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 Alpha-Synuclein Amyloid Oligomers Act as Multivalent 
Nanoparticles to Cause Hemifusion in Negatively 
Charged Vesicles 

   Anja N.    D. Stefanovic     ,        Mireille M.    A. E. Claessens     ,   *        Christian    Blum     ,    
   and        Vinod    Subramaniam   *   

receptor) complex fusion machinery and promotes SNARE-

mediated fusion. [ 10 ]  

 Not only the putative function of αS, but also its role in 

Parkinson’s disease (PD) pathology has been associated with 

the ability to bind membranes. The toxicity of this aggrega-

tion process may not involve cross-β-sheet rich fi brils; instead 

intermediate oligomeric structures are thought to be respon-

sible. [ 11 ]  These oligomers are typically a few nanometers in 

radius and the aggregation number, that is, the number of 

monomers forming one oligomer, has been shown to vary 

with the aggregation conditions. [ 12–14 ]  

 The toxicity mechanism proposed for amyloid oligomers 

is remarkably similar to that proposed for inorganic nano-

particles. [ 15 ]  Positively charged nanoparticles have a high 

affi nity for negatively charged cellular membranes. [ 16 ]  The 

resulting higher cellular uptake of positively charged nano-

particles compared to negatively charged ones is thought to 

play a role in the disruption of the integrity of cellular mem-

branes. [ 17 ]  In in vitro tests various nanoparticles have been 

shown to disrupt supported lipid bilayers by the formation 

of holes, membrane thinning, and/or membrane erosion. [ 18 ]  

Similar observations have been made for αS oligomers: 

αS oligomer binding results in permeabilization of highly 

charged model lipid bilayers [ 19–21 ]  by a mechanism that has 

been proposed to either involve membrane thinning [ 22 ]  or the 

formation of membrane spanning pores. [ 23 ]  These similari-

ties between inorganic nanoparticles and amyloid oligomers 

inspired us to think of αS oligomers as multivalent, biological 

nanoparticles. 

 Whether disruption of membrane integrity is indeed the 

major damage process in vivo remains to be elucidated. In 

yeast cells, αS overexpression and the tendency of the pro-

tein to misfold and oligomerize interfered with transport 

pathways by accumulating vesicles into massive intracellular 

clusters. [ 24 ]  In PC12 and chromaffi n cells, overexpression of 

αS inhibited transmitter release in a late step after docking 

but before fusion. [ 25 ]  In vivo aggregation into oligomers 

directly interferes with the cell's fusion machinery. Here we 

address the hypothesis that aggregation of multiple αS mol-

ecules results in the formation of nanoparticles with multiva-

lent membrane binding sites. We show that these multivalent 

binding sites are able to connect opposing membranes and DOI: 10.1002/smll.201402674
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  Alpha-synuclein (αS) is a brain specifi c protein found in 

presynaptic terminals where it colocalizes with synaptic 

vesicles, [ 1 ]  suggesting that αS interacts with membranes. The 

affi nity of αS for phospholipid bilayers has been confi rmed; 

αS directly binds to negatively charged vesicles. [ 2,3 ]  Although 

the exact function of αS is still unclear, membrane binding is 

thought to be critical for its physiological function. [ 4 ]  Mem-

brane-bound αS has been suggested to play a role in vesicle 

traffi cking, [ 5 ]  synaptic vesicle fusion, [ 6 ]  and in the regulation of 

the mitochondrial fusion/fi ssion machinery. [ 4 ]  The mechanism 

by which αS affects these membrane remodeling processes 

is still under debate. Binding of αS might affect fusion and 

fi ssion by directly changing the physical properties of mem-

branes. Observed αS binding-induced changes in membrane 

properties include the adoption of a fusion-prone positive 

mean curvature and a negative Gaussian curvature in phos-

phatidylserine (PS):phosphatidylcholine (PC) membranes [ 7 ]  

and the annealing of raft-like membrane structures involved 

in membrane fusion. [ 8 ]  Besides affecting membrane proper-

ties, the binding of two helical domains of αS to opposing 

membranes has been suggested to result in the close contact 

required for membrane fusion. [ 9 ]  An alternative hypothesis is 

that αS does not directly affect fusion and fi ssion but is part 

of the SNARE (SNAP (soluble NSF attachment protein) 
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result in the formation of hemifusion contacts. The toxicity 

of αS oligomers may thus originate from their vesicle clus-

tering and hemifusion docking activity, and may be generic 

for small, membrane-binding nanoparticles. 

 To study if the presence of αS oligomers can induce the 

formation of membrane contacts, vesicles composed of the 

negatively charged phospholipid DOPG (1,2-dioleoylphos-

phatidylglycerol) were used as a model membrane system. 

Giant and large unilamellar DOPG vesicles (GUVs and 

LUVs) were doped with 1% fl uorescently labeled lipids to 

be able to visualize and follow the effect of oligomers on 

these vesicles. Oligomeric αS was prepared following an 

established protocol based on a high protein concentra-

tion and purifi cation by size exclusion chromatography. [ 20 ]  

The effect of αS oligomers on a mixture of DOPE-Rhoda-

mine ( N -(lissamine Rhodamine B sulfonyl)-1,2-dioleoyl-sn-

3-phosphatidylehanolamine) doped GUVs and NBD-PC 

(1-palmitoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]

dodecanoyl}-sn-glycero-3-phosphocholine) doped LUVs was 

visualized using confocal microscopy ( Figure    1  ). Before the 

addition of oligomers to the vesicle mixture there were no 

signs of GUV and LUV clustering. GUVs are clearly visible 

as rings in the red channel of the confocal slice. The size of 

the LUVs is below the diffraction limit and therefore cannot 

be resolved. The LUVs appear as a diffuse signal in the green 

channel, and as expected, there is no signal originating from 

LUVs in the volume excluded by GUVs. The overlay between 

the red GUV channel and the green LUV channel confi rms 

that there is no interaction or clustering of vesicles in the 

absence of αS oligomers. Upon incubation of the vesicles with 

αS oligomers, the initially diffuse LUV signal transforms into 

patchy structures in solution and results in what we interpret 

to be an accumulation of LUVs at the GUV surface.  

 The clustering of vesicles observed by fl uorescence 

microscopy was confi rmed by dynamic light scattering 

(DLS) experiments. Before adding αS oligomers the average 

diameter of the LUVs was 113 ± 6 nm, while upon adding αS 

oligomers we observed a clear increase in the average diam-

eter to 215 ± 8 nm ( Figure    2  B). LUV clustering also affected 

the width of the size distributions (DOPG alone 37 ± 1 nm; 

DOPG+oligomers 75 ± 7 nm).  

 The observed clustering of LUVs and GUVs suggests 

that oligomers are able to form connections between dif-

ferent membranes. Oligomers may simply connect vesicles, 

or induce hemifusion or even full fusion of the vesicles by 

merging one or both leafl ets of the bilayers. 

 To test if the oligomer binding results in full fusion 

of vesicles we used a content mixing assay based on fl uo-

rescence quenching (see Figure S1A, Supporting Infor-

mation, for a schematic). [ 26 ]  We prepared two batches 

of DOPG LUVs, one containing the fl uorophore ANTS 
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 Figure 1.    A) In the absence of αS oligomers we observe no clustering 
between DOPE-Rhodamine doped DOPG GUVs (red channel, fi rst 
column) and NBD-PC doped DOPG LUVs (green channel, second 
column). The overlay between the channels (third column) confi rms 
that there is no interaction between the vesicles. B) After the addition 
of oligomers we fi nd a clear accumulation of NBD-PC labeled LUVs at 
the GUV surface and a clustering of LUVs in solution. The scale bars 
indicate 5 µm. The size of the LUVs is below the diffraction limit and 
these structures can therefore not be resolved.

 Figure 2.    A) Fluorophore (ANTS) and quencher (DPX) fi lled DOPG 
vesicles were mixed in solution and the ANTS emission spectrum 
was recorded (black curve). αS oligomers were added to the vesicle 
containing solution and 3 h after addition the spectrum was recorded 
again (blue dashed line). The absence of a change in the emission 
intensity shows that the addition of oligomers did not result in content 
mixing and quenching of ANTS by DPX, and hence that no full fusion of 
the vesicles occurs. B) Dynamic light scattering measurements before 
(black line) and after incubation with αS oligomers (blue dashed line) 
demonstrate the increase in diameter of the vesicles due to clustering 
from 113 ± 6 nm to 215 ± 8 nm (standard error based on 3 different 
measurements). The width of the size distribution peak also increased 
from 37 ± 1 nm for DOPG LUVs alone to a width of 75 ± 7 nm for DOPG 
LUVs in the presence of oligomers.
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(8-aminonaphthalene-1,3,6-trisulfonicacid disodium salt), and 

the other containing the quencher DPX (p-xylene-bis-pyri-

dinium bromide). Full fusion of fl uorophore- and quencher-

containing vesicles will result in content mixing and hence 

a drop in fl uorescence due to quenching of ANTS by DPX. 

Equal volumes of ANTS and DPX containing vesicles were 

mixed and incubated with αS oligomers, while the change of 

fl uorescence was monitored (Figure  2 A). The recorded ANTS 

fl uorescence spectra showed no drop in ANTS fl uorescence 

upon addition of αS oligomers and even after incubation with 

the vesicle mixture for 3 h. Although our DLS data (Figure 

 2 B) shows that oligomer binding results in vesicle clustering, 

oligomers cannot induce full fusion of the vesicles. 

 To discriminate between the formation of hemifusion con-

tacts and αS oligomers simply acting as connectors between 

vesicles, we used a Förster Resonance Energy Transfer 

(FRET) dilution assay that probes the mixing of membrane 

lipids originating from different vesicles (See Figure S1B, 

Supporting Information, for a schematic). The assay is based 

on the preparation of two populations of vesicles; one popu-

lation is fl uorescently labeled, while the other population is 

unlabeled. The membrane of the labeled vesicles contains 

donor and acceptor fl uorophores at a concentration that 

ensures proximity of the fl uorophores and allows for FRET, a 

process which is exquisitely sensitive to the distance between 

the fl uorophores. Upon excitation of the donor fl uorophore, 

energy can be transferred to the acceptor fl uorophore. Fusion 

of labeled vesicles with unlabeled vesicles results in a dilution 

of the donor and acceptor labeled lipids by the unlabeled 

lipids, yielding a larger average separation between donor 

and acceptor. The resulting drop in FRET effi ciency can 

easily be detected as a decrease in FRET acceptor intensity 

and increase in FRET donor intensity. 

 We prepared DOPG vesicles containing 0.8 mol% of 

both the donor fl uorophore NBD-PC and acceptor fl uoro-

phore DOPE-Rhodamine. To study any dilution of the FRET 

pair that may result from lipid mixing upon addition of αS 

oligomers we prepared a 1:4 mixture of labeled and unla-

beled vesicles, respectively. Upon addition of αS oligomers 

we recorded the change in the emission spectra over time 

( Figure    3  A).  

 In the absence of αS oligomers we observe, upon exci-

tation of the donor, a strong emission from the acceptor, 

DOPE-Rhodamine, and a moderate emission from the 

donor, which suggests effective FRET. Upon addition of oli-

gomers the intensity of the acceptor decreases over time with 

a commensurate increase of the donor signal (Figure  3 A). 

The observed changes in the emission spectra result from 

a decrease in the FRET effi ciency caused by the dilution 

of the incorporated FRET-pair upon fusion of labeled and 
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 Figure 3.    Membrane mixing. A) Oligomer-induced time dependent changes in the emission spectra of a NBD-PC and Rhodamine-DOPE mixture 
in LUVs after excitation of NBD-PC. The changes refl ect a decrease in FRET effi ciency due to a dilution of the FRET pair with lipids from unlabeled 
DOPG LUVs. B) The fraction of membrane-bound oligomers estimated from FCS experiments as a function of the lipid concentration. In the FCS 
experiments oligomers containing 7.5% Alexa488 labeled αS monomers were used. The protein concentration was kept constant. The dotted line 
shows the fi t to the data assuming a  K d   of 1.7 × 10 −6   M . C) The maximal fusion effi ciency expressed as the fraction of mixed lipids was determined 
as a function of the oligomer (monomer equivalent) concentration. Using the obtained  K d   values this concentration was expressed as a function of 
bound oligomers per vesicle. The fusion effi ciency was limited to ≈50% and this maximum fusion effi ciency was reached for values <10 oligomers/
LUV. (D) Higher concentrations of monomeric αS (compared to oligomers) are necessary to reach comparable fractions of mixed lipids.
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unlabeled vesicles. The membrane fusion-induced changes in 

the emission spectra upon the addition of oligomers are com-

pleted after approximately 10 min (Figure  3 A). We repeated 

the experiment for different concentrations of αS oligomers 

and determined the fraction of diluted lipids from the ratio 

between donor and acceptor fl uorescence intensities after 

reaching a constant value for each αS oligomer concentration 

(See the Supporting Information). 

 We observe a strong increase of the fraction of lipids 

mixed upon increasing the αS concentration from 0.01 × 10 −6  

to 0.1 × 10 −6   m  oligomers (equivalent monomer concentra-

tion). The fraction of lipids mixed reaches a plateau at ≈50%, 

and increasing the αS oligomer concentration does not result 

in higher values. Our data therefore indicates that only half of 

the labeled lipids are sensitive to the presence of oligomers. 

 Since oligomers have a clear effect on membrane fusion, 

we estimated the number of oligomers bound to each vesicle 

from the equilibrium dissociation constant  K d  . To determine 

 K d   for oligomers binding to DOPG vesicles, we determined 

the fraction of DOPG LUV-bound αS oligomers at different 

αS oligomer concentrations using Fluorescence Correlation 

Spectroscopy (FCS). Membrane-bound and free (unbound) 

αS oligomers were discriminated with FCS on the basis of 

the difference in diffusion coeffi cients. The fraction of mem-

brane-bound protein, = /bound totP C O , where  C  is the com-

plex concentration and  O  tot  is the total protein concentration 

( totO O C= + ), was obtained as a function of the total DOPG 

concentration ( totL L C= + ) (Figure  3 B). To determine the 

dissociation constant,  K d  , the following oligomer-membrane 

binding equilibrium was assumed: O LC+  and K O L
Cd = ⋅

, 

where  O  and  L  are the protein and lipid concentrations,

respectively (for details see the Supporting Information). 

Rewriting the expression for  K d   in terms of the known  L tot   
and  O  tot  made it possible to determine  K d   (Figure  3 B and 

Figure S2, Supporting Information). By fi tting the binding 

curve with this expression,  K d   was calculated to be ≈1.7 × 

10 −6   m  (Figure  3 B). 

 In the fusion experiment 40 × 10 −6   m  DOPG LUVs were 

mixed with different oligomer concentrations. Previous 

experiments have shown that 1 oligomer contains ≈30 mon-

omers. [ 12 ]  The DOPG vesicles have an average diameter of 

113 ± 6 nm (Figure  2 B), and the mean headgroup area of 

the lipids was assumed to be 0.8 nm 2 . Using this informa-

tion and the  K d   obtained, the protein concentrations in the 

fusion experiments could be expressed as the number of αS 

oligomers per vesicle (Figure  3 C, top axis). This fi gure shows 

that a very low average number of αS oligomers per vesicle 

is suffi cient to induce membrane fusion. At an average of <10 

αS oligomers per vesicle we observe a saturation of the frac-

tion of mixed lipids at ≈50%. 

 It has been hypothesized that αS monomers are also able 

to cluster and fuse vesicles. [ 27 ]  To test this idea we used the 

FRET dilution assay to detect lipid mixing as a function of 

the concentration of αS monomers instead of αS oligomers. 

Indeed we observe the characteristic signs for lipid mixing 

in the assay. However, compared to oligomers, monomers 

were less effi cient in inducing membrane fusion (Figure  3 D), 

requiring at least 100-fold higher monomer concentrations to 

induce membrane fusion compared to oligomers. 

 Here we have shown that oligomeric αS has a propensity 

to cluster DOPG vesicles. In the presence of in vitro produced 

isolated oligomers, DOPG LUVs cluster and accumulate at 

the surface of GUVs (Figures  1 B and  2 B). The multivalent 

membrane binding sites on the oligomer seem very effi cient 

in clustering negatively charged vesicles. The effect of αS 

oligomer binding is not limited to clustering; FRET experi-

ments indicate that it also enhances the exchange of lipids 

between connected bilayers (Figure  3 A,C). However, not 

all lipids in the vesicles are available for the exchange. With 

increasing αS oligomer concentrations a plateau is reached in 

which only 50%–60% of the FRET-labeled lipids are diluted 

by unlabeled lipids (Figure  3 C). This suggests that only the 

outer leafl ets of the vesicles are affected by αS oligomers. We 

attribute the slight overshoot over the expected 50% for one 

leafl et to the previously reported oligomer-enhanced lipid 

fl ip-fl op. [ 28 ]  The fi nding that oligomer binding does not result 

in content mixing of DOPG LUVs is in agreement with 

the formation of hemifusion contacts (Figure  2 A). The fact 

that the fraction of membrane bound oligomers presented 

in Figure  3 B only reaches ∼70% and not 100% is strange. 

This suggests that, in spite of their well-defi ned aggregation 

number, [ 12 ]  there is a fraction of oligomers that cannot bind 

membranes. The membrane binding N-terminal region is 

apparently not equally available in all oligomers. 

 Several factors may play a role in the oligomer-induced 

formation of hemifusion contacts between LUVs. The binding 

of monomeric αS has been shown to induce a local negative 

Gaussian membrane curvature. [ 7 ]  Negative Gaussian curva-

tures (1/R 1 R 2  < 0) are associated with saddle surfaces and 

hence the formation of fusion intermediates. [ 29 ]  Since the 

membrane binding properties are largely preserved in the 

oligomer, oligomers may also favor the formation of saddle 

surfaces. Moreover the close contact between opposing mem-

branes that is established by binding of oligomers to multiple 

vesicles may in itself be suffi cient to drive the formation of 

hemifusion. The release of hydration energy when contacts 

with an intermembrane distance of ≤1 nm are formed can be 

enough to compensate for the elastic energy of hemifusion 

stalks. [ 29 ]  Cationic polymers are known to induce aggrega-

tion of anionic vesicles. When the polymer layer is thin, this 

aggregation is followed by full membrane fusion, but when 

the adsorbed cationic polymer layer is too thick, it forms a 

barrier that prevents fusion. [ 30 ]  A low resolution oligomer 

structure obtained by small angle X-ray scattering shows 

that oligomers are elongated structures with a long axis of 

≈15–18 nm and a diameter of 4.5–10 nm. [ 14,31 ]  Considering 

the required small inter-membrane distance this suggests that 

to induce hemifusion oligomers will have to partially insert 

into the bilayer and perhaps deform upon binding. 

 By obtaining  K d   for the oligomer-membrane binding 

reaction (Figure  3 B) we were able to estimate the mean 

number of bound oligomers required for hemifusion 

(Figure  3 C). The fusion plateau is reached at fewer than 

≈10 oligomers per vesicle indicating that the formation of 

hemifusion contacts is very effi cient. This is in good agree-

ment with observations for fusogenic proteins and pep-

tides. [ 32 ]  The energy landscape of the fusion reaction is 

relatively fl at and fusion itself is therefore not a very specifi c 
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reaction. [ 33 ]  The complex fusion machinery employed by cells 

has been suggested to be involved in controlling docking 

rather than in carrying out fusion itself. [ 33 ]  The toxicity of 

oligomers may thus result from the spontaneous formation 

of hemifusion contacts between membranes and subsequent 

interference with the fusion control machinery. 

 In our experiments with oligomers, fusion did not proceed 

beyond the hemifusion state. The transformation of a hemifu-

sion contact to an expanding pore is more energy demanding 

and probably controlled by the buildup of lateral membrane 

tension. [ 29,34 ]  Binding or incorporation of oligomers is how-

ever known to result in a (transient) increase in membrane 

permeability. [ 20,28 ]  The buildup of membrane tension by 

bound proteins necessary for full fusion is therefore probably 

not possible in this model system. For other fusogenic pep-

tides, additional destabilization by the addition of Ca 2+  ions is 

required to achieve full fusion. [ 35 ]  

 Because of the presence of multiple membrane binding 

domains αS oligomers are very effi cient in connecting DOPG 

vesicles, but vesicles also fuse in the presence of monomeric 

protein albeit at higher concentrations (Figure  3 D). The 

observation that monomers can induce fusion does not agree 

with the inhibition of vesicle fusion by αS observed by Kamp 

et al. [ 36 ]  Interestingly the formation of hemifusion contacts in 

the presence of αS monomers becomes very effi cient around 

the critical aggregation concentration. [ 37 ]  This suggests that 

also in this experiment performed with monomeric αS, incip-

ient multimeric αS may be responsible for hemifusion. 

 By disrupting the integrity of cellular membranes, oli-

gomers are thought to decrease cell viability. This toxic mech-

anism is currently under debate; although oligomeric αS has 

been shown to disrupt the integrity of anionic phospholipid 

vesicles, bilayers with more physiological relevant lipid com-

positions are hardly affected. [ 21 ]  Our data suggest that there 

is an additional mechanism involved in the toxicity of αS 

oligomers. The protein αS binds membranes by adopting an 

amphipathic α-helical structure. The ability to adopt a mem-

brane-binding α-helical conformation is largely preserved 

in oligomeric αS. [ 20,21 ]  The membrane-bound oligomers may 

interfere with the physiological function of the αS protein. 

Ultrastructural analysis shows that with increasing cellular 

αS levels transport vesicles bud normally from their parent 

membrane, but at the cell periphery these now heterogene-

ously sized vesicles no longer dock and fuse normally. At 

the plasma membrane morphologically undocked vesicles 

appear, and with increasing αS levels massive intracellular 

vesicular clusters show up. [ 24 ]  Increased cellular αS concen-

trations have been associated with αS aggregation and the 

formation of toxic αS oligomers. The oligomer-induced for-

mation of hemifusion contacts between DOPG vesicles indi-

cates that the vesicle docking and fusion problems observed 

in vivo may directly result from the presence of oligomers. 

While the oligomers we study here have a very specifi c 

structure and aggregation number in vitro, it is reasonable 

to assume that oligomers found in vivo may exhibit similar 

properties because of their multivalent nature. 

 As proposed for αS oligomers, the toxicity of nano-

particles has been suggested to involve nanoscale hole forma-

tion or membrane thinning. Indeed cationic gold, polystyrene, 

and core-shell nanoparticles are able to bind and disrupt 

negatively charged vesicles, [ 38 ]  but membrane disruption 

depends on the number of charges on the surface and prob-

ably also on the membrane charge density. [ 39 ]  Interestingly 

nanoparticles with a diameter smaller than tens of nm have 

been reported to be more toxic than larger nanoparticles. 

These observations suggest that the toxic mechanism we pro-

pose here may not be limited to the specifi c αS oligomers 

(aggregation number of ≈30) studied. When small cationic 

nanoparticles become available in the cell cytoplasm, binding 

to multiple vesicles or other membrane structures may result 

in the close membrane contacts required for (hemi)fusion. 

Therefore the clustering and possible fusion of membrane 

bound cellular structures may also contribute to the toxicity 

of small cationic nanoparticles.  
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