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Intracellular α-synuclein deposits, known as Lewy bodies, have been
linked to a range of neurodegenerative disorders, including Parkin-
son’s disease. α-Synuclein binds to synthetic and biological lipids,
and this interaction has been shown to play a crucial role for both
α-synuclein’s native function, including synaptic plasticity, and the
initiation of its aggregation. Here, we describe the interplay between
the lipid properties and the lipid binding and aggregation propensity
of α-synuclein. In particular, we have observed that the binding of
α-synuclein to model membranes is much stronger when the latter is
in the fluid rather than the gel phase, and that this binding induces a
segregation of the lipids into protein-poor and protein-rich popula-
tions. In addition, α-synuclein was found to aggregate at detectable
rates only when interacting with membranes composed of the most
soluble lipids investigated here. Overall, our results show that the
chemical properties of lipids determine whether or not the lipids can
trigger the aggregation of α-synuclein, thus affecting the balance
between functional and aberrant behavior of the protein.
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The protein α-synuclein is mainly found in the presynaptic ter-
mini of neurons (1). The protein has been shown to populate

a highly unstructured form in its unbound state both in vitro and
in vivo and to adopt an α-helical conformation when bound to
membranes (2). The balance between these two states has been
found to play a role both in the proposed biological function of
the protein, including the regulation of synaptic plasticity, and in
the kinetics of its pathogenic aggregation; the latter is the hall-
mark of a range of diseases, known as synucleinopathies, of which
the most common is Parkinson’s disease (3, 4). α-Synuclein has
been shown to have its highest affinity for membranes containing
either anionic lipids or so-called ”packing defects” (5–7), where
the latter are defined as low-density regions in bilayers with high
exposure of the lipid hydrophobic chains attributable to a mis-
match between lipid shape and bilayer curvature (6, 7).
Biological membranes are highly heterogeneous and differ

from one cell or organelle to another in terms of the physical
and chemical properties of the membranes, including curvature,
charge, fluidity, and packing of the hydrophobic chains (8–10). The
variety of membrane structures in cells can be directly related to
differences in lipid (and protein) composition, where properties
such as length and saturation of the hydrocarbon chain as well as
the charge and size of the polar head group are crucial in de-
termining the properties of the membrane (8, 9). In particular, most
chemical and thermotropic properties of a lipid molecule are known
to vary almost linearly with the length of its hydrophobic chain. As
some examples, the standard change in free energy of transfer of a
lipid molecule from water into a bilayer (i.e., its solubility in water),
the melting temperature, and the enthalpy of melting have all been
found to be proportional to the number of aliphatic carbons in the
hydrophobic chain, which ranges from 8 to 18 (11). In addition, the
adsorption and partitioning of small molecules and proteins to
membranes can also affect the structural and thermotropic properties

of the latter, and the magnitude and characteristics of these
changes depend on the nature of the molecular interactions (e.g.,
electrostatic, hydrophobic) (12, 13).
The interactions between amphipathic proteins and membranes

have been extensively studied over the last three decades (7, 14–22).
In general, the amino acid sequences of these peripheral proteins
are characterized by patterns of hydrophobic and polar residues
such that the proteins fold into amphipathic α-helices upon binding
to hydrophobic patches exposed at the membrane interface (16, 17).
In particular, molecular dynamics simulations and neutron re-
flectometry studies of deposited bilayers have shown that the
amphipathic helix in α-synuclein is primarily located in the vi-
cinity of the lipid phosphate groups and the glycerol backbone
(16, 23–25).
Although the binding of α-synuclein to membranes has been

well characterized for different lipid systems (26–28), the observed
modulation of the kinetics of the conversion of monomeric
α-synuclein into amyloid fibrils by different membranes is less
well understood (29–32). Most studies of this phenomenon have
been performed under conditions of mechanical agitation (32)
and/or in the presence of catalyzing polymer surfaces (31), where
α-synuclein aggregates also in the absence of lipids and where
the mechanism of aggregation has not yet been elucidated. Here,
we take a different approach using an experimental procedure
with protein-repellant surfaces and under quiescent conditions
(33) that enables the systematic study of the manner in which a
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change in lipid properties can affect the ability of a model mem-
brane to initiate α-synuclein aggregation. Indeed, we have pre-
viously shown that the presence of model membranes composed
of 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS) trig-
gers the aggregation of α-synuclein by specifically enhancing the
rate of primary nucleation (33). In addition, this study showed
how the protein:lipid (P:L) ratio modulates the kinetics of
α-synuclein aggregation in the presence of DMPS; at low P:L
ratios, effectively all of the protein molecules are adsorbed onto
the surface of the membrane in a thermodynamically stable
α-helical state and no aggregation is observed. At high P:L ratios,
however, the protein molecules populate both the free mono-
meric state and the membrane-bound state, leading to rapid
amyloid formation (33).
In the present study, we have applied this experimental pro-

cedure to probe how changes in the chemical (charge and solu-
bility) and physical (thermotropic) properties of lipids affect
the binding of α-synuclein and the magnitude by which model
membranes can trigger α-synuclein aggregation. The results
reveal that the efficiency of the binding of α-synuclein to model
membranes is correlated with their fluidity and, conversely, that
the self-assembly of the lipids is affected by their association with
the protein. In addition, although α-synuclein has a high affinity
for all of the fluid anionic model membranes investigated here,
this interaction is not sufficient for the efficient induction of
aggregation. Rather, the rate of amyloid fibril formation is
shown to be inversely correlated with the free energy of transfer
of the lipid molecule from water into the bilayer. These results
indicate that the chemical properties of the lipids are likely
to play an important role in perturbing the balance between
functional and deleterious interactions of α-synuclein with
membranes.

Results
Interplay Between the Fluidity of the DMPS Membrane and the
Binding Properties of α-Synuclein. To understand the interplay
between membrane fluidity and the lipid-binding properties of
α-synuclein, we studied the binding of the protein to model mem-
branes composed of DMPS, at temperatures ranging from 20 to
50 °C, by monitoring the conformational change of the protein upon
membrane association, using circular dichroism (CD) spectroscopy
(Fig. 1A). The binding curves are all well described by a one-step
binding model (33) (see Materials and Methods and the SI Appendix
for details), enabling the binding affinities and the stoichiometry,
the number of lipid molecules associated with a given molecule of
α-synuclein (L), to be determined at each temperature (Fig. 1A,
Inset). We found that the stoichiometry dropped tenfold, frommore
than 350 at temperatures below 23 °C to ca. 30 at temperatures
above 25 °C (Fig. 1A, Inset).
In the light of this dramatic and abrupt change in stoichiometry at

23–25 °C, we then investigated how the binding of α-synuclein to
DMPS model membranes could affect their thermotropic proper-
ties using differential scanning calorimetry (DSC) (Fig. 1B). In
the absence of protein, the thermogram of DMPS is character-
ized by a sharp transition centered at 41 °C, which corresponds to
the conversion of the membrane from a gel phase bilayer with solid
hydrocarbon chains (S) to a liquid crystalline bilayer with fluid
hydrocarbon chains (F) (34). When α-synuclein is added to the
sample, a second broad peak at ca. 23–29 °C appears in the ther-
mogram. As the ratio of [α-synuclein]:[DMPS] increases, the
enthalpy of the high-temperature melting transition, as obtained
from the integration of the area under the corresponding heat
capacity peak, decreases, whereas that associated with the low-
temperature transition increases. These two transitions can be
attributed to the existence of two distinct lipid populations: one
transition corresponds to that of protein-free lipids, whose melting
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Fig. 1. The interplay between the properties of DMPS model membranes and
the lipid-binding properties of α-synuclein at different temperatures. (A) Change
in the mean residue ellipticity (MRE) measured at 222 nm of α-synuclein (20 μM)
incubated in the presence of increasing concentrations of DMPS at 20 °C (black),
21 °C (dark red), 22 °C (red), 23 °C (orange), 24 °C (yellow), 25 °C (light green),
26 °C (green), 27 °C (light blue), 28 °C (dark blue), 29 °C (light purple), and 30 °C
(dark purple). (Inset) Change in the stoichiometry, the number of DMPS
molecules associated with one molecule of α-synuclein (L), with temperature.
(B) DSC thermograms of 500 μM DMPS in the absence (black) and the presence
of 2.5 μM (dark red), 5 μM (red), 6.7 μM (orange), 10 μM (yellow), 20 μM (light
blue), 50 μM (dark blue), and 100 μM α-synuclein (dark purple). (C) Variation of
the enthalpy of the transition at 25 °C with increasing concentration of
α-synuclein. The experimental values of the change in enthalpy (filled blue
circles) were determined by integrating the area below the transition at 25 °C
and were then fitted (red line) to a one-step binding model using SI Appendix,
Eq. S5 (see the SI Appendix for details). (D) Proposed phase diagram for the
DMPS-protein bilayer phases in an excess aqueous solution (that is metastable
for at least 1 h against aggregation). The x axis refers to the total composition of
the sample (bilayer phases + excess solution), and the composition of the bilayer
phase can be determined from the CD data (Fig. 1A). Asterisks indicate the
temperatures at which the melting transition(s) were observed in the DSC
thermograms measured at different P:L ratios. The solid lines are based on the
DSC and CD experimental data together with thermodynamic consideration to
fulfill the Gibbs phase rule (35). The phase diagram does not account for the
partitioning of the excess peptide between the aqueous solution and the lipid
phases. F and S refer to the liquid crystalline and solid gel lamellar phases,
respectively. FPL refers to the fluid protein–lipid phase. The protein monomer in
solution is referred to as Paq. In addition, the diagram does not account for the
splitting of the excess heat capacity peak at ∼25 °C in the DSC traces because we

cannot distinguish the different enthalpic contributions related to protein
adsorption, protein conformational change, and lipid melting that may oc-
cur simultaneously or sequentially.
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temperature is 41 °C, and the other to that of lipids closely asso-
ciated with the protein, whose melting temperature is reduced and
centered at 25 °C. We then analyzed the enthalpy of melting of the
DMPS molecules associated with the protein with increasing con-
centrations of α-synuclein (Fig. 1C). The total change in enthalpy
measured at the lower temperature originates from several simul-
taneous processes (protein binding and folding as well as lipid
melting) and is to a first approximation proportional to the number
of lipid molecules involved in interactions with α-synuclein mole-
cules (see the SI Appendix for details) (Fig. 1C). The resulting values
for the KD and stoichiometry (0.8 μM and 29, respectively) obtained
from a fit to the DSC data agree well with those obtained from the
binding of the protein to the fluid phase obtained from CD mea-
surements (0.5 μM and 31, respectively) (Table 1). This result
suggests that the one-step binding model used in this study provides
a consistent and quantitative description of the changes in the
fraction of either protein bound to lipid or lipid bound to protein
(depending on the experimental observable) for the different P:L
ratios used in our experiments.
In Fig. 1D, we propose a phase diagram that is consistent with the

DSC and CD experiments and that fulfils the formal requirements
set by the Gibbs phase rule (35). The phases include the fluid (F)
and solid gel (S) phases of the lipid, a fluid protein–lipid phase
(FPL) with a close to constant P:L ratio over the whole temperature
range, and the solution containing unbound protein monomers
(Paq). The horizontal lines on the phase diagram at 25 and 41 °C
correspond to the melting transitions of the protein–lipid (PL)
complex and pure DMPS, respectively, as observed in the DSC
scans of DMPS measured for different P:L ratios (Fig. 1B). The
vertical line is drawn at P:L = 1:30, with 30 being the stoichi-
ometry at which DMPS in its fluid phase binds to α-synuclein,
as determined using CD (Fig. 1A, Inset). Each DSC scan of
DMPS measured at a given P:L ratio corresponds to a vertical
cut of the phase diagram at the same P:L ratio, as indicated by
the arrows in Fig. 1D. In the absence of protein (i.e., P:L = 0),
DMPS molecules form a solid gel phase below 41 °C and a fluid
phase at higher temperatures. For α-synuclein:DMPS ratios be-
low ca. 1:30 (brown, red, orange, and yellow DSC thermograms
and arrows in Fig. 1 B and D, respectively) and temperatures
below 25 °C, however, all of the DMPS molecules form a solid
gel phase with only a small number of protein molecules
adsorbed onto the surface. At 25 °C, more protein molecules
adsorb onto the membrane, and the DMPS molecules associated
with α-synuclein monomers melt, resulting in the formation of
the FPL phase. As long as α-synuclein:DMPS ratios are below
1:30, there are insufficient protein molecules in solution to
convert all of the DMPS molecules into the protein/lipid FPL
phase. The remaining protein-free DMPS molecules then form a
solid gel phase and melt when the temperature reaches 41 °C.
For P:L ratios above 1:30 (blue line in Fig. 1 B and D) and for
temperatures below 25 °C, all DMPS molecules form a solid gel
phase with a small number of protein molecules adsorbed at the
surface. When the temperature reaches 25 °C, there are enough
protein molecules in solution to enable all DMPS molecules to
form the protein/lipid FPL phase.

Taken together, these results show that the fluidity of DMPS
membranes affects the binding properties of α-synuclein and,
conversely, that the binding of the protein to DMPS membranes
affects its lipid phase behavior.

α-Synuclein Binds Preferentially to Fluid Membranes. As a second
complementary approach to study the effect of a change in the
membrane fluidity on the lipid-binding of α-synuclein, we chose to
study the behavior of the protein in the presence of model mem-
branes composed of lipids with the same head group, phosphati-
dylserine (PS), but with hydrocarbon chains differing in their lengths
and degrees of unsaturation (Table 1). The melting temperatures
of these lipids are expected to increase with the lengths of the
hydrocarbon chains [Tm (1,2-dilauroyl-sn-glycero-3-phospho-L-
serine) (DLPS) < Tm (DMPS) < Tm (1,2-dipalmitoyl-sn-glycero-
3-phospho-L-serine) (DPPS)] and decrease with their degree of
unsaturation [Tm (1,2-dioleoyl-sn-glycero-3-phospho-L-serine)
(DOPS) < Tm (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine)
(POPS) < Tm (DPPS)] (36, 37). The DSC traces for these lipids
show melting transitions centered at 14, 41, and 55 °C for DLPS,
DMPS, and DPPS, respectively, values in good agreement with
those reported in the literature (11) (Fig. 2A). On the addition of
an excess of α-synuclein, we observed, as for DMPS [Fig. 1B and
previous studies (33)], that the melting temperatures of DPPS and
DLPS were decreased (Fig. 2A), as a result of the binding of the
protein to the membrane.
To characterize the specific effects of a change in the fluidity on

the binding of α-synuclein to model membranes, we chose to carry
out studies at 30 °C. At this temperature, our DSC data indicates
that DOPS, POPS, DLPS, and DMPS all form a fluid FPL phase,
whereas DPPS forms a solid gel phase in the presence of an excess
of protein (Fig. 2A). Fig. 2B shows the binding curves of α-synuclein
to the model membranes composed of the different lipids, moni-
tored using CD, and in each case the binding data are again all well-
described by the one-step binding model (values of KD and L were
estimated from the fits to this model; Table 1). Although the af-
finities of α-synuclein to these model membranes were found to be
very similar, within error, the number of lipid molecules associated
with each molecule of α-synuclein was observed to vary from ∼30
for model membranes in the fluid phase at 30 °C (DLPS, DMPS,
POPS, DOPS) to over 250 for those in a solid gel phase (DPPS) at
the same temperature (Table 1). The differences in stoichiometries
observed for membranes in the fluid phase and in the solid gel
phase can be attributed to the differences in the properties of the
lipids involved, in particular the higher degree of exposure of hy-
drophobic regions (A1) (Table 1 and Fig. 2C) and the higher lateral
diffusion in the fluid bilayer. Taken together, these results suggest
that α-synuclein interacts more favorably with membranes in the
fluid phase than in the gel phase, as reflected by the much more
favorable stoichiometry.

The Aggregation of α-Synuclein Is Triggered in the Presence of Model
Membranes Composed of Lipids with Short Saturated Hydrocarbon
Chains.Our results show that the fluidity of the anionic membrane is
essential for efficient binding of α-synuclein. We then investigated

Table 1. Structural parameters and biophysical properties of DOPS, POPS, DLPS, DMPS,
and DPPS

Lipid parameters DOPS POPS DLPS DMPS DPPS

Acyl chain (18:1)2 16:0/18:1 (12:0)2 (14:0)2 (16:0)2
Area per lipid, Å* 65.3 55 58 55.6† 44.2
Tm (free), °C <10 17 14 41 55
Tm (α-synuclein–bound), °C <10 <10 <10 25–28 45
Phase at 30 °C Fluid Fluid Fluid Fluid Gel
KD (30 °C), μM 0.2 ± 0.1 0.4 ± 0.2 0.3 ± 0.1 0.5 ± 0.2 0.1 ± 0.7
L (30 °C) 33 ± 1 32 ± 2 28 ± 1 31 ± 2 251 ± 62

*Data are from ref. 49.
†Calculated value (see the SI Appendix for details).
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how a change in the lipid properties can affect the magnitude by
which the model membranes are able to promote α-synuclein ag-
gregation. First, α-synuclein was incubated at 30 °C under quiescent
conditions in the presence of 100 μMDOPS, POPS, DLPS, DMPS,
and DPPS model membranes. As we observed previously, the pres-
ence of DMPS was found to promote the formation of amyloid
fibrils by α-synuclein (33). Similarly, DLPS was observed to trigger
fibril formation, indeed to an even greater degree than is the case
with DMPS (Fig. 3A). We found that the fibrils formed by
α-synuclein in the presence of DLPS and DMPS share the same
morphological properties (Fig. 3C and ref. 33), and the concen-
tration of fibrils formed under these conditions is proportional to
the initial concentration of lipid rather than protein molecules
(Fig. 3B and SI Appendix, Fig. S1). By contrast, α-synuclein was
not found to form amyloid fibrils at an enhanced rate relative to
bulk aqueous solution in the presence of the other model mem-
branes in the fluid state that were investigated here (DOPS and
POPS), nor for those in the solid gel phase (DPPS) (Fig. 3A)
at 30 °C. In addition, we incubated α-synuclein in the presence
of model membranes composed of 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE):DOPS:1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) (50:30:20), a lipid composition suggested
to mimic closely that of synaptic vesicles (38), but again we
observed no significant degree of amyloid formation under these
conditions. The same observation was made when α-synuclein was
incubated in the presence of model membranes consisting of
DOPE:DOPS:DOPC (50:30:20) containing increasing concentra-
tions of cholesterol (10–40%), indicating that the presence of
cholesterol does not itself initiate α-synuclein aggregation under
these conditions. These results suggest that α-synuclein aggrega-
tion is triggered efficiently by model membranes composed of
lipids with short saturated hydrocarbon chains. Moreover, the rate
of aggregation was found to be significantly faster with the shorter
chain DLPS compared with that of DMPS (Fig. 3A). In addition,
α-synuclein was incubated in the presence of DPPS model mem-
branes at 50 °C, a temperature at which the phase of these mem-
branes is the same as that of DMPS membranes at 30 °C, and we
did not observe promotion of amyloid formation. This result sug-
gests that the chemical nature of the lipid molecules, rather than
their phase state, influences the magnitude by which α-synuclein
aggregation is initiated by the model membranes.
Finally, we studied whether or not the formation or presence of

lipid domains can trigger the initiation of α-synuclein aggregation.
The binding and aggregation properties of α-synuclein were there-
fore investigated in the presence of model membranes prepared
from an equimolar mixture of DLPS and DPPS at 30 °C. At this
temperature, DLPS forms a fluid phase, whereas DPPS forms a
solid gel phase, and model membranes composed of these two lipids
are expected to have a heterogeneous phase. Indeed, the DSC

thermogram of mixed DLPS:DPPS (50:50) model membranes is
characterized by the presence of multiple broad peaks (Fig. 4A),
suggesting the coexistence of DLPS-rich fluid and DPPS-rich solid
gel phases at temperatures between 25 and 50 °C, in agreement with
a previous published DSC study of mixed DLPC:DPPC model
membranes (39). We then compared the binding properties of
α-synuclein to these model membranes using CD and found
that the number of lipid molecules associated with a molecule
of α-synuclein in the mixed DLPS:DPPS model membranes was
twice that in the pure DLPS model membranes, suggesting that
the protein interacts essentially with DLPS lipids at the surface
of DLPS:DPPS model membranes (Fig. 4B) (KD = 0.10 ±
0.03 μM; L = 49 ± 2). Finally, we incubated α-synuclein in the
presence of these mixed DLPS:DPPS (50:50, M:M, 100 μM) model
membranes at 30 °C and observed the formation of fibrils, albeit at a
much lower rate than that observed in the presence of a molar
equivalent of DLPS model membranes (50 μM) and a much faster
rate than that observed in the presence of DPPS, where no significant
aggregation is detected within the time frame of the experiments.
These results suggest that the presence of DLPS as a lipid component
rather than the presence of segregated domains in the model mem-
branes is required to trigger the formation of amyloid fibrils by
α-synuclein. An important additional finding is that the charge density
of the model membranes affects both the lipid binding of α-synuclein
and the ability of these model membranes to trigger α-synuclein ag-
gregation (SI Appendix, Fig. S2). Indeed, the binding of α-synuclein to
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC):DMPS model
membranes was shown to decrease as the fraction of DMPC in-
creases relative to that of DMPS (SI Appendix, Fig. S2A). In
addition, we observed that DMPC:DMPS model membranes did
not detectably stimulate the aggregation of α-synuclein for DMPC:
DMPS ratios above 25:75, an observation that can be attributed to
the fact that the binding between the protein and the model
membranes is greatly reduced (SI Appendix, Fig. S2B). These results
are consistent with previous observations that the binding affinity of
α-synuclein to negatively charged DMPS model membranes de-
creases at higher ionic strength where the electrostatic interactions
between the protein and the negative charge of the PS head groups
are screened (33).

Discussion
The binding of α-synuclein to negatively charged membranes has
been suggested to involve the adsorption of the protein onto the
surface of the membranes, driven by electrostatic interactions,
accompanied by the formation of an extended N-terminal α-helical
region located at the polar head groups of the lipids, pro-
moting interactions between the hydrophobic face of the protein
and the hydrophobic region of the lipid molecules (16, 23). In this
study, we describe how the binding of α-synuclein to negatively
charged membranes induces lipid segregation into protein-poor
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(black) in the absence (continuous lines) and presence (dotted lines) of
100 μM α-synuclein. (B) Change in the mean residual ellipticity (MRE) at
222 nm of α-synuclein (20 μM) incubated at 30 °C in the presence of in-
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and protein-rich populations whose melting temperatures are 41 and
∼25 °C, respectively. Although the binding of peripheral proteins to
membranes can induce a progressive change in their Tm value with
increasing protein concentration (12, 13), such a segregation of
lipids into populations with distinct properties has previously also
been observed for the antimicrobial peptide peptidyl-glycylleucine-
carboxyamide (PGLa) binding to negatively charged model mem-
branes [1,2-dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DMPG),
1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DPPG)
and 1,2-distearoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DSPG)],
which in that case led to the formation of a phase with higher Tm
because of the stabilization of an interdigitated gel phase (40).
By contrast, our CD and DSC results suggest that α-synuclein
binding stabilizes the fluid phase formed by negatively charged
lipids.
Our results show that the binding affinity of α-synuclein to model

membranes is highest when the latter adopt a fluid phase (Fig. 5)
because such membranes expose on average more hydrophobic
area than do those in the solid gel phase (Fig. 2C). The fluidity
of the membrane is therefore considered essential for efficient
binding of α-synuclein, but this property does not determine the
magnitude by which the aggregation of α-synuclein is promoted.
Indeed, despite the fact that α-synuclein binds with similar
affinities to model membranes composed of different negatively
charged phospholipids, we have shown that the aggregation of the
protein is enhanced only in the presence of lipids with the shortest
hydrocarbon chains (Fig. 5). In particular, our results show that
α-synuclein binds to model membranes composed of lipids
commonly found in the membrane of synaptic vesicles such as
DOPE, DOPC, DOPS, POPS, and cholesterol (38) but that
these lipids do not enhance dramatically the aggregation of the
protein under the conditions used in this study, even if incubated
for several days under quiescent conditions. The binding of the
protein to DMPS and DLPS model membranes however sub-
stantially enhances its aggregation rate, with the kinetics of amyloid
formation being faster for DLPS, which has a shorter chain length
than does DMPS. Interestingly, the standard change in free energy
of transfer of a lipid molecule from water into a bilayer (a measure
for its solubility in water) correlates strongly with the length of its
lipid hydrocarbon chain(s) (11). Our results show that only lipids
that have the highest solubility in aqueous solution [ca. 100 and
10 nM for DLPS and DMPS, respectively (11)] trigger α-synuclein
aggregation (Fig. 5).
This finding might be of physiological relevance because of the

observation that lipids with short hydrocarbon chains can result from
the peroxidation of polyunsaturated lipids (41, 42), a phenomenon
shown to be highly damaging to cells and associated with the mod-
ification of the fluidity of the membrane. Moreover, the shorter and
more soluble lipids are more readily transported to other organelles
via membrane trafficking (41, 42). Interestingly, another family of

lipids, the gangliosides, in particular GM1 and GM3, have also been
shown to accelerate the kinetics of amyloid formation by α-synuclein
(43) and other amyloidogenic systems such as the Aβ peptide, the
aggregation of which is the hallmark of Alzheimer’s disease (44).
These lipids have the characteristic feature of a large polar head
that can increase their solubility in aqueous solution (1–30 μM for
GM1) (11, 45, 46). It is interesting in this regard that the presence
of transmembrane and peripheral proteins in synaptic vesicles is
also likely to modulate the efficiency of α-synuclein binding to the
vesicles, and hence their capacity to enhance protein aggregation
(38, 47).
Based on these results, it appears likely that the membranes not

only represent an interface that favors a high local concentration of
α-synuclein molecules, hence accelerating the nucleation step, but
also play a more active role in the aggregation process. The finding
that the kinetics of aggregation correlate with the solubility of the
lipid molecules suggests that at least part of the free energy barrier
for the aggregation process is related to the transfer of lipid mole-
cules from a membrane to a protein environment.
Taken together, these findings suggest that the fluidity of the

membrane plays a role in α-synuclein lipid binding process but not in
the initiation of α-synuclein aggregation. The chemical properties of
the lipids, however, and in particular their solubility, determine the
magnitude by which the model membranes trigger α-synuclein ag-
gregation and are likely to play a crucial role in the balance between
functional and deleterious interactions of α-synuclein with biological
membranes.

Materials and Methods
Materials. DMPS (sodium salt), DMPC, DOPS (sodium salt), DOPE, DOPC, POPS
(sodium salt), DLPS (sodium salt), DPPS (sodium salt), and cholesterol (ovine wool;
≥98%) were purchased from Avanti Polar Lipids. Sodium phosphate monobasic
(NaH2PO4; ≥99.0%; BioPerformance Certified), sodium phosphate dibasic
(Na2HPO4; ≥99.0%; ReagentPlus), and sodium azide (NaN3; ≥99.5%) were
purchased from Sigma Aldrich. Thioflavin T UltraPure Grade (ThT) (≥95%)
was purchased from Eurogentec.
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Protein and Lipid Dispersion Preparation. Wild-type α-synuclein was expressed
and purified as described previously (48). The lipid dispersions were prepared as
described previously using sonication (see the SI Appendix for more details) (33).

CD. CD samples were prepared by incubating 20 μM α-synuclein in the presence
of increasing concentrations of lipid in 20 mM phosphate buffer (pH 6.5). Far-UV
CD spectra were recorded on a JASCO J-810 equipped with a Peltier thermally
controlled cuvette holder at 30 °C (see the SI Appendix for more details). The CD
data were analyzed as previously described (33) (see the SI Appendix for details).

Differential Scanning Calorimetry. The thermograms were acquired using a
Microcal VP-DSC calorimeter (Malvern Instruments) with a scanning rate of 1 °C
min−1 from 5 to 65 °C. Protein and lipid samples were degassed for 20 min at
room temperature before mixing and acquisition of the DSC thermograms. All
of the DSC thermograms reported in this article were corrected by subtracting
the thermogram of the phosphate buffer and correspond to the first scan, unless
otherwise stated (see the SI Appendix for the details of the analysis).

α-Synuclein Aggregation in the Presence of Model Membranes. α-Synuclein was
incubated in 20 mM sodium phosphate, pH 6.5, in the presence of 50 μM ThT

(Sigma) and increasing concentrations of lipid. The change in the ThT fluorescence
signal with time was monitored using a plate reader (BMG Labtech) under qui-
escent conditions at 30 °C if not stated otherwise. Corning 96-well plates with
half-area (3881, polystyrene, black with clear bottom) nonbinding surfaces were
used for all experiments. At the end of each aggregation experiment, the con-
centrations of fibrils formed were determined as described previously (33). The
half-times plotted in Fig. 5 correspond to the times at which the ThT fluorescence
signal is half the signal at the plateau of the aggregation curve of α-synuclein in
the presence of DMPS and DLPS. For POPS, DOPS, and DPPS, the lower bound of
the half-time is indicated and corresponds to the incubation time of α-synuclein
with these lipid systems used in our study during which the aggregation of the
protein was not observed (i.e., 50 h).
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SI Methods

1 Lipid dispersion preparation

The stocks of the lipids were purchased either as solutions or as powder. Lipid films were prepared by transferring the
desired volume of lipid stock solution with a Hamilton syringe into a round bottom flask and the solvent was evaporated
using a gentle flow of nitrogen gas. The flasks were then incubated for ≥ 1 h under vacuum to remove any residual
traces of solvent. The lipid films or powders were dissolved in 20 mM phosphate buffer ((Na2HPO4/NaH2PO4), pH
6.5, 0.01%NaN3), and stirred at a temperature above their respective melting temperature (Tm) for 2 h. The solutions
were then frozen and thawed five times using dry ice and a water bath at a temperature above their Tm values,
respectively. Lipid dispersions were prepared using sonication (3 × 5 min, 50 % cycles, 10 % maximum power) on ice.
After centrifugation (13k rpm, 30 min), the sizes of the vesicles were measured with dynamic light scattering (Zetasizer
Nano ZSP, Malvern Instruments, Malvern, UK) and found to consist of a distribution centered at 20 nm diameter.

2 Determination of the concentration of fibrils formed by α-synuclein in
the presence of model membranes

For each P:L ratios, we incubated two types of samples in the micro-well plate: one that contains ThT and that was
used to follow the kinetics of amyloid formation in real time and another that did not contain ThT. The rationale
behind this dual incubation is that protein concentrations are easier to determine in the absence of ThT, due to the ab-
sorption band that ThT has around 280 nm. Once the increase in ThT fluorescence reached the plateau, we centrifuged
(90 krpm, 30 min, 20◦C) each reaction mixture which did not contained ThT and determined the concentration of
soluble monomeric protein remaining in solution in the supernatant ([α − synucleinsupernatant]) using absorbance at
275 nm and an extinction coefficient of 5,600. The concentration of aggregates formed ([α − synucleinfibrils]) were
then calculated using the following equation:

[α− synucleinfibrils] = [α− synucleininitial] − [α− synucleinsupernatant] (S1)

with [α− synucleininitial], the concentration of protein in the reaction mixture at time 0.

3 Circular dichroism

3.1 Data Acquisition

Quartz cuvettes with path lengths of 1 mm were used and CD spectra were obtained by averaging five individual
spectra recorded between 250 and 200 nm with a bandwidth of 1 nm, a data pitch of 0.2 nm, a scanning speed of 50
nm/min, and a response time of 1 s. Each value of the CD signal intensity reported at 222 nm corresponds to the
average of five measurements, each acquired for 10 s. For each protein sample, the CD signal of the buffer used to
solubilize the protein was recorded and subtracted from the CD signal of the protein.

3.2 Data Analysis

The observed CD signal (CDobs) consists of the sum of the signals of the lipid-bound and free α-synuclein:

CDobs = xα−synB
CDB + xα−synF

CDF (S2)

where xα−synB
and xα−synF

are the fractions of α-synuclein bound to the membrane and free in solution, as implied
from the protein conformational change upon membrane association. CDB and CDF are the CD signals of the bound
and free forms of α-synuclein, respectively. By assuming that xα−synB

+ xα−synF
= 1, and that the signals of α-

synuclein in the presence of buffer, or in the presence of model membranes under saturating conditions, correspond to
CDF and CDB , respectively, the fraction of α-synuclein bound to SUV for each sample can be expressed as:

xα−synB
=
CDobs − CDF

CDB − CDF
(S3)

We used the following model: α− syn + lipidL 
 α− syn(lipid)L, which corresponds to a non-cooperative binding
Langmuir-Hill adsorption model, and the following equation to fit the measured CD signal:

xB =
([α− syn] + [lipid]

L +KD) −
√

([α− syn] + [lipid]
L +KD)2 − 4[lipid][α−syn]

L

2[α− syn]
(S4)

2



where KD (in M) is the dissociation constant and L is the number of lipid molecules interacting with one molecule of
α-synuclein.

4 Differential Scanning Calorimetry - data analysis

The enthalpy associated with the transition at 25◦C was analyzed using the following assumptions. The protein:lipid
ratios used in Fig. 1B are between 1:200 and 1:5. At these protein:lipid ratios and below 25◦C, all the lipid molecules
are in contact with monomeric protein molecules whereas the protein molecules, being in excess, are present both
in solution and bound to DMPS. When the temperature reaches 25◦C, there is a strong heat effect that includes
contribution from several processes, including adsorption of additional protein (corresponding to differences between
1:350 and 1:30 P:L ratios), protein conformational changes and a phase transition of the membrane from the gel to
the fluid phase. Each one of these enthalpy contributions is to a first approximation proportional to the number of
lipid molecules involved, and the overall change in enthalpy measured at 25◦C can therefore be described as follows:

∆Hcal,25◦C = xlipidB (∆Hcal,m + ∆Hcal,b + ∆Hcal,f ) (S5)

where ∆Hcal,m, ∆Hcal,b and ∆Hcal,f are, respectively, the enthalpy of melting of the lipids, the binding of α-synuclein
to the lipids and the folding of the protein into an α-helix, respectively, and xlipidB is the fraction of lipid molecules
bound to the protein. Using the same binding model (α− syn + lipidL 
 α− syn(lipid)L) as that used to analyze
the CD data, the fraction of lipids bound to the protein in the PL complex for any given [α − syn] : [lipid] ratio was
calculated using the following equation:

xlipidB =
(KDL+ [α− syn]L+ [lipid]) −

√
(KDL+ [α− syn]L+ [lipid])2 − 4[lipid][α− syn]L

2[lipid]
(S6)

5 Estimation of the surface area per DMPS molecule in the fluid phase

Since the surface area per DMPS molecule (Al) in the fluid phase was not available from the literature, we estimated
this value using the following equations:

Al =
2Vl
DB

(S7)

Vl = VC + VH (S8)

where Vl, VH , VC are the molecular volume, the head group volume and the hydrocarbon chain of a lipid molecule,
respectively, and DB is the bilayer thickness[1, 2]. Using the value of VC and DB measured for DMPC molecules in
the fluid phase, 782 Å3 and 36.9 Å[1], respectively, and taking VH for the PS head group, 244 Å2 [1], we can estimate
the Al value of DMPS in the fluid phase to 55.6 Å2.

6 Estimation of the energy of transfer of a lipid molecule from water to
a bilayer

The free energy of transfer of a lipid molecule from water to a bilayer has been found to be approximately proportional
to the number of aliphatic carbons in the lipid chain[2]:

∆G◦
tr = (

∂∆G◦
tr

∂nCH
)nCH + ∆∆G◦

tr,◦ (S9)

where
∂∆G◦

tr

∂nCH
and ∆∆G◦

tr,◦ are the gradient and intercept, respectively, of a linear plot. This linear dependence was
shown to hold for lipids with zwitterionic (phosphatidyl choline (PC)) and negatively charged (phosphatidyl glyc-
erol(PG)) head groups and chain lengths ranging from 8 to 18 aliphatic carbons[2]. We used the linear dependence of
∆G◦

tr

RT known for 1,2-dihexanoyl-sn-glycero-3-phospho-L-serine ((6:0)2PS), 1,2-dioctanoyl-sn-glycero-3-phospho-L-serine
((8:0)2PS) and 1,2-dilauroyl-sn-glycero-3-phospho-L-serine ((10:0)2PS)[2–5], with R = 8.314 J.mol−1.K−1 and T = 303

K to determine
∂∆G◦

tr

∂nCH
(PS) (-3.59 kJ.mol−1) and ∆∆G◦

tr,◦ (PS) (2.49 kJ.mol−1) for phosphatidyl serine (PS) (R2 =
1.0). We then extrapolated this linear dependence to nCH > 10, as observed for PC and PG lipids, and we estimated
∆G◦

tr for DLPS ((12:0)2, nCH = 12), DMPS ((14:0)2, nCH = 14), DPPS ((16:0)2, nCH = 16), POPS ((16:0)/(18:1),

nCH = 17), DOPS ((18:1)2, nCH = 18) using Eq. S9,
∂∆G◦

tr

∂nCH
(PS) and ∆∆G◦

tr,◦ (PS).
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Fig. S 1: The concentration of fibrils formed by α-synuclein in the presence of DLPS is proportional to the concentration
of lipid. Change in the fluorescence signal of the ThT when 50 µM α-synuclein is incubated in the presence of increasing
concentration of DLPS (25 (dark red), 50 (red), 75 (orange), 100 (yellow), 250 (green), 500 (blue), 750 (dark blue)
and 1000 (purple) µM).
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Fig. S 2: Effects of a change in the charge of the model membranes on the binding of α-synuclein and the kinetics
of amyloid formation. (A) Change in the Mean Residual Ellipticity at 222 nm of α-synuclein (20 µM) incubated at
30◦C in the presence of increasing concentrations of DMPC:DMPS (M:M) model membranes (DMPC:DMPS = 0:100
(blue), 25:75 (black), 50:50 (dark red). 75:25 (dark green), 100:0 (dark purple). (B). Evolution of the ThT fluorescence
signal when 20 (red), 40 (orange), 60 (yellow), 80 (green) and 100 (blue) µM α-synuclein is incubated in the presence
of 100 µM DMPS (solid line) or DMPC:DMPS (25:75) (dotted lines) and when 100 µM α-synuclein is incubated in
the presence of 100 µM DMPC:DMPS (50:50, M:M) (dark red), DMPC:DMPS (75:25, M:M) (dark green) or DMPC
(dark magenta).
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