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ABSTRACT: The aberrant aggregation of α-synuclein (αS) into amyloid fibrils is associated with a range of highly debilitating
neurodegenerative conditions, including Parkinson’s disease. Although the structural properties of mature amyloids of αS are
currently understood, the nature of transient protofilaments and fibrils that appear during αS aggregation remains elusive. Using
solid-state nuclear magnetic resonance (ssNMR), cryogenic electron microscopy (cryo-EM), and biophysical methods, we here
characterized intermediate amyloid fibrils of αS forming during the aggregation from liquid-like spherical condensates to mature
amyloids adopting the structure of pathologically observed aggregates. These transient amyloid intermediates, which induce
significant levels of cytotoxicity when incubated with neuronal cells, were found to be stabilized by a small core in an antiparallel β-
sheet conformation, with a disordered N-terminal region of the protein remaining available to mediate membrane binding. In
contrast, mature amyloids that subsequently appear during the aggregation showed different structural and biological properties,
including low levels of cytotoxicity, a rearranged structured core embedding also the N-terminal region, and a reduced propensity to
interact with the membrane. The characterization of these two fibrillar forms of αS, and the use of antibodies and designed mutants,
enabled us to clarify the role of critical structural elements endowing intermediate amyloid species with the ability to interact with
membranes and induce cytotoxicity.

■ INTRODUCTION
α-Synuclein (αS) is an intrinsically disordered protein whose
aggregation is strongly associated with synucleinopathies, a
group of neurodegenerative disorders that includes Parkinson’s
disease (PD).1−7 These pathologies afflict more than 2% of the
global population over the age of 65, and their prevalence is
expected to increase significantly with increasing life expect-
ancy. In its physiological form, αS has been shown to localize
predominantly at the presynaptic termini.8 The function of αS
is currently unknown; however, evidence exists about some
possible roles in neuronal physiological processes such as the
regulation of the exocytosis of synaptic vesicles (SVs),9−12

vesicular trafficking,13,14 and mitochondrial binding.15,16 In the
context of PD, amyloid aggregates of αS result in the major
constituents of Lewy bodies, intracellular inclusions, forming in

dopaminergic neurons of patients.2,17,18 In addition, familial
forms of early-onset PD have been linked with genetic
alterations in patients, including mutations, duplications, and
triplications of the αS encoding gene (SNCA).19,20 The
structural properties of amyloid fibrils of αS have been
extensively studied,21−26 including fibrils formed in vitro by
WT αS and pathological mutants27,28 as well as post-mortem
aggregates purified from the brains of patients affected by
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synucleinopathies.29−31 The biological properties of these
fibrils, however, remain unclear, including their ability to
induce neuronal toxicity. It is indeed becoming increasingly
evident that mature αS fibrils may not be the crucial cytotoxic
species in synucleinopathies, and that transient fibrils and
oligomers formed during αS aggregation may be the source of
the neurotoxicity observed in these neurodegenerative
disorders.2,32,33 Moreover, emerging evidence points to a role
of condensation into αS liquid-like droplets as an initial step of
aggregation34−37 and evidence exists about a pathway of
maturation from the condensate state into Lewy Bodies,38 but
the pathological relevance of these condensates has not yet
been delineated. Understanding the evolution of αS con-
densates into mature fibrils and the biological properties of the
aggregates forming during this process is therefore critical to
identify the underlying molecular origins of synucleinopathies.
By combining solid-state NMR (ssNMR) spectroscopy,

cryogenic electron microscopy (cryo-EM) and biophysical

methods, along with other molecular and cellular biophysical
techniques, we here characterized in vitro a structural-
molecular pathway by which αS self-assembles into liquid-
like droplets from which intermediate fibrils are rapidly
formed. Upon extended incubation, mature αS amyloids
appear in the mixture, showing the structural-topological
properties of species analyzed post-mortem from patients’
brains. The two types of αS fibrils generated during this
aggregation process in vitro, designated as early-f ibrils
(intermediate) and late-f ibrils (mature), possess significantly
different conformational properties and induce different levels
of cytotoxicity when incubated with SH-SY5Y cell lines. The
structural characterization of these two fibrillar species enabled
us to identify the critical molecular elements that endow the
transient protofilaments, rather than the mature aggregates,
with the ability to induce cellular toxicity. The evolution into
mature late-f ibrils was shown to significantly reduce the
conformational dynamics as well as the interaction propensity

Figure 1. Properties of early-f ibrils and late-f ibrils from αS condensates. (A) Confocal images of spherical condensates of αS that readily form at 37
°C (see Experimental Section). The droplets show a round shape (see also Figure S1) and liquid-like properties in FRAP analyses (Figure S2).
Samples included 1% of AF488-αSN122C to fluorescently label the condensates. Scale bars are 1 μm (white) and 5 μm (red). (B) After 1 day of
incubation, TEM images (top, scale bar 1 μm) showed the presence of curly early-f ibrils that possess the typical X-ray diffraction pattern of amyloid
fibrils (down), with reflections at 4.8 Å (red arrow) and 10 Å (cyan arrow). The diffraction patterns of the early-f ibrils are typical of unoriented
fibrillar samples, likely owing to the curly nature of these amyloids.67 (C) After 3 weeks of incubation, TEM images (top, scale bar 1 μm) detected
straight late-f ibrils, with a conserved amyloid pattern of X-ray diffraction (down). (D) early-f ibrils imaged at the confocal microscope (scale bar 20
μm) after 1 day of incubation at 37 °C. The aggregates disassemble after overnight incubation at 4 °C and can be observed again after 1 day of
incubation at 37 °C. The sample included 2% of AF488-αSN122C to fluorescently label the aggregates. (E) Cell dysfunction monitored by the
reduction of MTT in human neuroblastoma SH-SY5Y cells upon incubation with increasing concentrations (0.03, 0.3, and 3 μM, monomer
equivalents) of early-f ibrils and late-f ibrils from αS spherical condensates formed after 1 day and 3 weeks, respectively. * and *** indicate P values
<0.05 and <0.001 with respect to untreated cells. Cells exposed to monomeric αS (M) and buffer of the early-f ibrils (buffer SIF) were also shown.
(F) Cell dysfunction monitored by intracellular ROS production in human neuroblastoma cells [details as in panel (E)]. Error bars in panels E and
F are S.E.M.
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of key protein regions such as the N-terminus of αS, making it
no longer available to bind and promote the disruption of
cellular membranes, a key step leading to downstream events
such as the generation of reactive oxygen species, mitochon-
drial dysfunction, and calcium dyshomeostasis.

■ RESULTS
Evolution from αS Condensates into Mature Fibrils.

In this study, we induced the self-assembly of αS in vitro at 37
°C using experimental conditions that promote rapid
formation of spherical condensates of micrometer size and

show liquid-like characteristics (Figures 1A and S1 and FRAP
experiments Figure S2). After 1 day of incubation, curly
fibrillar structures (early-f ibrils) were distinctively observed in
TEM images (Figure 1B). The early-f ibrils showed an X-ray
diffraction pattern characteristic of unoriented amyloid fibrils
(Figure 1B), including 4.8 and 10 Å reflections, indicating that
their core is stabilized by pairs of facing β-sheets. These fibrils
were found to be vulnerable to external factors such as cold
temperatures (Figure 1D), sonication, or transfer into PBS
(Figure S3). By extension of the incubation for 3 weeks,
straight amyloid aggregates (late-f ibrils) with the typical cross-

Figure 2. Secondary structure, hydrophobicity, and ThT binding of the early-f ibrils and late-f ibrils from αS condensates. (A) FT-IR spectra of αS
upon incubation at the present experimental conditions at 37 °C. Early-f ibrils after 1 and 3 days of incubation are shown in red and blue,
respectively, whereas late-f ibrils are shown in black-dotted line. The spectrum of the early-f ibrils showed a band for antiparallel β-sheet structure at
ca. 1685−1700 cm−1, which is missing in the late-f ibrils. (B) Raman spectra of the amide III band of early-f ibrils (1 day of incubation, blue) and
late-f ibrils (3 weeks of incubation, orange). (C,D) Raman spectra of the amide I band region of the early-f ibrils (C) and late-f ibrils (D). Exemplary
curve fitting (multipeakfit) of Raman spectra over the amide I region. Four fitting Lorentzian curves were employed for the convolution and
assigned to α-helix (1650 cm−1), parallel β-sheet (1662 cm−1), antiparallel β-sheet (1672 cm−1), and random coil (1685 cm−1) structures.39−41 In
the case of the early-f ibrils, the spectrum is dominated by the Lorentzian component at 1672 cm−1 (antiparallel β-sheet). In the case of the late-
f ibrils we observed a significant component in the Raman bands at 1662 cm−1 (parallel β-sheet) and 1685 cm−1 (random coil). The increased
random coil component is attributed to the transfer of the late-f ibrils from the incubation buffer into PBS to perform Raman measurements, which
promoted the disassembly of the residual early-f ibrils, thereby resulting in an increase of disordered monomers in the sample. (E) ANS binding
assay spectra of early-f ibrils and late-f ibrils show a progressive reduction in fluorescence, which indicates a shielding of the hydrophobic regions,
during the maturation of the aggregates. (F) ThT fluorescence reveals that both fibrils possess an amyloid core; however, the significantly stronger
fluorescence of the late-f ibrils indicates a larger core for these species compared to the early-f ibrils.
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β X-ray diffraction pattern and an elongated morphology were
observed in the sample (Figure 1C). In addition to distinct
morphologies, the two types of fibrils showed different
cytotoxicity properties. In particular, the early-f ibrils of αS
were found to impair the mitochondrial function (as observed
with the MTT test, Figure 1E) and induce a significant amount
of intracellular reactive oxygen species (ROS, Figure 1F) in a
dose-dependent manner when incubated with SH-SY5Y
neuroblastoma. By contrast, the late-f ibrils showed very mild
cytotoxic effects when incubated with SH-SY5Y cells.
To further investigate the structural properties of the two

types of fibrils, we measured Fourier transform infrared (FT-
IR) spectra and found that the core regions of early-f ibrils and
late-f ibrils are topologically different (Figure 2A). In particular,
the presence of an FT-IR peak at 1685 cm−1 suggested that the
core of the early-f ibrils is structured in an antiparallel β-sheet
conformation, whereas the absence of this peak in the late-
f ibrils indicated a parallel β-sheet arrangement (Figure 2A).
We also acquired Raman spectra (Figure 2B−D), which
revealed significant differences in the amide I (Figure 2C,D)
and amide III band regions (Figure 2B) of the two fibrillar
forms of αS. In particular, the amide III Raman band in the
early-f ibrils presents a maximum centered at 1237 cm−1, which
is assigned to the antiparallel β-sheet structure, whereas in the
late-f ibrils the maximum of this band is shifted to 1242 cm−1,
accounting for a significant depletion of this antiparallel β-
sheet structure (Figure 2B). In addition, by analyzing the
amide I Raman band by the convolution of four fitting
Lorentzian curves assigned to α-helix (1650 cm−1), parallel β-
sheet (1662 cm−1), antiparallel β-sheet (1672 cm−1), random
coil (1685 cm−1) structures,39−41 we observed in the early-
f ibrils a dominancy of the band at 1672 cm−1 (antiparallel β-
sheet) with a weak 1662 cm−1 band (parallel β-sheet, Figure
2C). By contrast, late-f ibrils (Figure 2D) showed a significant
component in the Raman bands at 1662 cm−1 (parallel β-
sheet) and 1685 cm−1 (random coil), while the band at 1672

cm−1 appeared markedly reduced as compared to early-f ibrils.
Overall, FT-IR and Raman data consistently indicated the
antiparallel nature of the αS early-f ibrils in contrast to the
parallel topology of the late-f ibrils. Additional evidence for an
antiparallel topology of the β-sheet of the early-f ibrils was
found using magic angle spinning (MAS) experiments in
ssNMR (detailed below). In addition to the different
morphologies and β-sheet topologies, the two fibrillar species
presented other distinctive characteristics, including lower
ANS binding (Figure 2E) and stronger ThT fluorescence
(Figure 2F) in the late-f ibrils compared to those of the early
species. These results indicate that the mature species have
minor exposure of hydrophobic regions and a more ordered
and straighter fibrillar core than the early aggregates.
Taken together, these data delineate the properties of an

aggregation process in which cytotoxic early-f ibrils form
transiently after αS condensation to subsequently evolve into
mature late-f ibrils presenting markedly different biophysical
properties, such as morphology, structural core, exposure of
hydrophobic regions, and cytotoxicity.
Detailed Structural Properties of Early and Late

Fibrils from αS Condensates. In order to characterize at
high resolution the structural properties of the early-f ibrils
forming in vitro from αS condensates, we employed cryo-EM,
a technique that has recently solved a number of structures of
αS amyloids.25−31 Due to the heterogeneity in the local
curvature of the curly early-f ibrils of αS, however, atomic-
resolution 3D maps could not be obtained for these aggregates,
as 2D class averages demonstrate the poor alignment of these
highly variable structures (Figures 3A and S4). We therefore
used MAS ssNMR, a technique that has been successfully
employed to elucidate the structure of amyloids21 as well as
oligomers1 of αS. ssNMR resonances of carbon atoms of
residues located in rigid regions of the early-f ibrils were probed
by using cross-polarization experiments. The 13C−13C DARR
acquired with a mixing time of 20 ms showed well-resolved

Figure 3. Structural topology of toxic early-f ibrils from αS condensates. (A) Cryo-EM 2D class averages of the early-f ibrils show heterogeneous
particles with a variety of different curvatures. Scale bar 5 nm. (B) MAS ssNMR spectra of the early-f ibrils. (left) 13C−13C DARR correlation spectra
(aliphatic and carbonyl regions) measured using a 20 ms mixing time probed rigid regions in the core of the fibrils. (right) MAS 1H−15N-HSQC
spectra probed dynamical regions of the fibrils. MAS spectra were recorded at 5 °C at a MAS rate of 12.5 kHz. The bar on the top reports the
protein regions detected in the spectra (green and red for the rigid and flexible regions, respectively). (C) Analysis of the ssNMR chemical shifts
provided the β-sheet content (green),57 order parameters S2 (orange), and random coil index (blue)58 of the core residues of the early-f ibrils. The
data indicate that the core is rigid and in a β-sheet conformation.
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resonances for the early-f ibrils of αS (Figures 3B and S5).
Additional MAS ssNMR spectra based on the 15N−13C
transfer, such as NCOCX or NCACX, presented enough
signal-to-noise to prompt the resonance assignment, which
revealed that the core of the early-f ibrils is composed of the
region 80-KTVEGAGSIAAA-91 (Figure S6 and Table S1).
The analysis of the chemical shifts indicated that residues in
the core of the early-f ibrils adopt a rigid β-sheet conformation
(Figure 3C), which is in agreement with the FT-IR and Raman
spectra. By measuring 13C−13C DARR with a long mixing time
(300 ms), we observed some cross-peaks that are not
compatible with local sequential contacts in the αS chain
(Figure S5). By measuring a 300 ms 13C−13C DARR on a
sample prepared using 50% 13C-labeled and 50% 12C-unlabeled
αS monomers, we could attribute these cross-peaks to
intermolecular contacts in the early-f ibrils (Figure S7A).
These contacts between residues located on different β-strands
prompted us to generate a molecular model that is fully
consistent with an antiparallel β-sheet featuring an asymmetric
distribution of the side chains, with a hydrophobic surface
opposite to a hydrophilic side (Figure S7B). This model was
further developed into a higher order assembly, based on the
10 Å reflection measured in the X-ray fiber diffraction pattern
(Figure S8). The model includes two β-sheets stacked in a

class 5 steric zipper42 that is stabilized by a hydrophobic core
and presents the hydrophilic side chains toward the solvent.
The early-f ibrils were also found to possess a significant

amount of highly mobile regions, as probed by 1H−15N-HSQC
in combination with MAS ssNMR (Figure 3B). In particular,
these spectra detected resonances from the N-terminus
(regions 1−38) and the C-terminus (regions 100−140) of
the αS sequence. The overlap between the 1H−15N-HSQC
peaks in ssNMR measurements of the early-f ibrils and those
obtained in solution NMR for monomeric αS indicates that
these regions maintain a disordered character in the fibrils.
Taken together, our data delineate the topological properties
of the early-f ibrils, including an amyloid core in an antiparallel
steric zipper flanked by disordered regions at the N- and C-
termini.
We then applied cryo-EM and ssNMR to study the

structural properties of the late-f ibrils. The considerable
morphological homogeneity of these aggregates favored the
generation of high-quality 2D class averages (Figure S9),
enabling a full-atomistic model to be refined from the 3D
density maps (Figures 4A,B and S10). The analysis revealed
the structure of a single protofilament for which we could build
a 3D model spanning the region 38 to 97 of αS (Figure 4A).
Additional density with low local resolution was observed

Figure 4. Structure of non-toxic late-f ibrils from αS condensates. (A) Cryo-EM structure of late-f ibrils resolved at 3.3 Å (PDB code: 8RI9). The
structure, which is composed of one protein molecule in each stack of the fibril, is shown in the direction of the fibril axis. The atomic model, which
spans residues 38 to 97, has a similar amyloid topology of αS fibrils studied postmortem from JOS patients29 (Figure S11). (B) 3D density from the
cryo-EM analysis shown from the top (left) and side (right) views (EMD code: 19184). Lower resolution density, indicated with black arrows, was
not amenable for model building (Figure S10). The map was resolved with a half pitch of 69.3 nm. The average diameter of the fibrils is 6.3 nm.
(C) MAS ssNMR 13C−13C DARR spectra (aliphatic and carbonyl regions) measured using a 20 ms mixing time probed rigid regions in the core of
the late-f ibrils. The spectra included peaks from the N-terminal region (labeled in the spectra), indicating that these are rigid and structured in the
late-f ibrils. In order to improve the peak shape, these spectra were measured using αS fibrils obtained by incubating fresh monomers with seeds
generated from the late-f ibrils by sonication. Unseeded spectra are shown in Figure S15. (D) MAS ssNMR 1H−15N-HSQC spectra probed the
dynamical regions of the late-f ibrils. MAS ssNMR spectra were recorded at 5 °C at a MAS rate of 12.5 kHz.
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laterally on the protofilaments, suggesting that further regions
in the αS sequence are structured around the core of the fibrils.
The molecular model of the late-f ibrils possessed a parallel β-

sheet topology, which is in agreement with FT-IR and Raman
spectra, and showed the characteristics of a type 1 αS amyloid
polymorph.43 The topological properties of the late-f ibrils were

Figure 5. Mechanism of membrane interaction and cellular internalization. (A,B) Confocal microscopy images of the median plane of
neuroblastoma cells incubated with early-f ibrils (A) and late-f ibrils (B) of αS (2% of AF488-αSN122C) at 3 μM (monomer equivalents) for 1 h. Scale
bar, 10 μm. (C) Internalization of early-f ibrils and late-f ibrils of αS (2% of AF488-αSN122C) after 1 h of incubation at 3.0 μM (monomer
equivalents) with neuroblastoma cells and estimated from confocal microscopy images of the median plane. *, **, and *** indicate p < 0.5, <0.01,
and <0.001 versus untreated cells. (D) Intracellular Ca2+ levels (% of untreated cells) in control samples and in cells incubated with early-f ibrils and
late-f ibrils of αS (3 μM of monomer equivalents) for 15 min ** indicates P < 0.01 versus untreated cells. (E) Membrane disruption monitored with
the green fluorescent signal arising from the calcein probe loaded in neuroblastoma cells. The bars report the fluorescence values (% of untreated
cells) of control samples and cells incubated with early-f ibrils and late-f ibrils of αS (3 μM of monomer equivalents) for 1 h. *** indicates P < 0.001
versus untreated cells. (F) Membrane disruption monitored with the calcein probe (% of untreated cells) in neuroblastoma cells incubated with
early-f ibrils of αS variants (WT, A30P, and Δ2−9, 3 μM of monomer equivalents) for 1 h. These mutations did not affect the pathway of aggregation
into early-f ibrils and late-f ibrils (Figure S16). ** and *** indicate p < 0.01 and 0.001 versus untreated cells. §§ indicates p < 0.01 versus cells treated
with WT early-f ibrils. (G) MAS ssNMR 13C−13C-DARR spectra (spinning rate of 12.5 kHz; mixing time of 20 ms; contact time of 1 ms) of isolated
early-f ibrils of αS (orange) are overlapped with spectra of the membrane bound early-f ibrils (blue). The latter were measured at −19 °C to enhance
the signals of membrane-bound regions of the protein.14,44,45 The 13C−13C-DARR spectrum of the monomeric membrane-bound αS measured
under the same conditions44 is shown with a single green contour line. (H) MAS ssNMR 1H−15N-HSQC spectrum of the early-f ibrils of αS bound
to lipid membranes (blue) detects only the C-terminal region of the protein. This is overlapped with the spectrum of isolated early-f ibrils (orange).
(I) Degree of membrane binding of early-f ibrils (orange) and late-f ibrils (blue) of αS measured following their incubation with human SH-SY5Y
neuroblastoma cells for 1 h at 3.0 μM (monomer equivalents) in the absence or presence of 1:1 mol equiv of the N-terminal antibody. § indicates p
< 0.05 versus cells treated with WT early-f ibrils. Error bars in panels C, D, E, F, and I are S.E.M.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c14703
J. Am. Chem. Soc. 2024, 146, 10537−10549

10542

https://pubs.acs.org/doi/10.1021/jacs.3c14703?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14703?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14703?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c14703/suppl_file/ja3c14703_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c14703?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c14703?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


found to be consistent with those of single filaments studied
postmortem from juvenile-onset synucleinopathy (JOS)
patients (Figure S11).29 The most similar region between
the two structures spans residues 41 to 66 (rmsd of 1.12 Å, Cα
atoms only, Figure S11C), including the first and second β-
strands of the amyloid core. The orientation of lysine 58, a
residue showing variable inward/outward pointing topologies
across type 1 polymorphs,43 was also found to match across the
late-f ibrils and JOS structures.
The overlap between these structures elucidates the nature

of one of the two regions whose resolution in the late-f ibrils
map was too low to prompt model building (Figure S11A).
Indeed, this region was resolved in the JOS structure as a
fragment ranging from residues 14 to 21. In analogy, we
postulate that the low-resolution density in the late-f ibrils map
is from N-terminal residues of the protein. Further evidence of
the involvement of the N-terminal region in the core of the
late-f ibrils was provided by MAS ssNMR, where a large
number of sharp peaks in the 13C−13C DARR spectra were
detected (Figure 4C). In addition to region 38−97, the
ssNMR spectra revealed the resonances of a segment of αS
spanning residues 3 to 37, indicating that this region is rigid
and highly structured in the late-f ibrils. The structuralization of
the N-terminal region in the late-f ibrils, as evidenced from the
cryo-EM density maps and MAS ssNMR spectra, is consistent
with the analysis of the disordered regions of the fibrils via
1H−15N-HSQC acquired using MAS ssNMR. In particular,
these spectra identified exclusively peaks of the C-terminal
region of the mature amyloids (Figure 4D), in contrast to the
case of the early-f ibrils, where also resonances from the N-
terminal region were observed (Figure 3B). This evidence
indicates that the N-terminus of the late-f ibrils is not
disordered and highly dynamical as in the case of the early-
f ibrils.
In addition to the JOS structure, late-f ibrils were found to be

topologically similar to type 1 monofilaments (polymorph 1
M) generated in vitro at pH 7.0 (Figure S12).43 The
observation of a monofilament topology, adopted by the late-
f ibrils at pH 7.4, suggests that the condensation of αS into
liquid-like droplets may be associated with a local lowering of
the pH, particularly because αS is an acidic protein that may
create a more acidic pH value within an αS condensate.
Mechanism of Membrane Binding and Permeation

by αS Early Fibrils. One of the main differences between
early-f ibrils and late-f ibrils from αS condensates is that only the
early species are able to cross the cellular plasma membrane
(Figure 5A−C). In particular, upon incubation with neuro-
blastoma cells, 40% of the early-f ibrils were found to penetrate
the intracellular milieu, in contrast with only 7% observed for
the late-f ibrils (Figure 5C). The incubation of early-f ibrils with
SH-SY5Y cells is also associated with considerable disruption
of the plasma membrane, as shown by an increase of 300% in
the intracellular calcium levels, compared to 170% when using
late-f ibrils (Figure 5D), and a decrease of 60% of fluorescence
in calcein-loaded cells, compared to 20% when using the late-
f ibrils (Figure 5E).
In order to characterize the structural basis of the membrane

interaction of the early-f ibrils, we employed MAS ssNMR to
probe the rigid and dynamical regions of the fibrils upon
binding with synaptic-like vesicles made of a mixture of
DOPE/DOPS/DOPC lipids in a 5:3:2 molar ratio. The
interaction with these vesicles has been extensively charac-
terized for both the monomeric14,44,45 and oligomeric1 forms

of αS, thus providing an opportunity for a direct comparison
with the early-f ibrils. 13C−13C-DARR spectra of the vesicle-
bound early-f ibrils (Figure 5G) showed a number of additional
peaks with respect to those of the isolated aggregates, thereby
revealing the protein regions that are strongly bound to the
membrane. These additional resonances were found to closely
match with those of the N-terminal region of the membrane-
bound αS adopting an amphipathic α-helical conformation.44
In addition, ssNMR peaks of the N-terminus of αS were no
longer observed in MAS 1H−15N-HSQC when the early-f ibrils
were incubated with vesicles (Figure 5H), suggesting a local
disorder-to-order transition upon membrane binding. Taken
together, the ssNMR spectra suggest that the early-f ibrils
formed from αS condensates use the unstructured N-terminal
region of the protein to bind tightly to the lipid membranes.
This mechanism of membrane anchoring, an element also
found in αS monomers44 and toxic Type B* oligomers,1

cannot be exploited by the late-f ibrils, as the N-terminal region
of these aggregates is structured around the fibril core (Figure
4). As late-f ibrils are still able to bind the outer cellular
membrane (Figure 5A−C), it is likely that their binding
exploits different properties of the fibrils, e.g., the charge
distribution on the fibril structure, leading to a different
mechanism that preserves the membrane integrity.
Collectively, these data indicate that the maturation of the

toxic early-f ibrils into nontoxic late species deprives αS
aggregates of a key element, the N-terminal region, to favor
membrane anchoring and disruption. To verify this model, we
used an antibody recognizing the N-terminal region of αS that
was known to prevent its local membrane interaction.46 In the
presence of the antibody, we observed a 50% reduction of
binding of the plasma membrane by the early-f ibrils, while no
effects were observed for the late-f ibrils, corroborating the
different role of the N-terminus in membrane binding by the
two types of fibrils (Figure 5I). In agreement with our model,
the antibody binding to the N-terminal region was found to
reduce cellular toxicity and membrane disruption by the early-
f ibrils of αS (Figure S13). Further evidence in this context was
obtained by producing aggregates composed of αS mutants
that partially (αSA30P)14 or severely (αSΔ2−9)

1 impair the local
membrane affinity of the N-terminal region. The incubation of
neuroblastoma cells with early-f ibrils of αSWT, αSA30P, and
αSΔ2−9 showed progressively milder membrane disruption
effects (Figure 5F). These results therefore indicate that
membrane anchoring via the exposed N-terminal region of αS
in the early-f ibrils is a critical step to induce cytotoxicity.

■ DISCUSSION
The characterization of the relevant species formed during αS
aggregation is of critical importance to elucidate the
biochemical mechanisms at the onset and development of
synucleinopathies. A number of structural studies have
elucidated the conformational properties of relevant aggregates
of αS, such as toxic oligomers1 or postmortem fibrils,29−31 thus
revealing the structural basis of its aggregation, but there is still
poor understanding of the biological properties of these
aggregates and their role in the neurotoxicity associated to the
impairment of dopaminergic neurons in PD. Moreover, the
properties of intermediate fibrils forming during αS self-
assembly are still obscure due to the difficulties in their
isolation, particularly when analyzing ex vivo aggregates from
the brains of patients. Given the diversity and heterogeneity of
the species forming during αS aggregation, or released by
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fragmentation of mature amyloids,33 it is likely that various
forms of transient aggregates of αS have a role in mediating
toxicity in neurons.2 It is therefore critical to advance our
understanding of the structural and interaction properties of
elusive intermediate fibrillar species to elucidate their
association with the neurotoxicity observed in the context of
PD.
In this study, we elucidated the structural properties of

intermediate fibrils of αS forming from liquid-like spherical
condensates and evolving into mature amyloids having similar
topological properties to fibrils analyzed post mortem from
JOS patients.29 The early-f ibrils, unlike the late species, are
reversible, as they form at 37 °C and dissolve at 4 °C. This
propensity to cold denaturation47,48 reflects the properties of
the phase transitions of the spherical αS condensates that
precede the insurgence of the early-f ibrils, the latter forming
very rapidly through the stabilization of a short antiparallel β-
sheet core in the NAC region (80-KTVEGAGSIAAA-91). This
region shares part of its sequence with the low-complexity
AVEGAG motif that was identified for its propensity to
promote β-sheet-stabilized phase transitions.49 The presence of
two glycine residues in the core of the transient aggregates may
confer structural plasticity to these amyloids and allow for a
variety of curvatures observed in these curly αS assemblies. By
contrast, the core of the late-f ibrils was found to adopt a
completely different topology, which is composed of a series of
stacked parallel β-sheets stabilizing straight amyloids that lack
the temperature reversibility observed in the early-f ibrils. The
structural-topological differences between the two types of
fibrils studied in this work also explain why the late species
bind to the amyloid diagnostic dye ThT with a higher affinity
than the early-f ibrils and possess a lower hydrophobic
exposure, as revealed from ANS binding (Figure 2).
By combining ssNMR spectroscopy and cryo-EM, along

with other molecular and cellular biophysical techniques, we
individuated the key structural elements that endow inter-
mediate early-f ibrils of αS with the ability to induce
cytotoxicity and delineated the topological properties of the
late-f ibrils that prevent them from damaging the cellular
membranes. In particular, we found that the exposure of the N-
terminal region in a disordered and interaction-prone
conformational state, in conjunction with the significant
exposure of hydrophobic residues, provides the early-f ibrils
with a potent lipid-binding motif to establish strong
interactions with the cellular membranes and consequently
to disrupt their integrity. The large number of N-terminal tails
exposed on the surface of the early-f ibrils may enhance the
membrane-binding affinity as a result of avidity effects, as
observed in other contexts such as amyloid−nucleotide
interactions.50 We obtained evidence for the role of the
exposed N-terminus of αS in the early-f ibrils by showing that
antibodies binding this region, as well as mutations that reduce
its local membrane affinity, suppress the ability of these early
aggregates to bind and disrupt the cellular membrane. As a
result, through a mechanism of membrane binding and
destabilization, the early-f ibrils generate cytotoxicity by making
the lipid-bilayer more permeable to Ca2+ ions and molecules as
large as calcein, leading eventually to ROS production and
mitochondrial impairment. By contrast, in the late-f ibrils the N-
terminal region was found to be structured around the amyloid
core, which makes it unavailable to interact with membranes,
thereby resulting in a different membrane-binding mechanism
that does not perturb the integrity of the lipid bilayer.

Consequently, cells exposed to late-f ibrils are not permeable to
Ca2+ ions and calcein as well as do not undergo ROS
production and mitochondrial impairment.

■ CONCLUSIONS
In conclusion, the results of this study provide critical evidence
that the cytotoxicity of αS aggregates is not a prerogative of
oligomeric species but can also be induced by fibrils that
possess specific structural properties, as found in the early-
f ibrils. These intermediate amyloid assemblies are indeed more
similar to toxic αS oligomers1 than to late-f ibrils in terms of
secondary structure, flexibility of the N-terminus, and exposure
of hydrophobic residues. Upon maturation into the late
species, the sequestration of the N-terminal region in the fibril
core, and more generally the burial of the hydrophobic regions,
reduce the ability of the aggregates to bind and disrupt lipid
bilayers, thereby making the late-f ibrils unable to disrupt
membranes and induce cellular toxicity. Besides contributing
toward the understanding of the origin of the pathological
relevance of αS, these data also indicate that the crucial focus
in amyloid research, including the design of therapeutic agents
to suppress the toxicity of αS aggregates, should target the
elusive intermediate species that are transiently formed during
aggregation, as they induce the strongest neurotoxicity prior to
evolving into mature amyoids that are less harmful to the cell.

■ EXPERIMENTAL SECTION
Production of αS Fibrils from Condensates. Recombinant αS

with N-terminal acetylation was expressed in E. coli and purified as
described previously.44,51 Previous studies of αS condensation in vitro
have employed crowding agents to induce protein self-assembly into
liquid−liquid phase separations, including PEG at concentrations
ranging from 10 to 20%.34−36,38 Here, we exploited the salting-out
effect to induce αS condensation in vitro. In particular, we incubated
αS with 2-methyl-2,4-pentanediol (MPD), a compound largely used
in protein crystallization52 and phase separations,53 as well as sulfate
anions, which have been shown to enhance self-assembly of αS due to
the kosmotropic effect.54 More specifically, αS was first exchanged in
water and then transferred into the incubation conditions, which
include a protein concentration of 100 μM, 1× PBS buffer, pH 7.4,
0.02% (w/v) sodium azide, 0.5 M ammonium sulfate, and 10% (v/v)
MPD. Under these buffer conditions, αS maintains the same solution
NMR spectrum as observed in previous studies of the physiological
binding to synaptic vesicles or plasma membrane12,14,55 (Figure S14),
which shows the typical peak distribution of intrinsically disordered
proteins. The incubation was run at 37 °C for 1 to 3 days in the case
of early-f ibrils and at least 21 days for the late-f ibrils. After the
incubation, each sample was centrifuged (15 min, 16000 rpm), and
the fibrillar pellet was washed twice before being resuspended in the
appropriate volume of the respective buffer.
Magic Angle Spinning ssNMR. SsNMR data were measured

using a 14.1T spectrometer equipped with a 3.2 mm EFree probe
(Bruker, Coventry, UK). Dipolar-assisted rotational resonance
(DARR) spectra56 were acquired at a magic angle spin (MAS) rate
of 12.5 kHz with mixing times of 20, 50, 200, and 500 ms and with a 1
ms contact time. All of the spectra in this study were measured at 5 °C
unless specified otherwise. Assignments of the ssNMR resonances of
early-f ibrils and late-f ibrils of αS in the DARR spectra were obtained
using a combination of 2D and 3D spectra (NCA, NCO, NCOCX,
NCACX).
MAS ssNMR 1H−15N-HSQC INEPT-based spectra were acquired

using the same spectrometer settings as the CP-based spectra
following previous setups.51 Pulse widths were 2.5 μs for 1H and
5.5 μs for 13C, and 1H TPPM decoupling was applied at ωrf/(2π) =
71.4−100 kHz.44 Assignments of the resonances of early-f ibrils and
late-f ibrils αS in the 1H−15N-HSQC spectra were obtained by overlap
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with the monomer solution NMR 1H−15N-HSQC as well as from
previous ssNMR studies of monomeric αS bound to the membrane,
i.e., showing the resonances of the C-terminal region in these
spectra.51

To address the secondary-structure properties of the protein
regions probed by ssNMR CP, we employed the δ2D method57 to
analyze the backbone chemical shifts of the core regions (Cα, Cβ, N,
and CO). Chemical shifts were also employed to analyze the local
dynamics and order parameters S2 using the RCI method.58

Cryo-EM Sample Preparation, Data Collection, and Helical
Reconstruction. 3 μL of αS early-f ibrils or late-f ibrils samples were
applied to 300 mesh Cu Quantifoil R2/2 grids previously treated with
glow discharge. The grids were frozen by plunging into liquid ethane
using a Vitribot mark IV set to a 5 s blot time, blot force of 3, and a
wait time of 60 s. Micrographs were collected by using a Titan Krios
300 kV microscope equipped with a Falcon III detector in counting
mode. See Tables S2 and S3 for data collection parameters. Images
were aligned using MotionCor2, and CTF was estimated with
CTFFind4.59,60 All subsequent steps of helical reconstruction were
performed in RELION 3.061 unless otherwise specified. All fibrils
were picked manually to ensure that helical reconstruction was
performed on a single dominant polymorph. Several rounds of 2D
classification were used to select the best particles for the 3D
reconstruction. Successive rounds of 3D classification further removed
noisy or ambiguous fibril segments. The final refined helical
reconstruction was filtered with a B-factor of −200 using
postprocessing. For complete details of the processing parameters
used, refer to Table S2.
Cryo-EM Model Building. A model of the β-sheet polypeptide

was fitted and refined within the available density. Model 6H6B from
the Protein Data Bank (PDB) was used as an initial model within the
reconstructed EM density.62 A single polypeptide model was further
refined using REFMAC5 and Coot within the CCP-EM suite.63−65

This model was replicated across five β-sheets in the reconstructed
density using MOLREP. The five polypeptides were then further
refined using ISOLDE within UCSF Chimera X66 to produce the final
model. The structure of the late-f ibrils has been deposited in the
Protein Data Bank (PDB code: 8RI9). The cryo-EM density maps
have been deposited in the Electron Microscopy Data Bank
(accession code: 19184).
Negative-Stain EM. Five μL of samples of αS early-f ibrils or late-

f ibrils were applied to freshly glow discharged carbon-supported 300
mesh copper grids (Agar Scientific Ltd., Essex, UK). The sample was
incubated for 1 min prior to blotting excess liquid with filter paper
before applying 5 μL of a 2% uranyl acetate stain solution for a further
1 min. Excess stain was blotted, and grids were left to dry for 5 min
prior to imaging. Micrographs were collected on a Tecnai T12 TWIN
microscope (Thermo Fisher Scientific) operating at 120 kV with a
F216 TVIPS CCD camera.
X-ray Fiber Diffraction. The solution of αS early-f ibrils or late-

f ibrils was vortexed, and a droplet of 10 μL was placed between two
wax-tipped capillary tubes and left to dry overnight.67 X-ray diffraction
images were collected using a Rigaku MicroMax 007-HF high-flux
generator on a Rigaku Saturn 944+ CCD detector.
Small Unilamellar Vesicles. Small unilamellar vesicles (SUVs)

were prepared from chloroform solutions of 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phospho-L-
serine (DOPS), and 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC, Avanti Polar Lipids Inc., Alabaster, AL, USA) mixed at
molar ratios of 5:3:2. After evaporation of chloroform under a
nitrogen stream, a thin lipid film was obtained by drying under a
vacuum. A water solution of the lipids was then obtained by adding
aqueous buffer (20 mM sodium phosphate, pH 6.0) to the dried thin
film at a final lipid concentration of 15 mg·mL−1 (1.5%), followed by
vortex mixing. To obtain vesicles of the size of ∼50 nm, the solution
was subjected to freeze−thawing cycles and subsequently to
sonication until the liquid became clear.44,68

Analytical Ultracentrifugation. Analytical ultracentrifugation
(AUC) was performed using a Beckman−Coulter Optima XL-I
analytical ultracentrifuge equipped with UV−visible absorbance optics

and an An 50 Ti rotor. Experiments were carried out at 20 °C using
rates of 38,000 to 43,000 rpm (106,750−136,680g) to measure the
sedimentation velocities of the samples. Sedimentation velocity
experiments were carried out after 6 h of incubation of the protein
samples at concentrations ranging from 40 to 80 μM in their
respective buffers. We used least-squares boundary modeling of
sedimentation velocity data to calculate sedimentation coefficient
distributions corrected for standard conditions. The model used the
c(s) and ls-g*(s) methods in SEDFIT (https://sedfitsedphat.github.
io/).
Fourier Transform Infrared Spectroscopy. αS early-f ibrils and

late-f ibrils were characterized with FT-IR in PBS at pH 7.4 at a
concentration of 400 μM (monomer equivalents), using a Bruker
BioATRCell II and a Bruker Equinox 55 FT-IR spectrophotometer
(Bruker Optics Limited, Coventry, UK) equipped with a liquid
nitrogen-cooled mercury cadmium telluride (MCT) detector and a
silicon internal reflection element (IRE). 256 interferograms were
collected for each sample at a resolution of 2 cm−1. The contribution
of the buffer to the signal was independently measured and subtracted
during data analysis. The curve fitting of the amide I region (1720−
1580 cm−1) was carried out with an Opus instrument (Bruker Optics
Limited, Coventry, UK). The data in Figure 2A show FT-IR spectra
of αS upon incubation under the present experimental conditions.
After 1 day, the mixture is primarily dominated by early-f ibrils (red),
showing a peak at 1654 cm−1 that is indicative of disordered regions, a
band for intermolecular β-sheet structure at ca. 1615−1620 cm−1 and
a band for antiparallel β-sheet structure at ca. 1685−1700 cm−1. After
3 days, the FT-IR spectrum is essentially unchanged (blue), except for
the reduction in the intensity of the band associated with disordered
regions. After 3 weeks, the mixture is primarily dominated by late-
f ibrils (black-dotted), showing a shift in the intermolecular β-sheet
band at 1615−1620 cm−1 and the depletion of the antiparallel band at
ca. 1615−1620 cm−1, overall indicating a conversion into parallel
fibrils and a further reduction of the band associated with disordered
regions.
Fluorescence Recovery after Photobleaching. Fluorescence

recovery after photobleaching (FRAP) measurements were acquired
using a Zeiss microscope LSM 980 with an Airyscan 2 at a constant
temperature of 37 °C. αS samples for these experiments were
prepared using a 1:100 molar ratio of Alexa Fluor 488-labeled
(AF488-αSN122C) to unlabeled protein. Each FRAP experiment
involved 3 prebleach frames followed by 5 bleach frames, and
recovery was monitored over 10 min (one frame each 30 s).
Differential Interference Contrast and Confocal Micros-

copy. Five μL of the αS sample were spotted onto a microscope slide
5 min after starting the incubation at 37 °C. The slides were covered
with a 12 mm glass coverslip and immediately visualized using a TCS
SP8 scanning confocal microscopy system (Leica Microsystems)
under DIC mode. In another set of experiments, monomeric αS,
including 2% of AF488-αSN122C, was incubated for 24 h at 37 °C to
form early-f ibrils, which were further incubated overnight at 4 °C and
finally put again at 37 °C for another 24 h. At each time point, 5 μL of
the protein sample were spotted onto microscope slides as reported
previously and then visualized with a TCS SP8 scanning confocal
microscopy system (Leica Microsystems) equipped with an argon
laser source. Fluorescence emission was detected after excitation at
488 nm. In another set of experiments, DIC and confocal microscopy
images were simultaneously acquired on the same assemblies and
merged by superimposition.
Fluorescence Measurements of ANS and ThT Binding.

Fluorescence spectra for 8-anilino-1-naphthalenesulfonic (ANS) and
thioflavin T (ThT) binding measurements were acquired using a
Varian Cary Eclipse instrument (Palo Alto, CA, USA). The
spectrofluorimeter includes a temperature-controlled cell holder
utilizing a 2 mm × 10 mm path length cuvette. Fluorescence derived
from ThT binding was measured using an excitation of 446 nm and
an emission fluorescence from 460 to 600 nm. Ten μM of each
protein sample was incubated with 50 μM ThT in PBS for 30 min
before fluorescence recording. The data in Figure 2F show that while
early-f ibrils induce ThT fluorescence, indicating the presence of an
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amyloid core, the fluorescence of the late-f ibrils is significantly
stronger, indicating a core involving considerably larger portions of
the protein. These data are in agreement with the high-resolution
ssNMR and cryo-EM analyses of this study. ANS binding was
monitored by exciting the sample at 350 nm and recording the
emission from 400 to 650 nm. In this case, a 5 μM protein sample was
incubated with 250 μM ANS in PBS for 30 min before recording the
spectra. The extinction coefficient at 350 nm of ANS was taken to be
5000 cm−1 M−1. For the analysis of ANS binding to the different
protein samples in the presence of urea, the samples were initially
incubated for at least 2 h with urea before the addition of ANS. ANS
fluorescence spectra (Figure 2E) show a progressive reduction in
fluorescence, hence the exposed hydrophobic regions, in the
aggregates. These data indicate that the conversion from early-f ibrils
to late-f ibrils is therefore associated with shielding of the hydrophobic
regions.
Cell Cultures. Authenticated human neuroblastoma SH-SY5Y

cells were purchased from A.T.C.C. (Manassas, VA, USA; the
company has performed the authentication of the cell line). We tested
that cells were free from mycoplasma contamination prior to culturing
them in Dulbecco’s modified Eagle’s medium (DMEM), F-12 HAM
with 25 mM HEPES and NaHCO3 (1:1), supplemented with 10%
FBS, 1 mM glutamine, and 1.0% antibiotics.46,69 SH-SY5Y cells were
incubated at 37 °C in a 5% CO2 humidified atmosphere. Cultures
were grown until they reached 80% confluence for a maximum of 20
passages.46,69

MTT Reduction Assay. The cytotoxicity of the αS early-f ibrils and
late-f ibrils, when incubated with SH-SY5Y cells, was assessed using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay in 96-well plates.46,69 Briefly, increasing concentrations (0.03,
0.3, and 3 μM, monomer equivalents) of both types of αS fibrils were
added to the cultured cells for 24 h. After the incubation, we removed
the culture medium and washed the cells with PBS. Subsequently, cell
viability by the MTT assay was expressed as the percentage of MTT
reduction in treated cells with respect to untreated samples (taken as
100%), as previously reported.46,69

ROS Measurements. The generation of ROS induced by the αS
early-f ibrils and late-f ibrils was monitored in SH-SY5Y cells seeded on
glass coverslips following the incubation with increasing concen-
trations of aggregates (0.03, 0.3, and 3 μM, monomer equivalents) for
15 min. After treatment, SH-SY5Y cells were washed using PBS and
loaded with 10 μM 2′,7′-dichlorodihydrofluorescein diacetate (CM-
H2DCFDA, Life Technologies, CA, USA) as previously described.

46

We then used the TCS SP8 scanning confocal microscopy system
(Leica Microsystems) equipped with an argon laser source to detect
fluorescence (using an excitation at 488 nm). Using a Leica Plan Apo
63× oil immersion objective, for each sample a series of 1.0 μm thick
optical sections (1024 × 1024 pixels) was taken through the cell
depth. These sections were projected to obtain a single composite
image by superimposition. Acquisition conditions, such as pinhole
diameters, detector gain, and laser powers, were optimized in the
confocal microscope prior acquisition and kept constant throughout
the analysis. ImageJ software (NIH, Bethesda, MD, USA) (Rasband
1997−2008) was employed to analyze the images. Intensities of
fluorescence in each sample were expressed in percentages and
normalized with the values measured in untreated cells (taken as
100%).
Imaging and Quantification of αS Fibrils Bound to the

Plasma Membrane and Internalized into Cytosol. αS early-
f ibrils and late-f ibrils at a concentration of 3 μM (monomer
equivalents) were incubated for 15 min with SH-SY5Y cells seeded
on glass coverslips. Cells were subsequently washed with PBS and
counterstained for 15 min by using 5.0 μg·mL−1 Alexa Fluor 633-
conjugated wheat germ agglutinin. This molecule is specific to
fluorescently label the plasma membrane of the cells (Life
Technologies, CA, USA).46,70 Cells were then washed using PBS
and fixed in 2% (w/v) buffered paraformaldehyde for 10 min at room
temperature (20 °C). αS fibrils were detected by direct fluorescence
using 2% AF488-αSN122C in the monomer mixture prior to the
aggregation. To detect αS aggregates bound to the cell surface, the

cellular membrane was not permeabilized at this stage, thus
preventing antibody internalization. To detect both species bound
to the cell membrane and internalized into the cytosol, the membrane
was permeabilized with glycerol at 3.0% (v/v). Images were acquired
after double-excitation at 488 and 633 nm, by using the scanning
confocal microscopy described above, and the intracellular and
extracellular green fluorescences were expressed as the percentage of
fluorescence measured in untreated cells (taken as 100%).
Intracellular Ca2+. The influx of Ca2+ ions from the extracellular

space into the cytosol was monitored in SH-SY5Y cells seeded on
glass coverslips, following the incubation with αS early-f ibrils and late-
f ibrils (3 μM, monomer equivalents) for 15 min. After treatment, the
cells were washed with PBS and loaded with 10 μM Fluo-4 AM
(Thermo Fisher Scientific) as previously reported.69 Cell fluorescence
was detected after excitation at 488 nm by the confocal microscopy
system described above and expressed as the percentage of
fluorescence measured in untreated cells (taken as 100%).
Cellular Membrane Permeabilization by Calcein-Derived

Fluorescence. The integrity of the cellular membrane in SH-SY5Y
cells was monitored by an established method, where the calcein-AM
probe passively crosses the cell membrane and is hydrolyzed by
cellular esterases into calcein, a polar green-fluorescent molecule.
Calcein is retained by cells having an intact membrane, whereas in the
case of membrane disruption, it is released by the cell, corresponding
to an observable loss of fluorescence. In this experiment, 2.0 μM
calcein-AM (Molecular Probes) were diluted in the culture medium
of SH-SY5Y cells seeded on glass coverslips for 20 min at 37 °C.69,70
Subsequently, the cells were incubated for 1 h with αS early-f ibrils and
late-f ibrils (3 μM, monomer equivalents). Using the TCS SP8
scanning confocal microscopy system (Leica Microsystems) described
above, fluorescence emission was detected upon excitation at 488 nm
with an argon laser source.
Raman Spectroscopy. αS samples (100 μM in PBS solution)

were drop-casted to measure Raman spectra using a LabRam
HR800Evo (Horiba) system coupled to a 633 nm wavelength laser
with a 600-grooves/mm grating. A 100× microscope objective with
0.9 NA, generating a 1 μm laser beam waist and a laser power at the
sample of 8.4 mW, was used to collect backscattered light. Each
spectrum was acquired for 10 s and accumulated 10 times. αS solution
was deposited through a 5 μL drop onto a silver mirror support
(Thorlabs, Inc., Newton, NJ). Subsequently, the samples were
allowed to dry in air for 20 min. Raman spectra were then acquired
from the outer ring of the dried drop. A semiquantitative estimation of
the secondary structure of the samples was obtained through a fitting
procedure of the amide I spectral region, resulting from the
convolution of bands centered at 1655 cm−1 for α-helices, 1660−
1675 cm−1 for organized β-sheets, and 1685 cm−1 for random
structure.71
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