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We have investigated the adsorption of the amyloid-forming protein a-Synuclein (aSyn) onto small
unilamellar vesicles composed of a mixture of zwitterionic POPC and anionic POPS lipids. aSyn mono-
mers adsorb onto the anionic lipid vesicles where they adopt an a-helical secondary structure. The
degree of adsorption depends on the fraction of anionic lipid in the mixed lipid membrane, but one
needs to consider the electrostatic shift of the serine pK, with increasing fraction of POPS. The vesicles
with adsorbed aSyn monomers are kinetically stable. However, after fibrils have been formed, here
triggered by the addition of a small concentration of pre-formed fibrils (seeds), we observed that the
average vesicle size increased by approximately a factor of two. This increase in the vesicle size can be
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1 Introduction

a-Synuclein (aSyn) is a 140 amino acid residues long, intrinsi-
cally disordered protein, abundantly present in neurons. Mono-
meric aSyn in solution has a random coil conformation.
However, when associated with lipid membranes, a part of
the protein molecule can adopt an a-helical structure™? and,
under certain conditions, the protein can self-assemble into
amyloid fibrils by arranging part of its sequence into B-strands.*
aSyn has been receiving significant attention since it has been
associated with Parkinsons disease (PD), following the discovery
that mutations in the SNCA gene are related to PD.” The protein is
moreover the main component of neuronal inclusions that are a
hallmark of PD, so-called Lewy bodies (LBs)," where aSyn is
present in fibrillar form ref. 7.

The aSyn sequence can be divided into three domains. The
N-terminal domain, composed of the first 60 residues, has a
positive net charge around neutral pH and has been found to
adopt an a-helical structure upon association with negatively
charged lipid membranes.® It is believed that it is the presence
of a repetitive KTKGEV sequence in the N-terminus, which
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explained by vesicle fusion taking place during the fibril formation process.

allows aSyn to adopt an a-helical structure.’ The middle part of
the aSyn sequence, the so-called non-amyloid-f component
(NAC), consists of 34 residues that are mostly hydrophobic.
The NAC region is believed to play a critical role in amyloid
formation®® and is also implicated in the interaction with lipid
moieties." The C-terminus contains mainly negatively charged
residues, and it is unstructured also when the protein is
adsorbed at lipid membranes'" as well as in amyloid fibrils.*

The physiological role of aSyn is not fully understood.
However, it is implied in the interaction with lipids and lipid
membranes,’”® as well as in neurotransmission and the
corresponding trafficking of synaptic vesicles.'>'® While the
protein has been reported to facilitate vesicle fusion,"”'® a
recent study highlights that fission or stable shape deformations
are more likely scenarios."® Furthermore, the presence of various
lipids has been detected in LBs.>**' Hence, as both the physio-
logical function and possibly the role of aSyn in PD are related to
interactions of the protein with lipid membranes, such inter-
actions have been extensively studied in the past decades.””
It has been demonstrated that aSyn monomers adsorb to anionic
lipid membranes,”® with its N-terminal domain forming an
o-helix at the membrane interface’*?*?° which leads to increased
acyl-chain ordering of the lipids in the bilayer and stabilization of
the vesicles.*™** It has also been shown that the number of
residues in the N-terminus which adopts a-helical conformation
depends on lipid-to-protein ratio.'"*%**** Due to the net positive
charge of the N-terminus, attractive electrostatic interactions are
considered to be an important driving force for adsorption®® in
addition to a hydrophobic component.>*® However, the role of the
negative membrane charge may alternatively be to modulate and
dampen the electrostatic repulsion between the positively charged
N-termini in the adsorbed state.

This journal is © The Royal Society of Chemistry 2025
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The electrostatic contribution is expected to depend on the
pH of the solution, in particular around the effective pK, of the
anionic lipid and the isoelectric point (IP) of aSyn, which are not
necessarily that far apart for the serine lipid headgroup and aSyn.

Fibril formation in the presence of various lipid membranes
has been extensively studied,>” *> and it was shown that under
some conditions the presence of vesicles during fibril for-
mation may act as an aggregation catalyser.’’*° Protein-
induced membrane remodeling has also been observed.”****”

In this work, we investigated how aSyn interacts with small
unilamellar vesicles (SUVs), composed of a mixture of zwitter-
ionic phospholipids 1-palmitoyl-2-oleoyl-glycero-3-phosphocho-
line (POPC) and anionic 1-palimtoyl-2-oleoyl-sn-glycero-3-phosho-
-serine (POPS). The vesicle radii in this study were targeted to
be similar to those of the synaptic vesicles, ~15-20 nm.*?
We investigated the adsorption of aSyn onto lipid membranes
by determining the amount of membrane-bound a-helices
using circular dichroism (CD), when the latter ones are
composed of 10%, 15%, 20%, 30% and 50% charged lipids.
We also calculated the number of lipid molecules per number
of protein molecules, which are involved in binding at different
fractions of anionic lipids (f5). Using small-angle X-ray scatter-
ing (SAXS), we looked into the effect of aSyn on the vesicle
scattering profile, and related the difference to the findings
from CD experiments. We also investigated the end-state of the
fibril formation in the presence of lipid vesicles by means of
cryogenic transmission electron microscopy (cryo-TEM) and
small-angle neutron scattering (SANS).

2 Materials and methods
2.1 a-Synuclein

Human aSyn was expressed in Escherichia coli from a synthetic
gene with E. coli-optimized codons cloned into a Pet3a plasmid
(purchased from Genscript, Piscataway) and purified as
described previously in ref. 49. Protein monomers were isolated
by size exclusion chromatography (SEC) in 10 mM MES buffer
at pH = 5.5 using a 24 mL Superdex75 column (GE healthcare).
Protein samples corresponding to the central region of the peak
were collected. Following this, buffer salts were removed by
desalting on a 5 ml HiTrap desalting (GE Healthcare) column.
The protein concentration was determined by absorbance
at 280 nm using an extinction coefficient 5800 M~ cm™.
To obtain the high concentration required for scattering experi-
ments, samples were lyophilised after being desalted.

The matchout deuterated aSyn was produced in E. coli. Cell
pellet containing matchout deuterated aSyn was prepared in
the Deuteration Laboratory of the Institut Laue-Langevin in
Grenoble, France using a modified protocol from the one
described in ref. 2. A high cell density fed-batch culture using
85% deuterated Enfors minimal medium was grown at a
temperature of 30 °C and pO, at 30% saturation.’® The degree
of deuteration was 75% as confirmed by mass spectrometry.
Deuterated oSyn monomers were isolated by SEC as described
above and lyophilised in order to obtain high concentration.
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2.2 Lipid vesicles

The lipids used in this study were the zwitterionic POPC and
anionic POPS. All lipids were obtained from Avanti Polar Lipids
(Alabaster, AL, USA). In the preparation of mixed lipid vesicles,
lipids were weighted and mixed at the desired proportion
(B=0.1, =015 =02, =03 and f = 0.5). The powder
was dissolved in a chloroform/methanol (3/1 volume ratio)
mixture. The solvent was evaporated under a stream of N,
gas, and the created lipid film was dried in a overnight under
vacuum. The lipids were finally dispersed in the desired buffer
(20 mM phosphate buffer (PB) at pH 6.0, 6.5, 7.0 and 7.4) and
vortexed for a few minutes.

SUVs were prepared via sonication. The sonication was
performed for 15 min, 10 s on/off duty at 70% amplitude on
ice. The lipid dispersions were then centrifuged for 10 min at
13000 rpm in order to pellet any contaminating particles from
the sonicator tip. The supernatant was collected and used as
the vesicle dispersion.

2.3 Sample preparation

For circular dichroism (CD) spectroscopy, protein monomers
were collected after SEC in 20 mM PB, pH = 7.0. Subsequently,
the monomeric protein solution was mixed with different
amounts of vesicle dispersion to obtained the desired lipid-to-
protein (L/P) ratios.

For small-angle X-ray scattering (SAXS) and dynamic light
scattering (DLS) samples were prepared using desalted and
lyophilised aSyn. The protein powder was first dissolved in
1 mM NaOH at pH = 11.4 for half an hour, which ensures that
we are starting from monomeric solution. Following this, the
same volume of 40 mM PB at pH = 7.0 was added. Finally, the
correct amount of vesicle dispersion in 20 mM PB at pH = 7.0
was added.

For small-angle neutron scattering (SANS) samples were
prepared using the lyophilized protein powder containing
buffer salts. The powder was resuspended in filtered D,O.
Seeds, i.e. preformed aSyn fibrils, were added to a concen-
tration corresponding to 5% of the total aSyn concentration in
monomer units. Finally, a lipid vesicle dispersion was added. At
the end, the final concentration of aSyn monomers was equal
to 280 uM. The samples were prepared with a lipid concen-
tration of 2.1 mM, which corresponds to a lipid to protein ratio
of 7.5. All samples were incubated in Axygen low-binding tubes
at 37 °C for 14 days under quiescent conditions.

2.4 Circular dichroism

CD spectra were recorded using a JASCO J-715 CD spectrometer
in 1 mm path length quartz cuvette (Hellma 110-QS). The
measurement settings were 1 nm bandwidth, 2 s response time
and 20 nm min ' scan rate. The measurements were per-
formed at 25 °C and an average of 5 scans was used for each
measurement. The protein concentration was 5 uM and the
lipid concentration was varied. The data are presented as the

mean residue ellipticity, [0], which is calculated as [0] = e
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where 0 is the ellipticity in deg, [ is the path length in cm, c is
the protein concentration in dmol per cm® and 7 is the number
of residues.

2.5 Dynamic light scattering and electrophoretic mobility

The hydrodynamic radius of vesicles with adsorbed aSyn was
monitored over time using 3D LS Spectrometer, LS Instru-
ments, AG, equipped with 4 = 660 nm Cobolt laser with
maximum power of 100 mW. The correlation functions were
recorded from 60° to 145° with 5° steps. The measurements
were performed at 37 °C in 5 mm radius glass capillaries,
emerged in a refractive index-matching liquid, decalin. A z-aver-
aged decay rates, (I',) were obtained by applying cumulant analysis
on correlation functions measured at different angles, as described
in ref. 51. (I',) is further related to a collective diffusion coefficient,
(D). through the relation (I';) = (D.).q", where q = 4rn/n/.sin(0/2) is
the scattering vector magnitude, with n being the refractive index of
solvent. Hence, extrapolating (I",) to zero g we obtain the diffusion
coefficient. Assuming non-interacting particles (infinite dilution)
D, = Dy, where D, is the self-diffusion coefficient which is related
to the hydrodynamic radius, (Ry).), via the Stokes-Einstein relation
(D) = ksT/(6m7(Ryy).) ), where Ki = 1.3810 2 J K™ * is the Boltzmann
constant, T is temperature and # is the solvent viscosity.

Other DLS experiments and electrophoretic mobility mea-
surements were performed on a Zetasizer Nano ZS instrument
(Malvern Instruments, Ltd, Worcestershire, UK) at 0 = 173°
using laser light of 4 = 632.8 nm wavelength. The electrophore-
tic mobility, U provides information about the {-potential,
which tells us about the surface charge of the colloidal parti-
2?;;)%]” (kRn), where ¢ and ¢, are
dielectric constant of the solvent and vacuum permittivity,
respectively, and 7 is the solvent viscostiy. The {-potential was
calculated assuming the Smoluchowski approximation, which
gives f(kRy) = 1.5.

cles, via Henry’s equation: Ug =

2.6 Small-angle X-ray scattering

SAXS experiments were performed on a SAXS-lab Ganesha
pinhole instrument JJ X-ray System APS (JJ X-ray, Hoersholm,
Denmark) with an X-ray microsource (Xenocs, Sassenage,
France) and a two-dimensional 300k Pilatus detector (Dectris
Ltd, Baden-Daettwil, Switzerland). Two sample-to-detector dis-
tances were used and the X-ray wavelength, 4, was 1.54 A.
The two-dimensional scattering pattern was always isotropic
(circularly symmetric) and was therefore radially averaged to
obtain the one-dimensional scattering function, I(g), where g =
4rn/2sin(0/2) is the magnitude of the scattering vector, 6 being
the scattering angle. Absolute scaling of the scattered intensity
was performed by using water as a calibration standard.
Scattering from the buffer measured in the same capillary as
the sample was subtracted.

2.7 Small-angle neutron scattering

SANS experiments were performed at NIST Center for Neutron
Research in Maryland, USA. The instrument used was NG7
SANS. Four sample to-detector distances (1 m, 4 m, 13 m and
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15.3 m with lenses), and a neutron wavelength of 6.0 A (sample-
to-detector distances of 1 m, 4 m and 13 m) and 8.1 A (15.3 m
with lenses) were used to obtain a g range spanning from
0.001 A™! to 0.5 A™". The wavelength spread is approximately
12%.%> The data were reduced to the absolute scale using the
Igor Pro software by following the standard protocol at NCNR to
correct the effect of the background, empty cell, detector
efficiency, and the transmission of each sample.”® Samples
were measured in 1 mm path length cylindrical quartz cells.
Measurements were performed at T = 20 °C, 30 °C, 37 °C, 50 °C
and 80 °C.

2.8 Cryogenic transmission electron microscopy

Cryo-TEM experiments were performed using JEM-2200FS
transmission electron microscope (JEOL) at the National Center
for High Resolution Electron Microscopy (nCHREM) at Lund
University. The Schottky field-emission electron source is oper-
ated at an acceleration voltage of 200 kV. The filters and slits
used were an in-column energy (omega) filter and a 25 eV slits.
The images were recorded via SerialEM software under low-
dose conditions onto a bottom-mounted TemCam-F416 camera
(TVIPS).

Samples were prepared by depositing 4 pL droplets on
carbon-coated Ted Pella grids, which were then blotted with
filter papers. The grids were then plunged into liquid ethane at
ca. —184 °C. The plunging was performed in an automatic
plunge-freezer system (Leica EM GP) with the environmental
chamber operated at 20.0 °C and 90% relative humidity. The
grids were stored in liquid nitrogen at —196 °C before imaging.

3 Results and discussion

3.1 Adsorption of monomeric aSyn onto small unilamellar
vesicles (SUVs)

As aSyn undergoes a transition from a random coil to a large
fraction of a-helical structure when it adsorbs to anionic lipid
membranes,'” it is possible to follow the adsorption using CD
spectroscopy.*® Here we have focused on the adsorption of a:Syn
to SUVs composed of a mixture of the zwitterionic lipid POPC
and the anionic lipid POPS, at different fractions of the anionic
lipid, f. The radii of vesicles at different  values varies between
25 nm and 27 nm. CD experiments were performed on solu-
tions containing 5 pM aSyn and varying concentrations of
lipids in 20 mM PB, pH = 7.0, at 25 °C. Results are shown in
Fig. 1 where the lipid concentrations are presented as the lipid-
to-protein molar ratio, L/P. In Fig. 1a we present CD spectra at
different L/P for = 0.3. For L/P = 0, we see the typical CD
spectrum from proteins with a random coil conformation.>*
With addition of lipid vesicles we observe the emergence of two
minima at A & 208 nm and / ~ 222 nm, which are signatures
of an o-helical conformation.>® At high L/P values, the CD
spectrum no longer changes, indicating that adsorption is
saturated and essentially all protein molecules have adsorbed
onto vesicles with the maximum amount of o-helix of almost

This journal is © The Royal Society of Chemistry 2025
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(a) CD spectra obtained for different L/P, for the case of vesicles with composition ff = 0.3 at pH = 7.0. The protein concentration was cp = 5 uM

and the lipid concentration was varied. (b) Spectra obtained for lowest L/P above saturation for lipid systems with = 0.2 (cyan squares), § = 0.3 (blue
squares) and 8 = 0.5 (purple squares). The saturation was found at L/P = 500 for = 0.2, L/P = 400 for = 0.3 and L/P = 300 for f = 0.5.

100 residues. The L/P value above which saturation is observed
we refer to as (L/P)sy. At f = 0.3, we estimate (L/P)g,, = 400.

It has been shown that aSyn adsorbs to negatively charged
membranes with its net positively charged N-terminus which
adopts an o-helical conformation, while the net negatively
charged C-terminus remains disordered and protrudes into
the bulk solution."*° The fraction of the molecule that adopts
an o-helical conformation can vary."''?%**3% Typically this
fraction is smaller at low L/P and involves a maximum of
~100 residues at saturation.'”° Thus, the CD spectrum at
saturation is expected to represent a mixture of approximately
2/3 o-helix and 1/3 random coil. These saturation spectra were
essentially identical for = 0.2, 0.3 and 0.5, as shown in Fig. 1b.
The noisy data at low wavelengths are caused by significant
scattering from vesicles which are present in high concentra-
tions at these L/P ratios.

Consistent with an earlier study,?® we note that the variation
with L/P shows an isodichroic point at A & 203 nm, indicating
the coexistence of two states that are populated to varying
degree. In fact, the CD spectra at different L/P, here presented
as the mean residue ellipticity, [0], are well described by a linear
combination of the random coil spectrum at L/P = 0, [0]p-o,
and the spectrum obtained at saturation, [0]s,..”” This can be
seen in Fig. 2a, where we compare data with linear combina-
tions for a few selected L/P in the lipid system with f# = 0.3. The
linear combination was calculated as

[0]= (1 = AlOlup-0 + MOLsa 1)

where f is the fraction of [0]s, spectrum in the linear combi-
nation. In Fig. 2b, we have plotted how f varies with L/P
for different fractions, f3, of POPS in the lipid mixture. As can
be seen, f increases approximately linearly with L/P until
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Fig. 2

(a) CD spectra obtained for different L/P, for the case of vesicles with composition # = 0.3 at pH = 7.0. The protein concentration was cp = 5 pM.

Solid black lines are best fits of linear combinations as described by egn (1), from which values of the fraction f were obtained. (b) The fraction f plotted
versus L/P for different lipids compositions f as indicated in the figure. The protein concentration was cp = 5 uM. The saturation points, i.e. the minimum
L/P values for which f = 1 were evaluated. The saturation points estimated were (L/P)sa: = 500 for f = 0.2, (L/P)sat = 400 for f = 0.3, and (L/P)sa = 300 for
p = 0.5. (c) Estimated adsorbed amount I' = 1/(L/P)s,: plotted versus the fraction of anionic lipid, . Data from the present work (pH = 7.0) are shown with
black square symbols. For comparison we also plot similar data from ref. 23, obtained at pH = 5.5. Solid lines are merely guides to the eye.

This journal is © The Royal Society of Chemistry 2025 Soft Matter, 2025, 21, 914-926 | 917


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm01036a

Open Access Article. Published on 09 January 2025. Downloaded on 8/1/2025 2:29:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

saturation is reached. We note that f may not be a direct
measure of the adsorbed amount of protein, but rather reports
on the relative amounts of o-helix and random coil conforma-
tions in total.

Saturation with respect to a-helical signal (f= 1) is concluded
by no further changes in the CD spectra with increasing
L/P ratio. Here we can identify an adsorbed amount as
I' = 1/(L/P)sar, where (L/P)sy is estimated from Fig. 2b as the
L/P value where freaches 1. For § = 0.2, we estimate I" = 1/500,
for f = 0.3 we estimate I' = 1/400 and for f = 0.5 we estimate
I' = 1/300. By linear extrapolation we also estimate I' = 1/1200
for f = 0.15, with reasonable accuracy. For # = 0.1 extrapolation
becomes more uncertain, but if we assume a linear depen-
dence, we obtain I" = 1/1800. These I'-values are plotted against
p in Fig. 2c. The fact that an increased amount of POPS leads
to an increase in I' implies that the adsorption is, to a large
extent, governed by an electrostatic attraction between the net
positively charged N-terminal part of aSyn and the negatively
charged membrane.>*>* Additionally, the observed increase in
I’ with f appears to level off at higher f values.

With the goal of gaining further insight into how electro-
static interactions govern the adsorption process, it is useful
to compare our findings with the recent work of Andersson
et al.,** who also investigated aSyn adsorption onto a lipid
membrane system while varying the fraction of anionic lipids,
but at a lower pH of 5.5. The lipid systems used in both
studies are nearly identical, with a slight difference reflected
in the fact that Andersson et al. used 1,2-dioleoyl-sn-glycero-3-
phospho-i-serine (DOPS) as the anionic lipid. However, the
difference between DOPS and POPS, used in the current
study, is considered negligible. Furthermore, it has been
shown that changes in headgroup chemistry do not affect
aSyn binding to vesicles, provided that the charge of the
headgroups remains unchanged.”® As a result, the response
to changes in pH is expected to be similar in the two studies
compared.

(@) O pomy . r r . '
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10k ;
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= )
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Fig. 3
7.0 and | = 40 mM (black line) and pH = 5.5 and | = 2 mM (red line).

918 | Soft Matter, 2025, 21, 914-926

View Article Online

Paper

In Fig. 2c we have included how I' = 1/(L/P)s, varies with f
taken from the data presented in Fig. 2b of ref. 23. As can be
seen, aSyn has a significantly stronger affinity for the PC/PS
membrane at pH = 5.5 compared to at pH = 7.0. Furthermore, at
pH = 5.5, I" appears to level off to a plateau at I' = ', = 0.005
for f > 0.2.

A similar strong difference in adsorption between pH = 7.0
and pH = 5.5 has been reported for the case of POPC/POPS
vesicles.?® Furthermore, Middleton and Rhoades studied
the adsorption of aSyn onto POPC/POPS (ff = 0.5) vesicles at
pH = 5.0 and found saturation at an L/P as low as ~40.””
We note also that our observed L/Pg, at pH = 7.0 for f = 0.5
is very similar to that observed by Lokappa and Ulmer at
pH =7.4.78

The leveling off of I" at higher values of L/P could be due to a
state of saturation being reached, where the vesicles are com-
pletely covered with protein and there is no room for more.
Another possibility is that the net surface charge density,
g, varies linearly with f§ for low POPS fractions, but approaches
a saturation at higher f-values. This is indeed indicated by the
data in Fig. 3a where we have plotted the { potential as a
function of . The {-potential decreases to negative values when
p increases. However, the slope decreases with increasing f.
At pH = 7 we are well above the intrinsic pK, of the carboxylate
group of the POPS headgroup.”” However, with increasing f
the interface is becoming increasingly negatively charged,
leading to an increase of the pK,, which is expected to signifi-
cantly shift the acid-base equilibrium towards the acid state as
also observed in highly charged proteins and protein
aggregates.’®*® We illustrate this effect below by estimating
how the surface charge density, ¢, depends on f.

The pK, depends on the surface potential, s, according to
ref. 60.

ey

K, = pK? — )
PRa = PR log,o ks T

(2)

(b) . . . '
e H = 7; | = 40 mM
p—pH = 5.5; | =2 mM

o
o
oo

T

0,02

0‘00 1 1 L L
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(a) Dependence of the vesicle { potential on the fraction of charged lipids, f. (b) Calculated dependence of the surface charge, o, on f8, for pH =
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Here pKj is the intrinsic pK, value at /s = 0, e is the elemental
charge, kg is Boltzmanns constant and T is the absolute
temperature. Within the Debye-Hiickel approximation, the
surface potential depends linearly on o,

s

o

o E0ErK (3)
where ¢, is the permittivity of vacuum, ¢, is the dielectric
constant of the solvent, and x is the inverse of the Debye
screening length. Denoting the fraction of dissociated acid
molecules «, and assuming a constant area per lipid molecule,
ay, we have

afe
= 4
=2 (@
We also have
o
pK, = pH —logy, T—o (5)

and from eqn (2) and (5) is possible to solve how o, s and o
depend on f. In Fig. 3b, we have plotted ¢ versus f using
reasonable values for the different parameters: pK: = 3.6,”
ap ~ 0.65 nm>°" ¢. = 80, T'= 298 K, and calculating x from the
buffer ionic strength, I ~ 40 mM. As can be seen, the calculated
o increases linearly at lower f-values, whereas the nonlinear
dependence at higher f§ values is at least in qualitative agree-
ment with the {-potential data. In Fig. 3b we also include the
corresponding calculated values of ¢ at pH = 5.5. At these
experiments 10 mM MES buffer was used giving an ionic
strength 7 = 2 mM. At this lower pH we are closer to pKj, and
the o is therefore lower compared to pH = 7.0.

We conclude that aSyn adsorbs with higher surface coverage
to the anionic vesicles at pH = 5.5 compared to pH = 7.0, even
though the estimated membrane charge density appears to be
significantly lower. There is clearly an attractive electrostatic
component to the adsorption as this is promoted by anionic
lipids, and there is likely also an attractive hydrophobic
interaction.®® However, in addition, there is the unfavorable
electrostatic repulsion between the disordered negatively
charged C-termini that lowers the coverage. One should also
keep in mind that there is a repulsive electrostatic component
to the coverage as a result of the overall protein net charge,
which is pH dependent. For aSyn, IP ~ 4.7. The net charge of
monmomeric aSyn at pH 5.5 is & —5 as calculated based on the
reported pK, values of His50 and all acidic groups,®® while at
pH = 7.0, the protein charge is close to —9.°*%* The higher
surface coverage at pH = 5.5 we therefore ascribe to the
lower negative charge of the protein that lowers the repulsive
protein-protein interactions at the lipid membrane interface,
as well as the repulsive electrostatic component of the protein—-
membrane interaction. Moreover, the net charge of the protein
is reduced in fibrils due to a pK, value upshift of ca one unit
upon assembly, an effect also expected upon surface adsorption
of the protein on vesicles. We note that for pH = 5.5, ¢
essentially levels off to a plateau for f > 0.2 (Fig. 3b). This
correlates well with the observed plateau in the adsorption, I,
for f > 0.2 (Fig. 2c), and is consistent with the view that it is

This journal is © The Royal Society of Chemistry 2025
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mainly the negative charges on the membrane that attract aSyn
molecules.

It is also useful to consider the density of aSyn helices on the
vesicle surfaces, and their possible packing. Several oSyn-
binding modes have been reported.''***3* On lipid vesicle
membranes, aSyn can adsorb with a short helix, involving
approximately the first 25 residues, an intermediate helix,
involving approximately 50 first residues® or a long helix
involving residues 1-97."* On the other hand, upon binding
to small SDS micelles, aSyn adopts a broken helical form with 2
almost equally long anti-parallel helical segments, involving
residues 3-37 and 45-92, respectively, connected by a short
linker.** These different modes are schematically illustrated in
Fig. 4. More recently it has been reported that aSyn for low L/P
can also form long helix with only a part docking to the lipid
membrane and the remaining part extending into the bulk.®®
This can be seen as an alternative to the short a-helix, while at
the same time the structure resembles the broken helix with
only the N-terminal part in contact with the membrane.

CD spectra obtained at saturation are expected to represent
the state of aSyn adsorbed via a long helix. The CD spectra at
saturation for f# = 0.2, 0.3 and 0.5, respectively, presented in
Fig. 1b are strikingly similar. As can be seen, they are essentially
identical and show a significant contribution from o-helical
signal. A typical o-helix far UV CD spectrum shows a positive
band at 2 = 193 nm and two negative bands of similar
amplitude at 208 nm and 222 nm, respectively, where the
positive amplitude of the 193 nm band is approximately twice
the negative amplitudes of the 208 nm and 222 nm bands.®**’
In terms of mean residue ellipticity, [0],, the typical values for
o-helix are [0]naix(193 nm) = 8 x 10" deg cm® dmol ' and
[0]he1ix(208 NM) ~ [0]heni(222 nm) & —4 x 10* deg cm® dmol .
This is in fact close to what we actually observe in Fig. 1b, and
we conclude from this that, at saturation, a major part of
the adsorbed oSyn molecules must have adopted an o-helix
conformation.

U] (In

Long Broken Short
helix helix helix

10 nm

Fig. 4 (1) lllustration of three possible modes of a-helices (light blue):
long, broken and short, and the PDB structure of broken helix taken from
ref. 33 (darker blue). (1) lllustration of R = 20 nm vesicles (red) and 100 nm?
square (blue) corresponding to an average membrane area occupied by
one aSyn molecule at saturation for f = 0.5. The scale bar (10 nm) refer to
all illustrations.
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We can also consider the density of the aSyn molecules on
the vesicle surface at the saturation. For the highest fraction of
POPS investigated here, f = 0.5, we find I" = 1/300 (see Fig. 2b).
Since there are approximately the same number of lipids in the
two monolayers, this means that there is one aSyn molecule
adsorbed per 150 lipid molecules in the outer monolayer. With
an area per lipid of a;, = 0.65 nm?, this corresponds to one aSyn
molecule per circa 100 nm? To visualize this we show a
10 nm x 10 nm square in Fig. 4. A vesicle with R = 20 nm
has a bilayer area of ca. 1300 nm”, hence we expect circa 13
adsorbed aSyn molecules per vesicle for f = 0.5 at saturation.

A typical o-helix has 3.6 residues per turn, with 0.54 nm rise
per turn, and has a diameter of approximately 1.2 nm. The long
97 residue extended o-helix of aSyn is thus circa 15 nm long.
We note first that this length is similar to the vesicle radius of
~20 nm. In Fig. 4 we have also drawn a 20 nm radius vesicle on
scale together with the different forms of ao-helix-containing
aSyn. The Figure also illustrates the average area occupied by a
single aSyn molecule at saturation for f = 0.5. From these
simple geometrical considerations, we can conclude that aSyn
can adopt either of the possible helical states under the condi-
tions investigated. In fact, Lokappa and Ulmer has suggested
that aSyn populates both elongated and broken helix states on
small unilamellar vesicles.>®

In order to gain further insight in the aSyn adsorption, we
investigated how the presence of protein influences the vesicle
structure utilizing SAXS.®® Due to the overall low lipid-water
X-ray contrast, which results in relatively low scattered intensity
at lower g-values, we used higher lipid concentrations com-
pared to the CD experiments. In Fig. 5a, we compare SAXS
data from vesicle samples in the presence and absence of aSyn.
The lipid concentration was ¢;, = 42 mM, with f = 0.3, and the
protein concentration was c¢p = 0.14 mM, corresponding to L/P =
300. As the signature of the bilayer scattering, a broad peak at

(a)

T
© protein

o vesicles

o  vesicles & protein

0.1F

g 0,01k o
0,001 % -
T (A?
1E-4 L 1
0,01 0.1 1

a A"
Fig. 5
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g ~ 0.1 A™', is essentially the same in both cases, we can
conclude that the protein adsorption does not affect the bilayer
structure. However, there is an increase in forward scattering
when the vesicles are coated with protein.

In Fig. 5a, we are also showing the scattering curve from a
sample containing only protein monomers. A protein concen-
tration of 0.14 mM is sufficiently low for protein—protein
interactions to be neglected, and the scattered intensity, I(g),
of protein monomers can be written as

1(g) = 1(0)Pm(q)- (6)
Here P,,(q) is the normalized protein monomer form factor,
given by the Debye equation®

_ e RS -]
- qugz ’

P(q) 7)
where R, is radius of gyration, and I(0) is the forward scattering,
given by

_APPM,

I(O) = WCP.

(8)
Here, Ap = 3.6 x 10" cm™? is the scattering length density
(SLD) difference between protein (p, = 12.6 x 10'° em™?) and
solvent (ps = 9.47 x 10" em™?), M,, = 14.4 x 10° g mol " is the
protein molar mass, d, = 1.4 g cm ™ is the protein mass density,
N, = 6.022 x 10** mol ' is Avogadros number and ¢, = 2 x
107’ g cm* is the protein mass concentration. In Fig. 5a we are
also showing the Debye model that best describes the data. The
best agreement between the model and the data is obtained for
Ip=0.02 cm™ ' and R, = 4 nm.

The bilayer contribution to the scattering profile of vesicles,
both in the presence and absence of protein, was modeled
using an approach proposed by Pabst et al.”® The model takes

(b) ————

vesicles
vesicles & protein

2,00E+09

1,00E+09

p (em?)

0,00E+00

-1,00E+09

(a) SAXS profiles of aSyn monomers (black open circles), at cp = 0.14 mM, pure vesicle dispersion with f = 0.3 (red open circles) at ¢, = 42 mM and

sample containing vesicles and aSyn monomers (blue open circles) at L/P = 300. The full lines are representing models fitted to the data: Debye model
(black line) with /(0) = 0.02 cm™t and Rg =4 nm, and Pabst—Guinier—Porod model (red and blue lines). The inset shows Guinier fit yielding /(0) = 0.8 cm™t
and Ry = 17.8 nm in the case of vesicles (red), and for /(0) = 1.0 cm~tand Rq =15.6 nmin the case of sample containing protein and vesicles (blue line). (b)
Electron density profile as a function of distance from the bilayer center, z.
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into account strong electron density variation across the z
direction of the bilayer (Fig. 5b), which is responsible for the
appearance of the broad peak in the scattering profiles at g ~
0.1 A™". The advantage of this model is that the electron density
profiles are described with Gaussian distributions, taking
into account the diffuse scattering of bilayer. Separating the
contribution of all three lipid regions (inner and outter head
group and hydrocarbon regions), the bilayer form factor can be
written as

F(q) = 2Fug + Fr )

where Fyq and Fr are form factors of the head group and
hydrocarbon tail regions, respectively. Fixing the middle of the
hydrocarbon region at z = 0, form factors are given by the
following analytical expressions

onG ¢
Fug = V2rnoncApyge™ 2 cos(qzHG); (10)
or’q’
Fr = V2norApre 2 (11)

Here z and ¢ denote the position and the standard deviation
of the electron density distributions, respectively, and Ap the
contrast between the lipid and the solvent. An additional profile,
described by zp, op and App, was included when modeling
scattering from sample containing both vesicles and protein in
order to account for the contribution of the adsorbed layer of
aSyn to the scattering profile.

To include contribution of the scattering of vesicles as
whole, we combined the bilayer form factor (eqn (9)) with the
Guinier-Porod model.”" The Guinier-Porod model assumes
that scattering profiles are composed of two regions: Guinier

region where ¢ < \/3;/Rg and Porod region where ¢ >

\/% / R, d being the Porod exponent. The Porod exponent

describes the roughness of the surface of the scattering
particles, and d = 2 for the 2-dimensional surface of the lipid
vesicles. The scattering intensity in the Guinier (Ig) and the
Porod (Ip) regions are given with the following expressions

llzRgz
Ig=Ge 3, (12)
Iy =Dg* (13)

where G is the Guinier scaling factor, or the forward inten-

d (3d\2
sity (Il — 0)), and the D = Ge™2 <7) R, = Ge Ry is the
Porod scaling factor.

In Fig. 5b, we are showing the obtained electron density
distribution. As expected, the head group region and «Syn
have higher electron density compared to water, unlike the
hydrocarbon region with electron density lower than that of
water. The fitting parameters used in the models shown in the
Fig. 5a are summarized in Table 1.
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Table 1 Parameters used to model SAXS data for f = 0.3

Fitting parameters Values

2uG 19.0 A

Zp 255 A

oG 3.5 A

2% 6.2 A

op 21A

Apug 2.0 x 10" em™2
Apr —1.8 x 10" cm™?
App 0.4 x 10" cm ™
R, vesicles alone 20.0 nm

R, vesicles and protein 16.0 nm

In the inset in Fig. 5a we are showing the Guinier plots, id est
InI(g) vs. ¢°, from which we are able to estimate R, and 1(0)
directly. As was obtained from the model fitting, aSyn adsorp-
tion leads to a decreases in R, from 18 nm to 16. On the other
hand, there is an increase of the forward scattering from
0.8 cm™ ' to 1.0 cm ™" upon the addition of the protein.

For a particle system, the forward scattering intensity can be
written as

1(0) = %A;ﬂ Viparts (14)
where N/V is the number density of particles with volume Vpurt.
For the pure lipid vesicles Vpar = nvy, where ny, is the number
of lipid molecules, vy, is the average volume of the lipid
molecules. We denote the vesicle scattered intensity as I;(q).
We note in passing that Vp,. here is an average volume because
of the vesicle size polydispersity.

In the presence of protein, a fraction, Py, of aSyn molecules
adsorbs onto the vesicles. If this occurs at a constant number of
vesicles, N/V, it changes the vesicle contribution to I(0) by a
change in the average contrast, and by a small increase in Vpqrs.
When the protein is in excess, P, < 1, every vesicle is covered by
the maximum adsorbed amount of aSyn molecules. Denoting
the forward scattering I p(0) we write

N 2 Ap 2M
ILP(O) = ?Apavz(nLvL + }’lpr) +(1 — Pb)ﬁc’p, (15)
Here np is the number of adsorbed protein molecules per
vesicle, and vp is the molecular volume of aSyn. The average
SLD, p.,, is the weighted average of lipid, p;, and protein,

pp, SLDs. The averaged SLD difference we write as

Apav = (¢LPL + Pb(prP)/(d)L + Pb¢p) — Ps-

Here, ¢, and ¢p are the volume fraction of lipid and protein,
respectively.

Assuming that for the corresponding solvent conditions and
for = 0.3 all protein molecules are adsorbed with a long helical
segment at L/Pg, = 400 (Fig. 2b), we obtain the fraction of
residues in helical conformation in the current case (L/P = 300)
to be P, = 0.75. By simple geometrical analysis, we can esti-
mate the maximum amount of the protein molecules that
can be adsorbed onto vesicle. DLS measurements of vesicle
suspensions yield the average vesicle radius of 24.6 nm, which
allows for estimation of the average vesicle surface area of

(16)
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Ay = 7.6 x 10° nm”. From the literature values for area per lipid
HG of a;, = 0.65 nm? we can estimate the amount of
lipid molecules per vesicle to be 24y/a; = 2.3 x 10* (1.17 x
10* lipid molecules per outer layer). Knowing that 400 lipid
molecules bind 1 aSyn molecule, we can estimate the maxi-
mum amount of aSyn molecules per vesicle adsorbed with a
maximal helical segment to be np = 58. Furthermore, consider-
ing the length of a lipid molecule to be I, = 2 nm,”* we can
calculate the volume of a lipid molecule vy, = a;, x I, = 1.3 nm?
and the volume of a protein molecule can be calculated as vp =
M,/(dp x Na) =17 nm>. The volume fractions can be calculated
from molecular weight, mass concentration and mass density
as ¢ = (Myc)/d. Finally, assuming lipid mass density of
1 mg ml ™" gives SLD equal to p; = 9.42 x 10'° cm™ 2. Inserting
these values in eqn (14)-(16), we obtain the following values
for the forward intensities: I;, = 0.26 and I;p = 0.46. The ratio
of these intensities of 1.5 is in a good agreement with
the experimental ratio of 1.8 obtained for low-q data, as is the
difference of AI = 0.2 cm ™.

The vesicles with adsorbed aSyn are kinetically stable. This
is seen from Fig. 6 where we have plotted the hydrodynamic
radii obtained from DLS as function of time, for samples with
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different L/P and f = 0.3. The data shown in the figure are
coming from two different sample preparation and were mea-
sured with two different instruments. The horizontal dashed
lines are illustrating the size of vesicles without adsorbed aSyn
for each of the cases, and the vertical line illustrates the
saturation point for the given fi. We can see from the Fig. 6a
that there is essentially no variation with time during the
14 days timescale. It can also be observed that the apparent
size of vesicles is biggest at intermediate L/P. As has been
proposed earlier,"*? at L/P lower than L/P,, aSyn adsorbs only
with a small segment (ca. 20 amino acids) and the rest of the
protein is extending from the vesicle surface as a random coil,
leading to increase in the vesicles’ hydrodynamic radius. The
increase of ~3 nm at intermediate L/P is in good agreement
with what is expected for ca. 120-amino-acid-long protein
(the radius of gyration for the whole protein is estimated to
be 4 nm as shown in Fig. 5a), and the increase of 1 nm around
the saturation point can be explained by 40 amino acid residues
at the C-terminus that extend as the random coil. It is also
important to note that fibril formation did not occur under
these conditions, as demonstrated in Fig. S1 (ESI{), where we
are showing CD spectra obtained at different time points.

(c)

(f)

Fig. 6

(a) Hydrodynamic radii from two different sample preparations, measured with 3D LS Spectrometer (blue) and Zetasizer Nano ZS (red) vs. L/P for

different time points and f = 0.3. The dashed lines represent hydrodynamic radius of pure vesicle solutions, and the vertical dashed line illustrates
the saturation point. (b)—-(f) Cryo-TEM images of pure f# = 0.3 vesicle dispersion (b) and vesicles in the presence of aSyn at L/P 2.5 (c), 25 (d), 50 (e), 300 (f).
The images are cropped areas of 500 nm x 500 nm from selected cryo-TEM micrographs.
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The samples shown in red in Fig. 6a were also imaged with
cryo-TEM (rest of Fig. 6). The samples were vitrified ~15 min
after sample preparation. The observed size distributions are
consistent with the DLS results. We also note that the vesicle
shapes remain spherical after adsorption of aSyn. Significant
deformations in the shape of vesicles after adsorption of aSyn
have recently been observed with small unilamellar vesicles
composed of DOPC/DOPS." The vesicles in the present system
are in fact very small which might explain their stronger
resistance to deformation.

4 Fibril formation induces vesicle
fusion

Having established that vesicles are kinetically stable also with
adsorbed aSyn monomers, we now turn to the fate of the lipid
vesicles after the formation of aSyn fibrils has occured in their
presence. We have recently shown, using small angle X-ray
scattering (SAXS), that POPC/POPS vesicles in the presence of
aSyn retained locally their bilayer membrane structure also
after the protein has formed fibrils.> However the SAXS pattern
was at lower g-values dominated by fibril scattering and it was
not possible to investigate any potential membrane remodel-
ling. Here, we have therefore turned to neutron scattering and
contrast variation, SANS. SANS experiments were performed
using deuterated oSyn and protonated lipids in D,O buffer.
The deuterated aSyn is almost completely contrast matched to
the solvent, with a negligible contribution to the scattering
pattern.

The vesicle dispersion was tip-sonicated to produce small
unilamellar vesicles, yielding a z-averaged mean radius of (R), =
24.8 £+ 0.3 nm, as measured by DLS. The fibril formation of
280 uM monomeric oSyn in the presence of vesicles (¢, = 2.1 mM,
f = 0.3) was initiated by adding 14 uM fibril seeds. The samples
were then incubated for 14 days at 37 °C in a pH 7.0 buffer.
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Table 2 Parameters used to model SANS data for = 0.3

Fitting parameters Values

2uG 19.0 A

OuG 3.5 A

oT 6.2 A

Apug 3.9 x 10" cm ™2
Apr —6.8 x 10'° cm?
R, vesicles alone 22.0 nm

R, vesicles and protein 44.0 nm

Fig. 7a compares the scattering profiles of the pure vesicle
dispersion and vesicles in the presence of a-Syn fibrils. As can
be seen, the two scattering patterns essentially overlap for g >
0.01 A~'. However, they deviate in the low g regime. Here,
the scattering intensity is significantly higher in the sample
with fibrils, demonstrating that the vesicles are larger after
fibril formation had taken place in their presence. The data
were fitted using the same model that was used to analyze the
SAXS data (eqn (9)-(13)). The neutron scattering densities
used in the model”® are presented in Table 2. The best fits
are shown as solid lines. For the vesicles alone, we obtain an
average radius of 22 nm, while in the sample fibrils the average
radius had increased to twice the size, approximately 44 nm.

The twofold increase in vesicle size was confirmed by cryo-
TEM. A representative image is shown in Fig. 7b, where we
observe that aSyn fibrils coexist with lipid vesicles with radii in
the range 20-40 nm. The representative image of a pure vesicle
dispersion is shown in ESIf (Fig. S3g). From the histogram
constructed by analysis of 388 vesicles in the presence of fibrils
at pH = 7.0, shown in Fig. 7c, we find average size of vesicle
radius to be ~23 nm, while that of vesicles without adsorbed
protein is ~11 nm (see ESIt). Since we have shown that the
initial small vesicles are kinetically stable over time (Fig. 6),
the results indicate that a small finite number of fusion events
have occurred during the process of fibril formation. The two-
fold increase observed by SANS and cryo-TEM in the radius

(c)

number of vescles

radius (nm)

(a) Comparison of SANS profiles of pure vesicle dispersion (open red squares) at ¢, = 2.1 mM and vesicles in the presence of fibrils (open blue

squares) at ¢, = 280 pM (L/P = 7.5) and pH = 7.0 measured at 20 °C. The Pabst-Guinier—Porod model are represented with solid lines: red corresponding
to Ry = 22 nm and blue to Ry = 44 nm. Cryo-TEM image of vesicles are in the presence of fibrils at pH = 7.0 and (b) and size distribution of vesicles
diameter obtained from cryo-TEM images by analyzing 388 vesicles (c). The scale bar corresponds to 100 nm.
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corresponds to a four-fold increase of the bilayer area per
vesicle, and hence three fusion events occurred during fibril
formation.

The same SANS and cryo-TEM experiments were repeated at
three different pH values, pH = 6.0, 6.5 and 7.4, respectively, with
essentially identical results. The results from these experiments are
presented in ESIL{ Fig. S2 and S3. In Fig. S2 (ESIf), the SANS
patterns are also compared with a calculated scattering pattern
from deuterated oSyn fibrils, confirming that the deuterated aSyn
fibrils do not contribute significantly to the SANS patterns.

5 Conclusions

We have investigated the interactions of aSyn with POPC/POPS
small unilamellar lipid vesicles at pH = 7.0. As has been
reported frequently in the literature,”*® «Syn monomers readily
adsorb onto anionic lipid vesicles, and this was also observed here.
The adsorbed amount increased with increasing fraction of the
negatively charged POPS in the membrane, but with a tendency to
level off at highest POPS fraction investigated.

A comparison with similar studies®®*” conducted at lower
pH values (5.5 and 5.0) offers new insights into the electrostatic
interactions between oSyn and lipid vesicles, clarifying the
mechanisms that govern the adsorption process. This further
extends our understanding of how factors such as vesicle
charge, pH, and ionic strength influence protein adsorption.
We show that the saturation point is pH dependent, as demon-
strated in Fig. 3b, where we show that ¢ saturates for lower 8
values at pH = 5.5 compared to pH = 7.0. This correlates with
the up-shift of the carboxyl group pK, value with increasing
charge density of the membrane, resulting in that the
membrane charge density approaches a plateau at higher POPS
fractions. Additionally, the adsorbed amount is shown to be
strongly pH dependent, decreasing with increasing pH, even
though the membrane charge density increases with increasing
PpH. We ascribe this to the increased protonation of the proteins
acidic residues. Lowering the pH from 7.0 to 5.0 makes the N-
terminus increasingly positively charged, thus increasing its
electrostatic attraction to negatively charged surfaces. Further-
more, it makes the C-terminus less negatively charged decreas-
ing the lateral protein—protein repulsion in the adsorbed state.

Moreover, we show that small POPC/POPS vesicles, with size
similar to those of synaptic vesicles, are found to be kinetically
stable over the course of 14 days, both with and without adsorbed
monomeric aSyn. However, when fibril formation, here induced by
the addition of small amounts of preformed fibril seed, occurs in
their presence, the vesicle size increases by approximately a factor
of two. While it remains unclear exactly when this thermodynamic
drive for fusion arises, it is certain that a small number of fusion
events occurred during fibril formation.
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