting, a small proportion of wild-type hu-
man �-synuclein fractionates with light membranes (Fig. 6A)
positive for Thy-1, a GPI-anchored protein, whereas transferrin

receptor remains at the bottom of the gradient. The low percent-
age of raft-associated �-synuclein in brain relative to HeLa cells
may reflect the high levels of overexpression in the transgenic
mice. Alternatively, the interaction between �-synuclein and
lipid rafts may be disrupted during the time required to prepare
synaptosomes, before solubilization in TX-100. Nonetheless,
A30P �-synuclein shows no second peak of immunoreactivity in
light fractions, despite total levels equivalent to that of the trans-
genic mice overexpressing wild-type protein (Troyer and Ed-
wards, unpublished observations) (Fig. 6B). Quantification of
�-synuclein immunoreactivity in the light, detergent-resistant
membrane fractions of multiple transgenic mice confirms the
reduced raft association of A30P �-synuclein (Fig. 6C).

Colocalization with raft components in permeabilized cells
and fractionation with detergent-resistant membranes on density
gradients suggest that �-synuclein associates with rafts under
physiological conditions. However, demonstration of the
physiological function and indeed the existence of rafts in
intact cells have proven elusive (Munro, 2003). To assess the
role of raft association in vivo, we have focused on localization of
�-synuclein to the synapse. The nerve terminal contains choles-

Figure 2. Binding of �-synuclein to permeabilized HeLa cells is saturable and high affinity. A, HeLa cells were permeabilized
with digitonin in the presence of 0 –1000 nM recombinant GST, GST-�-synuclein (GST�syn), GST-A30P-�-synuclein (GSTA30P),
and GST-A53T-�-synuclein (GSTA53T) and immunostained for GST. Binding is easily detectable at low concentrations of GST�syn
(10 nM) and begins to saturate �0.5 �M. GST does not bind to permeabilized HeLa cells, whereas GSTA30P shows weak binding
only at high concentrations (data not shown). The other PD-associated mutation, A53T, does not affect binding in this assay. Scale
bar, 20 �m. B, HeLa cells were permeabilized in the presence of 200 nM GST�syn and 0 –5 �M CBP-�-synuclein (CBP�syn) and
CBP-A30P-�-synuclein (CBPA30P). Bound GST�syn was detected by immunofluorescence for GST. Increasing concentrations of
CBP�syn compete with GST�syn, whereas CBPA30P does not compete. Scale bar, 20 �m. C, HeLa cells permeabilized in digitonin,
GST�syn (200 nM), and 0 –5 �M CBP�syn were harvested and the extracts immunoblotted for GST. Bound GST�syn was quan-
tified using a fluorescent scanner with wide linear response range and normalized to the amount of GST�syn bound in the absence
of added competitor. Wild-type (CBP�syn) and A53T CBP-�-synuclein (CBPA53T) compete with wild-type GST�syn in a dose-
dependent manner. The results were fitted for one site competition to yield an IC50 �200 nM for both CBP�syn and CBPA53T.
However, CBPA30P does not compete with GST�syn. Error bars indicate SEM. n � 4 – 6; p � 0.05 between CBP�syn and
CBPA30P; Student’s t test.

6718 • J. Neurosci., July 28, 2004 • 24(30):6715– 6723 Fortin et al. • Lipid Rafts Localize �-Synuclein to the Synapse



terol-rich lipid microdomains (Breckenridge et al., 1973; Thiele
et al., 2000; Chamberlain et al., 2001; Lang et al., 2001) that might
mediate the synaptic localization of �-synuclein. Drugs that ex-
tract cholesterol from membranes (such as �-methyl-
cyclodextrin) have been used to disrupt lipid rafts in primary
neuronal culture, but also perturb synapse morphology (Hering
et al., 2003). We therefore took advantage of the A30P mutation,
which specifically disrupts the association of �-synuclein with
lipid rafts but not with a wide range of artificial membranes
(Perrin et al., 2001). We expressed GFP-�-synuclein in dissoci-
ated hippocampal neurons and compared its synaptic localiza-
tion to that of GFP as a marker for soluble protein, with GFP-
A30P- and GFP-A53T-�-synuclein and with a GFP fusion to
SV2, an integral membrane protein of synaptic vesicles. Using
synaptophysin immunofluorescence to identify synapses and the
ratio of bouton to axon fluorescence as a quantitative measure of
synaptic localization (Sankaranarayanan et al., 2003), GFP-�-
synuclein (wild-type and A53T) and GFP-SV2 localize preferen-
tially if not exclusively to synaptic varicosities (Fig. 7). As ex-
pected for a soluble protein, GFP localizes to axons as well as
synaptic boutons and therefore shows much less synaptic enrich-

ment (Fig. 7). In contrast to the wild-type protein, GFP-A30P-�-
synuclein behaves like GFP, localizing to axons as well as boutons.
The synaptic enrichment of wild-type and A53T, but not A30P
�-synuclein, strongly suggests that raft association is required for
the synaptic localization of �-synuclein.

We assessed directly the role of intact lipid rafts in the local-
ization of �-synuclein to the nerve terminal by chronically or
acutely disrupting these microdomains in hippocampal neurons.

We first disrupted rafts by blocking the synthesis of choles-
terol and sphingolipids with mevalonic acid, mevastatin, and fu-
monisin B1, a chronic treatment less injurious than acute choles-
terol extraction with �-methylcyclodextrin (Hering et al., 2003).
These drugs significantly reduce the proportion of transfected
�-synuclein at synapses without affecting the synaptic localiza-
tion of SV2 (Fig. 8). In addition, we treated transfected hip-
pocampal neurons acutely with nystatin, a drug that binds rather
than extracts cholesterol and so affects raft structure without the
toxicity of �-methylcyclodextrin (Rothberg et al., 1992). Indeed,
nystatin disrupts synaptic morphology less than �-methylcyclo-
dextrin (data not shown), yet also reduces the synaptic localiza-
tion of �-synuclein (Fig. 8). Pharmacological manipulation in

Figure 3. �-Synuclein colocalizes with components of lipid rafts in permeabilized HeLa cells. A, HeLa cells were permeabilized in the presence of 200 nM recombinant GST�syn, fixed,
immunostained for GST, and double stained for actin, �-tubulin, FAK, caveolin-1, and clathrin heavy chain (CHC). Merged images show GST immunoreactivity in green and the different markers in
red. Cells immunostained for �-tubulin were treated with 10 �M Taxol for 30 min before permeabilization to preserve microtubule structure. �-Synuclein does not colocalize with any of these
markers. B, HeLa cells permeabilized in digitonin and 200 nM GST�syn were immunostained for GST and CD55, MHC class I, and PIP2. GM1 was detected using cholera toxin subunit B conjugated to
biotin followed by streptavidin-Alexa 594. Merged images show GST immunoreactivity in green and the different markers in red. �-Synuclein colocalizes extensively with all of these known raft
components. Scale bar, 20 �m.
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neurons thus supports a role for lipid rafts in the synaptic
localization of �-synuclein.

Discussion
The results show that �-synuclein associates with distinctive
structures in HeLa cells that are visualized by the removal of
soluble protein through permeabilization with digitonin. We ob-

served this association after both heterologous expression of
�-synuclein in HeLa cells and the addition of recombinant, bac-
terially expressed �-synuclein to permeabilized HeLa cells that
had not been transfected. Both association and competition ex-
periments show that the binding of �-synuclein is saturable and
high-affinity. In addition, the A30P mutation associated with PD
disrupts the association of �-synuclein with these structures, sup-
porting the specificity of the interaction. To identify the struc-
tures decorated by �-synuclein in permeabilized HeLa cells, we
used double labeling and found specific colocalization with pro-
tein and lipid components of lipid rafts. Although lipid rafts are
normally submicroscopic, the digitonin used to permeabilize
HeLa cells may have clustered raft components by selectively
extracting the cholesterol important for their integrity as a well
ordered membrane microdomain (Schulz, 1990; Simons and
Toomre, 2000). Indeed, cholesterol depletion induces the clus-
tering of membrane microdomains in live cells (Hao et al., 2001).
We therefore confirmed the interaction with rafts using a second,

Figure 4. �-Synuclein fractionates with detergent-resistant membranes. HeLa cells were
transfected with wild-type ( A), A30P ( B), and A53T ( C) �-syn, solubilized in TX-100 at 4°C for
30 min, and the extracts were separated by flotation through a sucrose density gradient. Wild-
type and A53T �-synuclein comigrate with CD55 in light membrane fractions 5– 8, whereas the
transferrin receptor (TfR) remains at the bottom of the gradient. A30P-�-synuclein does not
show a peak of immunoreactivity in light fractions. Fractions are numbered from the top of the
gradient, and the size markers to the right indicate kilodaltons.

Figure 5. Cholesterol depletion eliminates the association of �-synuclein with light mem-
branes. HeLa cells transfected with wild-type �-synuclein were treated with 20 mM

�-methylcyclodextrin (�-MCD) for 60 min, solubilized in TX-100, and fractionated as described
above. �-MCD eliminates the �-synuclein associated with light membranes observed in un-
treated cells. Fractions are numbered from the top of the gradient, and the size markers to the
right indicate kilodaltons.

Figure 6. �-Synuclein associates with detergent-resistant membranes in mouse brain. Syn-
aptosomes were isolated from the cortices of transgenic mice overexpressing human wild-type
( A) and A30P ( B) �-synuclein, solubilized in TX-100 and fractionated as described in Figure 3.
A proportion of wild-type �-synuclein comigrates with Thy-1, whereas transferrin receptor
(TfR) remains at the bottom of the gradient. Fractions were collected and numbered from the
top of the gradient. �-Synuclein immunoreactivity in Thy-1-positive fractions was quantified
by densitometry and expressed as a percentage of total immunoreactivity in all fractions. Quan-
tification of the binding from three independent experiments ( C) shows a clear reduction in
binding for the A30P mutant relative to wild-type �-syn. Bar represents averages of three
mice � SD. *p � 0.0014; Student’s t test.
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biochemical assay. In HeLa cells, �-synuclein fractionates with
the TX-100-insoluble, light membrane fractions characteristic of
lipid rafts. The association of �-synuclein with detergent-
resistant membranes is also sensitive to cholesterol depletion
with methyl-�-cyclodextrin. Furthermore, we have used trans-
genic mice to show that wild-type human �-synuclein also asso-
ciates with detergent-resistant membranes isolated from brain.
In all of these experiments, the PD-associated A30P mutation
primarily eliminates the interaction, whereas the A53T mutation
has no detectable effect. Both mutations have not generally af-
fected the interaction of �-synuclein with a variety of artificial
membranes (Perrin et al., 2000), presumably because these mem-
branes have failed to recapitulate the characteristics of lipid rafts.

Previous studies have shown that �-synuclein associates with
a number of cell membranes including synaptic vesicles, retro-
grade axonal transport vesicles, lipid droplets induced by exoge-
nous fatty acid, and yeast plasma membrane (Jensen et al., 1998;
Maroteaux et al., 1988; Cole et al., 2002; Outeiro and Lindquist,
2003). Interestingly, the A30P mutation that disrupts the associ-
ation with lipid rafts has also been found to block the interaction
with these membranes. However, the mechanism underlying
these interactions has never been delineated. Our results suggest
that these interactions also depend on raft-like membrane mi-
crodomains. Consistent with this, the lipid droplets with which
�-synuclein has been shown to associate (Cole et al., 2002) are
enriched in cholesterol, very similar to lipid rafts (Brown, 2001).
In addition, �-synuclein has been reported to bind polyunsatu-
rated fatty acids in vitro (Perrin et al., 2001; Sharon et al., 2001),
and polyunsaturated fatty acids have been shown to inhibit signal

transduction associated with lipid rafts (Stulnig et al., 1998). The
interaction with polyunsaturated fatty acids may therefore regu-
late the raft association of �-synuclein.

Recent work has indicated the presence of membrane mi-
crodomains at the nerve terminal. Synaptic vesicles are enriched
in cholesterol and contain typical raft components such as GPI-
anchored proteins. A number of recent reports also implicate
raft-like membranes in presynaptic function (Ledesma et al.,
1998; Thiele et al., 2000; Chamberlain et al., 2001; Lang et al.,
2001). To assess the role of raft association in the synaptic local-
ization of �-synuclein, we took advantage of the selective effect of
the A30P mutation on raft association and found that the A30P
mutation eliminates the localization of �-synuclein to the syn-
apse. Chronic treatment with drugs that block the synthesis of
cholesterol and sphingolipids, or acute treatment with the
cholesterol-binding drug nystatin, both of which disrupt rafts,
also reduce the synaptic enrichment of �-synuclein. However, it
is important to note that lipid rafts occur in the postsynaptic
density as well as at the nerve terminal (Hering et al., 2003).
Therefore, although required for the synaptic localization of
�-synuclein, raft association may not be sufficient. Heterogeneity
in membrane microdomains may also contribute to the specific
presynaptic localization of �-synuclein.

The A30P mutation blocks raft association and abolishes the
normal synaptic localization of �-synuclein. These findings sug-
gest that the A30P mutation contributes to the pathogenesis of
familial PD by disrupting the raft association of �-synuclein.
However, the A53T mutation, which does not interfere with raft
binding, also produces the disease. The A53T mutation may have
other, uncharacterized effects on the interaction between
�-synuclein and rafts. Alternatively, the A53T mutation may
cause disease through another mechanism. In addition, although
most patients with PD lack mutations in �-synuclein, our results
raise the possibility that changes in the interaction between
�-synuclein and rafts play an important role in the pathogenesis
of idiopathic PD. The extensive dystrophic neurites observed in
PD brain label strongly for �-synuclein (Galvin et al., 1999), sup-
porting a role for the synaptically localized, raft-associated pro-
tein in this form of degeneration. Previous work has shown that
lipid binding promotes oligomerization of �-synuclein (Perrin et
al., 2001; Sharon et al., 2001; Cole et al., 2002) but has inconsis-
tent effects on aggregation in vitro (Lee et al., 2002; Zhu and Fink,
2003). Interestingly, lipid rafts have also been implicated in the
pathogenesis of prion disease and Alzheimer’s disease (Tarabou-
los et al., 1995; Ehehalt et al., 2003), neurodegenerative disorders
also involving protein aggregation.

Unlike other raft-associated proteins such as amyloid precur-
sor protein and the prion protein, �-synuclein lacks a transmem-
brane domain, lipid anchor, or well defined membrane-binding
domain. In vitro, �-synuclein forms an amphipathic �-helix after
binding to artificial membranes (Davidson et al., 1998; Jo et al.,
2000; Eliezer et al., 2001; Chandra et al., 2003), but because the
A30P mutation either does not affect this interaction or affects it
to a much smaller extent than raft association, �-synuclein may
interact with lipid rafts through a distinct mechanism. In
digitonin-permeabilized cells, �-synuclein associates with raft
components at high affinity. The protein also remains associated
with rafts after biochemical fractionation, consistent with a high
affinity interaction. In both cases, the clustering of raft compo-
nents may contribute to the binding affinity. However, we detect
only a fraction of �-synuclein in detergent-resistant membranes.
Biochemical fractionation may therefore also disrupt the
normal association of �-synuclein with rafts that occurs in intact

Figure 7. The A30P mutation eliminates synaptic localization of �-synuclein. A, Hippocam-
pal neurons transfected with GFPSV2, GFP, GFP�syn, GFPA30P, and GFPA53T were fixed be-
tween 17–21 d in vitro, stained, and imaged by confocal microscopy. Scale bar, 5 �m. B, The
synaptic enrichment of GFP-tagged protein was determined by calculating the ratio of fluores-
cence at synapses (identified by synaptophysin staining) to that in neighboring axons. GFP�syn
is enriched at synapses to an extent very similar to the GFP fusion with SV2, an integral mem-
brane protein of synaptic vesicles. The PD-associated mutation A30P decreases synaptic enrich-
ment of �-synuclein to a level similar to that of GFP alone. For each construct, nine fields from
two independent cultures were examined. Bars represent averages � SD. *p � 0.0001 (Stu-
dent’s t test) between GFP�syn and GFP as well as GFP�syn and GFPA30P. The analysis and
quantification were performed blind to the plasmid transfected.
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cells. Alternatively, �-synuclein may interact
in a dynamic way with lipid rafts. In either
case, the highly synaptic localization of
�-synuclein and its dependence on lipid
rafts suggest that raft association has an
important role in the normal function of
�-synuclein and its role in PD.
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