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Monomeric Synucleins Generate Membrane Curvature™
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vesicle exo- and endocytosis.

Parkinson disease.
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(Bacl(ground: a-Synuclein is a protein of unknown function that is critical for Parkinson disease pathology.
Results: All members of the synuclein family can bend membranes when monomeric.
Conclusion: Synucleins function at the presynaptic terminal to facilitate membrane curvature generation during synaptic

Significance: Elucidating synuclein function is important for understanding vesicle trafficking and synaptic dysfunction in
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Synucleins are a family of presynaptic membrane binding
proteins. a-Synuclein, the principal member of this family, is
mutated in familial Parkinson disease. To gain insight into the
molecular functions of synucleins, we performed an unbiased
proteomic screen and identified synaptic protein changes in
af3y-synuclein knock-out brains. We observed increases in the
levels of select membrane curvature sensing/generating pro-
teins. One of the most prominent changes was for the N-BAR
protein endophilin Al. Here we demonstrate that the levels of
synucleins and endophilin Al are reciprocally regulated and
that they are functionally related. We show that all synucleins
can robustly generate membrane curvature similar to endophi-
lins. However, only monomeric but not tetrameric a-synuclein
can bend membranes. Further, A30P a-synuclein, a Parkinson
disease mutant that disrupts protein folding, is also deficient in
this activity. This suggests that synucleins generate membrane
curvature through the asymmetric insertion of their N-terminal
amphipathic helix. Based on our findings, we propose to include
synucleins in the class of amphipathic helix-containing proteins
that sense and generate membrane curvature. These results
advance our understanding of the physiological function of
synucleins.

a-Synuclein is a key protein in the pathology of many neuro-
degenerative diseases, most notably Parkinson Disease (PD).?
In this neurodegenerative disease, a-synuclein is the major
component of the intracellular protein aggregates known as
Lewy bodies (1). -Synuclein is also genetically linked to PD.
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Three point mutations in the a-synuclein gene (SNCA; PARK1I)
and gene multiplications (PARK4) cause familial PD (2—4).
Genome-wide association studies have revealed that sequence
variants in SNCA are strongly associated with sporadic cases of
PD (5, 6).

Although its involvement in neurodegenerative diseases is
well established, the physiological function of a-synuclein is
unknown. a-Synuclein is a member of a family of three presyn-
aptic proteins that includes B- and 7y-synuclein. Previous
molecular studies have implicated synucleins in synaptic vesicle
trafficking (7, 8). More recently, studies of synuclein knock-out
mice have revealed that synucleins upregulate neurotransmis-
sion by influencing either synaptic vesicle exo- or endocytosis
(9-12). Intriguingly, transgenic mice overexpressing wild type
a-synuclein show decreased neurotransmission, opposite to
the phenotype of synuclein knock-out mice (13, 14). This indi-
cates that in case of PARK4 patients, the normal synuclein func-
tion is being perturbed. Thus, understanding the precise molec-
ular function of synucleins is important to gain further insight
into regulation of the synaptic vesicle cycle as well as synaptic
dysfunction in PD.

Structurally, synucleins are ~14 kDa proteins with highly
conserved N termini and divergent C termini (supplemental
Fig. S1A). The N terminus of synucleins contains 7 copies of an
11-residue imperfect XKTKEGVXXXX repeat similar to those
seen in the amphipathic helices of class A2 apolipoproteins
(supplemental Fig. S1A; Ref. 15). The C terminus is highly
acidic and has many prolines. Synucleins are thought to be
natively unfolded proteins in solution that adopt «-helical con-
formations when the monomeric protein binds lipid mem-
branes. However, recently it was shown that a-synuclein also
exists as an a-helical tetramer both in solution and on the mem-
brane (16, 17).

All members of the synuclein family interact robustly with
acidic lipid membranes (15, 18). Upon binding membranes, the
N terminus of monomeric a-synuclein folds into one of two
amphipathic a-helical conformations. This conformation can
be either an uninterrupted N-terminal a-helix (~93 amino
acids; Ref. 19) or two anti-parallel helices, i.e. a broken «-helix
(break at amino acid 44 — 45; Ref. 18, 20). In both conformations
there is partial insertion of the N-terminal hydrophobic resi-
dues into the outer leaflet of the membrane, while the C termi-
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Synucleins Bend Membranes

nus remains unfolded. The exact a-helical conformation
adopted depends on the curvature of the membrane: the bro-
ken helix is formed on highly curved lipid surfaces, while the
longer helix is formed on flatter lipid surfaces (21, 22). Thus,
a-synuclein possesses the hallmarks of being a membrane cur-
vature sensor. Congruently, a-synuclein preferentially binds to
smaller lipid vesicles, i.e. those with higher membrane curva-
ture (15). a-Synuclein affinity for lipid vesicles is increased dra-
matically at around 45 nm, the size of a synaptic vesicle (23).
Indeed, a-synuclein has been localized to synaptic vesicles by
immuno-electron microscopy (24). While the tetrameric form
of a-synuclein also binds acidic lipid membranes (16), it is not
known if binding is membrane curvature-dependent.

Recent in vitro experiments using synthetic lipid mixtures
have revealed that synucleins can also generate membrane cur-
vature (25-27). However, it is still unclear if synucleins can
bend neuronal membranes, especially at concentrations likely
to be present at synapses. Further, the ability of tetrameric a-
synuclein to generate membrane curvature remains to be estab-
lished. Importantly, it is not known if the membrane bending
properties of synucleins are physiologically relevant. Therefore,
we set out to biochemically characterize afy-synuclein KO
mice and investigate the ability of synucleins to generate mem-
brane curvature in a physiologically relevant setting. These
studies shed interesting new light on the function of these pre-
synaptic proteins.

EXPERIMENTAL PROCEDURES

Constructs and Antibodies—Human and mouse synuclein
constructs have been described previously (18, 28) except for
the human E46K a-synuclein expression construct, which was
made by site-directed mutagenesis. Endophilin Al bacterial
expression construct was a kind gift of Dr. Pietro De Camilli,
Yale University. a-Synuclein (BD Biosciences), Annexin A5
(Abcam), and actin (MP Biomedical) antibodies were pur-
chased, while antibodies to endophilins and FCHO1 were a gift
from Dr. Pietro De Camilli, Yale University.

Mice—afry-synuclein KO and the rescued mice have been
described previously (12). All mice were housed at Yale Univer-
sity under an IACUC approved protocol.

Synaptosome Fractionation—Wild type and afy-synuclein
KO brains were fractionated according to the protocol of Ref.
29.

Mass Spectrometry—A quantitative analysis of the synaptic
proteome of wild type and afy-synuclein KO mice was per-
formed using DIGE according to previously published proto-
cols (30, 31). Equal amounts of protein from wild type and «y-
synuclein KO samples were differentially labeled in vitro with
Cy3 and Cy5 N-hydroxysuccinimidyl ester dyes and separated
on two-dimensional gels. Differentially expressed protein spots
were robotically excised and subjected to in-gel trypsinization.
The peptides were analyzed on a matrix-assisted laser desorp-
tion/ionization time-of-flight spectrometer (MALDI ToF/ToF;
Applied Biosystems model 4800). The resulting, uninterpreted
MS/MS spectra were searched against the IPI mouse database
3.27 using Mascot algorithms to enable high-throughput pro-
tein identification.
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Wild type and aBy-synuclein KO samples were subjected to
4-plex iTRAQ with technical replicates as described (32). The
samples were trypsin digested, labeled with iTRAQ tags,
pooled, fractionated by cation exchange, and the individual
peptides were run on an Applied Biosystems API Q-Star XL
mass spectrometer. iTRAQ quantitation and protein identifi-
cation were performed using the Paragon search algorithm (33)
in ProteinPilot 2.0 software against the IPI mouse database.

Stringent criteria were used to identify changes in afy-
synuclein KO samples. For the DIGE experiments, proteins that
were identified by at least two independent peptides and whose
levels were increased by at least 1.4-fold were considered. For
the iTRAQ experiments, at least two independent peptides
with valid iTRAQ reporter ion ratios, exhibiting a minimum of
two iTRAQ reporter ions with a summed S/N ratio >9 were
required to be included in the analysis. The cut-off for iTRAQ
experiments was set to 1.2-fold. The proteins that met these
criteria and were replicated in two technical and two biological
replicates are listed in Fig. 1. The mass spectrometry data are
publically available through the YPED Repository.

Recombinant Protein Purification—Monomeric, recombi-
nant a-, B-, and y-synuclein were purified as GST-fused con-
structs and cleaved using the TEV protease as described (18).
Endophilin was purified from a GST-fused construct using the
PreScission protease (GE Healthcare) as described (34). All pro-
teins were dialyzed against 20 mm HEPES buffer, pH 7.4. Puri-
fied synaptobrevin 2 was a kind gift of Dr. Yongli Zhang, Yale
University.

Preparation of Liposomes—Lipid mixtures composed of
either 50% DOPE/40% DOPS/10% cholesterol (all lipids from
Avanti Polar Lipids) or brain polar lipids (BPL; Avanti Polar
Lipids) were prepared at 10 mg lipid/ml in chloroform. Rhod-
amine-labeled DHPE (Invitrogen) was added to 2% for fluores-
cent imaging as needed. The liposomes were made to a lipid
concentration of 1 mg/ml following the protocol of Ref. 35. The
average diameter of the liposomes was ~3 microns.

Purification and Characterization of a-Synuclein Tetramer
from Human Blood—a-Synuclein tetramer was purified from
120 ml freshly drawn human blood as described in Ref. 16.
Circular dichroism spectroscopy was done on an Applied Pho-
tophysics Chirascan CD Spectrometer with or without BPL
liposomes at 1 mg/ml. Data were collected ina 0.1 cm cuvette at
a temperature of 25 °C. Buffer and liposome spectra were sub-
tracted from sample measurements, and the data are presented
as mean residue ellipticities.

Fluorescence Tubulation Assay—2 ul of protein at the
denoted concentrations and 2 ul of liposomes were mixed with
10 wl 20 mm HEPES buffer, incubated at 37 °C for 10 min, and
then kept on ice until imaging. Membrane tubulation was
imaged in a chamber as in Ref. 36. In all tubulation assays except
in Fig. 54 and supplemental Fig. S7, the molar lipid/protein
ratio was ~1000:1. In Fig. 54, the molar lipid/protein ratio var-
ied but was not less than 200:1, a ratio at which a-synuclein is
still fully folded (18). In supplemental Fig. S7, the molar lipid/
protein ratio was not less than 100:1. To quantify the tubule and
lipid area, one picture was taken every second for 1 min, and the
tubule area/total lipid area quantified for each image.
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FIGURE 1. Quantitative proteomics reveals the repertoire of proteins exhibiting increased levels in aBy-synuclein KO synapses. A, DIGE gel of the
synaptic vesicle (LP2) fraction. The image is a scan of the a3y-synuclein KO sample, and the spots corresponding to the location of a- and B-synuclein are
highlighted in red. A total of 6 DIGE experiments were performed and quantitatively compared all synaptic fractions. On average, we analyzed ~50 proteins/
DIGE experiment. B, volcano plot of iTRAQ experiment on synaptic cytosol fraction (LS2). The frequency distribution of peptides showing differences between
wild type and aBy-synuclein KO samples, plotted as log,,(WT/KO), are overlaid with the protein score for each protein. The largest changes were observed for
a-and B-synuclein and are noted. Note that most protein levels are unchanged and thus center around log, (WT/KO) = 0. A total of 6 iTRAQ experiments were
conducted, and we analyzed ~500 proteins/iTRAQ experiment. C, table showing proteins that were increased in afy-synuclein KO synapses. Only proteins
that were increased beyond cut-offs whose change was replicated in at least two biological and technical replicates are included. The average fold increase =+
S.E., the number of peptides used to identify a given protein, the method by which the protein change was determined, if the change was validated, the lipid
binding properties, and known functions of the proteins are listed. We validated the increase in protein levels for endophilin A1, endophilin B2, annexin A5, and
synapsin llb by quantitative immunoblotting, which is indicated by a + sign (See Fig. 2 and Ref. 12).

replicates. Interestingly, there were very few other protein
changes in afy-synuclein KO samples. The only proteins that
were consistently increased were the endocytic N-BAR protein
endophilin Al and its family member endophilin B2, the
peripherally associated synaptic vesicle protein synapsin IIb,
and the phosphatidylserine-binding protein annexin A5 (Fig.
1C). The increase in the levels of these four proteins was mod-
est, in the range of 1.26 —1.74-fold in aBy-synuclein KO synap-
tic fractions. We validated the mass spectrometry results for all
four proteins by quanititative immunoblotting (validated col-
umpn, Fig. 1C). The observed increase for synapsin IIb is consist-
ent with our previously published results (12). Notably, all of
the proteins identified to be up-regulated in aBy-synuclein KO
synapses have several common biochemical features including
negatively charged phospholipid binding and membrane cur-
vature sensing/generation (34, 38 —41), suggesting that these

Electron Microscopy—Liposome tubulation was imaged with
electron microscopy following the protocol from Ref. 34.

RESULTS

Endophilin Protein Expression Undergoes Compensatory Up-
regulation Upon Loss of Synucleins—Quantitative proteomics
affords an unbiased and sensitive way to monitor global protein
changes. In the case of synucleins, it allows us to identify other
proteins affected by deletion of synucleins, thus indicating pos-
sible functions. To identify such protein alterations, we per-
formed DIGE (two-dimensional fluorescence difference gel
electrophoresis) and iTRAQ (Isobaric Tag for Relative and
Absolute Quantitation) on wild type and af7y-synuclein KO
synaptic fractions (Fig. 1). DIGE and iTRAQ use differential
tags, fluorescent and isobaric respectively, to monitor protein
changes and are used in a complementary manner (37). In both
methods, as expected, the largest changes were observed for a-

and B-synuclein (Fig. 1, A and B). We set stringent criteria to
denote genuine protein changes, including strict cut-offs and
replication in both biological (# = 3) and technical (n = 2—-4)

JANUARY 18,2013 +VOLUME 288-NUMBER 3

are shared properties and functions of synucleins.
As two members of the endophilin family were up-regulated
in the aBy-synuclein KO proteomic screen (Fig. 1), we investi-
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FIGURE 2. Proteomic analysis reveals that synucleins and endophilin A1 levels are inversely related. A, validation of endophilin levels by quantitative
immunoblotting. Wild type (green bar) and aB-y-synuclein KO (black bar; n = 4/genotype) brain homogenates (20 g protein) were separated on SDS-PAGE
gels and immunoblotted for the denoted proteins. The levels of individual proteins were determined by quantitative Western blotting with IRDye conjugated
secondary antibodies on a LI-COR infrared imaging system, using actin and tubulin as internal loading controls. Abbreviations: Endo, endophilin; *, p < 0.05, **,
p < 0.01.B, representative Western blot of synaptic protein expression of endophilin A1, annexin A5, and FCHO1 in age-matched a3y-synuclein KO (afy —/—),
wild type (aBy +/+), transgenichuman (aBy —/—; htg) and mouse (a«fy —/—; mtg) a-synuclein overexpression mouse models (n = 3/genotype). Actin is used
asaloading control. C, quantification of endophilin A1 levels in afy-synuclein KO, wild type, and a-synuclein overexpression mouse models. *, p < 0.05, **,p <
0.01. D, comparison of synaptic protein expression shows an inverse relationship between a-synuclein and endophilin A1 levels. r? = 0.848. See supplemental

Fig. S2 for a similar analysis using total brain homogenates. E, levels of FCHO1 are unchanged as a function of a-synuclein levels. r* = 0.119.

gated the relationship between endophilins and synucleins.
First, the increase in endophilin A1 and B2 levels was confirmed
by quantitative immunoblotting of wild type and ofy-
synuclein KO in total brain homogenates (1.97 £ 0.094- and
1.46 = 0.079-fold, respectively; Fig. 2A4). The magnitude of the
increase was greater in the brain than in synaptic fractions as
measured by mass spectrometry. Interestingly, we observed
that the protein level of the closely related family member
endophilin A2 was similarly increased (1.79 = 0.169; Fig. 2A).
We also saw that other membrane curvature inducing proteins
such as the N-BAR protein APPL1, the F-BAR proteins synda-
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pinIand FBP-17, and the amphipathic helix-containing protein
epsin were unchanged (Fig. 24; Refs. 42, 43), corroborating the
DIGE and iTRAQ data. These data suggest that the endophilin
family of proteins undergo compensatory up-regulation upon
loss of synucleins.

To test in vivo to what extent the increases in endophilin A1l
were synuclein-dependent, we examined endophilin A1 levels
in synaptosomes of wild type, a3y-synuclein KO and two lines
of rescued af3y-synuclein KO mice. The rescued mice are af3y-
synuclein triple KO mice that express either a human or mouse
wild type a-synuclein transgene pan-neuronally (28). Expres-
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sion of these transgenes restores deficits caused by deletion of
synucleins such as decreased synapse size and altered neu-
rotransmission (12). Endophilin A1l levels were increased in
afy-synuclein KO synaptosomes (1.15 = 0.005) as expected, by
a magnitude similar to that seen in the iTRAQ experiments
(Fig. 1C). Interestingly, increasing synuclein levels by trans-
genic expression reduced endophilin Al levels even below
wild type levels (Fig. 2, B and C). This was seen in both lines
of rescued mice as compared with af3y-synuclein KOs (Fig.
2, Band C). To investigate this further, we plotted endophilin
Al and F-BAR protein FCHOL1 levels against increasing
a-synuclein levels seen in the afBy-synuclein KO, wild type,
human and mouse a-synuclein transgene rescued synuclein
KOs. The resulting graph reveals an inverse correlation
between a-synuclein and endophilin Al (r* = 0.848; Fig. 2D)
but not FCHO1 levels (r* = 0.119; Fig. 2E). We also observed a
comparable relationship between a-synuclein and endophilin
in total brain homogenates from these mice (supplemental Fig.
S2). We next investigated the relationship between endophilin
B2 and a-synuclein levels and observed a similar inverse trend
(data not shown). However, these data were not conclusive due
to the poor quality of available endophilin B2 antibodies. Inter-
estingly, annexin A5, whose levels are increased in ofy-
synuclein null mice, does not exhibit an inverse relationship to
a-synuclein levels (Fig. 2B, correlation with a-synuclein levels
has r*> = 0.234). Thus it appears that there is specificity to the
endophilin-synuclein relationship and that neurons regulate
the levels of endophilin A1 based on synuclein levels. We deter-
mined that the changes in endophilin Al, A2, and B2 levels
occurs post-transcriptionally (SSC)*. Taken together, these
results suggest that synucleins and endophilin A1 proteins are
functionally related, and neurons maintain a constant level of
these proteins collectively.

Synucleins Generate Membrane Curvature in Vitro—Endo-
philin Al senses and generates membrane curvature through
insertion of its N-terminal helix (HO) as well as scaffolding the
membrane via its BAR domain (38, 44). Based on our finding
that the levels of synucleins are inversely correlated with endo-
philin levels in vivo, we tested if synucleins can generate mem-
brane curvature under physiological conditions. We utilized a
membrane tubulation assay that has been extensively used to
monitor the membrane-deforming properties of N-BAR
domain proteins (36). In this assay, fluorescently labeled lipo-
somes are mixed with purified proteins (supplemental Fig.
S1B), and membrane curvature generation is visualized as for-
mation of lipid tubules.

Membrane curvature generation is highly dependent on
membrane composition, membrane rigidity, i.e. percentage of
cholesterol, and protein concentration. We tested if human
synucleins can evaginate membranes of different membrane
compositions. Initially, we conducted this assay with liposomes
composed of a synthetic lipid mixture (DOPE: DOPS: choles-
terol 50:40:10; 1 mg/ml) that has a high propensity to deform.
As seen in representative images in Fig. 34, human «a-, 8-, and
y-synuclein at a concentration of 1.4 um (molar lipid/protein

4Yongquan Zhang and S.5.C., personal communication.
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ratio of ~1000:1) each can readily generate membrane tubules
similar to endophilin A1, while BSA is unable to do so. Impor-
tantly, we next tested if membranes akin to those at the synaptic
terminal can also be deformed by synucleins. Liposomes
derived from brain polar lipid extracts (BPL; 1 mg/ml) were
fluorescently labeled and mixed with recombinantly purified
synucleins and endophilin Al (molar lipid/protein ratio of
~1000:1). Again, all human synucleins robustly generated
membrane curvature (Fig. 3B), suggesting that synuclein can
act upon synaptic membranes. We also demonstrated that
mouse synucleins can generate membrane curvature (supple-
mental Fig. S3), clearly indicating that this is a property shared
by synucleins across species.

We quantified membrane tubulation from randomly
selected images and observed that a-, B-, and y-synuclein have
a comparable membrane tubulation activity (Fig. 3C). As the
N-terminal sequences of synucleins are the most conserved and
involved in membrane binding, tubulation is therefore likely to
be mediated by this sequence. Synuclein tubulation activity was
~2.5-fold less efficient than that of endophilin A1l (Fig. 3C).
This is probably attributable to the fact that synucleins can
generate membrane curvature only by wedging their N-termi-
nal amphipathic helix into the membrane, while endophilin A1,
in addition to using the wedge mechanism, also scaffolds mem-
branes via its BAR domain (38, 44). We also demonstrated that
synucleins directly participate in membrane tubulation as they
are present on membrane tubules as shown using Alexa 488-
conjugated a-synuclein (Fig. 3D). These data strongly suggest
that synucleins can generate membrane curvature through
insertion of their conserved, amphipathic N-terminal helices.

The fluorescence images of membrane tubules are diffrac-
tion limited; in order to obtain a more detailed image of
synuclein-generated tubules, we visualized these structures by
negative staining and electron microscopy. In the absence of
synucleins, the liposomes are spherical (Fig. 44). Incubation of
liposomes with a-, 3-, or y-synuclein for 10 min at 37 °C results
in evagination of liposomes into narrow tubules (Fig. 4, B-D),
consistent with our confocal imaging results. Interestingly,
synuclein-generated tubules showed much greater heterogene-
ity compared with the uniform, homogeneous tubules charac-
teristic of endophilin A1 (Fig. 4, Ref. 34).

Membrane curvature generation is influenced not only by
membrane composition but also protein concentration. The
ability of a protein to sense versus generate curvature is strictly
dependent on the concentration of the membrane bending pro-
tein, with higher concentrations needed for membrane curva-
ture generation (45, 46). Hence, we wanted to determine the
concentration dependence of synuclein tubulation activity and
verify if it is within the range of synuclein concentration found
at the synapse. We utilized the fluorescent BPL liposome assay
to determine the a-synuclein concentration dependence of
membrane tubulation. The extent of membrane tubulation
increases linearly with a-synuclein concentration in the low
micromolar range but saturates around 15 um (Fig. 54). To
evaluate if this result was physiologically relevant, we next
ascertained the synaptic concentrations of synucleins.

We used quantitative immunoblotting with purified protein
standards and a-synuclein-specific antibodies to determine the
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FIGURE 3. All synucleins generate membrane curvature in vitro.Images of liposomes only and liposomes mixed with BSA, a-, B-, y-synuclein and endophilin
A1. Tubules were generated by a-, 8-, y-synucleins and endophilin A1 (1.4 um) from rhodamine-labeled liposomes composed of either: A, 50% DOPE/40%
DOPS/10% cholesterol (1 mg/ml) or B, brain polar lipid (BPL; 1 mg/ml). Scale bar = 1 um and applies to allimages in a given row. C, quantification of tubulation
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were used as negative and positive controls, respectively. Liposome-only and synuclein ratios are calculated from 900 images each, BSA and endophilin A1
from 540 images each; *, p < 0.05; **, p < 0.01 for comparisons to the liposomes only condition. D, Alexa-fluor 488-labeled a-synuclein localizes on the

membrane tubules generated. Scale bar = 1 um.

concentration of synuclein at the synapse (Fig. 5, B and C). The
concentration of a-synuclein in brain homogenate was high at
0.03% of total brain protein, largely consistent with published
literature (47). We then extrapolated the synaptic a-synuclein
protein concentration by Western blotting purified synapto-
somes for a-synuclein and approximating the volume of syn-
apses at 0.12X of the total brain volume (assuming a uniform
distribution of proteins in the brain). Based on this assumption,
the concentration of a-synuclein is 4.5 = 1.1 uMm, more than
sufficient to tubulate membranes robustly. In an independent
approach, we estimated a-synuclein concentration by a com-
parison with other synaptic proteins whose concentrations
have been well-established. We chose synaptobrevin 2 as it is
the most abundant synaptic vesicle protein, with 70 synapto-
brevin 2 molecules per synaptic vesicle (48). Assuming an aver-
age of 500 vesicles/synapse (49) and the volume of an average
synapse to be 0.176 um® based on synaptic morphometric
measurements (12, 50), the volume of synapses was calculated
to be 0.07 of total brain volume (supplemental Fig. S4). Using
this ratio, the calculated concentration of a-synuclein is
2.6 = 0.8 uM, again well within the range in which a-sy-
nuclein tubulates membranes in vitro (Fig. 5A). a-Synuclein
concentrations at the synapse can therefore be expected to
be in the range of 2—5 um. Expression of a-synuclein closely
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overlaps with B-synuclein (51), hence the combined synuclein
concentration is likely to be higher. Furthermore, synucleins
are not uniformly distributed in the synapse but concentrated
on vesicles and membranes (24), which means that the effective
local concentration at the membrane is expected to be signifi-
cantly higher than the above estimate. Together, these data cor-
roborate the hypothesis that synucleins can generate mem-
brane tubulation at concentrations found at the synapse.
Characterization of the Native o-Synuclein Tetramer—Re-
cently, a novel physiological a-synuclein species, a natively folded
tetramer, was identified (16). To better understand this newly
identified «a-synuclein species, we purified the a-synuclein
tetramer from freshly drawn human blood following the protocol
of Ref. 16 (supplemental Fig. S5; Fig. 64). The a-synuclein
tetramer could be purified as an intact species and separated
from monomer by sequential chromatography. Employing
crosslinking and circular dichroism, we confirmed that the
a-synuclein species purified from blood is a folded tetramer
(Fig. 6, A and B), as described (16). Published NMR analysis of
the natively folded a-synuclein tetramer revealed that the
N-terminal amphipathic helices are engaged in neighboring
subunit interactions (17), yet tetrameric a-synuclein binds
acidic lipid membranes with greater affinity than monomeric
a-synuclein (16). Due to these apparently contradictory prop-
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FIGURE 4. Electron microscopic analysis of synuclein-generated tubules.
Representative electron micrographs of membrane tubules generated by:
A, liposomes; B, a-synuclein; C, B-synuclein; D, y-synuclein; and E, endophilin
A1 using the 50%DOPE/40%DOPS/10% cholesterol liposomes. Scale bar =
100 nm. Similar results were obtained in three independent experiments.

erties, it is not clear if the native tetramer can support mem-
brane tubulation. By use of the fluorescence tubulation assay,
we examined whether human tetrameric a-synuclein can gen-
erate membrane curvature. As seen in Fig. 6C, tetrameric
a-synuclein is clearly deficient in this activity. A side-by-side com-
parison of tetrameric and monomeric a-synuclein at the same
molar concentration using the same liposome samples shows
that the tetrameric a-synuclein is unable to tubulate mem-
branes, and has a tubule area/total lipid area ratio similar to that
of liposomes alone (Fig. 3C). This result clearly shows that
tetrameric and monomeric a-synuclein have distinct biochem-
ical properties in regard to their interactions with membranes.

The A30P PD Mutant Is Defective in Membrane Tubulation—
The human PARK4 mutations, duplications and triplications of
the human a-synuclein gene, increase a-synuclein expression.
The triplication patients exhibit 2-fold more a-synuclein pro-
tein (52, 53). Based on the concentration curve of a-synuclein
membrane tubulation (Fig. 54), the PARK4 mutations would be
expected to double or even saturate membrane tubulation
activity. However, how the PARKI point mutations affect
a-synuclein membrane tubulation is less clear. The three
known mutations, A53T, A30P, and E46K, have different mem-
brane binding properties, with the E46K mutant exhibiting
slightly increased membrane binding, the A53T mutant bind-
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FIGURE 5. Concentration dependence of a-synuclein generated mem-
brane tubulation. A, dose dependence of a-synuclein-mediated membrane
tubulation. The tubulation activity of a-synuclein at the denoted protein con-
centrations was quantified as described in Fig. 3. Membrane tubulation
shows a linear relationship to a-synuclein concentration until ~7 um and
saturates around 15 um. Ratios are calculated from at least 540 images for
each concentration. The green-shaded area represents the concentration of
a-synuclein at the synapse. B, representative Western blot of a-synuclein
standards, along with undiluted (1X) and diluted (4X) synaptosomes and
total brain homogenate, blotted with a mouse a-synuclein specific antibody.
These blots were used to compare and estimate the concentration of
a-synuclein at synapses and in brain homogenate. C, standard curve for syn-
aptosome samples generated from quantifying blots shown in B. (> = 0.991).
Blue lines indicate the amount of a-synuclein in undiluted (1X) and diluted
(4X) synaptosomes. See supplemental Fig. S4 for a similar analysis using syn-
aptobrevin 2 standards.

ing comparable to wild type, and the A30P mutant showing
diminished membrane binding (54 —56). We tested the ability
of these three PD mutants to bend membranes and tubulate
BPL-derived liposomes. Our results show that the A53T and
E46K mutants have membrane tubulation activity similar to
wild type a-synuclein whereas the A30P has negligible mem-
brane bending ability (Fig. 7). The observation that the E46K
mutant did not exhibit increased membrane tubulation con-
firms that lipid affinity alone is not sufficient to drive mem-
brane tubulation. In the A30P mutant, the lack of membrane
tubulation activity may simply reflect diminished membrane
binding. Previous data have shown that the affinity of the A30P
mutant to membranes of a composition similar to those we
used is ~50% of wild type a-synuclein (56). We therefore tested
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FIGURE 6. Purification and characterization of the native a-synuclein tetramer. A, crosslinking of recombinantly purified monomeric and blood purified
tetrameric a-synuclein. The purified proteins were crosslinked with glutaraldehyde according to Ref. 16 and separated on SDS-PAGE. The gel shows a band of
~50 kDa corresponding to the tetramer (arrow), while the monomer remains at ~14kD. B, circular dichroism (CD) of tetrameric and monomeric a-synuclein.
Spectra show the tetramer is folded in solution, and its folding is unchanged by the addition of BPL liposomes, while the recombinantly purified, monomeric
a-synuclein is unfolded in solution. C, quantification of a-synuclein tetramer tubulation. Graph shows that the tetramer is unable to generate membrane
curvature. Quantification of tubulation activity was done as described in Fig. 3 from 540 images for each condition. **, p < 0.01.
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FIGURE 7. PD mutants of a-synuclein have varied ability to generate
membrane curvature. A, representative images of membrane tubules gen-
erated by human wild type a-synuclein and the three PD mutants. B, quanti-
fication of membrane tubulation activity of the three human PD mutants as
compared with human wild type a-synuclein. While A53T and E46K tubula-
tion activity is similar to wild type, the A30P mutant has no membrane tubu-
lation activity. Ratios were quantified from 540 images for each condition. ¥,
p < 0.05.

ifincreasing the concentration of the mutant protein 2- 10-fold,
while keeping the liposome concentration constant, could lead
to membrane tubulation. Increasing A30P concentration
shows a trend to increased membrane curvature generation,
but the data are not significant (supplemental Fig. S6). Further,
a comparison of wild type and A30P mutant protein at equiva-
lent membrane bound levels shows that the A30P mutant is still
deficient in membrane tubulation. These data suggest that the
A30P mutation is a loss-of-function mutation in addition to
being a toxic gain-of-function mutation, consistent with pub-
lished mouse genetic data (28).

DISCUSSION

In this study, we sought to elucidate the molecular functions
of synucleins. Using unbiased proteomics, we showed that four
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proteins that sense and generate membrane curvature, endo-
philin A1, endophilin B2, annexin A5, and synapsin IIb, are
up-regulated upon the loss of synucleins, strongly suggesting
that synucleins function similarly. We then determined by both
fluorescence confocal microscopy and electron microscopy
that all members of the synuclein family can readily generate
membrane curvature when monomeric, extending previous
results (25—27). Importantly, we quantitated this activity and dem-
onstrated that a-, B-, and y-synuclein can tubulate liposomes
composed of naturally occurring brain lipids to comparable levels
(Fig. 3C). Notably, synucleins bend membranes at concentrations
likely to be present at synapses (Fig. 5). In marked contrast to
monomeric synucleins, we show for the first time that a novel
a-synuclein tetramer is unable to bend membranes (Fig. 6C).
Synucleins Sense and Generate Membrane Curvature Similar
to Other Amphipathic Helical Proteins—Our data suggest that
synucleins behave like other lipid-binding amphipathic helical
proteins such as endophilin A1, epsin, and Arfl. It is well estab-
lished for these proteins that they generate membrane curva-
ture through asymmetric insertion of hydrophobic amino acids
into the lipid membrane (34, 38, 43—45, 57). Previous struc-
tural studies have shown that when a-synuclein folds on
membranes into an amphipathic helical conformation, it
inserts into the outer leaflet of the membrane (19, 22, 27).
Based on sequence and structural similarities it is predicted that
B- and +y-synuclein behave alike (58). Thus synucleins share a
key structural characteristic of this class of membrane curva-
ture generating proteins. Another feature of this category of
proteins is that they both sense and generate membrane curva-
ture. Recent studies suggest that membrane curvature sensing
and generation occurs through the same physicochemical
interactions with lipid membranes, and whether a given protein
does one or both of these functions depends mainly on protein
concentration and bound density (46). Our findings that all
synucleins generate membrane curvature along with previous
results that synucleins sense curvature (15, 23, 25-27) indicate
that synucleins participate in both processes. We have esti-
mated that the synaptic concentration of a-synuclein is in the
range of 2—5 uM, more than adequate for membrane curvature
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FIGURE 8. Model of a-synuclein membrane curvature generation and its possible synaptic functions. A, at rest, a-synuclein is on the synaptic vesicleinan
a-helical conformation. B, upon stimulation, it generates curvature during exocytosis, after which it comes off the flattened membrane and becomes unfolded.
C, at the start of endocytosis, a-synuclein binds to the incipiently curved membrane to generate further curvature at the endocytic stalk. D, after one round of
neurotransmitter release, it is bound to the synaptic vesicle again. E, unused a-synuclein is stored as a folded tetramer. F, the A30P PD mutant of a-synuclein

does not participate in any of these membrane functions.

generation (Fig. 5). Taken together, our results put synucleins
into the same class of amphipathic helix containing proteins
that sense and generate membrane curvature.

Structural Requirements for Membrane Curvature Gener-
ation—The first 38 amino acids are required for a-synuclein to
sense membrane curvature in vivo (59). Here we have provided
three lines of evidence to suggest that the entire N-terminal
region of synucleins is responsible for membrane curvature
generation. (i) Membrane curvature generation is a shared bio-
chemical property of all synucleins (Fig. 3). The N terminus of
a-, B-, and y- synuclein is the only region with high sequence
homology among the family members (supplemental Fig. S1).
The N termini of synucleins fold into an amphipathic helix
upon lipid binding, while their C termini remain unstruc-
tured (18, 22, 58). (ii) The A30P mutation in a-synuclein that
disrupts a-helix formation (20, 25) has minimal membrane
tubulation activity (Fig. 7; supplemental Fig. S6). (iii) Tetramic
a-synuclein, in which the N-terminal helices are engaged in
protein-protein interactions (17), is also deficient in membrane
curvature generation (Fig. 6). Recent continuous wave EPR
measurements confirm that a-synuclein adopts an uninter-
rupted N-terminal a-helical conformation on synthetic lipid
tubules (58).

Is the a-Synuclein Tetramer a Physiological Species?—Mono-
meric a-synuclein, in addition to exhibiting conformational
plasticity (60), readily forms higher order B-rich oligomers and
eventually the large-scale B-sheeted structures observed in
Lewy bodies. Until the identification of the native a-synuclein
tetramer, the higher order oligomers were thought to be path-
ogenic species. Since its discovery there has been much discus-
sion whether the a-synuclein tetramer is a physiologically-rel-
evant species. We were therefore keen to characterize the
membrane tubulation properties of this novel a-synuclein
tetramer. We successfully purified the tetramer from human
blood (Fig. 6, A and B; supplemental Fig. S5). The tetramer was
natively folded, in an a-helical conformation, and could bind
lipids. However, in the fluorescent tubulation assay, tetrameric
a-synuclein clearly could not tubulate membranes (Fig. 6C).
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This would be consistent with the idea that the native tetramer
is acting as an inert reservoir of monomeric a-synuclein (Fig.
8E). This concept is supported by the observation that the yield
of the tetramer is low, suggesting that the tetramer can readily
dissociate to monomers. Furthermore, while we can purify the
tetramer from blood, it is not a predominant species in brain. In
situ cross-linking experiments of synaptosomes clearly show
the majority of a-synuclein in murine synapses is monomeric
(supplemental Fig. S7). This has also been reported in a recent
paper (61). Also, B- and y-synuclein tetramers have not yet
been identified, suggesting a lack of conservation. Based on our
results, we propose that membrane-bound monomeric
a-synuclein, and not tetrameric a-synuclein, is important for
its synaptic functions.

Physiological Function of Synucleins and Their Role in Par-
kinson Disease—Synucleins are associated with synaptic vesi-
cles and regulate their biological function (12). The synaptic
vesicle cycle is an intricately orchestrated set of protein-protein
and protein-lipid interactions regulated with exquisite spatial
and temporal specificity. On the basis of six lines of evidence
listed below, we postulate that synucleins function in synaptic
vesicle exocytosis, endocytosis, or both (Fig. 8, B and C). (i)
a-Synuclein has been shown to interact with SNAREs during
synaptic vesicle exocytosis (11). Taken together with our results
that synucleins bend synaptic membranes, it suggests that
synucleins could coordinate membrane bending during exocy-
tosis similar to other well-known exocytic proteins (62— 64). (ii)
Proteomic analysis of a-, B-, and y- synuclein KO synapses
revealed that levels of endophilin A1, a key endocytic protein,
are significantly increased (Figs. 1 and 2), indicating that this
N-BAR protein compensates for the loss of synucleins. (iii) The
tubules generated by synucleins have been measured by
cryoEM to have a diameter of 5-7 nm at saturation (27), but at
physiological concentrations appear more varied in their width
(Fig. 4, B-D). The width of these tubules is consistent with the
neck of clathrin coated buds and suggests that synucleins could
be active at endocytic sites along with endophilins (34). (iv)
Synucleins bind the acidic phospholipid PIP,, a key regulator of
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endocytosis (65). (v) a-Synuclein is a component of clathrin-
coated vesicles (66). (vi) Overexpression of a-synuclein rescues
the synapse loss seen in knock-out mice for the co-chaperone
CSPa (28) which participates in both exo- and endocytosis at
the presynaptic terminal (31). Collectively, the above findings
support the hypothesis that synucleins are participatants in the
exo- and endocytic steps of the synaptic vesicle cycle. The pos-
sible roles of a-synuclein in curvature generation in exo- and
endocytosis are depicted in a model in Fig. 8.

Our analysis of human PD mutants revealed that only the
A30P mutant was unable to tubulate membranes (Fig. 7, sup-
plemental Fig. S6). This is consistent with published literature
that the A30P mutation disrupts a-helix formation and has
weak membrane binding (28, 56, 67). In case of PARK4 patients,
increased expression of wild type human a-synuclein is likely to
augment membrane bending, thus influencing synapse func-
tion. But in case of the PARKI mutations, A30P, A53T, and
E46K, while all mutations cause PD, they had diametrically
opposite effects on membrane tubulation. This suggests that
membrane curvature generation is not related to the etiology of
PARK1 PD, but rather to the physiological function of synucle-
ins at the presynaptic terminal.
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