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The presence of amyloid fibrils is a hallmark of several neurodegenerative diseases.
Some amyloidogenic proteins, such as a-synuclein and amyloid £, can interact with
lipids, and this interaction can strongly favor the formation of amyloid fibrils. In
particular the primary nucleation step, i.e. the de novo formation of amyloid fibrils,
has been shown to be accelerated by lipids. However, the exact mechanism of this
acceleration is still mostly unclear. Here we use a range of scattering methods, such as
dynamic light scattering (DLS) and small angle X-ray and neutron scattering (SAXS
and SANS) to obtain structural information on the binding of a-synuclein to vesicles
formed from negatively charged lipids and their co-assembly into amyloid fibrils. We
find that the lipid vesicles do not simply act as a surface that catalyses the nucleation
reaction, but that lipid molecules take an active role in the reaction. The binding of a-
synuclein to the lipid vesicles immediately induces a major structural change in the lipid
assembly, which leads to a break-up into small, cylindrical and disc-like lipid-protein
particles. This transition can be largely reversed by temperature changes or proteolytic
protein removal. Incubation of these small, cylindrical and disc-like lipid-a-synuclein
particles for several hours, however, yields amyloid fibril formation, whereby the lipids

are incorporated into the fibrils.

Introduction

Protein aggregation into ordered fibrillar structures, amyloid fibrils, is a hallmark of a range
of severe disorders, such as Alzheimer’s, Parkinson’s and the prion diseases.! a-synuclein
is a small highly conserved pre-synaptic protein proposed to be involved in synaptic plas-
ticity and whose aggregation into amyloid fibrils is the hallmark of Parkinson’s disease.??
a-synuclein is natively disordered in solution,*% but in the presence of lipid bilayers and
various surfactants the protein has been shown to adopt an a-helical conformation® which is

proposed to be important for its biological role.” It has been known for about two decades

that interactions between a-synuclein and lipid bilayers influence the kinetics of amyloid



formation of this protein.®®

a-synuclein:lipid mixtures can adopt a wide variety of structures whose dimensions and mor-
phologies depend on the lipid-to-protein ratio and the charge, phase state and shape (vesicles
vs. supported bilayer) of the lipid system as well as the aggregation state of a-synuclein. The

observed structures range from an anchored protein shell around a lipid vesicle,!® to disinte-
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grated vesicles, ! tubular micelles, small lipid-protein nanoparticles'® and nanodiscs.

Oligomeric assemblies of a-synuclein have also been found to permeabilize lipid bilayers. %721
The binding affinity of a-synuclein to lipid bilayers is to a large extent determined by the
negative charge density of the bilayer,'® because the positively charged N-terminal region of
the protein drives the interaction.® At high lipid-to-protein ratios, amyloid fibril formation
is often suppressed, because the equilibrium is shifted towards the membrane-bound state,
whereas at an excess of protein, amyloid fibril formation can be very significantly accelerated
by the presence of lipid vesicles.?? It is becoming increasingly clear that in such cases, lipid
molecules can become incorporated into the growing amyloid fibrils.?*24 The first atomic
resolution structure of a-synuclein amyloid fibrils formed in the presence of lipids confirmed
the presence of lipid molecules in the fibrils.?® Despite the significant body of work that has
been dedicated to a-synuclein-lipid interactions, the mechanistic steps of how interactions
with lipids enable and accelerate amyloid fibril formation are still unresolved.

In recent years, we have developed a uniquely quantitative a-synuclein-lipid system that is
particularly suitable to address these questions.???426 Using a combination of kinetic analy-
sis and systematic variation of the concentrations of lipids and monomeric protein in kinetic
experiments of a-synuclein aggregation, it has been possible to quantitatively determine the
contribution of negatively charged model membranes on a-synuclein aggregation. The role of
the model membranes consists almost exclusively in an increase of the rate of primary nucle-

22 compared to the aggregation under otherwise

ation by three orders of magnitude or more,
identical conditions but in the absence of lipids. This effect is only observed in the presence

of an excess of protein, such as to completely saturate the high affinity (Kp < 1 pM) lipid



vesicles, while still having unbound protein free in solution. In these experiments, it was
observed that the aggregation reaction stops before all the soluble protein is consumed. The
thermodynamic stability of amyloid fibrils with respect to the soluble state is high?™?® and
the equilibrium solubility of a-synuclein is often less than 1 uM.2° However, under quiescent
conditions at moderate temperatures in the presence of negatively charged lipid vesicles, the
proportion of protein converted into amyloid fibrils is proportional to the initial quantity of
added lipid vesicles and in some cases several tens of M of soluble protein can be present in
the plateau phase. This finding suggests that both nucleation and growth of fibrils eventually
cease and even that the lipids behave as a reagent that is consumed, rather than a mere cat-
alyst on the surface of which the aggregation processes occur. Our recent solid state Nuclear
Magnetic Resonance investigation of the same a-synuclein-lipid system indeed showed that
the dynamics of the lipid molecules are affected by the aggregation process, supporting the
formation of lipid-protein co-aggregates.?*

In the present study, we aim to elucidate the role of lipids in the interaction with a-synuclein,
which ultimately leads to the formation of kinetically trapped fibrils.?? In particular, our
goal is to study the structural changes that the lipid vesicles undergo upon the binding of
a-synuclein and the subsequent protein-lipid co-assembly. The length scales of the expected
changes in lipid arrangement and structure are in the range of several nm or smaller, and
hence not easily accessible to direct imaging techniques. Here, we report on the results of a
detailed study of different lipid:a-synuclein systems by small-angle X-ray and neutron scat-
tering (SAXS and SANS, respectively) techniques that allow the structural characterisation
of the system on the relevant length scales. We employ a powerful combination of SANS
and SAXS methods. SANS allows the study of lipid and protein components separately
through contrast-variation techniques whereas SAXS enables a kinetic investigation of down
to millisecond time scales through stopped-flow SAXS3? as well as a larger ¢g-range in a
single setting. Contrast-variation techniques exploit that 'H and *H (D) have very different

scattering lengths for neutrons. By adjusting the HyO to D50 ratio of the aqueous solvent,



individual types or classes of molecules, such as proteins or lipids, can be matched out, i.e.
selectively rendered invisible.3! Our DLS and SAXS/SANS measurements combined with
data modelling show that the binding of a-synuclein to 1,2-dilauroyl-sn-glycero-3-phospho-
L-serine (DLPS) or 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS) vesicles leads to
a fast (less than 1 ms) and an almost fully reversible break-up of the lipid vesicles into small
structures, including nanodiscs and rods. Moreover, our contrast-matching SANS measure-
ments indicate that this fast reversible break-up of the vesicles upon a-synuclein binding
is followed by lipid-protein co-aggregation. The SANS signature of the lipid is compatible
with a systematic incorporation of lipid molecules into the protein fibrils. These results shed
light onto the structural details of the lipid-protein structures formed by a-synuclein and
are relevant to understand the cytotoxicity of the protein via membrane damage and the

formation of pathological lipid-protein assemblies in vivo.3?

Results and discussion

The binding of a-synuclein to lipid vesicles leads to a structural re-

arrangement into small discs

We first used small angle X-ray scattering to investigate the structural details of the interac-
tion between small unilamellar vesicles made with either DLPS or DMPS and a-synuclein.
In particular, we mixed two solutions containing the vesicles and a-synuclein, respectively,
at temperatures above the melting points of the lipids (i.e. 30°C and 45°C for DLPS and
DMPS, respectively) and we acquired the X-ray scattering intensity in a g range of 0.006
to 0.35 A~! (Figure 1 A,B). We observed that the X-ray scattering signature of DLPS and
DMPS vesicles changed upon binding of a-synuclein. In particular, we observed that the
binding of a-synuclein to the vesicles led to the loss of the oscillations of the scattering

intensity of DLPS vesicles at low-q, a decrease of the scattering intensity from both DLPS



and DMPS vesicles at the lowest-¢ and a shift of the first minimum in the scattering profile
to higher g-values. These results suggest that the vesicles undergo significant structural re-
arrangements in terms of average size and bilayer thickness upon binding of a-synuclein.

We investigated the structural re-arrangement of the vesicles using both the pair-distance
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Figure 1: Structural characterisation of the system of a-synuclein:vesicles using SAXS. X-
ray scattering profiles of 8 mM (A) DLPS and (B) DMPS vesicles incubated in the absence
(orange/red) and the presence of 270 uM a-synuclein (blue) as well as after treatment with
proteinase K (PK) (green). Model fits to the data are shown in black. Each PK treatment
corresponds to incubation with 15.7 uM PK for 1 h at 37°C. The data were measured in
phosphate buffer pH 6.5 at 30°C (A, DLPS) or 45°C (B, DMPS). The inserts show the p(r)-
distribution profiles generated from the SAXS data.

distribution profiles and modelling. The p(r)-distribution profiles of the pure DMPS and
DLPS vesicles (see insets to Figure 1 A and B) are representative of large vesicles. This is
particularly clear from the typical almost-triangular shape of the DLPS data set. The initial
fluctuation close to r = 40 A represents structural properties of the lipid bilayer for core-
shell structures and arises due to the presence of lipid headgroups and alkyl chains, which
have positive and negative excess X-ray scattering lengths, respectively. In the presence of

a-synuclein, however, the p(r) distribution profiles are skewed / shifted to the left with a



broad cap and a tail on the right side, which is indicative of disc-like particles33.

To gain deeper insights into the structural transformations apparent in these data we con-
tinue the analysis with a direct model-based approach. Our analytical models represent the
lipid and lipid-a-synuclein structures as simple geometrical objects using form factors which

34 Key information about the overall size and shape of the

can be found in the literature
structures can be refined from the SAS data. The models were implemented in WillltFit3
(see detailed descriptions of the models used in the SI).

Importantly, to constrain the solution-space of the models and ensure the obtained solution
is physically feasible, we incorporate chemical and biophysical information. The scattering
lengths and molecular volumes assigned to each part of the model are preset according to
which component(s) of the sample they represent (see supplementary table S1).
Additionally, the models are calculated on absolute scale by exploiting the lipid concentra-
tion of each sample to give even more convincing model calculations. In SAXS, fine tuning
the molecular volumes of the various components can correct for small errors on the absolute
scale. For larger deviations in absolute intensity between the data and our theoretical model
calculations, a free scale parameter can be employed. This free parameter may account for
errors in the absolute scaling of the data, as well as uncertainties in calculating the necessary
contrasts and concentrations for the models.

A polydisperse three-shell vesicle model (Figure S7), where the three shells represent the
outer lipid headgroups, tailgroups, and inner headgroups respectively, provides excellent fits
to the SAXS data from pure DMPS and DLPS (Figure 1 A and B) while maintaining rea-
sonable structural parameters, listed in Table 1. Size variation is taken into account by
assuming a Gaussian distribution of sizes and fitting the mean radius as well as the standard
deviation of radii. The lipid volumes Vj,iq stay close to the starting values previously de-
termined in the literature: 912 A® for DLPS3® and 978 A3 for DMPS?7. The area per lipid
headgroup (Apeaa) can be deduced from the model fit results as Vipia / tipia With the thick-

ness of one lipid leaflet ¢jpiq. For DLPS Ajeaq lies around 55 Az, which is in close agreement



with the reports by Szekely et al. who found Ajc.q to be 60.5 A2 for DLPS in the fluid phase.
For DMPS we find Apeaq ~ 58A2, which we compare to the estimated value of 55.6 A2 for
DMPS in the fluid phase®. The obtained radii of the vesicles between 130 (DMPS) and
210 (DLPS) A is reasonable with respect to the extrusion preparation, and shows a small

polydispersity, characterized via a relative standard deviation ogaqius between 10% (DLPS)

and 30% (DMPS).

Table 1: Structural parameters refined from the SAXS data of DMPS and DLPS vesicles
shown in Figure 1 A and B using the Three-shell vesicle model. The model was calculated
on absolute scale. *Parameter was fixed during refinement. - means the parameter was not
required to describe that data set.

Parameter DLPS DMPS
Scale 1* 1*
Radius [A] 21145 128 + 12

ORadius 0.11 4 0.002 0.35 + 0.06
Vipia [A%] 958 + 3 1071 + 3
tiipia [A] 17.4 + 0.4 18.4 + 0.3
Roughness [A] 4.23 4+ 0.34 4.71 4+ 0.29
Background [cm~!] | 0.004 £ 0.0003 | 0.0003 + 0.0003
xX° 2.47 2.34

For both the DLPS-a-synuclein and the DMPS-a-synuclein mixtures, the p(r)-distributions
hold a close resemblance to that of a disc-like structure?. We thus propose a scheme where
the binding of a-synuclein leads to the deformation of vesicles into discoidal bilayer patches,
which are stabilized by a belt of a-synuclein, in a similar manner as the one that amphipathic
membrane scaffold proteins can stabilize lipid nanodiscs®3® (Figure S8). Our analytical

3940 where the lipid bilayer

model builds upon our previously developed model for nanodiscs
is described as a collection of discs. Each disc represents the lipid headgroups, tailgroups
and protein belts, respectively. Here we alter the volumes and scattering lengths assigned
to each disc, in order to additionally allow the amphipathic N-terminal and hydrophobic
regions of a-synuclein to be accounted for in the lipid bilayer. The hydrophilic C-terminal
tails of a-synuclein, which are thought to remain disordered, protrude from the outside of
the disc as Gaussian random coils, following the same modelling strategy as presented by

Arleth et al.*! (see more details in the SI 'Disc with Gaussian random coils” model).

The 'Disc with Gaussian random coils’ model provides good fits to the data for both



DLPS and DMPS in the presence of a-synuclein (Figure 1). The model captures the low-¢q
slopes of the scattering profiles accurately indicating that the overall shape and dimensions
are well-described (see fit parameters in Table 2). We assume all of the protein is bound to
the lipids since the DLPS and DMPS bilayers are in the fluid phase under the experimental
conditions used here, and hence take a molar ratio of 30:1 lipid:protein (L/P) into account?®
when calculating scattering length densities of the discoidal bilayer. For these refinements it
was necessary to fit a constant scale factor to the model rather than keeping the scale factor at
unity. This scale factor could reflect uncertainty in determining the particle number density
of the lipid-a-synuclein mixture with the model. Throughout this study, our modelling
scheme has difficulties to accurately capture the dimensions of the protein. Therefore the
radius of gyration Ry sy, of the random coils was fixed to 18 A, as calculated by Kohn’s
power law relationship for 44 amino acids,*? the length of the C-terminal tail of a-synuclein
that does not interact with the lipid bilayer®(see SI for more details). Similarly we found
the width of the protein belt, wp;, did not have much influence on the shape of the model
profile and was poorly determined as it is closely correlated with the free scale parameter.
Therefore wye; was fixed to the diameter of an a-helix, 12A, under the plausible assumption
that a-synuclein forms a helical structure upon binding.® For both the DLPS- and DMPS-
a-synuclein mixtures, we refine populations of polydisperse discs with mean radii of around
140 A. The thickness of the bilayer was found to be identical within error to the dimensions
refined from the pure lipid vesicle data in Table 1.

We note that we attempted to model these data as a range of different shapes and
structures, including vesicles, cylinders and ribbons, but we were not able to match the
scattering profile at low-q successfully with such alternative models. We also tried to model
the data with variations of the disc model, including bicelles where the protein belt and
random coils were not present, but found that our 'Disc with Gaussian random coils’ captures
all the features of the experimental profile the most accurately.

All together these SAXS measurements analysed using a direct model-based approach show



Table 2: Structural parameters refined from the SAXS data of DLPS- and DMPS-a-synuclein
mixtures shown in Figure 1 using the 'Disc with Gaussian random coil’ model. *Parameter

was fixed during refinement.

Parameters DLPS + a-synuclein | DMPS + a-syn
Scale 0.57 £ 0.56 0.87 £ 0.64
L/P 30% 30%
wiers [A] 12% 12%
Ry, a-syn [A] 18* 18%*
Radius [A] 146 + 69 136 + 46
ORadius 0.28 & 0.01 0.26 + 0.02
Viipia  |A3] 878 + 36 937 + 27
Vaesyn [A3] 21300 =+ 1780 21200 + 1420
tiipia [A] 18.8 + 2.4 19.6 &+ 1.6
Roughness [A] 4.00 + 2.42 4.19 + 1.80
Background [cm™1!] 0.001 4+ 0.0004 0.0009 + 0.0003
2 2.42 3.55

that the binding of a-synuclein to DMPS and DLPS vesicles leads to the break-up of the

vesicles into small discs.

The structural re-arrangement of DLPS and DMPS vesicles into

discs upon a-synuclein binding occurs on a millisecond timescale

We used stopped-flow SAXS (SF-SAXS) to investigate the time scale of the observed struc-
tural re-arrangement of DLPS and DMPS vesicles upon binding of a-synuclein. Figure 2
A,B show the X-ray scattering intensity at a g range of 0.006 to 0.35 A~! during the first
milliseconds after mixing DLPS or DMPS vesicles with buffer (0 ms) or a-synuclein (1-21
ms) at 30°C (Figure 2 A,B and S1). The SAXS data of the DLPS and DMPS vesicles (0
ms) were well-described by the polydisperse three-shell vesicle model whereas those of the
protein-lipid mixtures acquired at 1 ms and later were described by the 'Disc with Gaussian
random coils” model (see Figure S2 and Tables 3 and 4). This suggests that the structural
re-arrangement of DLPS and DMPS vesicles into discs upon binding of a-synuclein takes
place very fast within less than 1 ms, the dead-time of the stopped-flow setup,??® thereby
preventing a more precise analysis of the kinetics of the interaction.

In an attempt to rationalize the fast binding kinetics, we can model the binding of monomeric

a-synuclein to the surface of lipid vesicles as a process of ligand binding to a fully absorbing
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sphere, i.e. every diffusive encounter yields a binding event. We can calculate the diffusion-

dn

% — 47DRe,™ where n is the number of bound

limited rate at steady state, according to

molecules, D is the diffusion coefficient of the protein (8.2:107 m2s™! for a-synuclein?®), R

dn

is the radius of the vesicle and ¢ is a-synuclein concentration. At ¢ = 70 uM, we obtain % ~

6.5-10° s71. A vesicle with a radius of 15 nm contains of the order of 10,000 lipid molecules,
if we consider a surface area per lipid of 55.6A2, which translates into approximately 300
molecules of a-synuclein per vesicle at full saturation.?® At a constant rate of binding, the
vesicle would therefore be saturated after 0.5 ms. In reality the rate of binding will slow
down, as more and more binding sites are occupied. However, this simple estimate shows
that the observed rate of interaction between a-synuclein, and DMPS and DLPS vesicles at
30°C is probably close to the diffusion limit, despite the fact that the lipid vesicles and the
a-synuclein both carry a net negative charge, which has the potential to reduce the maximal
possible rate of binding due to electrostatic repulsive interactions. However, it is possible
that the binding reaction is even electrostatically enhanced® once the a-synuclein molecule
is close enough to the negatively charged vesicle, because it interacts with the N-terminus

which carries a net positive charge.

Table 3: Structural parameters refined from the SAXS data in Figure S2 using the Three-
shell vesicle model. We note that it was not possible to convert this data set to absolute
scaling units and the model therefore requires a free Scale parameter far from 1.

Parameters DLPS DMPS
(Oms) (Oms)
Scale 0.13 £ 0.51 0.12 & 0.09
Radius [A] 259 + 16 534 + 44
ORadius 0.17 £+ 0.06 0.23 &+ 0.01
Viipia |A%] 949 + 147 1003 =+ 40
tiipia  [A] 17.9 + 10.5 23.4 4+ 2.6
Roughness [A] 3.97 +£ 10.7 3.94 + 4.24
Background [cm™!] | 0.0003 £ 0.0001 | 0.0002 & 0.0001
X2 2.47 6.26
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Figure 2: Characterisation of the kinetics and structural details of a-synuclein:vesicle inter-
actions using stopped-flow SAXS. X-ray scattering function of a solution containing either
(A) DLPS or (B) DMPS vesicles of 2 mM lipids and 70 uM a-synuclein, measured at differ-
ent time points after mixing. The solution conditions were 20 mM sodium phosphate buffer
at pH 6.5 and 30°C. Insets show the p(r) distribution profiles generated from the data.
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Table 4: Structural parameters refined from the SAXS data in Figure S2 using the Disc with
Gaussian random coil model. *Parameters fixed during refinement. We note that it was not
possible to convert this data set to absolute scaling units and the model therefore requires a
free Scale parameter significantly smaller than 1.

Parameters DLPS + a-syn DLPS + a-syn DMPS + a-syn | DMPS + a-syn
(1ms) (21ms) (1ms) (21ms)
Scale 0.03 £+ 0.19 0.03 £ 0.07 0.06 £+ 0.1 0.06 £+ 0.12
L/P 30* 30* 30* 30*
Whelt [A] 12% 12% 12% 12%
9 Ry a—syn |A] 18* 18* 18% 18%
e Radius [A] 197 + 163 174 + 142 209 £ 154 189 + 135
,’f@‘ ORadins 0.29 + 0.03 0.28 + 0.03 0.29 + 0.02 0.28 + 0.02
T - Viipia  |A3] 858 £ 247 843 £ 173 937 £+ 98 929 + 98
o Va—syn [As] 18800 + 11900 19000 + 10600 19600 + 7110 19600 £ 7110
tipid [A] 184 + 15 19.2 + 2.7 21.6 £ 6.2 21.9 +4.1
Roughness [A] 2.49 £ 22 0* 3.57 £ 8.80 242 £9.29
Background [cm™!] | 0.0003 £ 0.0002 | 0.0003 & 0.0002 | 0.0001 £ 0.0001 | 0.0001 4 0.0001
% 1.11 1.36 0.84 1.35

The structural re-arrangement of DLPS and DMPS vesicles into

discs upon a-synuclein binding is reversible

Next, we investigated whether the structural changes that the vesicles undergo upon a-
synuclein binding are reversible. To this end, it was necessary to analyze the structures of
the vesicles after removing the protein. The high affinity between a-synuclein and DLPS
or DMPS vesicles renders it difficult to completely remove the protein on a short time
scale. We therefore designed an experimental protocol, whereby a-synuclein was digested
with proteinase K (PK). To test the efficacy of this treatment, we performed differential
scanning calorimetry (DSC) measurements of the a-synuclein-vesicle mixture before and after
incubation with PK while exploiting the known effect of a-synuclein binding on the melting
temperature (T,,) of the DMPS bilayer, i.e. Ty, pmps ~ 40°C whereas T\, pMpS:a-synuclein
~ 25°C.?% The T,, of the a-synuclein:DMPS system was found to increase from ~ 25°C
before PK treatment to ~ 41°C after PK-treatment (Figure S3 A), suggesting that the
incubation of a-synunclein-DMPS mixtures with PK leads to the virtually complete removal
of the protein from the surface of the vesicles. The mechanism of this displacement is

likely to be the digestion of the free monomeric a-synuclein, which is highly susceptible to

PK digestion due to its intrinsically disordered nature, and the resulting displacement of
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the binding equilibrium caused by the decreased lipid-affinity of the proteolytic fragments.
Circular dichroism (CD) spectra of a-synuclein-DMPS mixtures before and after addition of
PK confirmed that the secondary structure of the protein changed from mainly a-helical to
random-coil upon PK treatment (Figure S3 B), reflecting again the digestion of a-synuclein
into short, unstructured peptides.

Having established a method to remove the bound a-synuclein in situ, we then acquired the
SAXS data of the PK treated protein-vesicle mixtures for DLPS and DMPS and found that
they closely superimpose with those of intact vesicles before protein addition (Figure 1 A,B).
Indeed, the p(r)-distribution profiles of the PK treated a-synuclein:lipid mixtures are typical
of large vesicles and the corresponding SAXS data are well-described by the polydisperse
three-shell vesicle model (Figure 1 A and B) with structural parameters similar to those of
intact vesicles before protein addition (Table 5 and 1). In order to achieve a satisfying fit, the
vesicles formed after PK treatment of the a-synuclein:lipid mixtures require a polydisperse
distribution of thicknesses of the lipid shell as well as the radius, whereas the initial intact

vesicles only required a distribution of radii.

Table 5: Structural parameters refined from the SAXS data of PK treated protein-lipid
mixtures and DMPS vesicles shown in Figure 1 using the Three-shell vesicle model. The
model was calculated on absolute scale. *Parameter fixed during refinement. - means the
parameter was not required to describe that data set.

Parameters DLPS + a-synuclein + PK | DMPS + a-synuclein + PK DMPS + PK
Scale 1* 1* 1*
Radius [A] 197 +£ 15 101 + 10 263 £ 73

ORadius 0.30 £ 0.04 0.38 + 0.05 0.32 £ 0.1
Vlipia [A3] 941 + 1 1066 + 3 1060 + 3
Hipid A 17.7 £ 0.5 18.7 £ 0.5 19.9 £ 0.2
o 0.19 £ 0.05 0.11 £ 0.08 -
Roughness [A] 3.66 £ 0.36 4.42 £+ 0.40 4.41 £ 0.21
Background [cm™!] 0.0006 + 0.0004 0.0007 £ 0.0003 0.0002 £ 0.0002
% 4.32 3.21 1.95

The treatment of the vesicles with PK does not in itself affect their SAXS profiles and

p(r) distribution profiles (Figure S4). When we refine the three-shell vesicle model against
the data collected from DMPS with PK, we obtain very similar results to the pure DMPS

vesicles, Table 5. Moreover, the SAXS profile of DMPS vesicles in the presence of PK-
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pre-digested a-synuclein, is characterized by an increase of the first minimum (at ¢ ~ 0.04
A1) compared to the DMPS vesicles data without a shift to higher ¢ (Figure S4). This
observation is consistent with conserved vesicles with a-synuclein in a Gaussian random coil
conformation partly in solution and partly surface bound but without significant disruptions
of the vesicles. From the p(r)-distributions it is evident that the overall vesicle structure is
hardly affected by this short peptide-vesicle interaction.

Taken together, these results indicate that the structural changes to small discs induced by
the binding of a-synuclein to DLPS and DMPS vesicles can be reverted by removal of the
protein. The reformed vesicles have a similar size to that of intact vesicles before a-synuclein
binding but with a higher polydispersity compared to the pure vesicle samples.

We further investigated the reversibility of the binding of a-synuclein to DMPS vesicles
using temperature-ramp experiments. «-synuclein binding to DMPS vesicles was found to
be more favourable when the membrane was in the fluid phase than in the gel phase,?® with
the stoichiometry of lipid-binding differing by approximately one order of magnitude between
the two phase states of the lipid. Therefore, when DMPS disks saturated with protein are
cooled from above to below the melting temperature, ~90% of the protein can be expected
to detach and the DMPS lipids to re-organise themself into vesicles, if the interaction is
reversible.

We measured SAXS data of DMPS vesicles in the absence and the presence of a-synuclein
at temperatures ranging from 14 °C to 48 °C (Figure 3 and S5), temperatures at which the
DMPS bilayer is in the gel phase and fluid phase, respectively, irrespective if the protein is
bound or not.?%

The increase of temperature from 14 °C to 30 °C led to a decrease of the intensity at low-g
from ~ 2 to 0.6 cm™!, a decrease in the initial decay of the profiles and a shift of the position
of the first intensity minimum to higher-g for the SAXS profile of a-synuclein:DMPS vesicle
mixture (Figure 3A). The reduction in forward scattering points towards the break-up of

DMPS vesicles into smaller particles that contain a lower number of lipids. Such changes
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Figure 3: Structural characterisation of the a-synuclein:DMPS system at increasing and de-
creasing temperature using SAXS. X-ray scattering and normalized p(r)-distribution profiles
of (A) 3 mM DMPS in the presence of 100 uM a-synuclein heated from 14 °C to 30 °C and
(B) 3 mM DMPS in the presence of 100 uM a-synuclein cooled from 30 °C to 14 °C. Insets:
the first data point (q = 0.0048 A‘l) of each SAXS profile as a function of temperature in
order to highlight the transition temperature of the system at ~ 20 °C.

were not observed for the pure DMPS vesicles when the temperature was increased from 14°C
to 49°C (Figure S5). The scattering profiles of the first five temperatures (14 °C to 18 °C)

of a-synuclein:DMPS vesicle mixture lie approximately on top of each other and their p(r)-

16



distribution profiles are indicative of spherical particles with a D,,,, of at least 600 A(Figure
3A). Between 19 °C and 20 °C, however, a clear transition can be observed, corresponding
to the melting of a-synuclein bound DMPS bilayers. The temperature-dependence of the
profiles levels off again around 25°C suggesting the DMPS:a-synuclein co-structures may
have reached a new (meta-)stable structural state. At these temperatures (T above 25°C),
p(r)-distribution profiles resemble that of disk-like particles® with a prominent flat maximum
at r = 50 to 150 A and a tail at long distances (Figure 3A).

Figure 3B shows that the structural changes that DMPS vesicles undergo upon binding
of a-synuclein can be reversed by cooling the system back down to 14 °C. As the temperature
was decreased from 30 °C to 14 °C, we observed the transition of a-synuclein-bound DMPS
bilayer around 19°C and the shape and intensity of the SAXS profile after cooling was
restored to that before cooling. The p(r)-distribution profiles of the DMPS:a-synuclein co-
structures below the melting temperature for the heating (Figure 3A) and cooling (Figure
3B) measurements are very similar, suggesting that the structural changes of the vesicles
upon a-synuclein binding can be reversed upon detachment/removal of the protein induced
by cooling.

We again attempted to refine structural models against data collected at various tem-
peratures (Figure 4). Since scattering contribution from a-synuclein must now be included
throughout the series of measurements, we expand the three-shell vesicle model described
earlier into a four-shell vesicle model (Figure S9). The four-shell vesicle model assumes some
protein becomes embedded in the outer leaflet headgroups and tailgroups. From inside to
outside the shells of the four-shell vesicle model represent lipid headgroups, lipid tailgroups,
lipid tailgroups with some contribution from a-synuclein, and lipid headgroups with some
contribution from a-synuclein (Figure S9). Gaussian random coils are attached to the outside
of the vesicle following the procedure detailed by Arleth et al,*' to describe the hydrophilic
domain of a-synuclein which does not become embedded in the lipids. Furthermore, the

scattering intensity arising from a-synuclein free in solution is also modelled as Gaussian
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Figure 4: Structural modelling of the SAXS data investigating the reversible structural
reorganisation of DMPS:a-synuclein from vesicles to discs with increasing temperature and
hence binding of a-synuclein. For ease of viewing, the data are scaled by 2™ where n is the
profile number, so the bottom scattering profile (30°C) has n = 0 and remains on absolute
scale, and the topmost profile has n = 3. The refined structural parameters are listed in

Tables 6 and 7.

random coils. This "Four-shell vesicle with random coils’ model is illustrated in Figure 4 and
described in greater detail in the SI.

For both the heating and cooling measurements, the X-ray scattering profiles of the
DMPS:a-synuclein mixture at 14 °C can be described with the 'Four-shell vesicle with Gaus-
sian random coils’ model (Figure 4). The refined parameters, given in Table 6, are almost
identical for the heating and cooling experiments confirming that the initial state of the vesi-
cles is fully restored upon cooling-induced dissociation of a-synuclein. Again the R, oy, of

the random coils protruding from the surface of the vesicle was poorly resolved during the
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refinement and hence fixed to 18 A, as above. We do however note that the radius of gyra-
tion R, for the free unbound a-synuclein of 33 +4 A is in very close agreement with Kohn’s
estimation of 37 A for 140 residues. We see that around 12% of the a-synuclein is bound
to the lipids, as expected from the previously determined stoichiometry at this temperature
(i.e. 300 DMPS lipids per a-synuclein monomer).?® We observe an increase in the thickness
of the lipid leaflets compared to lipid vesicles without a-synuclein. Here we choose to fix
the roughness at 5 A to keep the 2nd maximum at ¢ = 0.3 A~! visible in the model, which
would be smeared into the background if the roughness was > 5 A. The model overshoots
the data at low-g, which we believe could be due to an intra-particle structure factor effect

but note that this is difficult to model with polydisperse systems such as this.

Table 6: Structural parameters refined from the data in Figure 4 using the Four-shell vesicle
with Gaussian random coils model. The model was calculated on absolute scale. *Parameters
fixed during refinement.

Parameter 14 °C 14 °C after cooling
Scale 1* 1*
Fraction of a-synuclein bound 0.12 £ 0.008 0.13 4+ 0.007
Rg, bound a-syn [A] 18* 18*
Radius [/i] 363 + 16 363 + 14
ORadius 0.29 + 0.004 0.30 = 0.003
Viipia [A3] 989 + 4 989 + 3
Tlipid [ ] 23.4 £ 0.3 23.2 £ 0.3
Rg, free a-syn [A] 32.8 + 4.3 33.7 £ 4.0
Roughness [A] 5% 5*
Background [cm™!] 0.0007 + 0.0002 0.0006 + 0.0002
X 60.6 100

For temperatures above 21°C, i.e. just above the transition, the low-g slope of X-ray
scattering profiles of DMPS:a-synuclein mixtures could not be described by a vesicle model.
Instead, the 'Disc with Gaussian random coils’ model, introduced above and described in the
SI, achieves a more convincing fit (Figure 4). Since much more of the protein binds to the
lipid particles above the T,,, we assume the scattering contribution from the free a-synuclein
to be negligible in this high binding regime. At 30 °C, we assume that 100 % of a-synuclein
is bound to the lipid bilayer and therefore fix the molar ratio of DMPS:a-synuclein to 30:1

in line with the experimental concentrations. At 21 °C, we are able to refine a ratio of lipid
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to bound-a-synuclein of 68 % 37, corresponding with 45% of a-synuclein, although with a
relatively large uncertainty. The model fit results show polydisperse discs with an average
radius and bilayer thickness of 153 A and 50 A, respectively at 21 °C, which are reduced to

126 A and 47 A at 30 °C (Table 7).

Table 7: Structural parameters refined from the data in Figure 4 using the Disc with Gaussian
random coils model. *Parameters fixed during refinement.

Parameter 21°C 30°C
Scale 1* 1*
L/P 67.5 + 36.9 30%
) what [A] 12¢ 124
> 4 L R, a-syn [A] 18* 18%
t Radius [A] 153 + 19 126 + 21
v ORadius 0.33 4+ 0.02 0.39 + 0.02
I\ Viipia  |A3] 954 + 36 880 + 81
Va-syn |A3] 19600 =+ 890 21300 + 530
tiipid [A] 24.9 + 1.2 23.6 + 0.5
Roughness [A] 5.21 + 1.10 1.78 + 1.29
Background [cm~!] | 0.0005 & 0.0004 | 0.0002 + 0.0005
X2 2.36 7.05

Taken together, these results show that the structural changes from vesicles to smaller
discs that DMPS and DLPS undergo upon the initial binding of a-synuclein can be largely
reversed, either by degradation-induced protein displacement (demonstrated for DMPS and
DLPS) or by temperature-induced partial displacement of the protein from the membrane

(demonstrated for DMPS).

a-synuclein-lipid structures elongate during the process of amyloid

formation

Finally, we used Small Angle Neutron Scattering (SANS) measurements under protein and
lipid contrast-matching conditions to study the individual structural contribution of the
protein and lipid molecules to the process of amyloid fibril formation. Indeed, this technique
allows the acquisition of the neutron scattering intensity of a mixture containing lipid vesicles
and a-synuclein under various D,O:HyO contents to match out either the signal of the
protein or that of the lipid vesicles. Our SANS measurements of deuterated a-synuclein

(d-a-synuclein) and DMPS or DLPS vesicles in D,O concentrations ranging from 0 to 100%

20



show that the forward scattering of the protein and the lipids are matched out in the presence
of 100% and 18% DO, respectively (Figure S6).
We then measured the neutron scattering profiles of d-a-synuclein-DMPS mixtures under
protein contrast-matching conditions at temperatures ranging from 14 to 31 °C (upwards and
downwards, as described above) and their analyses using model fits confirmed the reversible
break-up of lipid vesicles into small structures upon the binding of the protein (Figure S13).
We also performed a titration experiment, where we added the a-synuclein in small portions
and measured the dependence of the scattering function under protein-matched conditions
as a function of a-synuclein concentration (Figure S12). We found that the decrease in
scattering intensity at low ¢-values was non linear in protein concentration. The addition
of small quantities of a-synuclein led to a stronger than proportional decrease of scattering
intensity. This finding suggests a lower degree of binding cooperativity than previously
reported for another a-synuclein-lipid system (see discussion in the supplementary results).
Having established the reversibility of the rapid structural re-arrangement of the lipid
vesicles upon a-synuclein binding using SAXS (Figures 1 - 4) and SANS (Figures S13,
S15) measurements, as well as temperature-dependent dynamic light scattering (DLS) ex-
periments (Figure S16 and S17), we investigate in more detail the subsequent aggregation
process that occurs on a much slower time scale of hours to days.??2¢ Due to the better
compatibility of the fast DLPS-induced aggregation of a-synuclein (compared to DMPS)
with the time scale of SANS measurements, we used exclusively DLPS in these kinetic ex-
periments. We prepared several samples under identical conditions, except for the ratios of
D,0 to HyO (100% D2O (Figure 5A) and 18% Dy,O (Figure 5B)) and the absence or pres-
ence of the fluorescent dye Thioflavin-T (ThT), which reports on the formation of amyloid
fibrils. The sample with ThT allowed us to follow the formation of fibrils in real time by
monitoring the increase in fluorescence intensity over time in a plate reader (Figure 5C, black
curve). While the binding of a-synuclein to lipid vesicles initially leads to a strong decrease

of the scattering function at low ¢ values under protein matching conditions (Figure S12 B),
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the intensity increases at low ¢ as a consequence of the slow aggregation process (Figure
5A). Simultaneously, the scattering intensity decreases at higher ¢ values, with an isosbestic
point at ~0.07 A=, Between 14 and 20 hours, the scattering profiles lie on top of each other
suggesting the particles have evolved to a stable state. Under lipid-matching conditions,
on the other hand, the scattering intensity at low g values increases rapidly upon binding
of a-synuclein to the lipid vesicles and continues to increase during the slower aggregation
process (Figure 5 B). Both the change in lipid and protein scattering signal occur on a time
scale very similar to that of the accompanying ThT experiments (Figure 5C). These results
show that the aggregation of a-synuclein is accompanied by a large scale rearrangement of
the lipids, strongly supporting the hypothesis that lipid molecules are incorporated into the
protein-rich aggregates.?!

We were able to model the kinetic neutron scattering profiles in 100% D,O as the emer-
gence of cylinders with increasing dimensions, where the fitting parameters were the radius
R, length L and scale. The cylinders were assigned a "bulk" scattering length density cor-
responding with a molar ratio of DLPS:d-a-synuclein 10:1 in line with the experimental
conditions. A free scale parameter was required to correct the scattering length density
of the lipid particle as more d-a-synuclein becomes incorporated and decreases the overall
contrast, as well as ambiguity in calculating the number density of scatterers. At ¢ = 2 min,
already the data indicate rods with R=18 A and L=210 A. Between 1 and 4 hours, there is
a significant upturn at low-¢q in the data which cannot be captured by the single-state cylin-
drical form factor. We hypothesize that this upturn present in the data collected between 2
min and 4 hours indicates the presence of one or more populations of much larger structures;
potentially a population of fibril-like structures which have matured on a shorter time-scale.
Therefore the cylindrical model fits to these data capture the smaller population of scatter-
ers. From 6 hours onward, the upturn is no longer present and the model can be employed
to describe the entire scattering profiles. The refined parameters indicate long cylinders of

at least 700 A. The data at low-¢ do not contain a Guinier region or any initial plateau and
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hence the maximum dimension of the cylinders is outside the size range accessible by the
experimental setup. For this reason, when refining the length of these cylinders we obtain a
very large uncertainty of around 50%. The associated fit parameters can be found in Table
8.

The data collected in 18% D,O displays other types of features and reflects the compli-
cated underlying structure of fibrils of a-synuclein. There is a drop in forward scattering
between 5 minutes and 1 hour (Figure S12 B) indicating there is some initial transformation
in the arrangement of a-synuclein within the lipid co-structure before the fibril formation
process begins. The scattering profiles collected after 1, 2, 4 and 6 hours fall closely on top
of each other showing the protein structure remains largely unchanged and there is a lag in
the aggregation process. The scattering profiles at these early time points contain a strong
Guinier range and do not indicate the presence of a sub-population of very large particles,
which are obvious in the data collected in 100% DO (Figure 5), suggesting these large in-
termediate structures must be composed mainly of lipids. Between 6 and 20 hours there
is a systematic increase in the forward scattering of the data indicating that the volume of
the a-synuclein-associated particles is growing. After 18 hours the Guinier range becomes
completely diminished indicating the protein also forms structures which are outside the size
range accessible by the experimental setup.

We first modelled these data with the form factor for cylinders which was only sufficient
at low-¢. The data points above ¢ = 0.02 A1 are much more indicative of a flexible structure,
which can be explained as the C-terminus of a-synuclein which is not likely to become part
of the fibril core. We therefore use an analytical model for cylinders decorated with Gaussian
random coils to represent the fibril core and disordered domains. The cylinder is given the
scattering length density corresponding with 10:1 DLPS:d-a-synuclein and therefore has a
reduced contribution compared with the coils. The model fits the data series well (Figure S12
C) but due to low statistics arising from the HoO in the sample buffer, the refined parameters

are highly correlated and poorly defined (Table S4). The data can be modeled on absolute
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scale without the use of a free scale parameter, potentially due to the fact that the signal is
partly made up of coils of a-synuclein whose contrast is unaffected by the presence of lipids.
Minor corrections to the absolute scaling may be absorbed by the other free parameters.
The refined parameters at 5 minutes and 1 hour potentially reflect the initial decrease in
scattering intensity as the length drops from 231 to 175 A. The model captures a growth
of the cylinders that is less extreme that what is seen in the 100% D,O protein-matching
conditions. The cylinders appear to grow in length from 170 to 300 A while maintaining a
radius close to 20 A. The R, of the protruding a-synuclein, between 33 and 40 A, is larger
than expected for the 44 hydrophobic amino acids in the C-terminus but could reflect larger
or extended disordered regions of the fibril structure. However, the systematic growth in the
R, of the protruding a-synuclein is unexpected and this parameter may be inadvertently

reflecting a thickness increase of the fibril core.

Table 8: Structural parameters refined from the SANS data in Figure 5 D using a simple
cylinder model model.

Scale Radius [A] | Length [A] | Background [em™1] | x?2
2 mins | 3.92 £ 043 | 181 + 1.2 209 + 23 - 1.43
1h 4.00 +£0.46 18.0 £ 1.3 186 £ 20 - 5.43
2h 3.81 £043 | 183 £ 1.3 186 + 20 - 7.41
4h 3.44+£0.35 | 19.0£ 1.2 255 + 34 - 8.71
6 h 1.45 £0.37 | 28.6 + 3.2 705 £ 476 0.023 £ 0.008 2.45
8h 1.33 £0.21 | 32.2 £ 2.2 | 645 + 347 0.025 £ 0.006 1.69
10 h 1.22 £0.14 | 36.5 £ 1.7 | 705 £ 395 0.026 £ 0.005 2.96
12 h 1.22 £0.12 | 383+ 1.5 | 675 £ 334 0.025 £ 0.004 4.80
14 h 1.23 £0.11 | 39.8 £ 1.4 | 690 £ 336 0.024 £ 0.004 6.68
16 h 1.23 £0.10 | 40.8 £ 1.4 | 686 £ 319 0.024 £ 0.004 7.37
18 h 1.24 £0.10 | 40.7 £ 1.4 | 677 £ 309 0.024 £ 0.004 8.58
20 h 1.23 £ 0.11 40.6+ 1.4 714 £+ 353 0.023 £ 0.004 9.38

Table 9: Structural parameters refined from the SANS data in Figure 5 E using a cylinder
decorated with Gaussian random coils. *Parameter fixed during refinement

Scale | Radius [A] | Length [A] Ry [A] Background [cm™1!] x?

5 mins 1* 19.7 £ 5.56 | 231 £ 160 | 37.5 £ 23.1 0.050 £ 0.010 1.22
1h 1* 19.4 £13.3 | 175 £ 240 | 33.9 £ 42.0 0.052 £ 0.013 1.22
2h 1* 19.5 £ 14 172 + 248 | 33.3 £ 43.6 0.051 £ 0.013 1.06
4h 1* 19.5 £ 14 175 £ 233 | 33.2 £ 40.0 0.051 £ 0.012 1.17
6 h 1* 19.8 £ 9.9 188 + 196 | 33.8 £ 32.2 0.052 £ 0.011 1.06
8h 1* 209 £ 94 189 4+ 168 | 38.2 £ 30.8 0.053 £ 0.013 0.85
10 h 1* 20.7 £ 6.3 221 £+ 151 36.5 + 22.5 0.054 £ 0.010 0.94
12 h 1* 20.7 £ 4.7 245 £ 135 | 36.3 £17.5 0.055 £ 0.010 0.98
14 h 1* 21.4 + 4.6 253 £ 132 | 379 £ 17.1 0.052 + 0.010 1.31
16 h 1* 21.9 +£ 3.9 274 £ 127 | 39.0 £ 15.0 0.052 £ 0.010 1.36
18 h 1* 22.4 £ 3.5 288 £ 122 | 39.1 £ 13.3 0.052 £ 0.010 1.29
20 h 1* 23.3 + 3.6 297 £ 122 | 41.9 £ 13.7 0.051 £ 0.010 1.61
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Figure 5: The morphology of DLPS vesicles and a-synuclein changes within the same time
scale as amyloid formation, as monitored by Thioflavin-T fluorescence. Neutron scattering
function of the reaction mixture 2 mM DLPS + 200 M a-synuclein measured at 30 °C over
time in buffer conditions corresponding to the contrast matching of the protein, 100% D50
(A) or the vesicles, 18% DO (B). (C) Normalized change in the ThT fluorescence and the
forward scattering of the reaction mixture under both contrast conditions. (D) Cylindrical
model fits refined against each scattering profile collected under the contrast matching of
the protein, 100% D,O. (E) Model fits refined against each scattering profile collected under
the contrast matching of the lipid, 18% D5O. The model depicts a cylinder decorated with
Gaussian random coils. For ease of viewing, the data are scaled by 2™ where n is the profile
number, so the bottom scattering profile (pink, 2 min) has n = 0 and remains on absolute
scale and the top scattering profile (yellow, 20 hours) has n = 11. (F) Refined fit parameters
from the data fits in (C), cylindrical length and radius as a function of time, indicating
significant growth in both dimensions, particularly in the length dimension.



All together, our SANS measurement of the a-synuclein-DLPS mixtures show that both
the lipid and protein molecules undergo structural re-arrangements characteristics of cylinder
growth during the same time scale as that of the formation of amyloid fibrils, demonstrating

their co-assemblies.

Discussion

Protein-lipid interactions have long been recognized as a key process involved in the initiation
and / or modulation of the formation of amyloid fibrils by peptides and proteins associated
with neurodegeneration, such as a-synuclein, amyloid 3 or IAPP.?%4749 These proteins have
high affinities towards certain types of lipid membranes, depending on the solution condi-
tions and the physical and chemical properties of the lipids, such as charge, length of the
acyl chain, degree of unsaturation and phase state of the lipid bilayer.?® These interactions,
as well as their consequences for amyloid fibril formation, have been studied in detail. The
relative concentrations of lipids and peptides have emerged as a key control parameter that
defines in many cases whether lipids accelerate or slow down amyloid fibril formation .2%4749
Detectable (by ThT fluorescence) amounts of amyloid fibrils usually only form if there is a
significant excess of monomeric peptide in solution over the amount that saturates the lipid

22 even though it has also been demonstrated by microscopy that fibrils can

membranes,
form on the membrane at exceedingly low protein concentrations.?®®! The interactions with
lipid membranes are often part of the physiological functions of the amyloidogenic peptide,
as is in particular also the case for a-synuclein.”2 A finely tuned balance appears to exist
between benign and detrimental lipid-protein interactions and it has been proposed that the
onset of pathology and disease may be caused if the system gets out of balance, e.g. due to
age-related chemical modifications of protein and lipids, as well as changes in protein con-

centration.*” The mechanism by which lipid-binding can facilitate and induce amyloid fibril

formation is still not fully understood for any such system. In the simplest view, the binding
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of the protein to the lipid bilayer increases the local protein concentration and/or changes
protein conformation, both of which can favour aggregation. However, in the framework
of this simple mechanism, the lipid bilayer acts as a mere catalyst and, assuming that the
aggregates can detach from the bilayer, a small amount of lipid vesicles should be able to
induce the amyloid fibril formation of a large excess of protein. However, for a-synuclein,
this is not observed. On the contrary, the quantity of aggregates formed is proportional to
the initial concentration of lipids, and if a small amount of lipid vesicles is added at the
beginning, the aggregation reaction stops before all the monomeric protein has been con-
verted into aggregates in the absence of secondary processes.???¢ This behaviour can only
be rationalized if it is assumed that the lipids are a reagent and are being consumed from
the membrane as the amyloid aggregates form.

The results of our extensive scattering measurements on a-synuclein-lipid systems show that
the binding of the protein to lipid vesicles leads to a major structural re-arrangement into
small particles, that is followed by the incorporation of lipid molecules into the aggregates,
and strongly support this model. The main contribution and novelty of the present study is
the ability to clearly distinguish between the very rapid (ms time scale) structural change
induced by the binding of the protein to the lipid vesicles and the structural changes as-
sociated with the amyloid formation that occur on a time scale of hours. We were unable
to resolve the kinetics of initial binding by stopped-flow SAXS; suggesting that the binding
reaction occurs in a few ms, and is essentially diffusion-limited. DLS, SAXS, and SANS
experiments show that at temperatures below the melting transition, the protein coats the
vesicles, which remain largely intact. At temperatures above the melting transition (ca.
21-23°C for DMPS), this interaction immediately leads to a major structural change of the
lipid vesicles, i.e. a break-up into smaller particles. Interestingly, this break-up is largely
reversible when the protein is removed, either by cooling down or by enzymatic digestion of
the protein. In the SAXS experiments, these smaller particles could be well-described by a

model for disc-like particles, reminiscent of a-synuclein-stabilized nanodiscs,!” whereas the
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SANS data were more consistent with the formation of rod-like structures. This apparent
discrepancy can be explained by the fact that these structures are probably very similar
in energy, and mixtures of different shapes have indeed previously been observed in a very
similar system.% Whether a given mixture tends more towards the formation of discs or
rods presumably depends on subtle differences, such as for example differences in the sol-
vent (purely hydrogenated water for SAXS, partly or fully deuterated water in the case of
SANS). However, both techniques agree in that the resulting structures have significantly
lower volume and hence scattering intensity, compared to the original vesicles. The lipid
systems that were characterized in detail in this study (DLPS and DMPS), and which were
demonstrated to undergo a strong structural disruption upon interaction with a-synuclein,
are both known to efficiently induce amyloid fibril formation.??2% In the case of DLPS, the
SANS measurements show that the lipids are being incorporated into the fibrils, which is in
agreement with a range of previous studies. ?*2>54756 Tt is interesting to speculate that there
is a close connection between the ability of the protein to disrupt the lipid vesicles and the
lipids to induce amyloid fibril formation. Such a hypothesis is supported by the observation
that lipids that form vesicles that are not disrupted (e.g. POPG) by a-synuclein binding
are also not efficiently inducing amyloid fibril formation.!'® Therefore the simple adsorption
onto the lipid bilayer, despite increasing the local concentration of a-synuclein on the vesicle
surface, does not seem to be the main cause of the observed acceleration of amyloid fibril
formation upon lipid binding. Rather, the formation of intricately mixed protein-lipid nanos-
tructures, discs or rods, in which the lipid molecules or membranes might mediate favourable
protein-protein interactions, seem to be the most efficient inducer of amyloid fibril formation.
This model provides a mechanistic framework that can be used to analyse the effect of lipid
modifications that are suspected to favour deleterious protein-protein interactions leading to

amyloid fibril formation.
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Conclusion

In conclusion, we have used a combination of time resolved small angle scattering measure-
ments (SAXS and SANS), dynamic light scattering and differential scanning calorimetry in
order to investigate the reversibility and structural consequences of the binding of a-synuclein
to negatively charged lipid vesicles (DMPS and DLPS). We find that the initial binding of the
protein to the lipid vesicles is extremely rapid (faster than 1 ms), easily reversible and leads
to a major structural transition and break-up of intact vesicles into significantly smaller disc-
and rod-shaped lipid-protein co-assemblies. The resulting subsequent formation of fibrillar
aggregates of a-synuclein, leads to yet another substantial structural changes in the lipids
that occur on the same time scale as that of the protein aggregation and hence confirms that

lipid-protein co-aggregates are formed.

Experimental methods

Protein and lipid samples

Unlabelled a-synuclein was purified as described previously.?? Matchout-deuterated human
a-synuclein was produced in the Deuteration Laboratory of the Institut Laue-Langevin (ILL
D-Lab, Grenoble, France). To obtain d-a-synuclein, a transposition reaction was first car-
ried out on the original plasmid in order to modify the resistance selection marker from
ampicillin to kanamycin. The Tnb transposon insertion kit (EZ-Tn5TM <KAN-2> Inser-
tion Kit) from Epicentre® Biotechnologies/Illumina® was used for this transposition reac-
tion. New kanamycin-resistant plasmid containing cDNA coding for human a-synuclein was
transformed into One ShotTMBL21(DE3) E. coli cells (Invitrogen). Deuterated a-synuclein
was over-expressed in E.coli strain BL21(DE3) adapted to growth in deuterated minimal
medium.®” A 1.7 L (final volume) deuterated high cell-density fed-batch fermenter culture

was carried out at 30°C. Feeding with glycerol was started at an ODgyy value of about 4.2.
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Expression of d-a-synuclein was induced at an ODggg of 19 by addition of IPTG (1mM final
concentration). Cells were harvested at an ODggo of 23 yielding 74 g wet weight of deuterated

cell paste. Lipid vesicles were prepared via sonication as described previously .22

Circular Dichroism (CD) spectroscopy

CD samples were prepared by incubating 267 M a-synuclein in the presence of 8 mM DMPS
in 20 mM sodium phosphate buffer (pH 6.5). Far-UV CD spectra were recorded using
a JASCO J-810 spectropolarimeter equipped with a Peltier thermally controlled cuvette
holder at 30°C. The spectra were measured before and after incubation of the sample with

15.7 uM proteinase-K for 1 hours. The samples were diluted 10 times before measurement.

Differential Scanning Calorimetry

The DSC samples were prepared by incubating 0.86 mM DMPS in the absence or presence of
28.6 uM a-synuclein in 20mM sodium phosphate buffer pH 6.5. DSC thermograms of these
samples untreated or treated with 1.7 uM proteinase-K for 1 h at 20 °C were acquired using
a Microcal VP-DSC calorimeter (Malvern Instruments) with a scanning rate of 1°C.min ™!
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. The DSC thermograms reported

in this article were corrected by subtracting the thermogram of the phosphate buffer and

normalized with respect to the lipid concentration.

Small Angle X-ray Scattering
Measurements at ESRF in Grenoble

SAXS experiments were performed at the beamline ID02 at ESRF, Grenoble. SAXS signals
were measured at a distance of 2 m. For temperature series, standard temperature-controlled

capillary holder at ID02 (capillary diameter 1.5 mm) was used. A fresh solution spot was
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used for each temperature to avoid effects of radiation damage. 3 mM DMPS was incubated
in the absence or presence of 50 or 100 uM a-synuclein in phosphate buffer pH 6.5 at
temperatures ranging from 15 to 65°C. For kinetic series with rapid mixing, a commercial
stopped-flow setup (Biologic, SFM 400) adapted for use at ID02 with a special X-ray head
with a measurement capillary (1.5 mm diameter) was used.®® The dead time was found to
range between 2-3 ms. The samples were prepared by mixing DMPS solution with either
buffer or a-synuclein solutions to reach the final concentrations specified in the paper. Effects
of radiation damage was checked beforehand in static samples, and the acquisition times
were adapted accordingly. The modelling/fitting of the resulting SAXS data are described

in details in the Supplementary Information.

Measurements with the laboratory X-ray source

SAXS measurements were performed in static capillaries mounted on a SAXSLAB Ganesha
300XL equipped with a temperature regulator Julabo CF41 water bath. 8 mM DMPS was
incubated in the absence or presence of 270 uM a-synuclein in phosphate buffer pH 6.5 and
the SAXS function was recorded before and after proteinase-K treatment. The sample was

and the SAXS function was measured at a q range of 0.003-0.73 A.

Small Angle Neutron Scattering

SANS measurements were performed on D22 instrument of Institut Laue Langevin. The
samples were in a 1 mm thick suprasil quartz cuvette (Hellma QS 100-1-40), mounted on a
22-position sample rack temperature-regulated by two water baths, enabling a rapid switch-
ing between 20, 30 and 45°C. 8 mM DMPS was incubated in the absence or presence of
270 uM a-synuclein in 20mM phosphate buffer pH 6.5. For static measurements, the SANS
function was recorded at a q range of 0.006-0.635 A using two collimation:sample-detector
distance sets: one for small angles (11.2m:11.2m) and one for large angles (1.4m:2m). Ki-

netics measurements were only performed at small angle configuration. The collimation was
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rectangular of 40 mm width and 55 mm height, the sample aperture was of Tmm width
and 10 mm height and the wavelength was 6 A +/- 10%. Data were reduced using Grasp
software, including blocked beam and empty cell background subtraction, sample thickness
normalisation, and absolute intensity scaling using direct beam intensity measurement. Data

are permanently curated at ILL.?%%60

Aggregation measurements

Samples were prepared by mixing a-synuclein, DLPS or DMPS solutions at the protein-
to-lipid ratios indicated in the manuscript together with Th-T (50xM) in 20 mM sodium
phosphate buffer (pH 6.5). The kinetics of amyloid formation were measured at 30°"C
under quiescent conditions in Corning 96 well plates with half-area (black/clear bottom

polystyrene) non-binding surfaces using a BMG plate reader.

Dynamic light scattering

The temperature-ramp experiments were performed with a Prometheus Panta (Nanotemper,
Munich), which is a microcapillary-based instrument that combines differential scanning
fluorimetry (DSF) and dynamic light scattering (DLS) measurements. In the present study
we used solely the DLS functionality. The samples were prepared with protein and lipid
solutions and buffer that was cooled to below the starting temperature of the temperature
ramp (15°C). We measured pure lipids (DMPS and DLPS) at 1 mM, as well as in the
presence of 9.5 and 95 uM a-synuclein. The temperature was varied from 15-35°C and back
to 15°C, at two different scan rates (0.5 and 5°C/min) and we plot the cumulant radius from
the DLS measurements, as well as the absolute light scattering intensity, as a function of

temperature.
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