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ABSTRACT 

We studied α-synuclein (αS) aggregation in giant vesicles and observed dramatic membrane 

disintegration and incorporation of lipids into micrometer-sized suprafibrillar aggregates. In the 

presence of dye-filled vesicles, dye leakage and fibrillization happen concurrently. However, 

growing fibrils do not impair the integrity of phospholipid vesicles that have a low affinity for 

αS. Seeding αS aggregation accelerates dye leakage, indicating that oligomeric species are not 

required to explain the observed effect. The evolving picture suggests that fibrils that appear in 

solution bind membranes and recruit membrane-bound monomers resulting in lipid extraction, 

membrane destabilization and the formation of lipid containing suprafibrillar aggregates. 

KEYWORDS Amyloid, protein aggregation, vesicles, oligomers, fibrils, phospholipids, 

suprafibrillar aggregates 

HIGHLIGHTS 

• Binding of α-synuclein is required for fibrillization-induced membrane damage. However, in 

contrast to oligomer-induced damage, strong binding is not necessary, and membranes with 

only 30% charged lipids are also vulnerable. 

• Aggregation of α-synuclein in the presence of membranes results in complete membrane 

disruption; lipids and small vesicles end up in large supra-fibrillar amyloid aggregates 

resembling Lewy bodies. 

• Sheds new light on the presence of vesicles and lipid particles in Lewy bodies.  
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1.INTRODUCTION 

Misfolding and aggregation of proteins is associated with several diseases, including 

Alzheimer’s, Parkinson’s disease and type II diabetes mellitus [1]. A characteristic feature of 

these diseases is the aggregation of proteins into cross β sheet rich structures [2]. Interaction 

between aggregated proteins and membranes appears to play a significant role in the 

pathogenesis of these diseases [3]. The prevailing hypothesis regarding toxicity in amyloid 

diseases invokes oligomeric protein species as the toxic agent to cells [4-6]. These oligomers are 

suspected to disrupt membranes [7, 8]. In Alzheimer’s disease, oligomeric protein species have 

been accepted as the cause of cell death [9, 10]. However, it was recently shown that membrane 

disruption by Aβ is a two-step process, which not only includes pore formation by oligomers, but 

also membrane fragmentation by fibril elongation [11]. Moreover, when β2-microglobulin 

amyloid fibrils were incubated with large unilamellar vesicles (LUVs), membrane binding of the 

fibrils resulted in large membrane deformations [12]. Besides causing mechanical damage to 

membranes, fibrils were hypothesized to extract lipids from the outer membrane at the points of 

distortion[12]. In type II diabetes mellitus aggregation or fibrillization of IAPP on the membrane 

has been observed to damage membranes [13-15]. Although different transient or stable 

oligomeric species that appear during aggregation are possibly toxic in many protein aggregation 

diseases, damage induced by fibrils or fibril growth cannot be ruled out.  

In Parkinson’s disease, aggregation of α-synuclein (αS) leads to the death of dopaminergic 

neurons. Oligomeric αS species are hypothesized to play an important role in membrane damage 

[16] and cell death [7]. Although different in vitro produced αS oligomers can permeabilize 

highly negatively charged model membranes [17-19], the effect of protein aggregation and 

aggregate species on cell membranes and model membranes with more physiologically relevant 
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compositions and charge densities is still debated [18, 20, 21]. Here we have studied the 

aggregation of αS inside cell-sized giant unilamellar vesicles (GUVs). This model system 

provides a cell-sized environment with physiological salt concentration and pH. Confocal 

microscopy allowed us to validate the encapsulation of αS, and the disintegration of vesicles 

upon αS aggregation, leading to the appearance of mixed µm-sized amyloid-lipid aggregates, 

reminiscent of Lewy bodies that are the pathological hallmark of Parkinson’s disease. In 

experiments with calcein filled LUVs we show that at membrane charge densities where the 

isolated, in vitro produced, oligomers that we have extensively studied [18, 22, 23] do not induce 

damage, aggregation of membrane-bound protein disrupts the vesicles, possibly by extraction of 

lipids from the bilayer. Colocalization of fluorescently labeled lipids with preformed αS amyloid 

fibrils supports this idea.  

2.MATERIAL AND METHODS 

Expression and purification of αS  

The expression and purification of human wild type alpha synuclein (αS) and 140 cysteine 

mutant alpha synuclein (140C αS) was performed as previously described [24]. The protein 

concentration was estimated by measuring absorbance at 276 nm, using molar extinction 

coefficients of 5600 M-1 cm-1 for αS and 5745 M-1 cm-1 for 140C αS respectively, on a Shimadzu 

spectrophotometer [23, 25]. 

For more details refer to supporting Information (SI). 

  



 5 

3. RESULTS 

Cell membranes consist of bilayers containing a mixture of anionic and zwitterionic lipids. The 

affinity of αS for lipid bilayers increases with the density of negatively charged lipids. To 

investigate the effect of αS aggregation on membrane integrity in a simple model system we 

chose a mixture of zwitterionic and anionic phospholipids that is known to bind αS well, and 

prepared GUVs from POPC and POPG in a 1:1 ratio. Incorporation of fluorescently labeled Liss 

Rhod-PE in the membrane and encapsulation of fluorescently-labeled monomeric αS allowed us 

to concurrently monitor the fate of both proteins and lipids as a function of time. In the absence 

of protein, POPC/POPG GUVs remained stable for at least 95 hours (Fig. 1A, B). During this 

time the vesicles did not change morphology. When 100 µM αS was encapsulated in the GUVs 

upon vesicle formation, the protein was initially homogenously distributed over the vesicle 

volume (Fig. 1C). We did not observe accumulation of protein at the bilayer surface. In time, 

GUV-encapsulated αS aggregated and the vesicles disappeared from solution. Instead of GUVs, 

micrometer-sized structures that contained both proteins and lipids were observed 95 hours after 

vesicle formation (Fig. 1D). To verify that these structures consisted of β sheet-rich amyloid 

fibrils, the amyloid-specific dye ThT was added to the solution. Confocal microscopy images 

show that the protein-lipid aggregates are ThT positive and we therefore conclude that they 

consist of characteristic amyloid structures, most likely of fibrillar form. The colocalization of 

amyloid and lipid fluorescence suggests that lipids are associated with the amyloid fibrils. At 

t=160 hours some of the micrometer sized amyloid aggregates observed in solution have a 

distinct suprafibrillar morphology and are decorated with lipid structures (Fig. 1E, F). The size 

and heterogeneous distribution of lipid structures suggests that protein aggregation additionally 

caused bilayer remodeling resulting in small vesicle-like structures. Monomeric αS adopts α-
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helical structures on negatively charged membranes [26, 27]. The conformational transition into 

β sheet fibrils may take place at the membrane surface. This aggregation at the membrane may 

result in sequestering of lipids and cause the lipids to deposit in amyloid-rich aggregates. 

 

Figure 1: αS encapsulation and aggregation at physiological salt conditions. In the absence of 
protein, POPC/POPG (1/1) Liss Rhod PE labeled GUVs (t=0 hours, A) remained intact for at 
least 95 hours (t=95 h, B). Vesicles encapsulating αS 140C-Alexa 647 (C) disintegrate into 
amyloid rich lipid-protein aggregates. After 95 hours these amyloid aggregates were visualized 
using ThT fluorescence (D). After 160 hours the solution additionally contains suprafibrillar 
aggregates[28] coated with lipids solution (E, F). In panels D, E and F lipids are represented in 
red, αS 140C-Alexa 647 in blue and amyloid (ThT-stained) in green; in the bottom right images 
of panels E & F, all three channels are merged. Scale bars 10 µm. 

To determine if the aggregation process or specific aggregate species are involved in membrane 

disintegration we simultaneously followed the kinetics of αS aggregation and the leakage of dye 

from LUVs. When αS was incubated with calcein-filled POPC/POPG (1:1) LUVs and imaged 

over time, the vesicles were observed to lose their content (Fig. 2A), while in the absence of 

protein the vesicles remained intact (S2). The calcein release and αS aggregation could both be 

described with a sigmoidal curve but the rates of the two processes differed. The onset of leakage 
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from the POPC/POPG (1:1) LUVs seemed however to coincide with start of the increase in ThT 

fluorescence. 

 

Figure 2: Effect of αS fibrillization on membrane leakage monitored using ThT fluorescence 
(black) and calcein leakage (blue). (A) POPC/POPG(1:1) LUVs were incubated with 1:1 molar 
ratio αS:lipid. (B) PC/PE/PI (55:15:30) LUVs were incubated with 100µm of αS monomers (C) 
POPC LUVs were incubated with 1:1 molar ratio αS. (D) POPC/POPG(1:1) LUVs were 
incubated with 20µm stable αS oligomers. (E) The aggregation was seeded by 10% preformed 
sonicated fibrils in presence of 90µm monomeric αS and POPC/POPG (1:1) LUVs. (F) The 
aggregation was seeded by 10% preformed sonicated fibrils in presence of 90µm αS monomers 
and POPC LUVs. The aggregation was performed at 37±10C without any agitation. 
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To be able to assess if the onset of fibril growth and calcein leakage indeed occur concurrently 

we plotted the normalized calcein leakage as a function of the normalized ThT fluorescence (Fig. 

3). Figure 3 shows that ThT fluorescence and calcein leakage both start from the origin of the 

plot, but that leakage is complete before all αS in the solution has fibrillized. The simultaneous 

increase in ThT fluorescence and calcein leakage from LUVs suggests that fibril growth at the 

membrane could be responsible for membrane disruption. However, the aggregation lag times in 

the presence of POPC/POPG (1:1) LUVS were high compared to the lag times observed in the 

absence of vesicles, indicating that the lipid bilayer did not enhance fibril nucleation at the 

protein to lipid ratio used. Instead fibrils or oligomers that appear in solution may be responsible 

for the observed effect. 

 

Figure 3. Membrane leakage as a function of the normalized ThT fluorescence (bottom) and the 
calculated average number of fibrils per vesicle present in solution (top). The average number of 
fibrils per vesicle was estimated from the median fibril length assuming that all αS monomers 
are in fibrils at the maximal ThT signal and that ThT intensity is proportional to the fibril 
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content. Leakage is presented in triplicates for vesicles of the following membrane compositions 
POPC/POPG(�) POPC/POPE/POPI (�), POPC/POPE/CL(Δ), POPC (⋆). 

Oligomers are intermediate, possibly toxic species, formed during fibrillization of proteins such 

as αS. The toxicity of oligomers has been putatively attributed to membrane binding and 

permeabilization. To verify if in vitro produced soluble oligomers [17] can also be responsible 

for the membrane disintegration observed in GUVs and LUVs we followed the oligomer-induced 

leakage of calcein filled POPC/POPG LUVs. We incubated 20µM (equivalent monomer 

concentration) of isolated oligomers with calcein filled LUVs, and followed the membrane 

leakage kinetics for 120 hours. We did not observe any signs of membrane damage in the 

presence of these oligomers (Fig. 2 D). We therefore conclude that this stable oligomer species 

cannot be responsible for the observed membrane disintegration. Preformed fibrils are known to 

enhance aggregation, resulting in decreased lag times. When aggregation is seeded by fibrils, 

monomers add to the seeds, circumventing the formation of any oligomeric species. To test 

whether the observed αS-induced membrane damage is caused by αS fibrils or fibril growth 

rather than by oligomeric species, the aggregation of a 100 µM monomeric αS solution was 

seeded by preformed sonicated fibrils. Figure 2E shows that in the presence of 10% αS seeds the 

lag time associated with calcein leakage from POPC/POPG vesicles completely disappears. 

Moreover, it has previously been shown that purified mature fibrils do not damage POPC/POPG 

LUVs [17]. These results suggest that the elongation of fibrils is an important cause of 

membrane damage. 

To see if, in the aggregation experiment presented in Figure 3, enough fibrils are present in 

solution to damage all vesicles we estimated the number of fibrils per vesicle from the ThT 

fluorescence. Although we are aware that the ThT signal can saturate while the fibril content is 
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still increasing we simplify our calculation by assuming that at the ThT plateau all protein is 

aggregated[29]. We employ a linear relation between the ThT signal and the concentration of 

aggregated protein. This simplification may result in an overestimation of the number of fibrils 

in solution. To obtain the number of fibrils from the amount of aggregated protein, we used the 

median fibril length measured by atomic force microscopy at comparable buffer conditions [24]. 

The vesicles were obtained by extraction though a 100 nm polycarbonate filter. The number of 

vesicles in solution was therefore obtained assuming a vesicle diameter of 100 nm and an 

average head group area of 0.70 nm2. In Figure 3 the observed vesicle leakage is presented as a 

function of the calculated number of fibrils per vesicle. The data shows a good correlation 

between the number of fibrils per vesicle and the observed leakage, supporting the idea that 

growth of fibrils is responsible for the observed damage. For POPG:POPC vesicles, leakage is 

complete when each vesicle is associated with a fibril of median length. 

Fibril growth is however not enough to cause damage. When membrane leakage and protein 

aggregation were followed in the presence of calcein-filled POPC vesicles the ThT signal 

intensity was observed to increase, indicating the formation of amyloid fibrils, but no calcein 

leakage was observed (Fig. 2C). In this experiment the calcein-filled vesicles remained intact for 

at least 240 hrs. Similar results were obtained when aggregation was seeded in the presence of 

POPC vesicles (Fig. 2F). The inability of growing fibrils to impair the integrity of POPC 

membranes may be related to the low affinity of αS for these bilayers. Membranes of negatively 

charged lipids have a high affinity for αS compared to zwitterionic POPC bilayers [26, 30]. 

Although growth does not necessarily start at the membrane surface, the ability of αS to bind the 

lipid bilayer seems to play an important role in the membrane disruption mechanism. 



 11 

For lipid bilayers containing more than the 20% negatively lipids required for αS binding[26], 

such as POPC:POPE:PI (1:1:1) and CL:POPE:POPC (3:4:5) vesicles, aggregation does indeed 

cause membrane leakage (Fig. 2B, 3). However compared to POPG:POPC vesicles more fibrils 

per vesicle are required to obtain a comparable number of leaky vesicles. This difference reflects 

the lower binding affinity of αS for membranes with lower surface charge density. In the 

literature it has been shown that protein aggregation can result in lipid extraction[31]. The 

colocalization of ThT signal and lipid fluorescence in Figure 1D suggest that amyloid fibrils bind 

or contain lipids. The mechanism by which membrane adsorbed fibrils damage the membrane 

therefore probably involves lipid extraction by surface bound monomers that undergo a 

conformational transition from α-helix to β-sheet. We have observed that fibrils can bind lipids. 

When αS amyloid fibrils are incubated with the relatively soluble Rhodamine-labeled 

phospholipid DOPE we see an incorporation of lipids into the fibrils (Fig. 4A). The fluorophore 

Rhodamine alone did not show this high affinity for αS amyloid fibrils (Fig. 4B). The very low 

solubility of phospholipids would prevent lipid extraction by fibrils in solution at relevant time 

scales. The low solubility of the phospholipid can however not prevent lipid extraction when 

membrane bound αS is incorporated into fibrils.  
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Figure 4 Rh-DOPE lipids co-localized with α-synuclein fibrils. (A). Fibrils were incubated with 
ThT(green) and Rh-DOPE(red). Fibrils are visualized using ThT fluorescence and Rh-DOPE 
lipids co-localize with the α-synuclein fibrils. (B) Controls show ThT fluorescence from fibrils, 
but no signal of rhodamine B binding to fibrils. Scale bar 10 µm 

 

4. DISCUSSION 

Membrane damage has been implicated as the mechanism of toxicity of protein aggregation in 

several diseases. There is an ongoing discussion on the nature of the aggregate species involved 

in membrane disruption. In Parkinson’s disease no clear correlation has been observed between 

the amount of αS inclusions, or Lewy bodies, and the stage of the disease [32]. The absence of a 

clear link between fibrillar aggregates and cell death has resulted in a shift of research efforts 

towards pre-fibrillar oligomeric species. The mechanism of αS oligomer-induced membrane 

disruption has drawn a lot of attention [33]. However exogenous αS fibrils can seed αS 

aggregation inside cells [34] and spread the pathology from cell to cell by endocytosis [35]. 

Fibrils may therefore play an important role in membrane disruption. Both GUVs and LUVs 
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composed of a 50/50 mixture of the negatively charged lipid POPG and the zwitterionic lipid 

POPC lost their integrity when incubated with high concentrations of αS (Fig. 1, 2, 3). Although 

aggregating αS damaged membranes with a charged lipid content as low as 30% (Fig. 3), 

damage could not be induced by either aggregating αS monomer or elongating seeds in LUVs 

composed of the neutral phospholipid POPC (Fig. 3, 2C, 2F). Electrostatic interactions are 

important for the binding of αS to membranes. The amphipathic α-helices of αS contain 

positively charged residues at neutral pH. The fact that no membrane damage is observed for 

POPC vesicles reflects the very low binding affinity of αS to zwitterionic lipids (Fig. 2C, 2F). 

The relatively low affinity of αS for PC bilayers [36] can apparently not support disruptive 

membrane deformations at the timescales studied.  

Membrane binding is required for αS aggregation to be disruptive. In vivo, αS has been observed 

to colocalize with both the nuclear envelope [37] and mitochondrial membranes [20, 21, 38]. The 

POPC/POPE/POPI and POPC/POPE/CL (3:4:5) membranes used in the experiments presented 

in Figure 3 mimic the more complex phospholipid composition of these respective membranes 

[18]. As observed for POPG/POPC vesicles these more complex cellular membrane mimics with 

lower surface charge density are also vulnerable to aggregation-induced damage. Although we 

realize that these 3-component lipid vesicles oversimplify the complexity of cellular membranes, 

these results may indicate that the membrane damaging mechanism presented here can be 

physiologically relevant. 

In contrast to aggregating αS solutions, isolated in vitro produced stable oligomers were not able 

to induce leakage in POPC/POPG LUVs, which remained intact for at least 160 hours (Fig. 2 D). 

This is in agreement with experiments in which calcein leakage after 30 minutes of oligomer 

addition was studied [17]. Incubation of isolated oligomers with both LUVs and GUVs 
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composed of 100% negatively charged lipids has been reported to result in transient pore 

formation [33]. When the negatively charged lipid content was decreased to 50%, oligomers 

were no longer able to induce leakage of calcein from the LUVs. Considering the percentage of 

negatively charged lipids in naturally occurring membranes it seems unlikely that the stable 

soluble oligomers that we are able to isolate are responsible for cellular membrane damage. 

Although the disruption mechanism does not involve these stable isolated oligomers, it cannot be 

excluded that transient or less stable oligomer species can damage cellular membranes. 

Aggregation lag-times have been reported to depend on the protein to lipid ratio [39]. At the 

protein to lipid ratio used here, the lag-time in the presence of vesicles was increased compared 

to the control that did not contain vesicles. This result suggests that, compared to the timescales 

involved in aggregation in solution, the α-helical secondary structure of the membrane-bound 

protein is stable [39]. Fibrils that form in solution and bind to the membrane are therefore a 

likely cause of membrane damage (Fig. 3). It has been argued that the growth of mechanically 

stiff amyloid fibrils can penetrate membranes and in this way cause cell death [40]. However, 

although POPC, POPC/POPG, POPC/POPE/POPI and POPC/POPE/CL membranes are 

probably comparably soft, no calcein leakage was observed for POPC vesicles in the presence of 

αS amyloid fibrils, a result which speaks against this mechanism (Fig. 2C, 2F, 3) 

The adsorption of mature IAPP and β2-microglobulin fibrils has been shown to result in 

deformation of LUVs [12, 13]. In these cases the curvature of the membrane was high compared 

to the length and persistence length of the amyloid fibril[41, 42]. Strong adsorption of long 

fibrils is therefore expected to result in deformation. The curvature radius of GUVs is 

comparable to the mean length and persistence length of the fibril, and although membrane 

deformations may occur due to adsorption of fibrils to the relatively flat GUV membrane, these 
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shape adjustments are probably supported by the permeability of the membrane for H2O, 

membrane undulations, and flexibility. The mechanism of membrane distortion may therefore 

depend on the curvature of the membrane involved. In our experiments both GUVs and LUVs 

were disintegrated upon incubation with monomers. Membrane deformations resulting from 

fibril adsorption are therefore most likely not the only cause of membrane disruption. 

The addition of sonicated fibrils to a solution containing both monomers and POPC/POPG 

LUVs resulted in the disappearance of the lag phase, leading to immediate calcein loss from 

vesicles. The growth of membrane-adsorbed fibrils is therefore a likely mechanism of membrane 

disruption. Growth may damage the membrane by extracting lipids from the bilayer. 

Aggregation of αS on SUVs and supported lipid bilayers has been reported to involve the 

extraction of lipids from the bilayer and clustering of lipids around growing αS aggregates [31, 

43]. The colocalization of fluorescent lipids and amyloid fibrils indicates that lipids have affinity 

for the fibril (Fig. 4). The extremely low solubility of phospholipids makes the extraction of 

lipids by preformed fibrils very unlikely. However, the amphiphilic properties of αS may make 

extraction possible when the fibrils grow on the membrane surface. Lipid extraction and amyloid 

growth result in mixed amyloid/lipid structures and small vesicles as observed for GUVs in (Fig. 

1D, 1E and 1F). These aggregates are reminiscent of Lewy bodies suggesting a similar formation 

mechanism for these lipid-rich amyloid inclusions inside cells. 

AUTHOR INFORMATION 

Corresponding Author 

m.m.a.e.claessens@utwente.nl 

Notes 



 16 

The authors declare no competing financial interests. 

ACKNOWLEDGMENT 

We thank Kirsten A. van Leijenhorst-Groener for the production of the recombinant αS protein. 

We would also like to thank Martin Stöckl for fruitful discussions on GUV preparation. This 

project is financially supported by a VIDI grant (700.59.423) from the Netherlands Organization 

for Scientific Research (NWO). V.S. acknowledges support from the Stichting voor 

Fundamenteel Onderzoek der Materie (FOM), Nederland through the FOM program “A Single 

Molecule View on Protein Aggregation”. 

REFERENCES 

1.  Chiti, F. & Dobson, C. M. (2006) Protein misfolding, functional amyloid, and human disease, 
Annu Rev of Biochem. 75, 333-366. 
2.  Sunde, M., Serpell, L. C., Bartlam, M., Fraser, P. E., Pepys, M. B. & Blake, C. C. F. (1997) 
Common core structure of amyloid fibrils by synchrotron X-ray diffraction, J. Mol. Biol. 273, 
729-739. 
3.  Auluck, P. K., Caraveo, G. & Lindquist, S. (2010) alpha-Synuclein: membrane interactions 
and toxicity in Parkinson's disease, Annu Rev Cell Dev Biol. 26, 211-33. 
4.  Assayag, K., Yakunin, E., Loeb, V., Selkoe, D. J. & Sharon, R. (2007) Polyunsaturated fatty 
acids induce alpha-synuclein-related pathogenic changes in neuronal cells, Am J Pathol. 171, 
2000-11. 
5.  Cappai, R., Leck, S. L., Tew, D. J., Williamson, N. A., Smith, D. P., Galatis, D., Sharples, R. 
A., Curtain, C. C., Ali, F. E., Cherny, R. A., Culvenor, J. G., Bottomley, S. P., Masters, C. L., 
Barnham, K. J. & Hill, A. F. (2005) Dopamine promotes alpha-synuclein aggregation into SDS-
resistant soluble oligomers via a distinct folding pathway, Faseb J. 19, 1377-9. 
6.  Danzer, K. M., Ruf, W. P., Putcha, P., Joyner, D., Hashimoto, T., Glabe, C., Hyman, B. T. & 
McLean, P. J. (2011) Heat-shock protein 70 modulates toxic extracellular alpha-synuclein 
oligomers and rescues trans-synaptic toxicity, Faseb J. 25, 326-36. 
7.  Winner, B., Jappelli, R., Maji, S. K., Desplats, P. A., Boyer, L., Aigner, S., Hetzer, C., Loher, 
T., Vilar, M., Campionic, S., Tzitzilonis, C., Soragni, A., Jessberger, S., Mira, H., Consiglio, A., 
Pham, E., Masliah, E., Gage, F. H. & Riek, R. (2011) In vivo demonstration that alpha-synuclein 
oligomers are toxic, P Natl Acad Sci USA. 108, 4194-4199. 
8.  Meratan, A. A., Ghasemi, A. & Nemat-Gorgani, M. (2011) Membrane integrity and amyloid 
cytotoxicity: a model study involving mitochondria and lysozyme fibrillation products, J. Mol. 
Biol. 409, 826-38. 



 17 

9.  Kirkitadze, M. D., Bitan, G. & Teplow, D. B. (2002) Paradigm shifts in Alzheimer's disease 
and other neurodegenerative disorders: the emerging role of oligomeric assemblies, J Neurosci 
Res. 69, 567-77. 
10.  Walsh, D. M. & Selkoe, D. J. (2007) A beta oligomers - a decade of discovery, J 
Neurochem. 101, 1172-84. 
11.  Sciacca, M. F. M., Kotler, S. A., Brender, J. R., Chen, J., Lee, D. K. & Ramamoorthy, A. 
(2012) Two-Step Mechanism of Membrane Disruption by A beta through Membrane 
Fragmentation and Pore Formation, Biophys J. 103, 702-710. 
12.  Milanesi, L., Sheynis, T., Xue, W. F., Orlova, E. V., Hellewell, A. L., Jelinek, R., Hewitt, E. 
W., Radford, S. E. & Saibil, H. R. (2012) Direct three-dimensional visualization of membrane 
disruption by amyloid fibrils, Proc Natl Acad Sci U S A. 109, 20455-60. 
13.  Engel, M. F., Khemtemourian, L., Kleijer, C. C., Meeldijk, H. J., Jacobs, J., Verkleij, A. J., 
de Kruijff, B., Killian, J. A. & Hoppener, J. W. (2008) Membrane damage by human islet 
amyloid polypeptide through fibril growth at the membrane, Proc Natl Acad Sci U S A. 105, 
6033-8. 
14.  Sparr, E., Engel, M. F., Sakharov, D. V., Sprong, M., Jacobs, J., de Kruijff, B., Hoppener, J. 
W. & Killian, J. A. (2004) Islet amyloid polypeptide-induced membrane leakage involves uptake 
of lipids by forming amyloid fibers, Febs Lett. 577, 117-20. 
15.  Buchanan, L. E., Dunkelberger, E. B., Tran, H. Q., Cheng, P. N., Chiu, C. C., Cao, P., 
Raleigh, D. P., de Pablo, J. J., Nowick, J. S. & Zanni, M. T. (2013) Mechanism of IAPP amyloid 
fibril formation involves an intermediate with a transient beta-sheet, Proc Natl Acad Sci U S A. 
110, 19285-90. 
16.  Fecchio, C., De Franceschi, G., Relini, A., Greggio, E., Dalla Serra, M., Bubacco, L. & 
Polverino de Laureto, P. (2013) α-Synuclein Oligomers Induced by Docosahexaenoic Acid 
Affect Membrane Integrity, Plos One. 8, e82732. 
17.  van Rooijen, B. D., Claessens, M. M. & Subramaniam, V. (2009) Lipid bilayer disruption by 
oligomeric alpha-synuclein depends on bilayer charge and accessibility of the hydrophobic core, 
Biochim Biophys Acta. 1788, 1271-8. 
18.  Stefanovic, A. N., Stockl, M. T., Claessens, M. M. & Subramaniam, V. (2014) alpha-
Synuclein oligomers distinctively permeabilize complex model membranes, The FEBS J. 281, 
2838-50. 
19.  Volles, M. J., Lee, S. J., Rochet, J. C., Shtilerman, M. D., Ding, T. T., Kessler, J. C. & 
Lansbury, P. T., Jr. (2001) Vesicle permeabilization by protofibrillar alpha-synuclein: 
implications for the pathogenesis and treatment of Parkinson's disease, Biochemistry. 40, 7812-9. 
20.  Guardia-Laguarta, C., Area-Gomez, E., Rub, C., Liu, Y., Magrane, J., Becker, D., Voos, W., 
Schon, E. A. & Przedborski, S. (2014) alpha-Synuclein is localized to mitochondria-associated 
ER membranes, J Neurosci. 34, 249-59. 
21.  Parihar, M. S., Parihar, A., Fujita, M., Hashimoto, M. & Ghafourifar, P. (2008) 
Mitochondrial association of alpha-synuclein causes oxidative stress, Cell Mol Life Sci. 65, 
1272-84. 
22.  van Rooijen, B. D., van Leijenhorst-Groener, K. A., Claessens, M. M. & Subramaniam, V. 
(2009) Tryptophan fluorescence reveals structural features of alpha-synuclein oligomers, J. Mol. 
Biol. 394, 826-33. 
23.  Zijlstra, N., Blum, C., Segers-Nolten, I. M., Claessens, M. M. & Subramaniam, V. (2012) 
Molecular composition of sub-stoichiometrically labeled alpha-synuclein oligomers determined 
by single-molecule photobleaching, Angewandte Chemie. 51, 8821-4. 



 18 

24.  van Raaij, M. E., Segers-Nolten, I. M. & Subramaniam, V. (2006) Quantitative 
morphological analysis reveals ultrastructural diversity of amyloid fibrils from alpha-synuclein 
mutants, Biophys J. 91, L96-8. 
25.  Pace, C. N., Vajdos, F., Fee, L., Grimsley, G. & Gray, T. (1995) How to measure and predict 
the molar absorption coefficient of a protein, Protein Sci. 4, 2411-23. 
26.  Davidson, W. S., Jonas, A., Clayton, D. F. & George, J. M. (1998) Stabilization of alpha-
synuclein secondary structure upon binding to synthetic membranes, J Biol Chem. 273, 9443-9. 
27.  Shvadchak, V. V., Yushchenko, D. A., Pievo, R. & Jovin, T. M. (2011) The mode of alpha-
synuclein binding to membranes depends on lipid composition and lipid to protein ratio, Febs 
Lett. 585, 3513-9. 
28.  Semerdzhiev, S. A., Dekker, D. R., Subramaniam, V. & Claessens, M. M. (2014) Self-
Assembly of Protein Fibrils into Suprafibrillar Aggregates: Bridging the Nano- and Mesoscale, 
ACS nano. 
29.  Baldwin, A. J., Knowles, T. P. J., Tartaglia, G. G., Fitzpatrick, A. W., Devlin, G. L., 
Shammas, S. L., Waudby, C. A., Mossuto, M. F., Meehan, S., Gras, S. L., Christodoulou, J., 
Anthony-Cahill, S. J., Barker, P. D., Vendruscolo, M. & Dobson, C. M. (2011) Metastability of 
Native Proteins and the Phenomenon of Amyloid Formation, J Am Chem Soc. 133, 14160-
14163. 
30.  Zhu, M., Li, J. & Fink, A. L. (2003) The association of alpha-synuclein with membranes 
affects bilayer structure, stability, and fibril formation, J Biol Chem. 278, 40186-97. 
31.  Reynolds, N. P., Soragni, A., Rabe, M., Verdes, D., Liverani, E., Handschin, S., Riek, R. & 
Seeger, S. (2011) Mechanism of membrane interaction and disruption by alpha-synuclein, J Am 
Chem Soc. 133, 19366-75. 
32.  Calne, D. B. & Mizuno, Y. (2004) The neuromythology of Parkinson's Disease, 
Parkinsonism & related disorders. 10, 319-22. 
33.  van Rooijen, B. D., Claessens, M. M. & Subramaniam, V. (2010) Membrane 
Permeabilization by Oligomeric alpha-Synuclein: In Search of the Mechanism, Plos One. 5, 
e14292. 
34.  Luk, K. C., Song, C., O'Brien, P., Stieber, A., Branch, J. R., Brunden, K. R., Trojanowski, J. 
Q. & Lee, V. M. (2009) Exogenous alpha-synuclein fibrils seed the formation of Lewy body-like 
intracellular inclusions in cultured cells, Proc Natl Acad Sci U S A. 106, 20051-6. 
35.  Desplats, P., Lee, H. J., Bae, E. J., Patrick, C., Rockenstein, E., Crews, L., Spencer, B., 
Masliah, E. & Lee, S. J. (2009) Inclusion formation and neuronal cell death through neuron-to-
neuron transmission of alpha-synuclein, Proc Natl Acad Sci U S A. 106, 13010-5. 
36.  Rhoades, E., Ramlall, T. F., Webb, W. W. & Eliezer, D. (2006) Quantification of alpha-
synuclein binding to lipid vesicles using fluorescence correlation spectroscopy, Biophys J. 90, 
4692-4700. 
37.  Yu, S., Li, X., Liu, G., Han, J., Zhang, C., Li, Y., Xu, S., Liu, C., Gao, Y., Yang, H., Ueda, 
K. & Chan, P. (2007) Extensive nuclear localization of alpha-synuclein in normal rat brain 
neurons revealed by a novel monoclonal antibody, Neuroscience. 145, 539-55. 
38.  Liu, G., Zhang, C., Yin, J., Li, X., Cheng, F., Li, Y., Yang, H., Ueda, K., Chan, P. & Yu, S. 
(2009) alpha-Synuclein is differentially expressed in mitochondria from different rat brain 
regions and dose-dependently down-regulates complex I activity, Neurosci Lett. 454, 187-92. 
39.  Zhu, M. & Fink, A. L. (2003) Lipid binding inhibits alpha-synuclein fibril formation, J Biol 
Chem. 278, 16873-7. 



 19 

40.  Fitzpatrick, A. W. P., Park, S. T. & Zewail, A. H. (2013) Exceptional rigidity and 
biomechanics of amyloid revealed by 4D electron microscopy, P Natl Acad Sci USA. 110, 
10976-10981. 
41.  Knowles, T. P., Fitzpatrick, A. W., Meehan, S., Mott, H. R., Vendruscolo, M., Dobson, C. 
M. & Welland, M. E. (2007) Role of intermolecular forces in defining material properties of 
protein nanofibrils, Science. 318, 1900-3. 
42.  Sweers, K., van der Werf, K., Bennink, M. & Subramaniam, V. (2011) Nanomechanical 
properties of alpha-synuclein amyloid fibrils: a comparative study by nanoindentation, harmonic 
force microscopy, and Peakforce QNM, Nanoscale research letters. 6, 270. 
43.  Hellstrand, E., Nowacka, A., Topgaard, D., Linse, S. & Sparr, E. (2013) Membrane Lipid 
Co-Aggregation with alpha-Synuclein Fibrils, Plos One. 8, e77235. 

 

 
 
 

 

 

 


