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CELLULAR NEUROSCIENCE

Novel self-replicating a-synuclein polymorphs that
escape ThT monitoring can spontaneously emerge

and acutely spread in neurons

Francesca De Giorgi1’2’3*, Florent Laferriére'?*, Federica Zinghirino1’2'4, Emilie Faggianim,
Alons Lends’, Mathilde Bertoni®, Xuan Yu®, Axelle Grélard’, Estelle Morvan’, Birgit Habenstein®,
Nathalie Dutheil'?, Evelyne Doudnikoff', Jonathan Daniel®, Stéphane Claverol®, Chuan Qin®,

Antoine Loquets, Erwan Bezard'?, Francois Ichas'?%3t

Copyright © 2020

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

The conformational strain diversity characterizing a-synuclein (a-syn) amyloid fibrils is thought to determine the
different clinical presentations of neurodegenerative diseases underpinned by a synucleinopathy. Experimentally,
various a-syn fibril polymorphs have been obtained from distinct fibrillization conditions by altering the medium
constituents and were selected by amyloid monitoring using the probe thioflavin T (ThT). We report that, con-
current with classical ThT-positive products, fibrillization in saline also gives rise to polymorphs invisible to ThT
(7). The generation of t~ fibril polymorphs is stochastic and can skew the apparent fibrillization kinetics revealed
by ThT. Their emergence has thus been ignored so far or mistaken for fibrillization inhibitions/failures. They present
a yet undescribed atomic organization and show an exacerbated propensity toward self-replication in cortical
neurons, and in living mice, their injection into the substantia nigra pars compacta triggers a synucleinopathy
that spreads toward the dorsal striatum, the nucleus accumbens, and the insular cortex.

INTRODUCTION

o-Synuclein (a-syn) is a small ubiquitous protein that is especially
abundant in the brain. In neurons, o-syn is presynaptically enriched
and associates with the neurosecretory vesicles as o-helical multimers
(1), while its C terminus interacts with vesicle-associated mem-
brane protein 2 (VAMP2) (2). Under this conformation, o-syn reg-
ulates the kinetics of neurotransmitter release in the synaptic cleft
(1, 2). Before becoming associated with the membrane of presynap-
tic vesicles, however, 0-syn transits in the neuronal cytosol as its free,
soluble, monomeric form (1, 3, 4). In this latter context, o-syn oscil-
lates between a variety of different conformational states: It is an
intrinsically disordered protein (5). Certain conformations that are
enriched in beta folds can incidentally get favored and stabilized
(6). Their nucleation forms “seeds” that trigger the templated growth of
amyloid structures building up at the expense of neuronal a-syn. This
process results in the formation of long intraneuronal amyloid fibrils
that partly get packed and stored in inclusion bodies called Lewy bodies
(LBs) (7) and partly get passed to neighboring neurons where they
propagate the amyloid build-up process (8, 9). This self-regenerative
mechanism provides an explanation for the progressive intracerebral
spread of LBs observed during Parkinson’s disease (PD) progression
(10) and for the gradual worsening of other synucleinopathies (11).
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Notably, during amyloid stacking, a-syn can adopt several distinct
structural folds, resulting in the emergence of fibril polymorphs
(12-18). Together with their specific fold, their supramolecular prop-
erties also get inherited and propagated as the polymorphs self-
replicate by templated growth (19-22). It is thus tempting to speculate
that the distinctive properties of these different polymorphs are re-
sponsible for the different clinical presentation of the neurodegen-
erative diseases that are underpinned by a synucleinopathy (23-25).
We noticed, however, that the biological characterization of struc-
turally defined a-syn polymorphs had often been limited to the
demonstration of their cellular “toxicity” or “pro-aggregative” action
without consideration of their ability to reproduce their distinctive
amyloid fold inside cells. The original aim of our study was, thus, to
determine whether structurally characterized a-syn polymorphs
could demonstrate autonomous self-replication of their structural
traits during propagation not only in vitro but also in living neu-
rons. We incidentally found the existence of t©~ amyloid polymorphs
acutely spreading in neurons. Not only were these T amyloids in-
visible to thioflavin T (ThT), but also they could be preferentially
revealed using SYBR Green. On the basis of this, we designed a sim-
ple multiplexed assay (which we termed the “fibrilloscope”) to track
their propensity toward self-replication.

RESULTS

T a-syn assemblies emerge and cause

neuronal synucleinopathy

We first sought (i) to isolate/characterize different a-syn polymorphs
self-assembled under simple shaking in saline (see Materials and
Methods) and (ii) to determine whether these “untouched” assem-
blies could self-replicate and spread in neurons (untouched meaning
here “without artificially disrupting the assemblies using sonication”).
A single batch of “NMR (nuclear magnetic resonance)-grade” re-
combinant a-syn (labeled with 13C and *N) was divided into seven
identical aliquots (Fig. 1A). One was left at 4°C; the other six were
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Fig. 1. Spontaneous emergence of a-syn assemblies that escape amyloid monitoring by ThT and show exacerbated spread in neurons. (A) Schematic represen-
tation of the fibrillization and testing workflow. (B) Development of the ThT signal in the six a-syn tubes, sampled after 0, 20, and 40 hours of shaking at 37°C or for
40 hours for the unshaken, 4°C tube. Three measurement replicates for each sample and time point. (C) HCA of the synucleinopathy induced by 10 nM (equivalent mono-
meric a-syn concentration) of untouched iso1 and iso3 in primary mouse cortical neurons (n =4, nine measures per replicate, intrareplicate measurement means are
shown). Quantitation and representative imaging fields are shown with a full intensity range lookup table (visual saturation of the highest pixel values). Scale bars,
100 um. Close-up of the iso3 condition with an intensity range lookup table focused on the highest pixel values, showing pS129 syn in green and tau in red. The somatic
pS129 syn aggregates are perikaryal. (D) NTA shows that untouched iso1 is not more clumped than iso3 and that sonication decreases the size of the assemblies present
in both samples. Note that iso1 is more frangible than iso3 with a distinctive size peak at 25 to 50 nm appearing after sonication for iso1. The spectra shown correspond
to the average of five consecutive detection runs per sample. (E) The lack of neuronal activity of iso1in the HCA assay is not enhanced by sonication, while the one of iso3
is increased (n =3, nine measurement fields per replicate; data points: interreplicate mean of randomly matched fields). Corresponding representative HCA close-ups

showing pS129 and phase contrast for sonicated iso1 and iso3. P values of the group differences were calculated using t test. AU, arbitrary units.

then shaken together. Notably, using the classical amyloid probe
ThT (26) to monitor the fibrillization (17, 18, 27), we observed a
major variability in the development of the ThT signal from one
tube to another (Fig. 1B). Certain aliquots showed a very rapid and
strong rise in ThT fluorescence; others had a slower increase but
reaching comparable final values, and others had an almost flat ThT
curve. As it is widely assumed that the buildup of a ThT signal under
these conditions is synonymous with proper a-syn amyloid assem-
bly (17, 18) [see current best practice guidelines (27)], we simply
sought to compare the bioactivity of isol, a presumably “successfully
fibrillized” ThT-high sample, with that of iso3, a presumably “failed”
ThT-low sample. To that end, we developed and validated a high-
content analysis (HCA) assay based on primary mouse cortical neu-
rons (28, 29), allowing the observation of a seeded synucleinopathic
buildup in fully mature primary cultures (30 days in vitro) (fig. S1)
[see also (30)]. The neurons were challenged with isol and iso3, im-
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mediately upon completion of the 40-hour fibrillization period
without any other manipulation (untouched). The results (Fig. 1C)
were completely opposite to expectation: Iso3, which according to
ThT was supposed to be virtually devoid of amyloids (27), induced
a massive synucleinopathy, causing a widespread buildup of second-
ary aggregates, while no synucleinopathy developed in the neurons
treated with the ThT-positive isol. To explain this counterintuitive
lack of activity, we reasoned that unspecific clumping could have
incidentally occurred in the isol sample, impeding neuronal uptake
of the seeds. However, using nanoparticle tracking analysis (NTA),
no clumping was detectable in isol compared to iso3 (Fig. 1D, dot-
ted lines). Nevertheless, we proceeded with sonication that drasti-
cally reduced the size of the particles in both samples, producing a
distinctive peak of smaller 25- to 50-nm-wide particles in isol that
was absent in sonicated iso3 (Fig. 1D, solid lines). With particle size
reduction, sonicated iso3 exhibited an increased activity in neurons
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(Fig. 1E). Sonicated iso1 was, however, still unable to trigger a synu-
cleinopathy (Fig. 1E).

T a-syn polymorphism

We thus proceeded with a further comparative characterization of
isol and iso3 using the Congo red derivative X-34 (Fig. 2A) (31),
density floatation (Fig. 2B), velocity sedimentation (Fig. 2C) (32),
and electron microscopy (Fig. 2D). All these approaches indicated
that iso3 contained as much a-syn amyloid assemblies as isol, with
the iso3 fibrils appearing slightly shorter but straighter and more
often bundled at an ultrastructural level (Fig. 2D). Although this
became apparent only after sonication using NTA, velocity sedimen-
tation by ultracentrifugation in the presence of sarkosyl revealed
that the native amyloid assemblies populating isol and iso3 had dif-
ferent size distribution patterns. Isol contained smaller assemblies
than iso3 (Fig. 2C). However, the similarity of the density floata-
tion patterns observed for isol and iso3 (Fig. 2B) indicated that all
the amyloid assemblies present in the two preparations shared a
common and unique amyloid compactness, irrespective of their
size. Overall, these data pointed to the possibility that isol and iso3
contained two distinct amyloid o-syn polymorphs that had sponta-
neously emerged from a single condition and endowed with (i) distinct
“all-or-none” ThT visibilities and (ii) distinct all-or-none natural pro-
pensities to spread in mouse neurons. This possibility was strength-
ened by the observation that 23 days after treatment, higher levels of
iso3 persisted inside neurons compared to isol (Fig. 2E), a result
compatible with the notion that distinct a-syn polymorphs could be
cleared with different efficiencies in neurons (33).

We thus performed two-dimensional (2D) solid-state NMR
spectroscopy to assess the hNH (Fig. 2F) and hCH (fig. S2A) spec-
tral fingerprints of the fully protonated isol and iso3 samples at fast
magic angle spinning (100 kHz). Isol and iso3 exhibited two clearly
distinct structural conformations at the atomic level, as revealed by
two different single sets of chemical shift resonances. Both NMR
fingerprints exhibited a single set of sharp signals, indicating the
presence in each sample of a single nonpolymorphic amyloid struc-
ture, highly ordered at the atomic level.

Furthermore, we recorded 3D hCANH experiments on isol and
iso3 to extract 2D NCA planes and compared them to previous
solid-state NMR data of four different polymorphs (13-16) span-
ning the entire structure family spectrum defined by Guerrero-Ferreira
and co-workers (18) (fig. S2B).

Notably, isol turned out to correspond to the “type 2” fibril
polymorph species (fig. S2B) (14, 18). As to the stealth polymorph
iso3, there was no match with any of the polymorph structure fam-
ilies previously characterized (fig. S2B) (13-18). However, despite
their structural differences (documented in the panel iso3 versus
“Gath et al. 2011 tris 5 mM” in fig. S2B), iso3 shares its “ThT invis-
ibility” with the “ribbon” amyloids assembled under low-salt condi-
tions (13, 19). A feature of ribbons that stands out compared to all
other fibril types is the particular beta structure of the N terminus
(16): This could suggest the possible existence of a similar trait in
iso3. These results indicate that a-syn can spontaneously and ran-
domly assemble into distinct amyloids under a single experimental
condition and that previously unnoticed ThT-negative polymorphs
(t” polymorphs) can proliferate, crowd the fibrillar population, and
cause exacerbated neuronal spread.

Note that the spontaneous emergence of distinct polymorphs
seen here could either reflect a stochastic process taking place

De Giorgi et al., Sci. Adv. 2020; 6 : eabc4364 2 October 2020

A THT X34 B Il
Saline 472 4082 Iso3 N 5 MJFR1
4°C mono 488 4178 = £
Iso1 24374 25516 s 3
Iso3 1931 20,775 Density g
b 2
P<1.0x10" U @
bz
. i . 1
K
2 C ot .
g Iso3 N s MJFR1
2 Velocity 2
g e
3 o
(- g
@ T

m

400,000

300,000

200,000

100,000

Human a-syn at DIV 30
(integrated intensity AU)

0
Untreated  Iso1 Iso3 Iso1 Iso3

F

Iso1 L
1s03 - 100

=110

120

(wdd) yys [eo1WBYD Ns

r 130

9 8 7
"H chemical shift (ppm)

Fig. 2.1s03 is a novel ThT-invisible (t”) fibrillary polymorph. (A) Fluorescence of
the amyloid probe X-34 indicates that there are same amounts of amyloids in iso1
and iso3 despite an over 10-fold difference in ThT signal; table with mean values
(n=3) and corresponding graph with iso1 to iso3 signal ratios. P values of the
group differences were calculated using t test. (B) Schematic representation of the
density floatation protocol: Iso1 and iso3 were solubilized with sarkosyl, loaded in
the middle of iodixanol gradients, and fractionated by density upon isopycnic
equilibrium ultracentrifugation. The collected fractions (numbered from top to
bottom of the gradient) were analyzed for human a-syn content (using the anti-
human a-syn antibody MJFR1) by filter trap (representative pictures of the immu-
noblots under the graph) by quantification from n =3 replicates of the absolute
chemiluminescence signal (AU, graph). Data presented are the mean curves for
each group. (C) Schematic representation of the sedimentation velocity protocol:
Iso1 and iso3 were solubilized with sarkosyl and loaded on top of linear iodixanol
gradients and fractionated by sedimentation velocity upon ultracentrifugation.
The collected fractions were collected and revealed/quantified as in (B). While the
density of the iso1 and iso3 amyloid assemblies are strictly equal and monodisperse
(B), their size distributions are different (C). (D) Transmission electron micrographs
of iso1 and iso3 showing their prototypical fibrillary structure. (E) Neuronal per-
sistence of iso1 and iso3 at DIV 30 (23 days after treatment) imaged and quantified
by HCA using MJFR1 (n =3, nine measurement fields per replicate; data points:
interreplicate mean of randomly matched fields). Iso3 is more persistent than iso1.
P values of the group differences were calculated using t test. (F) Solid-state NMR
hNH experiments of fully protonated iso1 and iso3 showing that they correspond
to two distinct amyloid polymorphs at a local level. ppm, parts per million.
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during fibrillization or a preexisting process, possibly stochastic as
well, having formed several distinct soluble progenitors before sam-
ple splitting and subsequent fibrillization. If the latter did hold true,
then one would have to also assume that during sample splitting,
the progenitors would have been heterogeneously sorted into the
different tubes. This could occur only under conditions of extreme
dilution with only a few individual molecules of progenitors pres-
ent in the sample. While this heterogenous sorting of preformed
progenitors during sample splitting seems unlikely, it cannot be
ruled out. This does not exclude, however, the development of a
secondary stochastic process taking place during the fibrillization
step as well.

In any case, with regard to the current methodological guide-
lines (27), these results argue against the exclusive use of ThT to
monitor a-syn amyloids: This practice can lead to the conclusion that
damped or null fluorescence rates of change correspond to “inhibited”
or failed fibrillizations, while they can, in fact, reflect the emergence
and growth of T~ polymorphs. This can, for instance, become a sub-
stantial concern when studying drug candidates aimed at inhibiting
fibrillization. The generalized practice of upstream screening fibril-
lization products with ThT also resulted in the artificial orientation
of structural studies toward a restricted subset of a-syn amyloid
structures excluding ©~ polymorphs [e.g., (17)].

A simple assay toresolve T~ a-syn polymorphs

We thus decided to build a structural assay capable of discriminating
between 1~ and regular ThT-positive polymorphs and to monitor
amyloid species generation. The absence of ThT signal in the iso3
fibrils could be due to only subtle changes in the ThT-binding re-
gion of the assemblies. ThT is considered to bind to the outer sur-
face of the amyloid assemblies, parallel to the main fibril axis. The
binding site is different from the one occupied by Congo red and its
derivatives like X-34 (31). With regard to the different amyloid folds
adopted by a-syn in iso3 and isol (fig. S2), differences in the outer
exposure of the C and N termini at each amyloid stack level can be
hypothesized. This could have an impact on the accessibility of ThT
to its binding site, on the affinity of the probe for the site, on the
fluorescence of the bound probe due to the electrophilic environment,
or a combination of these factors.

Thus, we hypothesized that fluorescent compounds with a slightly
different chemical structure, but sharing with ThT its trimethine
cyanine skeleton (34, 35), could detect iso3. Notably, SYBR Green,
the well-known DNA intercalating dye (Fig. 3A), was capable of
sensing the amyloid structure of iso3 but appeared to be much less
capable of doing so for isol, giving an almost mirror image of the
ThT readings: Isol was ThT-high and SYBR Green-low, while iso3
was ThT-low and SYBR Green-high (Fig. 3B). In contrast, the fluo-
rescent Congo red derivative X-34, which binds to a distinct region
in amyloids (31, 36), detected isol and iso3 with a similar sensitivity
(Fig. 3B): X-34 provided a polymorphism-independent readout of
the total amounts of amyloids in each sample. Thus, as with prion
strains and luminescent conjugated polymers (LCPs) (37), multiple
external probing using these different molecules could discriminate
the a-syn polymorph identities revealed by solid-state NMR. We
therefore combined these probes into a multiplex assay to derive a
fingerprint of the emerging a-syn assemblies at high throughput and
termed it the “fibrilloscope” (Fig. 3C), a simple assay with four readouts:
the three dyes ThT, SYBR Green, and X-34 and the measurement of
ultraviolet (UV) light attenuation to exploit Mie scattering and
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sense the emergence of particulate assemblies in the 30- to 300-nm-
diameter range (38, 39).

t~ polymorphs are self-replicating

Using the fibrilloscope, we compared a second series of sponta-
neous fibrillizations with a series of fibrillizations seeded with 1% of
untouched isol or iso3 (Fig. 4A). In this second round, we used
o-syn monomers bearing a single S129A substitution to ascertain
that the phosphorylated aggregates appearing during the subsequent
assays in neurons would correspond to assemblies newly formed at
the expense of the endogenous pool of a-syn and not to a phospho-
rylation of the exogenous seeds (fig. S1) (27, 28). Both isol and iso3
were able to prompt the appearance and the buildup of amyloids
in vitro in comparison with all the spontaneous fibrillizations, with
isol being even more potent than iso3 (see the X-34 and UV light
attenuation readouts) (Fig. 4B). Moreover, all the amyloids that de-
veloped in the presence of 1% of isol (isol.1 to isol.5) were ThT-
high and SYBR Green-low, while all the amyloids observed in the
tubes inoculated with 1% of iso3 (is03.1 to is03.5) were ThT-low
and SYBR Green-high (Fig. 4B), corresponding to an exact repro-
duction of the parental fibrilloscope fingerprint (Fig. 3B). The isol
and iso3 samples thus contained distinctive amyloid particles capa-
ble of imposing their own core structural arrangement on monomers
by conformational templating, driving the assembly of daughter
amyloid structures. Notably, the second-generation samples retained
the exact biological activity of their parents, i.e., all the samples de-
scending from isol were inactive on cortical neurons, and all the
iso3 offspring triggered an extensive synucleinopathy (Fig. 4C). This
indicated that after inoculation, amyloid particles proliferated and
that they retained both the fold and the neuronal spread propensity
of the parent assemblies.

To explore the sustainability of this particle proliferation, we
performed a third round of simultaneous fibrillizations in which we
compared a series of conditions inoculated with 1% of the second-
generation fibrillization products (fig. S3). This resulted in third-
generation amyloids that exhibited the same fibrilloscope fingerprint
and the same specific bioactivity as their ancestors (Fig. 4D). These
results indicate that the novel T~ polymorph iso3 is capable of repli-
cating its distinctive amyloid fold with the same fidelity and sustain-
ability as iso1, a prototypical ThT-positive type 2 polymorph species
member (fig. S2) (18).

Acute neuronal spread of T~ polymorphs: Cytopathological
and neuroanatomical traits

We then looked more closely at the neuronal seeding activity of the
different amyloid species that emerged in our experiments. First, we
tried to determine why the isol strain members, already described
as belonging to the type 2 polymorph species (18) and which prolif-
erated most efficiently in vitro, were unable to spread in neurons.
First, we observed that isol was cleared more rapidly than iso3 by
neurons (Fig. 2D), suggesting that fewer isol seeds would remain
available intracellularly to trigger a secondary fibrillization. In addi-
tion, previous studies concerning this polymorph (23) were indi-
rectly suggestive of the existence of a monomer concentration
threshold for conformational templating. We thus reasoned that
these limitations could be overcome by forcing the mouse neurons
to overexpress human a-syn, a condition that could favor the prob-
ability of interaction of more “templating-compatible” human mono-
mers with the isol seeds. Notably, this overexpression was enough
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to rescue the bioactivity of iso1 to a level comparable to that of iso3
(Fig. 5A). In addition, comparative mass spectrometry (MS) analy-
sis of the neuronal assemblies that formed under these conditions
indicated that endogenous mouse a-syn was excluded from the neo-
aggregates elicited by iso1.1, while those sparked by is03.1 contained
both human and mouse a-syn (Fig. 5, B and C). Thus, beyond a
monomer concentration threshold and a fast clearance of the exog-
enous seeds, the inability of the isol family members to replicate in
mouse neurons was probably also associated with a defective tem-
plating of mouse a-syn monomers compared to a more “natural”
templating of human o-syn monomers, i.e., this was suggestive of a
host-species specificity of the templating process for isol.

In addition to iso3, we identified by serendipity a second t~ poly-
morph, which we named “1B.” It was also obtained by spontaneous
generation in saline (fig. $3). Similar to iso3, this species was ThT-
negative and was able to induce an extensive synucleinopathy in
mouse cortical neurons (fig. S4). However, from a qualitative point
of view, the synucleinopathy induced by 1B was characterized by
many linear a-syn aggregates in the lumen of the neuronal processes
and by the occasional presence of a single v-shaped or crisscrossed
o-syn aggregate embedded in the nuclear chromatin of certain neu-
rons (Fig. 5, D and E). In comparison, the synucleinopathy induced

De Giorgi et al., Sci. Adv. 2020; 6 : eabc4364 2 October 2020

by iso3 was characterized by the frequent presence of cytoplasmic
round or fuzzy o-syn aggregates located in the soma and of few lin-
ear structures in the processes, while intranuclear aggregates were
never observed in this case (Fig. 5, D and E). The ability to induce
these specific patterns was inheritable among seed generations
(parents, first generation; children, second generation; and grand-
children, third generation) and constituted distinctive sustainable
traits (Fig. 5, D and E). This indicates that as with the type 1 and
type 2 polymorph families that have been previously well character-
ized (14-18), T polymorphs are also populated by structurally dis-
tinct subfamilies, endowed with distinctive and inheritable replication
patterns in neurons.

With regard to the florid neuritic synucleinopathy triggered by
the © polymorph 1B in cultured neurons, we reasoned that this
T polymorph could be particularly prone to trigger a synucleinopathy
spreading over long distances along interconnected brain regions
in vivo (40). Ten wild-type (WT) mice were unilaterally injected at
the level of the substantia nigra pars compacta, with the T~ polymorph
1B, and 10 sham-injected controls were performed in parallel (fig.
S5A). Four months after the injection, secondary o-syn aggregates
were selectively found in the soma of neurons located in the ipsilat-
eral dorsal striatum of the 1B-injected animals, indicating that the
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Fig. 4. The t~ polymorph iso3 is the founder of a new strain. (A) Schematic representation of the secondary fibrillizations, with and without inoculation, and corre-
sponding nomenclature. (B) Radar plots showing for each tube the intensity values of ThT, SG, X-34, and A280 at 24, 48, and 72 hours during the fibrillization process. The
P value of the difference observed with each probe for the different fibrillization groups (1% iso1; 1% iso3; none; n=>5 for each group) was calculated using two-way
analysis of variance (ANOVA) with Tukey correction. Distinctive kinetics indicative of seeded aggregation and speciation can be appreciated. (C) Radar plot of the extent
of the synucleinopathic spread sparked by the 72-hour secondary fibrillization products in primary cultures of mouse cortical neurons. The latter HCA neuronal bioactiv-
ity tests were all run simultaneously, and each individual value plotted in the radar corresponds to the mean of 27 neuronal field quantifications made in three replicate
culture wells. The corresponding 72-hour ThT and SG values already shown in (B) are superimposed for facilitating the appreciation of correlations. (D) Inheritance of
specific ThT, SG, and bioactivity traits across seed generations. In this graph, all three parameter values were divided for each single sample by its X-34 value to normalize
the parameters with respect to the total amyloid load characterizing each sample. The latter normalization was not shown in the title blocks for the sake of simplicity. The
statistical significance of the intergeneration (children versus grandchildren for each group) and intergroup (iso1 versus iso3 for each generation) differences was deter-
mined using the Hotelling’s T2 test with Bonferroni's correction for multivariate analysis simultaneously exploiting the three parameters characterizing every sample: iso1
children versus iso1 grandchildren, P=0.70; iso3 children versus iso3 grandchildren, P=0.84; iso1 children versus iso3 children, P < 107" and iso1 grandchildren versus
iso3 grandchildren, P=0.012. ns, not significant.

synucleinopathy propagated between interconnected brain re-
gions (fig. S5, A to D). The rostral pattern of spread was generally
consistent between animals. In some cases, however, the synucleinop-
athy also spread to the insular cortex and to the core of nucleus
accumbens, suggesting transmission from the ventral tegmental
area as well (fig. S5B). In agreement with our observation in cul-
tured neurons, the synucleinopathy triggered by 1B resulted not
only in the appearance of numerous somatic and neuritic aggre-
gates (fig. S5, B to D) but also in neuronal nuclear inclusions (fig.
S5, Eto G).

t~ polymorphs proliferate and perpetuate their fold

in neurons

These results prompted us to determine whether the aggregates that
were newly formed in neurons exposed to T~ polymorphs were con-

De Giorgi et al., Sci. Adv. 2020; 6 : eabc4364 2 October 2020

formational replicas of the exogenous seeds: in other words, whether
they resulted from a bona fide conformational templating. To pro-
ceed with a comparative analysis of the t~ polymorph iso3 and of its
neuronal propagation products, we first tried to identify distinctive
immunological and physicochemical features that could differen-
tiate iso3 from the regular type 2 polymorph isol (14, 18) and that
could be used to characterize the newly formed assemblies (Fig. 6).
In that respect, we observed that the two types of amyloid particles
isolated by density floatation exhibited different affinities for the
conformation-dependent antibody Syn-F1. The staining of isol was
much weaker than that of the T polymorph iso3 (Fig. 6A). To de-
termine whether this feature was inheritable, we put the daughter
amyloid particles isol.1 and is03.1 and the grandchild particles
isol.1.1 and is03.1.1 under scrutiny. After simple trapping on nitro-
cellulose and aldehyde fixation, we found that the two particle species
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Fig. 5. The reference ThT-positive polymorph iso1 needs human a-syn overexpression to demonstrate a bioactivity, while the t~ polymorphs iso3 and 1B trig-
ger distinctive subcellular spread patterns in naive mouse neurons. (A) Neuronal synucleinopathic spread initiated by iso1 and iso3 in naive and human o-syn over-
expressing mouse neurons [see also (C)]. P value of the difference in bioactivity observed for the groups (n = 18 for each group) was calculated using a t test. (B) Schematic
representation of the extraction analysis of insoluble proteins from neurons treated with iso1 and iso3 as in (A). (C) Pellets from (B) were analyzed by MS. Three peptides
specific to mouse a-syn, three specific to human o-syn, and five common to both species were identified by MS. The species, sequence, and hit counts are represented in
the table, as well as their sums, represented in the master protein rows. (D) Leftimages show typical somatic a-syn inclusions that beacon the experimental synucleinopathy
triggered by iso3 and 1B in our HCA assay (scale bars, 2.5 um). Right quantifications show that the intranuclear crisscrossed inclusions are distinctive of the synucleinopathy
triggered by 1B and its offspring. The counts correspond to the number of somatic aggregates detected in 18 standardized image acquisition fields for each condition.
(E) Left images show the extended neuritic synucleinopathy (and its analytical segmentation) caused by 1B compared to iso3 in the neuronal HCA assay. Right quantifi-
cations show the 1B/iso3 activity ratio with respect to the induction of neuritic synucleinopathy: This ratio appears to be a constant among all the particle generations
produced from 1B and iso3; n =9 for each group; the individual ratio values correspond to the ratio of random pairs of 1B group and iso3 group measurements.
AAV, adeno-associated virus; DAPI, 4',6-diamidino-2-phenylindole.

indeed exhibited inheritance of their level of sensitivity toward
Syn-F1 (Fig. 6B and fig. S6). Note that the conformational epitope
recognized by Syn-F1 partially maps to the C terminus of a-syn.
Although the C terminus does not participate in the amyloid stack,
it is likely that the topology of the amyloid fold that involves up-
stream regions of the protein still determines its level of exposure,
its orientation, and probably its dynamics at the periphery of the
fibrillar axis. Depending on the polymorph, aldehyde fixation could

De Giorgi et al., Sci. Adv. 2020; 6 : eabc4364 2 October 2020

thus “freeze” the C terminus in different positions at the surface of
the fibrils. This could account for the differential binding of Syn-F1
to isol and iso3.

We next focused on isol.1 and is03.1 and added two upstream
steps (i) harsh treatment with sarkosyl, mimicking the extraction
and recovery procedures of insoluble -syn amyloids from neurons,
and (ii) velocity sedimentation for size separation. These additional
steps completely abolished the Syn-F1 immunoreactivity of isol.1,
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noblots are shown in fig. S6.

while that of is03.1 was preserved, further widening the “immuno-
reactivity gap” between the two species (Fig. 6C).

In the gradients of Fig. 6C, the MJFR1 antibody (human o-syn—
specific) selectively detected the exogenous seeds and permitted
their fate to be followed 3 weeks after treatment [see “PFF” (pre-
formed fibril) and “WT neurons” rows]. EP1536Y, on the other hand,
specifically detected the seeded newly formed amyloid aggregates.
By comparing the results obtained with the two stains, it appears
that neurons progressively clear the exogenous fibrils (“MJFR1”
column) and that the amyloids that newly replicate inside neurons
(“EP1536Y” column) span a shorter size range compared to the in-
put fibril seeds. As to the conformation-specific antibody Syn-F1, as
one could have expected at this point, the newly formed a-syn as-
semblies that proliferated inside the neurons expressing human
o-syn also inherited the specific all-or-none Syn-F1 immunoreac-
tivity of the seed species used to inoculate the cultures (Fig. 6C and
fig. S6). This indicated that “seed species”-specific templated growth
occurred during propagation inside living neurons for both the reg-
ular type 2 polymorph isol (14, 18) and for the t~ polymorph iso3.

De Giorgi et al., Sci. Adv. 2020; 6 : eabc4364 2 October 2020

Note that, apart from its solid-state NMR and fibrilloscope finger-
prints and distinctive reactivity of its Syn-F1 epitope, the T~ polymorph
iso3 was otherwise undistinguishable from isol with respect (i) to
its sensitivity to proteinase K (PK), (ii) to its resistance to urea or
guanidinium chloride (Fig. 6, D and E), and (iii) to its gross fibril-
lary appearance (Fig. 2D). This indicates that both the fibrilloscope
fingerprint and the Syn-F1 epitope exposure identify subtle arrange-
ments of the fibril surface not reflected “macroscopically” yet encode
a size distribution pattern of the amyloid assemblies (Figs. 2C and 6C),
a particle proliferation rate (Fig. 4B), and neuronal and cytopatho-
logical spread patterns (Fig. 5) that are distinctive of T~ polymorphs.

DISCUSSION

Our study demonstrates that spontaneous and uncontrolled emer-
gence of T~ polymorphs with exacerbated neuronal spreading abili-
ties can take place during the standard preparation of PFFs (27). This
clearly begs the question as to whether the bioactivity characterizing
PEF preparations could be partly due to the unsuspected presence
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of these T~ polymorphs. In that respect, it will be important to dis-
tinguish how much the increased pathology triggered by ©~ poly-
morphs in our study is due to its higher stability in mouse neurons
versus a higher engagement with mouse a-syn per se. Note that
despite a minor stability compared to iso3 (Fig. 2E), replication of
isol is restored when mouse neurons overexpress human o-syn
(Fig. 5A). This can be taken as an indication that engagement could
be a greater determining factor here. This raises the question as to
whether T~ polymorphs can emerge in patients and contribute to
the formation and spread of the cytopathological inclusions in
synucleinopathies.

The ThT invisibility of T~ polymorphs reported here could be
taken as an indication that they are not the main components of
these inclusions, as the latter consistently appears ThT positive in
neuropathological studies. However, it should be kept in mind that
our present ThT measurements concern native protein assemblies
in saline and are both “bulk phase” and “no wash.” This means that
when detected, the ThT signals are above the fluorescence back-
ground of unbound ThT under conditions where the probed volume
is represented at >99% by the solvent phase that properly contains
unbound ThT. Under these conditions, T~ polymorphs like iso3 ex-
hibit a very low ThT signal that is ~10-fold smaller than that of isol
yet is ~4-fold higher than the corresponding monomer condition
(Fig. 2A). This fourfold change detected in our bulk phase conditions
is likely to be sufficient to grant an apparent “ThT-positive” status
to inclusions containing T~ polymorphs under histopathological de-
tection conditions. In histopathology, ThT staining is performed on
aldehyde-fixed sections in which the protein assemblies are cross-
linked and often treated with organic solvents and/or detergents.
The ThT fluorescence images are then acquired after washing the
unbound ThT fraction. In addition, imaging interrogates the sample in
a pixelwise fashion, and thus, for the pixels located at the proper
level of an inclusion, probably over 50% of the probed volume cor-
responds to the assembly itself. Thus, inclusions concentrating T~ poly-
morphs should appear ThT positive over a darker background in
histopathology. Note, however, that in neuropathological sections,
the ThT difference between the T~ and “regular” polymorphs might also
be blunted because of a possible impact of fixation/organic solvents/
detergents on the physicochemical topology of the fibrils.

Recent observations suggest that T polymorphs might well emerge
under diseased conditions. Reminiscent of the “ThT dichotomy”
characterizing ©~ and regular a-syn polymorphs, o-syn fibrils amplified
from the cerebrospinal fluid and postmortem brain extracts of pa-
tients with multiple system atrophy (MSA) are respectively ~3 and
~10 times less ThT positive than the ones amplified from comparable
samples of patients with PD (25). The ThT dichotomy reported in
(25) appears likely to correspond to the detection of distinct o-syn
polymorphs, as the measurements with the HC-169 amyloid probe
excluded a quantitative bias due to the amount of amyloids gener-
ated by the amplification procedure (25). In another study, a-syn
fibrils amplified from brain extracts from different patients with PD
and MSA also exhibited variable ThT intensities and stained differ-
ently with a set of external fluorescent probes (41).

From a cytopathological point of view, the T polymorph 1B trig-
gers a florid Lewy neurite pathology and the frequent formation of
o-syn inclusions crisscrossing neuronal nuclei. This is intriguing
since Lewy neurites are rather reminiscent of the neuropathological
signs of PD, while the presence of neuronal nuclear inclusions is,
instead, a very specific and early sign of MSA (42, 43).

De Giorgi et al., Sci. Adv. 2020; 6 : eabc4364 2 October 2020

Collectively, these results justify further characterization of the
molecular and supramolecular organization of ©~ polymorphs and
the identification of their specific neuronal protein “interactome”
compared to ThT-positive a-syn fibrils. This should aid in under-
standing the correlations that exist between the amyloid fold, the
outer surface topology of the fibril polymorphs, and their specific
interactions with the surrounding intraneuronal environment.

MATERIALS AND METHODS

a-syn expression

Escherichia coli strain BL21(DE3) plysS was transformed with pET24-
o-syn vector by electroporation and plated onto Luria broth agar
plate containing kanamycin (30 pug/ml). A preculture in 5 ml of Luria
broth medium was inoculated with one clone and incubated at 37°C
under 200 rpm shaking for 4 hours. The expression on o-syn was
carried out in M9 minimal medium containing *C glucose (2 g/liter)
and ’NH,CI (1 g/liter) as carbon and nitrogen sources. Cells from
the Luria broth preculture were recovered by centrifugation (1000g,
10 min) and used for inoculating 200 ml of M9 medium. Cells were
grown overnight at 37°C under 200 rpm shaking and then diluted in
2 liters of culture. Protein expression was induced by adding 1 mM
isopropyl-B-p-thiogalactopyranoside during exponential phase,
evaluated at an optical density at 600 nm reaching 0.8. Cells were
harvested after 4 to 5 hours of culture at 37°C by 6000g centrifuga-
tion (JLA 8.1, Beckman Coulter), and pellet was kept at —20°C be-
fore purification. The site-specific nonphosphorylatable mutant
S129A was obtained by site-directed mutagenesis of pET24-a-syn.

a-syn purification

Pellet was thawed in 10 mM tris-HCI (pH 8.0), 1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, and Pierce EDTA-free protease
inhibitor tablet (Thermo Fisher Scientific) buffer and sonicated
three times for 45 s (Bandelin SONOPULS, VS70T probe) before
centrifugation. The supernatant was boiled for 20 min and centri-
fuged. Streptomycin sulfate was added to the supernatant to a final
concentration of 10 mg/ml, and the solution was stirred for 15 min
at 4°C and then centrifuged. Ammonium sulfate was added to the
supernatant to a final concentration of 360 mg/ml, and the mixture
was stirred for 15 min at 4°C before centrifugation. These four cen-
trifugations were performed at 20,000 rpm for 30 min and at 4°C
with a Beckman Coulter JA-25.5 rotor. The pellet was resuspended
in 25 mM tris-HCI (pH 7.70) and dialyzed against the same buffer
to eliminate salts. The dialyzed sample was injected onto a HiTrap
Q HP column previously equilibrated with 25 mM tris-HCI (pH
7.70), and o-syn was eluted around 250 pM NaCl by steps from 0 to
500 mM NaCl with an AKTA pure system. Fractions containing the
protein were dialyzed against 20 mM tris-HCI (pH 7.40) and 100 mM
NaCl buffer before loading onto a 75-pg HiLoad 26/600 Superdex
column equilibrated with the same buffer with AKTA pure system.
Monomeric fractions were collected and concentrated if needed by
using Vivaspin 15R 2-kDa cutoff concentrator (Sartorius Stedim).
Purification fractions were checked by using polyacrylamide gel
electrophoresis (PAGE) tris-tricine 13% dying with ProBlue Safe
Stain. Protein concentration was evaluated spectrophotometrically
by using absorbance at 280 nm and extinction coefficient of 5960 M ™"
cm™'. Quantification of the preparations with a Pierce chromogenic
LAL kit indicated a low endotoxin [lipopolysaccharide (LPS)] resid-
ual value: 0.03 to 0.06 EU per ug of recombinant protein (44).

90of 13

0202 ‘T2 1800190 uo /610 Bewasualos saoueape//:diy Woiy papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

a-syn fibrillization

Solutions of monomeric o-syn at 4 to 5 mg/ml in saline [H,0, 100 mM
NaCl, and 20 mM tris-HCI (pH 7.40)] were sterilized by filtration
with 0.22-um Millipore single-use filters and stored in sterile 15-ml
conical falcon tubes at 4°C. Sterilized stock was then distributed into
safe-lock Biopur individually sterile-packaged 1.5-ml Eppendorf
tubes as 500-pl aliquots. The tubes were cap-locked and additionally
sealed with parafilm. All previous steps were performed aseptically
in a particle-free environment under a microbiological safety lami-
nar flow hood. For comparative fibrillizations, all samples were
loaded simultaneously in a ThermoMixer (Eppendorf) in a 24-position
1.5-ml Eppendorf tube holder equipped with a heating lid. Tempera-
ture was set to 37°C, and shaking was set to 2000 rpm. Sampling for
measurements during the fibrillization process was done by tempo-
rarily returning the samples under the microbiological safety lami-
nar flow hood. Raising LPS by exogenous addition from the residual
value of ~0.018 to 100 pg/ml did not favor the appearance of ThT-
positive assemblies under these fibrillization conditions (21).

Amyloid probes and fibrilloscope measurements

Samples from the fibrillized a-syn aliquots or of the control a-syn
monomers stored at 4°C were diluted to 0.1 mg/ml in 100 pl of
phosphate-buffered saline (PBS) containing either 20 uM ThT, 20 uM
X-34,0.1% SYBR Green I (SG) commercial stock solution, or nothing
else. The diluted samples were distributed either in 96-well plates
(samples with probes) or in UVettes (Eppendorf) (samples without
probe). After 20 min at room temperature protected from ambient
light, the plates were read under orbital shaking ina BMG LABTECH
FLUOstar OPTIMA fluorimeter. Excitation/emission wavelength
pairs were 380 nm/520 nm for X-34, 450 nm/480 nm for ThT, and
485 nm/520 nm for SG. The UVettes were read at 280 nm using the
1-cm optical path with an Eppendorf biophotometer in absorbance
mode to generate the A280 light attenuation readout.

Sonication and NTA

Samples from the fibrillized a-syn aliquots or of the control a-syn
monomers stored at 4°C were diluted to 0.1 mg/ml in 100 pl in
PBS and distributed in cap-locked, sterile 0.5-ml polymerase chain
reaction (PCR) tubes (Thermo Fisher Scientific). When relevant,
sonication was performed at 25°C in a Bioruptor Plus water bath
sonicator (Diagenode) equipped with thermostatic control and auto-
mated tube carousel rotator. The sonication power was set to “high,”
and 10 cycles of 30-s “on” followed by 10-s “off” were applied. The
impact of this sonication protocol on the particle contents of the
samples was scored using an NanoSight NS300 NTA platform (Malvern)
(see Fig. 1D).

HCA of experimental synucleinopathy in neurons

Timed pregnant C57BL/6] female mice were received from Charles
River Laboratories 2 days before initiation of the primary culture.
The cultures were synchronized with the o-syn fibrillizations to use
untouched amyloids in the bioassay. Cortices were harvested from
embryonic day 18 mouse embryos and dissociated enzymatically
and mechanically (using neural tissue dissociation kit, C Tubes,
and an Octo Dissociator with heaters; Miltenyi Biotech, Germany)
to yield a homogenous cell suspension. The cells were then plated at
20,000 per well in 96-well plates (Corning, BioCoat poly-p-lysine
imaging plates) in neuronal medium (MACS Neuro Medium,
Miltenyi Biotech, Germany) containing 0.5% penicillin-streptomycin,
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0.5 mM alanyl-glutamine, and 2% NeuroBrew supplement (Miltenyi
Biotech, Germany). The cultures were maintained with 5% CO,
at 37°C in humidified atmosphere. The medium was changed by
one-third every 3 days, until a maximum of 30 DIV (days in vitro).
In such cultures, and under control conditions, neurons represented
approximately 85 to 95% of the cell population; thus, in the text
and for the sake of simplicity, they are referred to as “neurons.”
After 7 DIV, vehicle and o-syn amyloid—containing samples were
added at a final concentration of 10 nM equivalent monomeric con-
centration. When relevant, neurons were infected at DIV 10 with
o-syn AAV (adeno-associated virus) particles (multiplicity of in-
fection, 1000). All antibodies used and shown in the study are sum-
marized in table S1. For live-dead analysis, DIV 30 cultures were
loaded with 1 pM calcein-AM for 30 min at 37°C, the plates were
washed with Hanks’ balanced salt solution (pH 7.4), and the de-
esterified calcein retained in the living neurons was immediately
imaged using Incucyte S3.

Human a-syn AAV particles

Recombinant AAV9-CMVie/SynP-wtsyn-WPRE vector containing
the sequence of human a-syn put under control of the human syn-
apsin promoter was produced by polyethylenimine-mediated triple
transfection of low-passage human embryonic kidney-293T/17 cells
(American Type Culture Collection; catalog number CRL-11268).
The AAV expression plasmid pAAV2-CMVie/hSyn-wtsyn-WPRE-
PA was cotransfected with the adeno helper pAd Delta F6 plasmid
(Penn Vector Core, catalog number PL-F-PVADF6) and AAV Rep
Cap pAAV2/9 plasmid (Penn Vector Core, catalog number PL-T-
PV008). Cells are harvested 72 hours after transfection, resuspended
in lysis buffer [150 mM NaCl and 50 mM tris-HCI (pH 8.5)], and
lysed by three freeze-thaw cycles (37°C/-80°C). The cell lysate was
treated with Benzonase (150 U/ml; Sigma-Aldrich, St. Louis, MO)
for 1 hour at 37°C, and the crude lysate was clarified by centrifu-
gation. Vectors are purified by iodixanol step gradient centrifuga-
tion and concentrated and buffer-exchanged into lactated Ringer’s
solution (Baxter, Deerfield, IL) using Vivaspin 20 100-kDa cutoff con-
centrator (Sartorius Stedim, Gottingen, Germany).The genome-
containing particle titer was determined by quantitative real-time
PCR using the LightCycler 480 SYBR Green Master mix (Roche,
catalog number 04887352001) with primers specific for the AAV2
inverted terminal repeats (forward, 5'-GGAACCCCTAGTGAT-
GGAGTT-3' and reverse, 5'-CGGCCTCAGTGAGCGA-3") ona
LightCycler 480 instrument. Purity assessment of vector stocks
was estimated by loading 10 pl of vector stock on 10% SDS acryl-
amide gels, and total proteins were visualized using the Krypton
Infrared Protein Stain according to the manufacturer’s instructions
(Life Technologies).

Preparation of a-syn amyloid assemblies from pure protein
samples and from neurons for analytical centrifugations
Stock preparations of amyloid fibrils [4 to 5 mg/ml in tris-buffered
saline (TBS)] were diluted to a final concentration of 0.1 mg/ml in
TBS. The equivalent of the quantity of recombinant human a-syn
fibrils used for the treatment of one petri dish of primary neurons
(1.66 ug) was diluted in 500 ul of final volume with solubilization
buffer (SB): 10 mM tris (pH 7.5), 150 mM NaCl, 0.1 mM EDTA,
1 mM dithiothreitol, cOmplete EDTA-free protease inhibitors (Roche),
and PhosSTOP phosphatase inhibitors (Roche), with a final concen-
tration of 1% (w/v) N-lauroyl-sarcosine (sarkosyl, Sigma-Aldrich),
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2 mM MgCl,, and Benzonase nuclease (~0.5 U/pl; Millipore). For
treated primary neuron solubilization, 500 ul of SB was added per
petri dish at room temperature. Cells were scraped with a scraper
before transferring the lysate in a 1.5-ml centrifuge tube. Fibrils or
primary neuron lysates were then solubilized by incubating at 37°C
under constant shaking at 600 rpm (ThermoMixer, Eppendorf)
for 45 min.

Velocity sedimentation and density floatation gradients
Sedimentation velocity and density floatation gradient fraction-
ations were performed as previously published (32). Briefly, for ve-
locity sedimentations, a volume of 400 ul was loaded on top of an
11-ml continuous 10 to 25% iodixanol gradient [OptiPrep, 60%
(w/v) iodixanol, Sigma-Aldrich] in SB with 0.5% (w/v) sarkosyl lin-
earized directly in ultracentrifuged 12-ml tubes (Seton) with a
Gradient Master (Biocomp). For density floatation gradients, 400 ul
of solubilized material was diluted in SB with 50% iodixanol and
0.5% (w/v) sarkosyl to make a final concentration of 40% iodixanol.
This sample-containing cushion was loaded within an 11.4-ml 10 to
60% discontinuous iodixanol gradient in SB with 0.5% (w/v) sarkosyl.
The gradients were centrifuged at 200,000¢ for 2.5 hours at room
temperature (velocity) or at 180,000¢ for 16 hours at 4°C (density)
in a swinging-bucket SW-41 Ti rotor using an Optima LE-80K
ultracentrifuge (Beckman Coulter). Gradients were then segregated
into 16 equal fractions from the top using a piston fractionator
(Biocomp) and a fraction collector (Gilson). Fractions were ali-
quoted for further analysis of their content by dot blot, immunoblot
on SDS-PAGE, or native PAGE. Gradient linearity was verified by
refractometry.

Analysis of the protein contents of velocity and density
fractions by filter trap

For filter trap assays, native fractions were spotted onto nitrocellu-
lose 0.2-pm membranes (Protran, GE) using a dot blot vacuum de-
vice (Whatman). Nitrocellulose membranes were fixed for 30 min
in PBS with paraformaldehyde (PFA) at 0.4% (v/v) (Sigma-Aldrich)
final concentration. After three washes with PBS, membranes were
blocked with 5% (w/v) skimmed powder milk in PBS-Tween
0.5% (v/v) and probed with primary and secondary antibodies in
PBS-Tween with 4% (w/v) bovine serum albumin (table S1). Immuno-
reactivity was visualized by chemiluminescence (Bio-Rad). The
amount of the respective protein in each fraction was determined
by the Image Studio Lite software after acquisition of chemilumi-
nescent signals with a ChemiDoc digital imager (Bio-Rad). The
profiles obtained were normalized and plotted with SD, all with re-
spective Student’s f test and analysis of variance (ANOVA) using the
Prism software.

Extraction of insoluble proteins from PFF-treated primary
neurons for MS

Fibril-treated primary neuron lysates were prepared from a petri
dish as previously described for velocity and density gradients. For
extraction of insoluble proteins, 500 ul of solubilized lysates were
mixed 1:1 with SB 40% (w/v) sucrose, without sarkosyl, MgCl,, and
Benzonase, in 1-ml thickwall polycarbonate ultracentrifuge tubes
(Beckman Coulter) and centrifuged at 250,000¢ for 1 hour at room
temperature with a TLA 120.2 rotor using an Optima XP benchtop
ultracentrifuge (Beckman Coulter). Supernatants were collected
by pipetting. Pellets were resuspended in 50 pl of PBS, and total
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protein concentration was determined by bicinchoninic acid assay
(Pierce) before equalization and denaturation for 5 min at 100°C in
Laemmli buffer.

Mass spectrometry

Sample preparation and protein digestion

Ten micrograms of total protein per sample was deposited onto
SDS-PAGE gel for concentration and cleaning purpose. Separation
was stopped once proteins have entered the resolving gel. After col-
loidal blue staining, bands were cut out from the SDS-PAGE gel and
subsequently cut into 1 mm by 1 mm gel pieces. Gel pieces were
destained in 25 mM ammonium bicarbonate/50% acetonitrile (ACN),
rinsed twice in ultrapure water, and shrunk in ACN for 10 min. After
ACN removal, gel pieces were dried at room temperature, covered
with the trypsin solution (10 ng/pl in 50 mM NH4HCO3), rehydrated
at 4°C for 10 min, and lastly incubated overnight at 37°C. Spots
were then incubated for 15 min in 50 mM NH,HCO3; at room tem-
perature with rotary shaking. The supernatant was collected, and an
H,O/ACN/HCOOH (47.5:47.5:5) extraction solution was added onto
the gel slices for 15 min. The extraction step was repeated twice.
Supernatants were pooled and dried in a vacuum centrifuge. Digests
were lastly solubilized in 0.1% HCOOH.

Nanoliquid chromatography-tandem MS analysis

and label-free quantitative data analysis

Peptide mixture was analyzed on an UltiMate 3000 Nano LC system
(Dionex) coupled to an Electrospray Orbitrap Fusion Lumos Tribrid
mass spectrometer (Thermo Fisher Scientific). Ten microliters of
peptide digests was loaded onto a 300-um-inner diameter X 5-mm
C18 PepMap trap column (LC Packings) at a flow rate of 10 ul/min.
The peptides were eluted from the trap column onto an analytical
75-mm-inner diameter x 50-cm C18 PepMap column (LC Packings)
with a 4 to 40% linear gradient of solvent B in 105 min (solvent A
was 0.1% formic acid, and solvent B was 0.1% formic acid in 80%
ACN). The separation flow rate was set to 300 nl/min. The mass
spectrometer operated in positive ion mode at a 1.8-kV needle voltage.
Data were acquired using Xcalibur 4.1 software in data-dependent
mode. MS scans [mass/charge ratio (m/z), 375 to 1500] were re-
corded at a resolution of R = 120,000 (at m/z of 200) and an AGC
target of 4 x 105 ions collected within 50 ms. Dynamic exclusion
was set to 60 s, and top speed fragmentation in HCD mode was
performed over a 3-s cycle. Tandem MS scans with a target value of
3 x 103 ions were collected in the ion trap with a maximum fill time
of 300 ms. In addition, only +2 to +7 charged ions were selected for
fragmentation. Other settings were as follows: no sheath or auxilia-
ry gas flow; heated capillary temperature, 275°C; normalized HCD
collision energy of 30%; and an isolation width of 1.6 m/z. Mono-
isotopic precursor selection was set to peptide, and an intensity
threshold was set to 5 x 103.

Database search and results processing

Data were searched by SEQUEST through Proteome Discoverer 2.3
(Thermo Fisher Scientific) against the Mus musculus Reference
Proteome Set (from UniProt 2019-07; 55,121 entries). Spectra from
peptides higher than 5000 Da or lower than 350 Da were rejected.
The search parameters were as follows: Mass accuracy of the mono-
isotopic peptide precursor and peptide fragments was set to 10 parts
per million and 0.6 Da, respectively. Only b-ions and y-ions were
considered for mass calculation. Oxidation of methionines (+16 Da)
and protein N-terminal acetylation (+42 Da) were considered as
variable modifications, and carbamidomethylation of cysteines
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(+57 Da) was considered as fixed modification. Two missed trypsin
cleavages were allowed. Peptide validation was performed using
Percolator algorithm, and only “high confidence” peptides were re-
tained corresponding to a 1% false-positive rate at peptide level.
Peaks were detected and integrated using the Minora algorithm em-
bedded in Proteome Discoverer. Proteins were quantified on the
basis of unique peptide intensities. Normalization was performed
on the basis of total protein amount. Protein ratios were calculated
as the median of all possible pairwise peptide ratios. A f test was
calculated on the basis of background population of peptides or
proteins. Quantitative data were considered for proteins quantified
by a minimum of two peptides, fold changes above two, and a sta-
tistical P value lower than 0.05.

Measurements of the resistance of fibrils to disassembly,
denaturation, and proteolysis

Fibril stock preparations (4 to 5 mg/ml in TBS) were diluted to a
final concentration of 0.1 mg/ml in TBS. For each guanidine hydro-
chloride (guanidinium, GdnHCI; Sigma-Aldrich), urea (Sigma-
Aldrich), and PK (Sigma-Aldrich) concentration, 10 ul (1 pg) of
PFF was mixed 1:1 with 10 pul of stock solutions to make 0, 0.5, 1,
1.5,2, 2.5, 3, and 3.5 M GdnHCl final concentrations; 0, 0.5, 1, 2, 3,
4,5, and 6 M urea final concentrations; and 0, 0.5, 1, 1.5, 2, 2.5, 3, and
3.5 nug/ml PK final concentrations. Mixtures were gently vortexed
before incubation for 1 hour at room temperature for GdnHCI,
6 hours at room temperature for urea, and 30 min at 37°C for PK.
At the end of the incubation period, treatments were stopped by
quickly diluting the samples with 500 pl of PBS and directly sub-
jecting them (100 pl per immunoblotting antibody) to filter-trap
assay as previously described. The different a-syn species were quan-
tified by immunolabeling with conformation-specific, monomeric,
or pan o-syn antibodies (table S1) and expressed as a percentage
of related untreated samples, allowing to draw curves of PFF dis-
assembly, denaturation, and proteolysis with GdnHCI, urea, and
PK, respectively.

In vivo experimental synucleinopathy

Adult male C57BL/6 mice were bred at the Institute of Lab Animal
Science (Chinese Academy of Medical Sciences, Beijing, China). All
mice were housed in a temperature-controlled (22°C) and light-
controlled environment on a 12-hour light/12-hour dark cycle at
the Institute of Lab Animal Science animal care facility with access
to food and water ad libitum. The study design was approved by the
Institute of Lab Animal Science Institutional Animal Care And Use
Committee (Chinese Academy of Medical Sciences, Beijing, China),
and all experimental procedures were conducted in accordance with
the European Communities Council Directive (2010/63/EU) for care
of laboratory animals in an AAALAC-accredited facility. The mice
(2 months old) unilaterally received 2 pl of sonicated ©~ polymorph
o-syn fibrils 1B (2.5 mg/ml) by stereotactic delivery to the region
immediately above the right substantia nigra (coordinates from
bregma: AP, -2.9; L, -1.3; DV, —4.5) at a flow rate of 0.4 ul/min, and
the pipette was left in place for 5 min after injection to avoid leakage.
Animals were euthanized after 4 months. Ten mice were used in each
group, with male and female mixed. The brains were perfused with
saline, postfixed for 3 days in 10 ml of 4% PFA at 4°C, cryoprotected
in gradient 20% sucrose in PBS before being frozen by immersion in
a cold isopentane bath (—60°C) for at least 5 min, and stored imme-
diately at —80°C until sectioning. After serial sectioning, the sections
were stained using the primary antibodies EP1536Y (Abcam) for
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detecting phospho S129-positive a-syn amyloid aggregates [dilution
1:5000 for immunohistochemistry (IHC) and 1:500 for immunofluo-
rescence (IF)]. The slides were acquired using a Pannoramic slide
scanner for IHC, and an Incucyte S3 High Content Imager (Sartorius)
with a homemade 3D-printed slide holder for IF.

Electron microscopy

Aliquots of fibrillized samples were diluted with water, and one
drop was applied to glow-discharged 300-mesh carbon-coated cop-
per grids for 1 min. Grids were washed with one drop of water be-
fore being negatively stained with 2% uranyl acetate and dried for
5 min in the dark. Samples were observed using a Philips CM 120
(high-voltage 120 kV, lanthanum hexaboride filament) transmis-
sion electron microscope in low dose mode. Images were acquired
using a Gatan US1000 (charge-coupled device) camera.
Solid-state NMR

All spectra were recorded on a Bruker NEO 800-MHz (‘H Larmor
frequency) spectrometer with an ultrafast Bruker 0.7-mm HCND
probe. The 0.7-mm rotor was placed into a 1.3-mm rotor with a
rubber plug from the bottom. Approximately ~200 ul of fibrils re-
suspended in H,O was pipetted in a funnel of filling tool, and it was
spun for ~18 hours at 12°C at 29,500 rpm (with an SW32Ti Beckman
ultracentrifugation rotor). The detailed NMR experimental param-
eters are described in tables S2 and S3.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/40/eabc4364/DC1

View/request a protocol for this paper from Bio-protocol.
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