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Membrane Curvature Induction and Tubulation Are Common
Features of Synucleins and Apolipoproteins™
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Synucleins and apolipoproteins have been implicated in a
number of membrane and lipid trafficking events. Lipid interac-
tion for both types of proteins is mediated by 11 amino acid
repeats that form amphipathic helices. This similarity suggests
that synucleins and apolipoproteins might have comparable
effects on lipid membranes, but this has not been shown
directly. Here, we find that a-synuclein, 3-synuclein, and apoli-
poprotein A-1 have the conserved functional ability to induce
membrane curvature and to convert large vesicles into highly
curved membrane tubules and vesicles. The resulting structures
are morphologically similar to those generated by amphiphysin,
a curvature-inducing protein involved in endocytosis. Unlike
amphiphysin, however, synucleins and apolipoproteins do not
require any scaffolding domains and curvature induction is
mediated by the membrane insertion and wedging of
amphipathic helices alone. Moreover, we frequently observed
that a-synuclein caused membrane structures that had the
appearance of nascent budding vesicles. The ability to function
as a minimal machinery for vesicle budding agrees well with
recent findings that a-synuclein plays a role in vesicle traffick-
ing and enhances endocytosis. Induction of membrane curva-
ture must be under strict regulation in vivo; however, as we find
it can also cause disruption of membrane integrity. Because the
degree of membrane curvature induction depends on the con-
certed action of multiple proteins, controlling the local protein
density of tubulating proteins may be important. How cellular
safeguarding mechanisms prevent such potentially toxic events
and whether they go awry in disease remains to be determined.

Several familial forms of Parkinson disease (PD)? have been
linked to mutations in a-synuclein and animal studies further
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support a causative role of this protein in neurodegeneration (1,
2). a-Synuclein is a predominantly presynaptic protein, but in
PD it forms fibrils and deposits in intracellular inclusions called
Lewy bodies (3).

The membrane interaction of a-synuclein has become of sig-
nificant interest for the pathological as well as the physiological
functions of this protein (4, 5). Although its physiological roles
are not fully understood, it is thought that a-synuclein binds to
synaptic vesicles, plays a role in neuronal plasticity, modulates
the release of neurotransmitters, plays a role in vesicular traf-
ficking and affects brain lipid metabolism (6-14). A role in
endocytosis has recently been supported by the finding that
overexpression of a-synuclein increases basal and evoked syn-
aptic vesicle endocytosis in hippocampal neurons (15). How-
ever, a-synuclein has also been shown to be disruptive to the
integrity of cellular membranes. Overexpression of a-synuclein
in cell lines as well as animal models of PD have provided evi-
dence for Golgi fragmentation (16, 17), mitochondrial degen-
eration (18, 19), damage to lysosomes (20), as well as damage to
endoplasmic reticulum and nuclear membranes (21). More-
over, lipids represent a significant component of Lewy bodies
and have been proposed to be derived from degraded mem-
brane organelles (22). Although oligomerization and aggrega-
tion of a-synuclein could be an important factor in destabiliz-
ing membrane integrity (23—26), the molecular mechanisms by
which a-synuclein promotes disruption of cellular membranes
remain largely unknown. Thus, a better understanding of a-
synuclein-membrane interaction might help to shed light on its
physiological as well as its pathological roles.

A number of biophysical studies have concluded that the
membrane interaction of a-synuclein is curvature-sensitive
(27-29) and that curvature-sensitive membrane binding is
mediated by an extended helical structure (27, 30-34). Recent
work revealed the existence of other proteins, mainly involved
in membrane remodeling and vesicle trafficking events, with
curvature-sensing abilities akin to those of a-synuclein (35—
37). Interestingly, some of these proteins have the additional
ability to convert moderately curved bilayers into small and
highly curved vesicles or tubules (35, 36, 38). Endophilin and
amphiphysin are examples of such curvature-inducing proteins

phosphocholine; POPG,1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-RAC-
(1-glycerol)]; P/L, protein/lipid ratio.
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involved in endocytosis. Both proteins have a highly curved
BAR domain whose concave surface is rich in basic residues
(39-41). These structures suggest a scaffolding mechanism
wherein the concave surface directly interacts with mem-
branes and molds their shapes (35, 36, 39 -42). However,
both proteins also have an N-terminal amphipathic helix
which could promote curvature by wedging into the bilayer
(36, 38, 39, 43, 44). In addition endophilin contains a central
insert region, which also forms a membrane-inserting
amphipathic helix (39, 45, 46).

Considering that the wedging of amphipathic helices alone
might be sufficient to induce membrane curvature, we set out
to test whether a-synuclein might be capable of this effect. The
possibility that a-synuclein can induce morphological changes
in membranes has been suggested (31, 47, 48), but it has not
been investigated in detail. For example, it is not clear
whether such interactions predominantly promote in-
creased or decreased membrane curvature, as a-synuclein
has been reported to increase as well as decrease vesicle size
(31, 47, 48). Several studies have reported that membrane
interaction of a-synuclein, as well as that of other amyloid pro-
teins, can cause projections to emanate from vesicles. While it
has been suggested that these projections are membrane
tubules induced by the a-helical form (47), they have often been
considered to be derived from B-sheet-rich fibrils or other mis-
folded forms that were mixed with lipids (49 —-52).

To further test whether the ability to induce membrane
curvature might be a shared property of a-synuclein and
related 11 amino acid repeat-containing proteins, we also
included B-synuclein and apolipoprotein A-1 (apoA-1) in the
present study. As with a-synuclein, the 11 amino acid repeat
regions of both of these proteins can also form amphipathic
helices that interact with membranes (53-56). B-Synuclein
has a high sequence similarity to a-synuclein, but lacks one 11
amino acid repeat and does not readily form fibrils (57).
ApoA-1 interacts with membranes and lipid particles in vivo
and is known to play an important role in lipid metabolism (53,
58). In vitro apolipoproteins are known to form lipid-contain-
ing disks but the mechanisms by which they form are not well
understood (59). Whereas it has long been suspected that
synucleins and apolipoproteins might have similar effects on
lipid membranes, this has not been shown directly.

EXPERIMENTAL PROCEDURES

Preparation of a-Synuclein, 3-Synuclein, Amphiphysin, and
ApoA-I—The human a-synuclein and B-synuclein were ex-
pressed in Escherichia coli BL21 (DE3) pLysS cells and gener-
ated as reported earlier (60). Briefly, cells were lysed by boiling,
followed by acid precipitation. Supernatant was passed through
anion exchange columns, and eluted with a 0-1.0 M NaCl gra-
dient. The human B-synuclein was further subjected to gel fil-
tration using Superdex 200 column.

Human apoA-I containing a hexa-His affinity tag at the N
terminus was expressed in E. coli strain BL21 Star (DE3) cells
(Invitrogen) using a pET-20b vector as described previously
(61). ApoA-I was purified on a His-Trap-Nickel-chelating (GE)
column using phosphate-buffered saline (PBS), pH 7.4 with 3 m
guanidine. The protein was then washed in PBS (pH 7.4) con-
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taining 100 mm imidazole, and then eluted with PBS containing
500 mM imidazole. Imidazole was removed from the protein
sample by using Bio-spin columns (Bio-Rad) equilibrated with
PBS, pH 7.4.

The plasmid containing His,-tagged N-BAR domain (amino
acids 1-244) of Drosophila amphiphysin was kindly provided
by Dr. Harvey McMahon (Medical Research Council). The
protein was expressed in E. coli BL21(DE3) pLysS cells and
purified using nickel-nitrilotriacetic acid-agarose, followed
by Superdex 200 gel filtration, and finally monoS cation
exchange chromatography was performed using buffer gra-
dient composed of the following two buffers: buffer A (20 mm
Hepes pH 7.4, 1 mm dithiothreitol (DTT), and buffer B (20 mm
Hepes pH 7.42 M NaCl and 1 mm DTT) with the protein eluting
around 600 mm NaClL

Preparation of Phospholipid Vesicles—The following
synthetic lipids were used to prepare different membrane com-
positions: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol-
amine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine (POPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoc-
holine (POPC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-
[phospho-RAC-(1-glycerol)] (POPG), 1,2-dioleoyl-sn-glycero-
3-phospho-L-serine (DOPS), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), cholesterol, sphingomyelin. All lipids
were purchased from Avanti Polar Lipids Inc. (Alabaster, AL).
Large non-extruded vesicles used for electron microscopy stud-
ies were prepared by vortexing the dried lipid film in the
required buffer. Addition of 2 mm EGTA to the buffer showed
that the observed tubulation does not depend on metal ions
such as Ca*>* (supplemental Fig. S5C).

Phospholipid Vesicle Clearance Assay—The ability of «-
synuclein to clear large lipid vesicles was monitored by mea-
suring change in light scattering as a function of time using a
Jasco V-550 UV/Visible spectrophotometer. The monitoring
wavelength was set at 500 nm with a slit width of 2 nm and
medium response time. Briefly, lipid vesicles were suspended in
20 mM Hepes pH 7.4 with 100 mm NaCl at a final volume of 500
wl in a quartz cuvette.

Circular Dichroism (CD)—AIll CD spectra were obtained
using a Jasco J-810 spectropolarimeter with 1 mm quartz cell at
room temperature. A scan rate of 50 nm/minute, bandwidth of
1 nm, 0.1 nm time response and step resolution of 0.5 nm was
used for all experiments. Protein concentration was deter-
mined using the extinction coefficient of protein at 280 nm
based on the number of tryptophan and tyrosine molecules in
the protein. Appropriate blanks were collected under similar
conditions and were subtracted to obtain the final spectra. A 10
mM sodium phosphate pH 7.4 buffer was used for all CD
studies.

Fluorescence Microscopy—Giant vesicles were prepared as
follows: Lipid mixtures were prepared with POPG, POPG/
POPE (1:1), POPG/POPC (1:1), and supplemented with
0.5% 1,2 dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)-
Atto633 (Attotec) and 0.5% DOPE-biotin (Avanti). A thin lipid
film was formed in a teflon cup and rehydrated overnight at
37 °C. Liposomes were prepared with 2 days of rehydration at
37 °C and no extrusion. The giant liposomes were immobilized
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on an assay surface and incubated with protein for 30 min at
room temperature.

Alexa488-labeled a-synuclein was obtained by reacting a-
synuclein Y136C derivative with 10X molar excess of Alexa-
488 (Invitrogen) for 4 h. Unreacted dye was removed by gel
filtration using PD-10 column (GE). Glass surfaces were passi-
vated with a BSA:BSA-Biotin mixture and subsequently coated
with streptavidin onto which the biotinylated vesicles tethered,
as described previously (62). Microscopy was performed on a
Leica TCS SP5 Confocal Fluorescence Microscope, with an
AOBS/AOTF system allowing tunable wavelength detection
intervals. The objective used was an oil immersion HCX PL
APO with X100 magnification and numerical aperture 1.4.
Alexa488-labeled a-synuclein was excited at 488 nm, using an
argon laser, while detecting from 495 nm to 555 nm. Vesicles
containing DOPE-Atto633 dye were excited at 633 nm, detect-
ing from 640 nm to 790 nm. Both channels were recorded
simultaneously for the duration of the experiment, with a time
resolution of ~1.5 s. The microscope was kept at a constant
temperature of 22 °C.

Electron Microscopy—Samples were negatively stained for
transmission electron microscopy studies. Carbon-coated
formvar films mounted on copper grids (EMS) were floated on
a 10-ul droplet of sample for 5 min and the excess liquid was
removed from the grids with a filter paper. The grids were then
stained with 2% uranyl acetate. A JEOL 1400 transmission elec-
tron microscope accelerated to 100 kV was used for specimen
observation.

Dye Leakage Assay—Leakage assay was modified from a pre-
vious method (63). Large unilamellar vesicles (LUVs) com-
posed of either 66%POPG/33%POPE, 100% POPG or POPG/
POPC (1:1 molar ratio) were prepared by resuspending dried
lipid in 9 mm ANTS (8-aminonaphthalene-1,3,6-trisulfonic
acid, disodium salt) and 25 mm DPX [p-xylene-bis(pyridinium
bromide)] (Invitrogen). This lipid solution was treated to 10
cycles of freeze/thaw, and large 1 um diameter vesicles were
formed by passing lipid mixture through mini-extruder (20X)
with 1 um cutoff polycarbonate membrane (Avanti Polar Lip-
ids Inc.) Unencapsulated dye was removed by gel filtration
using PD-10 column (GE). 100% leakage was attained using a
final concentration of 0.04% Triton-X 100. All data were nor-
malized to 100% leakage. Fluorescence measurements were
recorded using a JASCO fluorometer (FP-6500), setting excita-
tion and emission at 380 nm and 520 nm with slits of 5 nm and
20 nm, respectively.

RESULTS

a-Synuclein Transforms Negatively Charged Vesicles into
Smaller Structural Entities—To test whether a-synuclein can
induce changes in the shape and size of phospholipid vesicles,
we incubated a-synuclein with large, POPG-containing vesi-
cles and visually inspected the vesicle suspension. This assay is
analogous to those previously established for investigating
effects of apolipoproteins and detergents on vesicle structure
(64—66). Because of their large size, non-extruded vesicles
exhibit strong scattering and have a milky appearance (Fig. 1A4).
Remarkably, after only 1 h of incubation with a-synuclein, the
vesicle suspension became completely clear. In a more quanti-
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FIGURE 1.Phospholipid vesicle clearance by a-synuclein. A, photograph of
test tubes containing 600 um POPG vesicles before and 60 min after addition
of 60 um a-synuclein. Because of their large size, the vesicles scatter light, but
the addition of a-synuclein causes the suspension to become clear. B, clear-
ance of phospholipid vesicles in the presence of varying amounts of
a-synuclein was continually monitored by recording the apparent absorb-
ance at 500 nm. Control traces for POPG vesicles (400 um) in the absence of
a-synuclein are indicated by the broken blue trace. POPG vesicles (400 um)
incubated with 10 um, 20 um and 40 um of a-synuclein are shown with the
blue, green, and red traces, respectively. Control POPC vesicles (400 um) in the
absence and presence of 40 um a-synuclein are given by the black and broken
red lines, respectively. Large non-extruded vesicles were used. C, circular
dichroism was used to distinguish whether the observed vesicle clearing
effect was mediated by a-helical or misfolded, B-sheet containing
a-synuclein. a-synuclein (20 um) was incubated for 5 min with large non-
extruded vesicles. The spectrum remained essentially unchanged in the pres-
ence of POPC-containing vesicles (1:20 protein to lipid molar ratio, red line) in
agreement with previous findings that a-synuclein does not significantly
interact with such lipids (27). a-Synuclein alone (blue); a-synuclein with POPC
vesicles (red); a-synuclein with POPG vesicles (green). D, change in the mean
residue ellipticity value is plotted as a function of time. A protein to lipid molar
ratio of 1:20 was used for the experiment. 197.5 nm (blue); 203 nm (red); 222
nm (green). As expected for a simple two-state transition from random coil to
a-helical structure, the ellipticity at the isosbestic point (203 nm) did not show
any temporal changes. In contrast, the traces obtained at 197.5 nm and 222
nm exhibited spectral changes indicative of rapid a-helix formation within
the first 5 min.

tative approach, we monitored the light scattering by recording
the absorption of the suspension at 500 nm. As shown in Fig.
1B, the decrease in scatter exhibited very fast kinetics for the
first 5 min and then began to level off. This effect was dose-de-
pendent, as increasing amounts of a-synuclein progressively
reduced scattering of the vesicle suspension. These results
showed that a-synuclein can remodel large POPG-containing
vesicles into smaller structural entities. In contrast, no change
was observed when analogous experiments were performed
using large vesicles containing the zwitterionic POPC.
Measurements using circular dichroism and ThT fluores-
cence enhancement revealed that the membrane-clearing
effect of a-synuclein was mediated by its a-helical rather than a
misfolded PB-sheet conformation (Fig. 1C). Interestingly,
a-synuclein converted from a random coil in solution into a
membrane-bound helical structure at a rate that closely
matched that of vesicle clearing (Fig. 1D). Thereafter, the sam-
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FIGURE 2. Interaction of a-synuclein with POPG vesicles. A, giant vesiclesin
buffer, tethered to a glass surface, were imaged by fluorescence microscopy
before (left) and after (right) incubation with a-synuclein at 1:50 protein to
lipid molar ratio for 15 min. Nearly all vesicles were dispersed into smaller
lipidic structures. Scale bar is 5 um. B, disruption of individual POPG vesicles
occurs on a very rapid time scale. A single vesicle (top, red) was imaged over a
period of 3 s, together with corresponding images of bound a-synuclein (bot-
tom, green). Vesicle disruption occurs faster than the 1.5 s time resolution.
Scale bar is 500 nm.

ple retained its helical structure for days (supplemen-
tal Fig. S1A).

Interaction of a-Synuclein with Giant Vesicles—In an effort
to directly visualize the interaction of a-synuclein with POPG-
containing vesicles, we performed optical imaging experiments
with immobilized uni- and multilamellar giant vesicles in an
aqueous environment (62, 67, 68). Before addition of protein,
the vesicles appeared round (Fig. 2A). After addition of
a-synuclein (~1:50 protein/lipid [P/L] molar ratio); however,
they lost their spherical integrity (Fig. 2A). This process was
completed within ~15 min. At lower P/L ratios, only a fraction
of the giant vesicles was disrupted within the same timeframe in
good agreement with the light scattering data (Fig. 1B). Above a
certain threshold concentration of added protein, vesicles dis-
rupted very quickly, on a time scale faster than the experimental
time resolution of ~1.5 s. The deformation of a single giant
vesicle is depicted in Fig. 2B, which shows corresponding
images (t =0, 1.5 s, 3 s) of a vesicle (red) and bound a-synuclein
(green).

Addition of a-synuclein to vesicles consisting of a 1:1 molar
ratio of POPG/POPC or POPG/POPE resulted in less aggres-
sive deformation than for POPG vesicles; while some vesicles
were completely disrupted, the most common observation was
blebbing, that is formation of protrusions from the vesicles as
illustrated in video S1. This blebbing was accompanied by a
local increase in the protein fluorescence/concentration indi-
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FIGURE 3. Electron microscopy reveals a-synuclein-dependent tubula-
tion and curvature induction of phospholipid vesicles. A, negative stain
electron micrograph of POPG vesicles in the absence of a-synuclein; B-D,
negative stain electron micrographs of POPG vesicles incubated with
a-synuclein at a protein-to-lipid (P/L) ratio of 1:40 (B), 1:20 (C), and 1:10 (D).
E, B-synuclein with POPG vesicles at 1:20 P/L molar ratio (F and G) I, POPG/
POPC (1:1 molar ratio) vesicles incubated with a-synuclein at 1:20 P/L molar
ratio. Arrow indicates “budding vesicle,” and star indicates “budded vesicle”.
H, POPG/POPC (1:4 molar ratio) vesicles incubated with a-synuclein at 1:10
P/L molar ratio. Arrows show a smaller tube coming out from a larger tube.
Large non-extruded vesicles were used. Black scale bar is 100 nm.

cating that this process is cooperative and requires multiple
proteins to act in concert.

a-Synuclein Tubulates Large Vesicles Consisting of Negatively
Charged Phospholipids—In view of the resolution limit of opti-
cal microscopy, we used transmission electron microscopy to
obtain more detailed insights to this process (Fig. 3 and supple-
mental Fig. S2, A—C). In the absence of a-synuclein, vesicles had
spherical morphologies (Fig. 3A). After 5 min of incubation
with a-synuclein at a P/L molar ratio of 1:40, we mainly
observed thicker tubules, ~30-40 nm in diameter (Fig. 3B).
Smaller tubules (1015 nm in diameter) were mostly detected
at a 1:20 molar ratio (Fig. 3C). Often, the tubules had a width
modulated appearance (Fig. 3, B and C). The tubules as well as
the a-helical structure appeared to be stable for days and no
change in tubule morphology was seen after 24 h, consistent
with the stable secondary structure of a-synuclein
(supplemental Fig. S1B). At a 1:10 molar ratio, we often
observed small circular structures that were mostly about 25
nm across. These structures are consistent with being highly
curved vesicles although it cannot be excluded that smaller,
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non-vesicular structures (31, 69) might have also formed (Fig.
3D). The progressive increase in membrane curvature with
increasing amounts of a-synuclein is reminiscent of a previous
study, which investigated the morphological effects of deter-
gent on vesicle structure (64). Moderate amounts of detergent
caused tubulation without significant changes in light scatter-
ing. Increasing amounts of detergent, however, caused forma-
tion of much smaller spherical structures, which had pro-
nounced effects on light scattering. In agreement with this
study we find that conditions which give rise to the most pro-
nounced formation of smaller circular structures (1:10 P/L
molar ratio; Fig. 3D) also lead to the most pronounced vesicle
clearance.

Analogous experiments with B-synuclein, which does not
readily form fibrils, indicated that this protein is also capable of
generating tubular structures with morphology similar to those
observed for a-synuclein (Fig. 3E). As in the case of a-synuclein
increasing amounts of 3-synuclein caused the formation of more
curved membrane structures (supplemental Fig. S2, D—F). How-
ever, B-synuclein was less efficient in inducing tubulation, a higher
protein concentration being required to observe tubulation (Fig.
3E and supplemental Fig. S2). Again, membrane remodeling
was accompanied by an induction of a-helical structure
(supplemental Fig. S3). These results further supported the finding
that it is the helical structure rather than a misfolded 3-sheet struc-
ture that is responsible for the membrane remodeling.

The ability of a-synuclein to induce tubulation was not
limited to multilamellar POPG-containing vesicles; tubula-
tion was also observed for giant vesicles and large extruded
vesicles (supplemental Fig. S4, A-B, but not for small unila-
mellar vesicles). Moreover, vesicles with less negative
charge density also gave rise to tubulation (supplemen-
tal Figs. S4, D-G, S4, I-K, S3, F-H, and S5, C—D). POPG is
not a mammalian phospholipid and hence we also included
vesicles with phosphatidylserine-containing phospholipids
which more closely resemble the intracellular surfaces of
mammalian membranes (supplemental Fig. S4H). The abil-
ity of a-synuclein to tubulate these vesicles showed that
POPG is not required and that a-synuclein is able to remodel
vesicles with physiologically relevant phospholipid compo-
sitions. Overall, the morphology of the tubules was similar,
but it appeared that tubulation of less charged vesicles was
not as complete as with POPG vesicles. A distinctive feature
often observed for POPG/POPC- containing vesicles was the
presence of rounded structures at the ends of tubules, giving
the impression of nascent vesicles that are “budding off” (Fig.
3, F and G and supplemental Fig. S4G). The inference of
budding events is further supported by the presence of small
vesicular structures of comparable size that could be
detected in solution (Fig. 3G). In some cases, we also
observed smaller tubules emerging from larger ones suggest-
ing that the former were derived from the latter (Fig. 3H).
Similar features and similar morphologies were also
observed for amphiphysin, which is well known to induce
membrane tubulation (Fig. 5, E-F).

The membrane remodeling data together with the circular
dichroism suggest, but do not directly demonstrate, that a-
synuclein is bound to tubules and small vesicular structures. To
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FIGURE 4. Leakage of vesicles composed of negatively charged phospho-
lipids in presence of a-synuclein and amphiphysin. Red, a-synuclein with
POPG vesicles (1:20 P/L molar ratio); Broken blue, B-synuclein with POPG ves-
icles (1:20 P/L molar ratio); green, amphiphysin with POPG/POPE (2:1 molar
ratio) vesicles (1:100 P/L molar ratio); black, control vesicles without
a-synuclein or B-synuclein; blue, Control vesicles without amphiphysin
N-BAR domain. Large extruded 1 um vesicles were used.

address this point, we gold-labeled a-synuclein. As shown in
supplemental Fig. S5, the gold-labeled protein indeed localizes
to tubules and small vesicular structures.

Vesicle Leakage during Membrane Remodeling—To test
whether the rapid changes in shape and volume might be
accompanied by disruption of membrane integrity, we per-
formed membrane leakage assays for a-synuclein and f3-
synuclein. As a positive control we included amphiphysin. All
proteins were assayed under conditions in which significant
tubulation was observed by EM. POPG-containing vesicles
were used for the synucleins. In the case of amphiphysin, simi-
lar results were obtained for POPG-containing as well POPG/
POPE-containing vesicles. The data for the latter composition
are shown since more homogenous tubulation was observed by
EM. For all three proteins, membrane remodeling/tubulation
was accompanied by rapid and pronounced vesicle leakage,
demonstrating that tubulation is accompanied by significant
disruptions of membrane integrity (Fig. 4). Although «-
synuclein and B-synuclein were largely similar in this assay, the
overall amount of leakage appeared to be slightly less in the
case of B-synuclein (Fig. 4). These data again suggest that
B-synuclein is a slightly less potent tubulator.

Apolipoprotein A-I Tubulates Liposomes Containing Minor
Proportions of Anionic Lipids—To test whether apolipopro-
teins can also promote tubulation, we incubated apoA-I with
vesicles and monitored the resulting shapes by negative stain
EM. Interestingly, apoA-I was able to tubulate POPG/POPC-
containing (1:4 molar ratio) vesicles (Fig. 54). The tubule diam-
eters were on the order of ~25 nm (Fig. 5A).

When compared with the tubules formed from a-synuclein
under comparable conditions, the tubules formed by apoA-I
showed significant similarities (Fig. 5, C and D), providing evi-
dence that the membrane interactions of synucleins and apoli-
poproteins have some properties in common. Moreover,
apoA-1 also induced membrane leakage under conditions
where it shows tubulation (Fig. 5B). Thus, in all cases tested in
this study, tubulation is accompanied by at least transient dis-
ruption of membrane.

Nevertheless there were also some differences with respect
to the optimal lipid composition for membrane tubule forma-
tion. While a-synuclein generated tubules from POPG contain-
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FIGURE 5. Membrane tubulation of phospholipid vesicles in presence of
apoA-1. A, negative stain EM image showing apoA-1 induced tubulation of
POPG/POPC (1:4 molar ratio) vesicles at 1:100 P/L molar ratio.; B, leakage assay
was performed with apoA-1 and POPG/POPC (1:4 molar ratio) vesicles at
1:200 P/L molar ratio. Large extruded 1 um vesicles were used; Cand D, POPG/
POPC (1:4 molar ratio) vesicles at a a-synuclein to lipid (P/L) molar ratio of
1:10. E, N-BAR domain of amphiphysin with POPC/PE (porcine brain)/sphin-
gomyelin/cholesterol (1:1:1:1.5 molar ratio) at a protein to lipid molar ratio of
1:300; £, N-BAR domain of amphiphysin with POPG/POPC (1:1 molar ratio) ata
protein to lipid molar ratio of 1:40. Arrows show a smaller tubule coming out
fromalarger tubule. Large non-extruded vesicles were used for all EM studies.
Scale bar is 200 nm.

ing vesicles, we did not observe any apoA-1-mediated tubula-
tion of such highly charged vesicles. In contrast, apoA-1 tubules
appeared to be more stable under conditions of less negatively
charged membranes. This trend mirrors the cellular localiza-
tion of both proteins, considering that the extracellular apoA-1
is exposed to predominantly neutral lipids, whereas the cytoso-
lic a-synuclein is predominantly exposed to negatively charged
membranes (70).

DISCUSSION

Based upon their related 11 amino acid repeats, it has long
been suspected that synucleins and apolipoproteins have simi-
lar lipid binding properties, but such similarities have proven
difficult to identify. Here we find that a-synuclein, B-synuclein,
and apoA-1 share the common ability to induce membrane
curvature and cause tubulation or vesiculation of large vesicles
of a large number of different lipid compositions. Considering
that synucleins and apolipoproteins are known to interact with
lipids and/or membranes in vivo, their ability to induce mem-
brane curvature is likely to be of physiological relevance. For
example, in the case of a-synuclein, functional roles have been
proposed for a number of vesicle trafficking events (13, 14),
including clathrin-mediated endocytosis (15). Our finding that
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a-synuclein can induce membrane shapes such as “nascent
budding vesicles” (Fig. 3, F and G), suggests that this protein
might be able to facilitate vesicle budding and induce mem-
brane curvature in vivo. Although a-synuclein is capable of
inducing membrane curvature in vesicles with physiologically rel-
evant lipid composition (supplemental Fig. S4H), future work will
be required to address these functional implications in vivo.

Vesicle leakage experiments for a-synuclein and amphiphy-
sin, however, also show that induction of membrane curvature
can be accompanied by a significant loss of membrane integrity.
Thus, cellular mechanisms must be in place to prevent such
potentially toxic membrane perturbations from occurring in
vivo. Previous studies have hypothesized that membrane dis-
ruption of a-synuclein plays an important role in the pathology
of PD (23-26). The present data suggest that uncontrolled
induction of membrane curvature might be one of the mecha-
nisms that cause membrane disruption in PD. Interestingly,
tubule-like structures have been reported in the intracellular
deposits of PD mouse models overexpressing «-synuclein dis-
ease mutant (19). In light of the present results, it is likely that
these structures are caused by a direct membrane curvature
effect generated by a-synuclein. Whereas future work will have
to show whether a-synuclein aggregation promotes uncon-
trolled induction of membrane curvature, recent studies pre-
dict that the concerted action/aggregation of proteins strongly
enhances induction of membrane curvature (71-73). Our pres-
ent data are in good agreement with this notion. First, our opti-
cal imaging shows that membrane remodeling (blebbing) coin-
cides with a local increase in a-synuclein concentration.
Second, we find that the degree of curvature induction strongly
depends upon the protein-to-lipid ratio (Fig. 3, B-D and
supplemental Fig. S2). At low protein-to-lipid ratios, relatively
wide tubules are observed and increasing amounts of protein
lead to reduced tubule diameters, suggesting that curvature
induction becomes stronger as more protein binds to the mem-
branes (Figs. 3, Band Cand 64, form III and IV). Moreover, our
data also show that smaller tubules can originate from larger
ones in a stepwise manner (Fig. 3H), as we frequently observed
smaller tubules emanating from larger ones. At the highest pro-
tein-to-lipid ratio used (1:10), even more highly curved and
smaller rounded structures were formed (Figs. 3D and 6A, form
V). Collectively, these data clearly show that increasing
amounts of protein lead to a progressive increase in membrane
curvature. Thus, limiting the local protein concentration may
be an effective means for achieving a controlled and non-dis-
ruptive induction of membrane curvature.

A difference between amphiphysin and «-synuclein is that
the latter does not possess a rigid scaffolding domain (BAR
domain). Rather, curvature induction of a-synuclein is medi-
ated by an a-helical structure that is induced upon membrane
interaction. A number of different helical structures have been
determined for a-synuclein; when stably bound to intact small
unilamellar vesicles, a-synuclein takes up an extended helical
structure (30-34). In contrast, when bound to non-bilayer or
smaller micellar aggregates, a-synuclein forms structures con-
taining two anti-parallel helices (31, 69, 74, 75). A common
feature of all a-helical structures of a-synuclein is that all heli-
ces are amphipathic with their hydrophobic face inserting into
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FIGURE 6. Summary of a-synuclein-dependent membrane remodeling
and curvature induction. A, a-synuclein molecules bind to a single vesicle
(/). After attaining a critical concentration, the curvature strain causes initia-
tion of a membrane tubule (//). The concentration and possibly orientation of
the protein molecules bound on the membrane could determine the size (/I
or/V), and shape of tube (V/) with higher concentrations favoring more curved
structures. The helices in /I, /I, and IV are schematically drawn parallel to the
tubule axis in an orientation that would induce the maximal anisotropic cur-
vature strain. However, slight deviation from this orientation cannot be
excluded. Vesiculation or formation of smaller lipidic structures (V) could orig-
inate from smaller membrane tubes (/V) or directly from the large vesicles (/l).
B, insertion of the extended helical structure (red cylinder with yellow stripes) of
a-synuclein on intact vesicles occurs at the phosphate level (31) and induces
a highly anisotropic curvature strain. The green arrows indicate the direction
of curvature strain.

the hydrophobic interior of the bilayer or micelle. In the case of
vesicle-bound a-synuclein, the extended single-helical struc-
ture is located at the level of the phosphate (31). According to
theoretical studies, this position results in a maximal wedge-
like effect that pushes the headgroups apart (43, 76, 77) and,
thereby, promotes membrane curvature (Fig. 6B8). Moreover, in
the known structures, a-synuclein forms relatively long helices
(~140 A for the single helix structure and ~50 A and ~70 A in
the two-helical structure). These helices should result in a
highly anisotropic curvature strain, which might help to main-
tain tubule stability for days. However, future higher resolution
structural analysis using cryo EM, site-directed spin labeling
and other tools for investigating protein structure will be nec-
essary to resolve the exact structural details of a-synuclein-de-
pendent curvature induction. In fact, such studies may well
reveal that the precise a-synuclein structures may vary for the
different tubule types.

ApoA-1 exhibited a similar ability to tubulate as the synucle-
ins with the slight distinction that it preferred less negatively
charged lipid compositions. Future studies will have to show
whether the ability of amphipathic segments to tubulate vesi-
cles and progressively ratchet lipids may underlie its ability to
generate matured HDL particles.
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