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Abstract

In the present work, we were interested in applying the Real-time quaking-induced con-
version (RT-QulC) for the detection of the seeding activity of Dementia with Lewy bo-
dies (DLB) and Parkinson’s disease (PD) brain derived a-synuclein seeds. and analy-
zing the structure and morphology of the a-synuclein aggregates generated via RT-
QulC. A different seeding and conversion ability support the existence of a-synuclein
conformational variants in both a-synucleinopathies.

To this aim, brain materials derived from neuropathologically well-characterised cases
with DLB, PD and controls have been processed by filtration and centrifugation steps to
obtain an a-synuclein seeding competent fraction, deployed as seed for the RT-QulC.
Biochemical and morphological analyses of RT-QulC products were conducted by we-
stern blot, dot blot analysis, Raman spectroscopy, atomic force microscopy and tran-
smission electron microscopy analyses. We observed a different seeding activity bet-
ween DLB and PD, which resulted in the generation of a PK-resistant and fibrillary a-
synuclein species in DLB seeded reactions, while PD and control seeds failed in the
conversion of wild type a-synuclein substrate.

The structural variance between DLB and PD seeding kinetics and products indicated
the existence of different a-synuclein stains in these groups. Our study contributes to the
understanding of the clinical heterogeneity observed among a-synucleino¢pathies and

opens news avenues for the future development of strain-specific therapies.
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1. Introduction

1.1 Protein aggregation and misfolding diseases

1.1.1 Protein misfolding and aggregation

The correct function of living organisms strictly depends on the concerted functions of a
network of thousands of proteins [1-3], which need to assume a specific structure to
exert their functions. Protein folding is a tightly regulated process that depends on the
aminoacid sequence of the protein. A nascent polypeptidic chain may arrange in conser-
ved structures, such as a-helices and B-sheets, or display random-coiled architecture
with no repetitive motifs. The distribution of these structures within a protein defines its
tertiary structure, that is the way the protein disposes itself in the three-dimentional spa-
ce. The process of protein folding is dependent on the energetic landscape of a protein.
Thermodynamic constrictions force a protein to assume the conformation that minimi-
zes the free energy of the system. Protein folding is regulated chaperones, which pre-
vent the formation of nonfunctional structures by helping the protein reaching a local
energetic minimum, defining the functional structure of the protein [4, 5]. However,
some proteins may be able to adopt an alternative conformation which is typically -
sheets enriched [6-8]. Most of the disease-related proteins appears to be intrinsically
disordered [9-12], owing a low complexity region facilitating the transition to -sheets
enriched structures and show poor binding to chaperones [13]. Most neurodegenerative
diseases share the presence of aggregated, f-sheet enriched proteins in form of plaques
and fibrils, therefore are collectively defined as protein conformational disorders
(PCDs) [14-21]. B-sheets are formed of alternated strands linked by hydrogen bonds
between the N-terminal and C-terminal moiety of the peptide, connecting one strand to
the other [1, 22]. Upon adequate conditions, virtually every protein can change its con-
formation and accomodate into a B-sheet enriched structure [23], leading to the forma-
tion of amorphous aggregates and amyloid fibrils, representing the absolute free energy
minimum among the various conformations a protein can adapt [24] (Figure 1). Even
globular proteins, under the proper conditions, have been shown to form aggregates

[25].
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Figure 1. Free energy landscape of protein folding.

The diagram shows the energetic states a protein can adopt while folding. Stressful events, or changing in
the micro-environment in which the reaction takes place may displace chaperones and lead the protein to
an aggregated state, either as amorphous aggregate, oligomer or amyloid fibril. The decrease of hydration

state, by increasing the local protein concentration, pushes toward the formation of fibrils, as well as the

intermolecular forces that may intervene between exposed regions of two proteins [24].

Studies conducted with X-ray fibre diffraction and solid-state magnetic nuclear reso-
nance [2, 26-28] have shown that amyloid fibrils are composed of several protofilamen-
ts, transitory structures which consist of B-sheet structures possessing B-strands running
perpendicular to the length of the fibril, in a structure termed cross-p conformation [29].
The formation of this conformation is favoured by intermolecular hydrogen bonds, hy-
drophobic interaction and water exclusion from the inner core of the fibril. The sum of
these forces allows the misfolded protein to overcome its intermediate, metastable sta-
ges and lean toward the minimal energy level of the amyloid [30]. Nevertheless, it is
still unclear whether misfolding triggers protein aggregation or whether oligomerization
and establishment of intermolecular forces induces the conformational changes. There-
fore, different models have been proposed following kinetic studies. According to the
polymerization hypothesis [1, 31, 32], the critical event of protein conformational di-
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sorders is the formation of oligomers, which act as a seed to induce misfolding. In this
model, misfolding follows the formation of oligomers in a nucleation dependent poly-
merization, similar to crystal formation [1]. From a kinetic point of view, this model
implies a slow lag phase, in which unfavourable interactions occur before the oligome-
ric nucleus is formed and starts growing into fibrils. The conformational hypothesis, on
the other hand, implies that the protein is stable both in its native conformation and in
the misfolded one. According to the nucleation model [1, 33, 34], the misfolding may be
either spontaneous or induced, and the amyloid formation is not necessarily the end
point of the conformational switch. Lastly, the conformation/oligomerization hypothesis
offers an intermediate approach, with mild conformational changes leading to an unsta-
ble intermediate with amyloidogenic properties, stabilized by intermolecular interac-
tions with other B-sheet enriched molecules, thereby aggregating into fibrils. According
to this view, the misfolding into the pathogenic species is triggered by structural chan-

ges, while complete misfolding is dependent on the oligomerization process [1, 7].

1.1.2 Factors affecting aggregation

Besides intermolecular forces and genetic variants, a plethora of environmental factors
have been found to affect protein misfolding and aggregation [35]. Being a thermody-
namic dependent process, protein aggregation may be influenced by physical factors,
such as temperature, molecular crowding or other forces increasing entropy, as well as
chemical factors such as variations of the pH or the presence of other proteins or biomo-

lecules (i.e., nucleic acids, phospholipids and proteoglycans).

- Low pH promotes protein aggregation by increasing the net surface charge and en-
hance side chain repulsion, allowing the exposure of the aggregation-prone hydro-
phobic core [38]. Changes in the environmental pH affect, for instance, the amyloi-
dogenic properties of B-2-microglobulin [36] and, similarly, the growth of a-synu-

clein fibrils, which is magnified at mildly acidic pH values (5,8) [37].

= Nucleic acids and polysaccharides own a high binding affinity for amyloid proteins
and are therefore suggested to act as template, or as scaffold, for protein aggregation

[39]. Electrostatic interactions between the peptide chain and the phosphate groups of
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nucleic acids are favoured, thereby promoting the aggregation. The interaction bet-
ween nucleic acids and amyloid proteins may increase the local concentration of the
latter, facilitating protein aggregation through exposed hydrophobic domains with
neighbour proteins [40, 41]. Indeed, nucleic acids have been shown to enhance a-sy-

nuclein aggregation [42, 43], as well as prion protein, SOD1, amyloid-p and tau [43].

- Lipid bilayers reduce the activation energy barrier required for proteins to accommo-
date into the amyloid state [44] by interacting with the positively charged surface of

amyloidogenic proteins unmasking the hydrophobic core of the proteins.

- Thermodynamic events such as increasing temperature and concentration, or the ap-
plication of an external force to the system, cause an increase in the entropy of the

system increasing the chances of misfolding and aggregation.

Lastly, both in vivo and in vitro, protein aggregation is dramatically enhanced by the
presence of a single misfolded unit, which posses the ability to transmit its conforma-
tional information to neighbour molecules in their native state, giving rise to self-propa-
gating molecules which, according to the protein-only theory postulated for prion pro-
tein [45], represent the etiological cause of most, if not all, protein conformational di-

sorders.

1.1.3 Prion-like behaviour and the concept of strains

The term prion was originally introduced by Stanley Prusiner in 1982 [14] to define the
peculiar properties of the proteinaceous infectious particle found in scrapie, a form of
spongiform encephalopathy affecting sheep. The same component was subsequently
pinpointed as the culprit of a class of infectious, inherited and sporadic human diseases,
namely Creutzfeldt-Jakob Disease (CJD), Gerstmann-Straussler-Scheinker syndrome
(GSS) [46], Fatal Familial Insomnia (FFI) [47] and Kuru, an endemic pathology of Pa-
pua New Guinea affecting the Fore tribe due to their cannibalistic tradition [46]. Prions
were shown to be resistant to inactivation by heating and by methods aimed to modify
nucleic acids. Moreover, they were shown to be insoluble in non-denaturating detergen-
ts and partially resistant to protease treatment [46]. Foremost, the term prion underlies

the requirement of infectivity, although the spreading in the absence of a nucleic acid
15



was unprecedented [45], putting the basis for a newfangled field in biology. The patho-
genic informations that underlie the occurrence of prion diseases was ascribed to the
conformation the protein adapts [22]. Upon the conformational switch of the cellular
prion protien (PrPC), the pathogenic scrapie isoform (PrPS¢) was found to form rod-sha-
ped particles with a structure indistinguishable from amyloids [49]. According to the
widely accepted protein only hypothesis, the propagation of prions requires the forma-
tion of a homotypic complex between the two forms of PrP [45], leading to the conver-
sion from the native form to the pathogenic conformation. The newly generated B-enri-
ched molecule may act as a seed, by contacting other native forms (often termed sub-
strate) and impose the conversion of the secondary structure from a-helices to § sheets,
thus establishing a positive feedback that will eventually cause the aggregation into pla-
ques and fibrils, affecting neurones and spreading through the organism. Nowadays, it is
widely accepted [1, 2] that most, if not all, neurodegenerative diseases are caused by the
misfolding and subsequent prion-like behaviour of one or more proteins. Moreover, a
single misfolded molecule may misfold into different conformations, giving rise to dif-
ferent clinical picture and therefore different diseases. Separate conformations of the
same protein are referred as strains.

The term “‘strain” was introduced to explain the differences in the pathological phenoty-
pe in goats when intracerebrally inoculated with sheep scrapie [49-51]. After infection,
goats would either show clinical syndromes dominated by nervous (“drowsy’’) symp-
toms or scratching behaviour, indicating that they could be related to different inocula.
Therefore, researchers [51] borrowed the term strain from virology (at the time, prion
pathologies were believed to be caused by very slow viruses [52]) to indicate the diffe-
rent clinical outcomes following goat and mice infection with scrapie sheep material.
Importantly, the incubation period and brain lesion pattern were stable after several pas-
sages [53, 54]. The inoculation from the same scrapie source resulted in a different di-
stribution of lesions and different incubation time among different mice lines, whereas
no differences in these parameters could be detected within the same line.

After the breakthrough of the prion hypothesis [14], it became apparent that the proper-
ties of a strain were encoded exclusively in its structure. Strains were hence viewed as a
population of conformational variants that compete for the same source (i.e., the native
version of the misfolded protein) as a function of the environmental conditions. The

predominant variant within a clinical frame is therefore the most efficiently replicating
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one in the context of a specific host’s genetics [55-57]. A grand variety of strains have
been characterized thus far since the inception in the prion field of the concept of con-
formationally different protein strains. Strains derived from mink encephalopathies
were shown to possess unique biochemical profile after proteinase K (PK) digestion
[58] and differences in the relative amount of secondary structure among strains were
reported [59]. Strains might therefore arise from many different conditions, all of which
results in a specific conformation adapted by the misfolded protein. The genetic back-
ground of both the host species and the source of the pathogenic seed may alter the con-
formation, as well as post-translational modifications, physical and chemical condition
of the micoenvironment in which the seeding-conversion process takes place. In recent
years, the compelling heterogeneity of neurodegenerative diseases, together with the
shared presence of insoluble, B-enriched proteinaceous aggregates, lead the researchers
to speculate that other PMD-related proteins would behave like the prion protein, thus
exhibiting different strains, enciphering different diseases [60, 61]. Both amyloid- and
Tau, the major constituent of Alazheimer’s disease (AD) plaques and tangles, were in-
deed found to form different strains [62-64]. Moreover, tau strains would retain cell se-
lectivity (neurons or glial cells) and spatial distribution of the pathology. Akin to taupa-
thies and prion diseases, a-synuclein have been shown to adapt different structures whi-
ch may account for the different clinical features of synucleinopathies. In the next chap-
ter, a-synuclein biology and pathological aspects, as well as strain-typing, will be di-

scussed in detail.

1.2 a-synuclein in physiology and pathology
1.2.1 Biology of a-synuclein

a-synuclein involvement in neurodegenerative diseases was originally identified in an
attempt to characterize tau-derived paired helical filaments in AD [65]. The anti-Tau
antibody developed by the researchers also labelled two cytosolic proteins owing an ap-
parent molecular mass of 19 KDa. Additional purification steps lead to the identification
of the two synaptic proteins [66], originally termed “perfectin” and “imperfectin™ (a-
and B-synuclein, respectively). Whereas early findings indicated that a-synuclein was an
integral component of the amyloid plaques in AD, its role in PD was still unknown until

genetic studies [67] conducted in a family with early onset of PD and autopsy-confir-
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med Lewy pathology indicated a marker that segregated with disease in this family,
mapping in the long arm of chromosome 4 (region q21-q23), where the SNCA gene
maps. Subsequently, LBs and LNs were shown to display strong immunoreactivity for
a-synuclein [68]. a-synuclein inclusions were also found to be characteristic of diseases
caused by SNCA mutations [69] and the staining for a-synuclein was found to precede
and to be more reliable than the unspecific staining for ubiquitin [70]. a-synuclein has a
highly conserved and repeated N-terminal region, a hydrophobic central region and a
less conserved, negatively charged C-terminal region [71]. The amino-terminal region is
mostly composed of seven imperfect repeats of eleven aminoacids, owing a conserved

core of a consensus sequence KTKEGYV, spanning from residue 7 to residue 87 [72] (Fi-

gure 2).
Membrane binding Ca* binding
domain (KTKEGV repeat) domain
N-terminal . C-terminal

1 l l \ 61 95 140
A30P E46K| \ A53T

G51D S86 5129
H50Q

Figure 2. a-synuclein structure
Representative image of a-synuclein domains. Main mutations and phospho-sites involved in diseases are
indicated [73].

The hydrophobic region (residues 61 to 95) of a-synuclein was termed non-Amyloid-f§
component (NAC) by Saitoh and co-workers [74], corresponding to the protein found
by Spillantini’s group using tau antibodies [75]. Furthermore, the precursor of the NAC
was shown to be a natively unfolded protein [72]. Nonetheless, the amino-terminal re-
gion of a-synuclein was predicted to form an a-helix upon binding to membranes [76].
In depth structural analyses showed that a-synuclein adopts an 11/3 helix as predicted
by its sequence, lying along the surface of the membrane, half-buried in the phospholi-
pid bilayer [77]. It has been further suggested [78] that a-synuclein may adopt a helical
tetrameric conformation in physiological conditions, although evidences for this state
are not definitive [79]. Likewise, whereas the physiological role of a-synuclein has been

studied in several different contexts [73, 79], the exact function of a-synuclein remains
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yet unclear. Although a-synuclein is mostly expressed in nervous system, where it loca-
lizes in the nerve terminal and accounts for 0,1% of all pre-synaptic proteins [79], it has
been shown that is expressed in other non-neural tissues [80]. Within the presynaptic
bouton, a-synuclein has been found to co-localize with lipid raft markers [81], where it
was suggested to influence lipid packing [82] and to promote the uptake of polyunsatu-
rated fatty acids [83]. Due to its presynaptic localization and its interactions with the
membrane, it was postulated that a-synuclein may play a role in neurotransmitter relea-
se [84]. Electrophysiological studies conducted on a-synuclein KO mice [85, 86] sho-
wed that a-synuclein is involved in dopamine vescicular release. Within the synaptic
terminal, a-synuclein was reported to dilate the exocytic fusion pore [87], to function as
a chaperone [88] and to interact with the SNARE complex [89]. Although the physiolo-
gical role of a-synuclein has not been clarified yet, its central role in neurodegenerative
diseases has been thoroughly and extensively investigated to such an extent that the

numerous a-synuclein pathologies have been grouped together as a-synucleinopathies.

1.2.2 Clinical features of a-synucleinopathies

The defining feature of synucleinopathies is the presence of inclusions made up of ag-
gregated a-synuclein, which appear as intraneuronal tangles termed Lewy bodies (LBs)
and Lewy neurites (LNs) [90]. Besides AD, Lewy pathology, in the form of Dementia
with Lewy Bodies (DLB), Parkinson’s Disease (PD) and PD associated dementia (PD-
D), is the most common cause of dementia in the elder population [91], comprising
1-2% of the total population aged above 65 years [92]. In the frame of parkinsonism
symptoms, defined by the sum of extrapyramidal motor symptoms including tremor,
bradykinesia, posture instability and rigidity, DLB and PD-D share a variety of clinical
features, such as hallucination and cognitive impairments, with executive and visual-
spatial dysfunction being the most prominent and overlapping features [93]. When co-
gnitive symptoms appear before the motor impairments by at least one year, diagnosis
of DLB is considered appropriate by general consensus, whereas PD-D is diagnosed
when the motor pathology occurs at least one year before the cognitive symptoms [94].
Although DLB and PD-D are sometimes considered as opposing edges of the same pa-
thological spectrum [92, 95, 96], marked differences have been reported [92], suppor-
ting the hypothesis that they are different, albeit similar, diseases. The differences bet-

ween the two diseases are more marked in early and mid stages of the pathologies, but
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tend to converge at later stages [94]. Cognitive symptoms, such as hallucinations [97]
(related to grey matter loss in parietal, occipital and orbitofrontal cortices [98]) and the
decline in attention, executive functions, episodic memory and constructive abilities
have been reported to be greater and faster in decline in DLB [92]. REM sleep beha-
viour disorder (RBD) show high prevalence in DLB, and was suggested to precede the
cognitive impairment by ten years [99]. Similarly, other prodromal symptoms, such as
hyposmia, constipation and depression, have been proposed to be clinically useful in
discriminating between PD-D and DLB [100-102]. The clinical differences between
DLB and PD are also reflected in the selective impairment of neurotransmitter systems.
Whereas PD shows impairments in subcortical regions related to dopaminergic [103]
and cholinergic pathways [104, 105], DLB presents alteration in the cortical serotoni-
nergic system [106]. Moreover, higher amyloid-f and tau pathology were found in DLB
compared to PD-D [107-110]. Although DLB and PD-D are mainly sporadic patholo-
gies, genetic factors have been shown be involved in the onset of the diseases, as herita-
bility accounts for approximatively 30% of the DLB and PD-D cases [111].

Mutations in the a-synuclein gene SNCA [112], as well as locus duplications and tripli-
cations [113], have been found to cause PD, indicating a concentration-dependency of
the assembly of a-synuclein. On the other hand, loss of the SNCA gene was shown to
produce a phenotype without neurodegeneration [85]. Genome-wide association studies
(GWAYS) identified other genes that appear to influence the odds of occurrence of synu-
cleinopathies [114], indicating that multiple biological pathways are compromised in a-
synuclein associated diseases. [115-117]. a-synuclein over-expression was shown to di-
srupt the trafficking between the endoplasmatic reticulum and the Golgi, thus affecting
the autophagic response [118, 119]. Moreover, a-synuclein aggregates were found to be
implicated in a variety of cellular pathways, involving synaptic impairment [120, 121],
disfunction in the organelle dynamic and axonal transport [122], mitochondrial frag-
mentation [123] and alteration of various transcription factors [124]. These pathways
may be differentially involved in synucleinopathies, explaining the heterogeneity in the

clinical symptoms and disease progression observed in different pathologies.
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1.2.3 Spreading of a-synuclein

Due to the progressive nature of the disease, correlation between the topographic distri-
bution of LBs and LNs and the clinical phenotype of the pathology, it has been propo-
sed that synucleinopathies may be classified into stages of fixed anatomical pattern of
inclusions, recapitulating the course of the disease [125-127]. According to the distribu-
tion of the Lewy pathology, DLB was originally divided in three subtypes: brainstem,
limbic and neocortical [128]. The advent of a-synuclein antibodies [15] provided a
more reliable tool for the assessment of Lewy pathology compared to the previously
used methodologies (based on ubiquitin or hematoxylin-eosin staining [129]), allowing
a more extensive neuropathological characterization. Based on a-synuclein immuno-
reactivity, Braak and co-workers [125] proposed a staging system for sporadic PD in
which neuronal damage progresses along predictable routes, following the selective su-
sceptibility of the neuronal populations. According to the Braak model, Lewy pathology
may originate outside of the central nervous system (CNS) and being transported retro-
gradely through the vagal nerve [125]. Supporting this hypothesis, abundant a-synuclein
aggregates have been detected in the peripheral autonomic nervous system [130, 131].
In stage I Lewy pathology can be detected in the dorsal IX/X motor nucleus in the me-
dulla oblungata, in the intermediate reticular zone and in the anterior olfactory nucleus,
with LNs being more represented than LBs. Stage II is defined by LBs and LNs in the
caudal raphe nuclei and in the reticular formation. In incidental DLB cases (iDLB), LBs
and LNs are found in the substantia nigra at early Braak stages (I-1I), with no relation-
ship between the a-synuclein burden and the neuronal loss [132]. The most characteri-
stic lesion of stage III are found in the substantia nigra and in the magnocellular nuclei
of the basal forebrain. At stage IV, the pars compacta of the substantia nigra appears
markedly degenerated and depigmentation may be observed. LNs appear in the amyg-
dala and in the hippocampus and LBs can be seen in the anteromedial temporal meso-
cortex. Lewy pathology spreads into the neocortex at stage V, whilst brainstem, olfacto-
ry bulb and substantia nigra worsen their burden of lesions. In stage VI, LNs and LBs
are observed throughout the whole neocortex. Although the neuropathological diagno-
stic criteria managed to identify prodromal symptoms, such as anosmia and autonomic
dysfunctions, the Braak staging was restricted for PD, therefore not predictable of DLB
pathology. Moreover, it did not account for amygdala-predominant Lewy pathology,

which was later proposed to be a separate form of synucleinopathy [133]. A similar sta-
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ging system for Lewy pathology has been proposed by the DLB consortium for Lewy
pathology, grouping PD-D and DLB together [134, 135] and including amygdala domi-
nant cases. The two strategies for classifying the diseases were merged in a new proto-
col developed within the BrainNet Europe, in the attempt to increase the inter-observer
agreement [134]. a-synucein aggregates have been found in other rarer synucleinopa-
thies, such as pure autonomic failure, in which a-synuclein aggregates are mostly confi-
ned to the peripheral nervous system (PNS) [136], iDLB, in which LBs and LNs are
found while no clinical symptom is manifested [137], and multiple system atrophy
(MSA), the third most common synucleinopathy. In MSA, a-synuclein deposits are
found in oligodendrocytes termed Papp-Lantos bodies or glial cytoplasmic inclusions
[138, 139], and shows autonomic, cerebellar, and pyramidal impairments together with
parkinsonism. Despite their vast heterogeneity, synucleinopathies share characteristic
features and several overlapping aspects. By affecting the spreading of the disease, the
aggregation of a-synuclein into different conformations, together with differences in the
vulnerability of different populations of neurons toward a-synuclein aggregates, have
been proposed as causative of the variety of clinical outcomes [140].

The spreading of a-synuclein inclusion is assumed to follow a caudo-rostral trajectory,
although not straightforward, implying the neuron-to-neuron transfer of pathogenic a-
synuclein [138]. This phenomenon was originally discovered when neuronal grafts were
reported to develop Lewy pathology years after the surgical procedure [141-143]. The
host-to-graft transmission was suggestive of a prion-like mechanism [144]. In this sce-
nario, a-synuclein misfolded form is released by a neuron, either actively or after neu-
ronal death, and uptaken by the neighbors [145]. The release appears to be exocytosis-
mediated [146], whereas internalization follows the endocytic pathway [147]. The trans-
fer on tunneling nanotubes, as well as passive diffusion due to a-synuclein interaction
with the membrane were also proposed [148, 149]. a-synuclein spreading along axonal
connections was demonstrated in vivo and ex vivo in various animal models. Fibrillar
forms of a-synuclein were found to be transported anterogradely through the axon and
taken up by the next neuron in mouse embryonic cultures [150], while in vivo studies
conducted with rats showed the transneuronal spreading of fibrils from the olfactory
bulb toward other non-olfactory regions [151]. Another study [152] reported the caudal
to rostral pathway of spreading of a-synuclein aggregates injected in the MO of rats,

supporting the spreading along interconnected regions. Lastly, PD pathology was suc-
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cessfully passaged to non-human primates by administration of human PD-derived LBs.
Animal models and neuropathological examinations allowed the identification of com-
mon routes in synucleiniopathies, such as the existence of a prodromal phase, but hi-
ghlighted the differences as well, in terms of spreading route and selective neuronal
vulnerability. Moreover, the original region developing a-synuclein pathology is still
controversial [138]. The presence of different strains of a-synuclein, virtually owing
different spreading properties and preferences toward neuronal subtypes, has been pro-

posed as causative of the differences found among synucleinopathies.

1.2.4 a-synuclein strains

Akin to other proteins involved in PMDs, evidences from structural and kinetic studies
converge in indicating the existence of strains as responsible of the heterogeneity obser-
ved in the clinical phenotype and pattern of lesions of a-synucleinopathies. As afore-
mentioned, strains are defined by being different structural assemblies of the same star-
ting protein. The shape influences the kinetics, in turn defining the route of spreading in
other cells, which may possess different vulnerability towards the various strains. Being
a natively unfolded protein [72], a-synuclein aggregation is ruled by thermodynamics
[153], therefore the production of different strains depends either on physical and che-
mical conditions surrounding the site of the assembly or on variation in the primary
aminoacidic sequence, which cause a slightly different folding of the protein (Fig.3).
Outside of the influence of the temperature, critical roles in strain selection have been
attributed to charged residues, salt concentration and surface water dynamics [155], all
of which may affect the folding and aggregation of the NAC region, the core of the a-
synuclein amyloid fibril [73].
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Figure 3. Strains selection

Ilustrative example of strain selection. A. Small changes in the primary sequence, or in the physical and
chemical conditions of the micro-environment of the reaction, may produce ribbon-like fibrils (Disease
phenotype B), which differ from the classical cylindrical fibrils (Disease B). Upon breakage of the fibrils,
different seeds are produced (B, C) which faithfully propagate their own conformation, resulting in strain
variability [153].

The first event in the assembly of a-synuclein is believed to be dimerization [155], whi-
ch initiates the production of aggregation-competent oligomers, which may encompass
a wide variety of structures [156]. The structural conversion of the oligomers determi-
nes their toxicity and their ability to nucleate into longer fibrils [157]. The first evidence
of the ability of a-synuclein aggregation to yield different strains was obtained by incu-
bating monomeric a-synuclein into buffers at different salt concentration [158]. High
salt (termed buffer A) resulted in assemblies formation within hours, whereas low salt
buffer (buffer B) resulted in a longer lag phase before aggregation. However, aggregates
from buffer A depolymerized when incubated at 4°C and re-polimerized upon eating at
37°C, whilst aggregates derived from incubation in buffer B were irreversible. Electron
microscope analyses revealed differences in the structure of these aggregates, with as-
semblies from buffer A showing cylindrical aspect and those from buffer B being planar
and often twisted. Due to their appearances, a-synuclein aggregates derived from buffer
A were termed fibrils and those from buffer B ribbons. Fibrils and ribbons were shown

to differ further for their PK banding profile, overall B-sheets content and ability to bind
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thioflavin-T (ThT, a commonly used dye for detecting protein aggregates). Indeed, rib-
bons showed no binding to ThT, whereas fibrils did. From a structural point of view, the
N-terminal structure of ribbons appears rigid and B-sheet enriched, whereas in fibrils is
largely disordered [158]. Lastly, these two strains were further distinguished by their
toxicity when administered to human neuroblastoma SH-SYS5Y cell cultures, with fibrils
causing more extensive cell deaths compared to ribbons. In a subsequent work [159],
the same group reported that fibrils and ribbons bore pathogenic potential when injected
in rats substantia nigra, although fibrils exhibited the highest toxic effect compared to
ribbons or oligomers, indicating that strains can be further differentiated by their cyto-
toxic effects. A synthetic a-synuclein strain were reported to be produced upon serial
sonication steps. Compared to de novo pre-formed fibrils (PFFs), sonication-generated
aggregates displayed a lesser ability in seeding the aggregation of a-synuclein in neuro-
nal cultures and in tau transgenic mice compared to PFFs, but a greater ability of seed
tau aggregation [160]. Different conformations of a-synuclein fibrils were also observed
between aggregates produced in presence or absence of lipopolysaccharide [161]. Evi-
dences of a-synuclein strains derived from different synucleinopathies were discovered
by injecting brain homogenates from MSA patients into hemizygous TgM83*- mice
[162]. This mouse line displayed the familial-PD associated mutation AS3T but did not
develop spontaneous Lewy pathology as the homozygous TgM83++ did [163]. Resear-
chers showed that, when intracerebrally inoculated with extracts from MSA brains,
TgM83+- rapidly developed signs of synucleinopathy and widespread deposition of
Lewy bodies. On the other hand, a-synuclein fibrils extracted from TgM83+* were not
able to transmit the pathology when injected in TgM83*- mice. In a follow-up study
[164], the same group reported that, akin to the fibrils derived from TgM®&3++ mice,
brain homogenates from PD patients were not able to start the pathology when injected
in hemizygous mice or in HEK cells with the same genetic background. These results
indicated that different strains of a-synuclein underlie the differences observed in the
clinical outcome of PD and MSA. Moreover, differences in the seeding activity between
pathology-derived a-synuclein were found when injecting wild type mice with brain
homogenates derived from DLB and MSA patients [165]. MSA-derived a-synuclein
was found to strongly induce pathology in the recipient mice, whereas DLB-derived sy-
nuclein showed only rare appearance of Lewy bodies. Spreading of the two strains also

differed. MSA synuclein was shown to spread efficiently in the entorhinal cortex, hip-
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pocampus and the pyramidal layer of the piriform cortex, but affected mildly the motor
cortex, which was more affected by PFFs and DLB-derived synuclein. Altogether, the
evidences here reported favor the hypothesis that the differences observed among synu-
cleinopathies may depend on the existence of different strains, each of them owing a
unique structure, underlying different kinetics, responsible of the spreading of the disea-
se and the selection of vulnerable cells. A grand number of methodologies have been
developed to study the multi-faceted process of aggregation of prion-like proteins. The
next chapter will present the techniques that allowed to investigate the formation and
the architecture of the fibrils, their kinetic of aggregation, the strain variability of mi-

sfolded proteins and their potential application as diagnostic and drug-screening tools.

1.3 Methods in protein aggregation

1.3.1 Tinctorial properties of protein aggregates

The detection of amyloid fibrils was classically performed by means of direct dyes
(such as Congo red, an industry-derived deep crimson dye, or methyl-violet) that di-
splayed different tinctorial properties when bound to fibrils and non-fibrillar componen-
ts. Although several other dyes were developed, their usage was often laborious and
produced high background noise, resulting in poor reproducibility [166]. These hin-
drances were overcame by the discovery that the fluorescent probe ThT could bind to
amyloid with high sensitivity and specificity, leading to an overall superior diagnosis of
the presence of amyloids in a histological section [167]. Thioflavin-T is a benzothiazole
molecule that shows a dramatic increase in fluorescent brightness when bound to amy-
loids, shifting its excitation maximum from 385 nm to 450 nm and its emission maxi-
mum from 445 nm to 482 nm [168, 169]. ThT has been shown to act as a molecular ro-
tor, owing a benzylamine and a benzathiole rings freely rotating around their carbon-
carbon bond, quenching the fluorescence emission of unbound ThT [170]. It has been
proposed [166] that ThT recognizes B-sheet structures by inserting within channels for-
med by cross-strand ladders, a typical (but not exclusive [171-173]) architecture found
in amyloid structures. The bound state causes the preservation of the excited state by
locking the rotation, resulting in enhanced quantum yield. Outside of ThT, a variety of
other extrinsic fluorescent dyes have been implemented, each with its own specific bin-

ding to structural features of amyloids [174]. 4-(dicyanovinyl)-julolidine (DCV]J) is
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another molecular rotor which was described to bind with high affinity to early oligo-
mers [175]; l-anilinonapthalene-8-sulfonate (ANS) and its dimeric form (bis-ANS)
exert their function by recognizing hydrophobic surfaces. Intrinsic fluorescence has also
been deployed for the unbiased detection of amyloids, as it represents a label-free, quan-
titative parameter for the aggregation process [176]. Regardless the heterogeneity of the
polypeptide chains forming aggregates, intrinsic fluorescence gave similar results in the
lifetime and spectral signatures, as in the case of amyloid B, a-synuclein and tau fibrils
[176]. The presence of aromatic residues (i.e., Triptophan and Tyrosine) also accounts
for the intrinsic fluorescence displayed by protein aggregates [174]. Although these re-
sidues are normally buried within hydrophobic pockets in the core of the protein, upon
the reorganization of the three-dimensional structure that occurs during misfolding and
aggregation, they can alter their quantum yield of fluorescence, thus allowing the detec-

tion of the aggregation process.

1.3.2 Study of the architecture of protein aggregates

Whereas intrinsic fluorescence and the usage of extrinsic dyes have allowed the detec-
tion of aggregates in histological slides, they offer limited information on the structural
features that characterizes the various types of protein aggregates. The study of the se-
condary structure have been historically carried out by spectroscopical analyses that
take advantage of the optical properties of polypeptides such as circular dichroism
[177]. Under a circularly polarized light, a-helices and -sheets show a markedly diffe-
rent and characteristic spectral profile. Secondary structures have been also detected by
Fourier-transformed infrared spectroscopy, which relies on infra-red absorption and
emission spectra [178], and by Raman spectroscopy (and its surface-enhanced and tip-
enhanced evolution [179, 180]). B-sheet structures typically result in a prominent band
peaked at 1650 nm-! termed Amide I, dependent on the C=0 stretching vibration of the
peptide backbone, which differs between B-sheets and a-helices. Beyond the study of
the secondary structure, a various techniques have been developed to delve into the
structure of protein aggregates at atomic resolution [181]. The precise arrangement of
the residues that forms the cross-f ladder of amyloids have been dissected by means of
solid state nuclear magnetic resonance, electron and cryo-electron micoscopy (EM and

cryo-EM respectively), X-ray micro-crystallography and atomic force microscopy
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(AFM). AFM provides a three-dimentional topographic map of a sample casted on a flat
surface such as mica sheets. The scanning is performed byA tip with a radius in the na-
nometer range mounted on a cantilever, which oscillates until it touches the sample
(contact mode) or within its resonance frequence (non-contact or tapping mode) [182].
These techniques allow the study of the morphology and aggregates at atomic level,
providing details on the geometry of the assembly, the residues engaged and the diffe-
rences among the various fibrillar species. By using these techniques, structural models
various amyloids have been produced [182]. Although structural studies proved to be
useful both in the diagnosis and in the characterization of pathology-related aggregates,
the most crucial aspect of protein aggregation is the kinetic, which provides informa-
tions about the pace of production of amyloids, the intermediate species that are formed
before the deposition of fibrillar structures and may discriminate among different

strains.

1.3.3 Protein misfolding assays and The Real-Time Quaking-Induced con-
version (RT-QulC)

The emergence of the importance of the self-assembly properties in the onset of neuro-
degenerative diseases have lead the scientific community to investigate not just the
structure of amyloid, but also the kinetic of the aggregation. Indeed, the normally slow
aggregation process that takes place during the onset of the pathology can be mimicked
in vitro and, under appropriate conditions, may occur several degree faster than under
biological conditions. Outside of physical and chemical factors that accelerate the in
vitro fibrillization process, the addition of an aggregation-prone molecule that act as a
nucleus for the fibrillization, defined as seed, has helped to reduce the lag phase of the
reaction, thus avoiding the possible denaturation of the monomers during the course of
the process [174; 183]. The growth of the fibrils follows a sigmoidal curve, displaying a
lag phase during which the nucleation process takes place, followed by an exponential
phase that indicates the formation and the elongation of the fibrils. Once all the mono-
mers have been converted into B-sheet enriched species, a plateau phase is observed, as

shown in Figure 4.
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Figure 4. Kinetic of protein aggregation

Illustrative scheme showing the course of the aggregation and the various reporter system to follow it.
During the lag phase, the protein undergoes the unfolding and the nucleation into an aggregation-compe-
tent structure. These steps can either be monitored by the intrinsic fluorescence of aromatic residues or by
ANS. The vial in this phase appear as a clear liquid. During the exponential phase, fibrillization takes
place, resulting in the elongation of the fibers. This step is recognized by ThT and the sample appears
progressively more turbid. In the last phase, a plateau is observed, indicating that the fibril has incorpora-
ted all the available monomers. Auto-fluorescence may be detected. The vial results cloudy and turbid

[174].

The usefulness of seeding assays, especially for the diagnosis of prion diseases, have
prompted the research of faster and more reliable techniques to track the aggregation
process. In this frame, a fundamental innovation was the development of the protein mi-
sfolding cyclic amplification (PMCA) [184]. The original study aimed to reproduce the
replication and the conversion of the prion protein in vitro, starting from minute amoun-
ts of the misfolded form of the prion protein, which acted as a seed. Brain homogenates
from scrapie infected hamsters were used as seed to trigger the aggregation of PrPC
found in healthy brain homogenates in a cyclic reaction. The PMCA reaction consisted
in cycles of incubation, during which the seed is supposed to contact and convert its na-
tive counterpart and to form growing oligomers, followed by pulses of sonication that
would break longer fibrils, increasing the number of seeding-competent species that
would further the reaction. The detection of the end-products of the reaction was carried
by Western blot after PK digestion. The technique was further improved by making it

automated [185-187] and therefore suitable for high throughput, and by the usage of
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biological fluids, such as blood, urine or the cerebrospinal fluid (CSF) as source of the
seed, thus allowing PMCA to be applicable in diagnosis [188, 189]. Furthermore,
PMCA was applied for the detection of prion contamination in surgical or biological
materials. In recent years, PMCA was applied for the amplification of other neurodege-
nerative-related molecules using the CSF as source of the seed, as in the case of a-synu-
clein [190] and the amyloid-P peptide [191], providing a useful diagnostic tool for PD
and AD, respectively. To overcome the inherent complications of the PMCA, (poor re-
producibility, lack of consistency with different prion strains, the need of PK digestion
and Western blot and infectivity of the end-product of the reaction [192]), other in vitro,
cell-free assays have been developed starting from the original PMCA. A major advan-
cement was the substitution of sonication, which was reported to be difficult to control,
with shaking [193, 194], which produced the same output in a more controllable envi-
ronment and, strikingly, resulted in a non-infectious end-products. Moreover, shaking is
thought to cause the unfolding of prion protein by increasing the air-water interface, en-
hance the fragmentation of polymers and to favor the interaction between the seed and
the substrate [195]. This novel assay, termed quaking induced conversion (QUIC), was
further refined by the addition of ThT, allowing to monitor in real time the aggregation
process. These advancements lead to the development of the real-time quaking induced
conversion (RT-QulC) [196, 197], a fully automated technique that was originally re-
ported to be able to detect the seeding activity of various prion strains with 80% of sen-
sitivity and 100% specificity using as seed either brain homogenates or CSF, underlying
the possibility that RT-QulC might be useful for diagnostic purposes. By adjusting the
physical and chemical environment of the RT-QulC reaction [198, 199], the RT-QulIC
was further tuned for the detection of different prion strains [200, 201] and for the de-
tection of the seeding activity from other biological fluids, such as blood [202], urine
[203], skin [204] and nasal brushings [205], representing a less invasive source of the
proteopathic seed. Besides the diagnostic potential, the RT-QulC showed to be a promi-
sing technique as a pre-screening assay for therapeutic molecules [201]. Indeed, two
studies [206, 207] reported the inhibition of the signal of the RT-QulC by using com-
pounds with known anti-prion activity, such as doxycycline. Lastly, similar to the
PMCA, RT-QulC was successfully applied for the detection of the seeding activity from
other neurodegenerative diseases. Tau seeding activity was detected in brain homogena-

tes and in the CSF of patients affected by Pick’s disease [208], a tauopathy dependent
30



on the aggregation of the shortest tau isoform (ON3R). Recently, multiple reports
[209-211] indicated that RT-QulC is a suitable technique for the amplification of minute
amounts of misfolded a-synuclein derived either from brain homogenates or CSF, al-

though it failed in discriminating among synucleinopathies.
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2. Aim of the project

Strain typing have been proposed to underlie the different course of similar diseases,

explaining the differential vulnerability of various brain region toward conformers of

the same protein. In this frame, the present work aims to take advantage of the RT-QulIC

to exploit these differences by the detection of the seeding activity of brain homogena-

tes (BH) derived from PD, DLB and non-neurodegenerative controls (Ctrl) cases in

frontal cortex (FCx) and in the substantia nigra pars compacta (SNc), as these areas are

differentially affected in the two diseases. The workflow is divided into three sections:

II.

I1I.

Establish the RT-QuIC for the detection and amplification of misfolded species of
a-synuclein. To this aim, seeding-competent a-synuclein in the BH of PD and DLB
patients will be isolated from factors that may interfere with the aggregation pro-

cess. Kinetic parameters from the RT-QulC will be used to exploit the putative dif-

ferences between strains of a-synuclein.

The validation of the RT-QulC products will be performed by means of biochemical
analyses to determine whether the observed results are actually due to the amplifica-
tion of a-synuclein seeds, since the RT-QulC offers no indication of the species that
cause the increase in the quantum yield of ThT. The RT-QulC products will be
compared to their counterpart before the RT-QulC, indicating the reactions that did

not undergo the RT-QulC process.

Structural characterization of a-synuclein aggregates will be conducted to delve into
the structural features of the aggregates. The secondary structure of the product of
the reaction seeded with PD, DLB and Ctrl derived material will be investigated
through Raman spectroscopy and compared among different brain regions and with
their BQ counterparts. Likewise, the structural features will be elucidated by means

of EM and AFM.
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3. Methods

Consumables, antibodies and instrumentations used for this study are listed in table 1.

Units of measurements follow the international system of units.

List of materials

Abbre Company
viation
Instrumentation
TissueLyser LT Qiagen, USA
Meso Scale Discovery Sector Imager MSD MSD, USA

Amicon Ultra centrifugal 100 kDa filter

Sealing tape

black 96-well plate with bottom optic
FLUOStar Omega fluorescent reader
Trans-Blot Turbo transfer system

ChemiDoc XRS+

Perkin Elmer Wallac 1420 Victor

microplate reader

ProteOn XPR36 Protein Interaction Array
system

micro-Horiba Xplora

Gold mirror support

Formvar-coated copper EM-grid

LEO EM912 Omega electron microscope

on-axis 2048x2048-CCD camera

Consumables

Phosphate buffered saline PBS

Protease Inhibitor

Merck-Millipore, IRL
Thermo-Fisher
Scientific, USA
Thermo-Fisher, USA
BMG Labtech, USA
Bio-Rad, USA
Bio-Rad, USA

GMI, USA

Bio-Rad, USA

Horiba, IT
Thorlabs, UK
Agar scientific, UK
Zeiss, DE

TRS, DE

Merck-Millipore, IRL
Roche Diagnostic
GmbH, DE
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List of materials

Phosphatase Inhibitor

Stainless steel beads

Sodium dodecyl sulfate
Tween

Bovine Serum Albumin
Sodium chloride

Sodium phosphate monobasic
Sodium phosphate dibasic
Ethylenediaminotetraedric acid
Thioflavin-T

a-synuclein

Proteinase K

Loading Buffer

Acrylamide

Polyvinyldiene fluoride membrane

Methanol

Tris

Glycine
Tris-HCI

Dry milk
glutaraldehyde

uranylacetate

Antibodies
MJFRA1
SULFO-TAG labelled antibody Syn1

secondary antibody HRP-conjugated goat

anti-rabbit IgG antibody

SDS

BSA
NaCl

EDTA

ThT

PK

PVDF

Roche Diagnostic
GmbH, DE

Qiagen, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Roth GmbH, DE
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
rPeptide, USA
Sigma-Aldrich, USA
Roth GmbH, DE
Roth GmbH, DE

Healthcare Life
Sciences, DE

Merk, DE

Roth GmbH, DE

Roth GmbH, DE

Roth GmbH, DE

Roth GmbH, DE
Science Services, DE

Merck, DE

AbCam, USA
BD Biosciences, USA
Dianova GmbH, DE
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List of materials

anti synuclein phospho S129 antibody AbCam, USA
oligomeric synuclein-specific antibody ADx, BE
Syn F-1 Biolegend, UK

Table 1. List of materials. Instrumentations, antibodies and consumables used for this work are listed.

3.1 Patients

DLB, PD and Ctrl FCx were obtained at autopsy from 10 patients per group. SNc was
obtained from 8 DLB and 6 PD patients. Clinical features are listed in table 1.

Procedures for brain tissue extraction, processing and neuropathological classification
had been published before [212, 213] Postmortem brain tissue was obtained from
donors through a rapid neuropathological autopsy (mean postmortem interval = 5.5
hours). After brain removal, two symmetric brain halves were obtained through a mid-
sagittal incision and the right hemibrain was flash-frozen by immersion in -60 °C
isopentane. The left hemibrain was fixed in 4% buffered formaldehyde for 3 weeks and
processed for standard neuropathological examination. Assessment of Alzheimer’s type
pathology and commonly associated conditions, including Lewy type pathology, was
performed according to current recommendations by the National Institute of Aging —
Alzheimer’s Association. Lewy type pathology was assessed according to following

procedures and classifications.

SE AISTE MAIN COMBINED | BRAA | BRAA A(?FE Tg\gE DEMENTI
D X | pEaT | NEUROPATH. | NEUROPATH. | Kstage | Kstage | onver | surv A
T DIAGN. DIAGNOSES | TAU | asyn | Opa= | Yaps | (VESNO)
BCPA .
s M | 80 | parkmNsoNn's No 1 5 ‘o
BCPA .
o M | 79 | parkINsON'S No 3 4 ‘o
BCPA [ ¢ | 79 | PARKINSON'S | VASCULAR
572 2 5 NO
BCPA .
o M | 65 | parRkINSON'S No 1 . ‘o
BCPA .
S M | 84 | parkNsON'S No 1 , ‘o
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BCPA
77 PARKINSON'S No
060 67 10 YES
BCPA . ALZHEIMER,
povt o5 | Parkmsons | APEEEVES ‘o
BCPA . ALZHEIMER,
o 76 | PARKINSON's | ALZHEIMER VES
BCPA 82 | PARKINSON'S | VASCULAR
385 74 8 YES
BCPA 90 | PARKINSON'S | VASCULAR
167 75 15 YES
BCPA LEWY BODY
517 73 DEMENTIA ALZHEIMER 68 5 YES
BCPA LEWY BODY
436 80 DEMENTIA No YES
BCPA LEWY BODY
348 71 DEMENTIA ALZHEIMER YES
BCPA LEWY BODY
283 77 DEMENTIA ALZHEIMER YES
BCPA LEWY BoDY | ALZHEIMER,
et 88 SEMENTIA HIPPOCAMP. 83 5
SCLEROSIS
YES
ALZHEIMER,
BCPA LEWY BODY NORMAL
o 69 R PRESSURE 65 4
HIDROCELPAH
% YES
BCPA LEWY BODY
174 » DEMENTIA No YES
BCPA LEWY BODY
129 7 DEMENTIA No 7 S YES
BCPA LEWY BODY
121 70 DEMENTIA No 64 6 YES
BCPA LEWY BODY
v 92 A ALZHEIMER 90 2 VES

Table 2. Clinical features. The table recapitulates the clinical features of the patients from which FCx
samples were obtained (n = 10 for both DLB and PD). Sex, age of death, main neuropathological diagno-
sis, dementia features and co-pathologies are listed. Moreover, Braak stages of Lewy pathology and tau
burden are shown. * Informations about age of onset and time of survival were not available for all the

samples. When possible, they were included.

3.2 Isolation of a-synuclein seeding competent fraction
Brain tissues derived from FCx or SNc were homogenized with TissueLyser LT (Qia-

gen, USA) using 5 mm stainless steel beads (Qiagen, USA) at 10% weight/volume (w/
V) in ice-cold Phosphate buffered saline (PBS, Merk-Millipore, IRL) at pH 7.0 with
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protease and phosphatase inhibitors (Roche Diagnostic GmbH, DE). Samples were cen-
trifuged at 850 x g for 10 minutes (min) at 4°C. The pellet was resuspended in 1 mL of
PBS 7,0 and stored at -80 °C for further analysis. The supernatants were centrifuged at
5200 rpm (rounds per minute, equal to 2872 x g) for 10 min at 4°C and the soluble frac-
tion was stored at -80 °C. The pellet was re-suspended in PBS containing 2% Sodium
dodecyl sulfate (SDS, Sigma-Aldrich, USA), pH 7.0 and centrifuged for 20 min at
14000 x g, 4°C, using Amicon Ultra centrifugal 100 kDa filters (Merck-Millipore, IRL).
In parallel, the re-suspended pellet was centrifuged at 14000 x g for 10 min at 4°C to
analyse the SDS soluble and insoluble fractions. The fraction lower than 100 kDa was
collected and subjected to RT-QulC analysis. All the remaining fractions were tested as
well to check their seeding activity. Only freshly prepared samples were used for the

analysis.

3.3 Total a-synuclein ELISA

Detection of total a-synuclein in the fraction lower than 100 kDa was performed using
electrochemiluminescence based detection system as previously described [214]. 3 pg/
ml of MJFR1 (AbCam, USA) in PBS were used as capture antibody. After washings in
PBST, containing 0.005% Tween (Sigma-Aldrich, USA), and blocking in 1%o0f bovine
serum albumin (BSA, Roth GmbH, DE) in PBST for 1 h at room temperature with sha-
king at 300 rpm, 25 pl of five sample in duplicate, diluted 1:50 in 1% BSA in PBST
were applied to the assay plate for 1 h, with shaking set at 700 rpm at room temperature.
SULFO-TAG labelled antibody Synl (BD Biosciences, USA) diluted 1:1 in 1% BSA in
PBST was used as detection antibodies. Measurements were obtained with a Meso Sca-

le Discovery Sector Imager (MSD, USA) and light signal was detected at 620 nm.

3.4 Real Time-Quaking Induced Conversion

A recently published protocol [197] was modified for the detection of a-synuclein. 3 pl
of the working fractions were added in 97 pl of converting buffer, containing 32 % of
5x PBS (0.64 M Sodium Chloride (NaCl, Sigma-Aldrich, USA), 57,5 mM sodium
phosphate monobasic (Sigma-Aldrich, USA), 94,4 mM sodium phosphate dibasic
(Sigma-Aldrich, USA), pH 8,4), | mM Ethylenediaminotetraedric acid (EDTA, Sigma-
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Aldrich, USA), 170 mM NaCl, 10 uM ThT (Sigma Aldrich, USA) and 140 ng/ul of a-
synuclein (rPeptide, USA).

Only freshly thawn a-synuclein was used as substrate. Reactions were prepared in a
black 96-well plate with bottom optic covered with sealing tape (Thermo-Fisher Scien-
tific, USA) and incubated at 37 °C using a FLUOStar Omega fluorescent reader (BMG
Labtech, USA), with 60 seconds (s) of double orbital shaking at 600 rpm followed by
29 min break, after which fluorescent measurement (excitation 450 nm, emission 480
nm) were taken. The reaction was run for 120 cycles, corresponding to 60 hours (h).
Each sample was run in triplicates and considered positive when at least two out of
three replicates gave a positive seeding response (signal increase >50%). Reactions

without seed or without substrate were run to evaluate self-aggregation of both species.

3.5 Proteinase K digestion and Western blotting

RT-QuIC products (labelled AQ, as in After RT-QulC) and their counterpart (labelled as
BQ, Before RT-QulC, indicating the reaction that did not undergo the RT-QulC process)
were treated with 5 pg/mL of proteinase K (PK) (Sigma-Aldrich, USA) and incubated
for 60 min at 37°C. PK was deactivated by a 30 min incubation step at 65°C.

Probes were analyzed by Western blotting. Briefly, the PK-digested products were mi-
xed 1:1 with loading buffer (Roth GmbH, DE), boiled for 5 min at 95°C and deactivated
by 10 min incubation in ice. The samples were next loaded into a 15% Acrylamide
(Roth GmbH, DE) gel and run at 80-100 V for 2-3 hours. After the gel electrophoresis,
proteins were transferred into a methanol activated Polyvinyldiene fluoride membrane
(PVDF, GE Healthcare Life Science, DE) in a transfer buffer containing 20% methanol
(Merk, DE), 48 mM Tris (Roth GmbH, DE), 39 mM Glycine (Roth GmbH, DE),
0.375% SDS using the Trans-Blot Turbo transfer system (Bio-Rad, USA) for 1h at 18 V.
The membranes were blocked with 5% non-fat dry milk (Roth GmbH, DE) in Tris buf-
fered saline plus Tween (TBST, containing 10mM Tris-HCI (Roth GmbH, DE), pH 7.8,
100 mM NacCl, 0.1% Tween-20) for 1 h at room temperature and incubated with the
primary antibody anti-total a-synuclein MJFR1 (Abcam, USA) diluted either 1:1000 or
1:5000 in 2,5% non-fat dry milk in TBST. Dilution 1:5000 was used for the PK digested
samples, while dilution 1:1000 was used for the detection of the total amount of a-synu-
clein in the fraction lower than 100 kDa, which were run in a 12% acrylamide gel. The

secondary antibody HRP-conjugated goat anti-rabbit IgG antibody (Dianova GmbH,
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DE) was diluted 1:1000 in 2.5% non-fat dry milk in TBST. Detection was carried with
the molecular imager ChemiDoc XRS+ (Bio-Rad, USA) using enhanced chemilumine-

scence.

3.6 Oligomeric a-synuclein ELISA

Detection of oligomeric a-synuclein was performed on the RT-QulC products by using
an oligomeric synuclein-specific assay and following manufacturer’s instruction (ADx,
BE). Briefly, the wells were coated with 20 ul of biotin solution and incubated with 80
ul of either BQ or AQ reactions over night at 4°C. Each sample was run in duplicate.
After five washings, 100 pl of peroxidase labeled streptavidin were applied in each well
and incubated for 30 min at room temperature. After five washings, 100 pl of chromo-
gen solution were added and incubated at room temperature for 30 min in the dark. Ab-
sorbance at 450 nm was taken shortly after adding 100 pul of stop solution using a Perkin

Elmer Wallac 1420 Victor microplate reader (GMI, USA).

3.7 Dot Blot

For the analysis of the fractions, 5 uLL of n=3 patients per group had been spotted onto a
nitrocellulose membrane. Membranes were incubated over night at 4°C with MJFR1
antibody (raised against total a-synuclein), phospho-S129 antibody (both Abcam, USA)
and with SynF-1 antibody (Biolegend, UK) (raised against fibrillary a-synuclein). All
antibodies were applied in a dilution of 1:1000.

For the RT-QulC products, nitrocellulose membrane was spotted with 3 pl of AQ RT-
QulC products and BQ reactions and blocked in 5% dry milk in TBST. Membranes
were incubated over night at 4°C with MJFR1 antibody 1:5000 against total a-synuclein
or with SynF-1 (Biolegend, UK) diluted 1:1000 against aggregated, fibrillar a-synucle-
in. The day after, the membranes were washed in TBST and incubated 1h at room tem-
perature with the appropriate HRP-conjugated secondary antibody and developed with
the molecular imager ChemiDoc XRS+ (Bio-Rad, USA) using enhanced chemilumines-

cence.
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3.8 Surface-Plasmon Resonance

Interaction studies were performed by using the ProteOn XPR36 Protein Interaction
Array system (Bio-Rad, USA). Recombinant protein was immobilized according to
manufacturer’s protocols on a GLH sensor chip by amino-coupling with a final immobi-
lization level of ~12500 RU. Analytes were diluted in PBST as running buffer. Samples
were injected with a flow rate of 50ul/min for 2 min. For referencing a ligand surface
without any bound protein was used. Data correction was done by subtracting the blank
chip surface from the protein bound surface to remove contribution of unspecific com-
pounds on the chip surface. For obtaining the corresponding association and dissocia-
tion rate constants the 1:1 interaction model (ProteOn analysis software) was used for

fitting the sensorgrams.

3.9 Raman spectroscopy

Raman spectra of drop-casted sample solutions were recorded using a micro-Horiba
Xplora (Horiba, IT) coupled to a 785 nm wavelength laser with a 1200 grooves/mm gra-
ting. The backscattered light was collected by a 100x microscope objective with 0.9
NA, which generates a 1 um laser beam waist and a laser power at the sample of 40
mW. The acquisition time of each spectrum was 20 s with 10 accumulations. The sam-
ples for Raman analysis were prepared by repeating the standard RT-QulC protocol wi-
thout the addition of ThT in order to avoid any signal interference [158]. A 5 ul drop
from either AQ RT-QulC products or BQ reactions was deposited onto a gold mirror
support (Thorlabs, UK), followed by air drying for 20 minutes and acquisition of Ra-
man spectra from the outer ring of the dried drop. A schematic workflow of the proce-
dure is illustrated in figure 5.

Specifically, Raman acquisitions from the central region of the ring showing the maxi-
mum signal intensity were considered for the analysis. Five measurements per sample
from n = 3 patients per type (DLB, PD, Ctrl) were collected and averaged. The spectra
were baseline corrected. A multi-peak Lorentzian fit was performed over the 1580 —
1705 cm-! amide I region of the Raman spectrum. The fitting procedure provides a se-
miquantitative estimate of the secondary structure composition. Specifically, amide I

band results from the convolution of structures centered at: 1635 cm! disordered struc-
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tures, 1655 cm! a-helices, 1670 cm! organized B-sheets, 1687 cm-! loose S-strands / f-
turns, [215]. The integrated area value of each fit component was collected and the
component band peaked at 1670 cm-! mainly ascribed to the B-sheet content of cross-3

peptide assemblies [30].

100x

Figure 5. Schematic workflow for Raman spectroscopy.
A. A drop of 5 pl of sample was casted onto a gold mirror and let dry for 20 minutes at 40 °C. B. The
drying procedure of the drop caused the drifting of the proteins towards the edge of the drop, producing a

"

typical “"coffee-ring"” structure. C. At 4x magnification, crystal structures, most probably sedimented

salts, are visible at the center of the drop. D. The thin annular structure of the drifted proteins is clearly

visible at 100x magnification.

3.10 Transmission Electron Microscopy

BQ and AQ RT-QulC products were analyzed by negative staining under a transmission
electron microscope (TEM). A Formvar-coated copper EM-grid (Agar scientific, UK)
was floated on 10 ul of sample solution to which 10 pl of 0.25% glutaraldehyde (Scien-
ce Services, DE) were added. After 1 min the grid was briefly washed on 3 droplets of
water and then incubated with 2% uranylacetate (Merck, DE) in water for 30-60 s. The
grid was removed from the droplet und excess fluid was blotted by touching the grid
vertically with a piece of filter paper. After drying the negative stained samples were
imaged at using a LEO EM912 Omega electron microscope (Zeiss, DE). Digital micro-
graphs were obtained with an on-axis 2048x2048-CCD camera (TRS, DE).

3.11 AFM analysis

The morphology of the samples was inspected by tapping mode AFM. An aliquot of
sample solution (10 pl) was dried on top of freshly cleaved mica substrates at room
temperature for 20 min followed by rinsing in MQ water to remove salts and debris and
drying under a gentle nitrogen steam. The samples were immediately imaged using a
JPK NanoWizard III Sense scanning probe microscope operated in AFM mode (maxi-

mum scan size 15 pm). Single beam uncoated silicon cantilevers (uMash HQ:NSC15
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Cr-Au BS) were used. The drive frequency was between 250 and 300 kHz and the scan

rate was 0.5 Hz.

3.12 Statistical analysis

The area under the curve (AUC) was extracted from each RT-QulC run and normality
was established by Kolmogorov-Smirnov test with Dallal-Wilkinson-Lillefor P value.
Once validated that samples were normally distributed, data were analyzed by one-way
ANOVA with multiple comparisons followed by Brown-Forsythe test. The normality
test was conducted for densitometry values, obtained with the software Imagel 1.47v,
derived from Dot blot, Western blot, ELISA and Raman spectroscopy. Likewise, one-
way ANOVA with multiple comparisons, as performed for the RT-QulC, was also done

for these experiments. All the analyses were performed using GraphPad Prism 7.

3.13 Ethical issues

All brain tissue samples from Banco de Tejidos CIEN (BT-CIEN) were obtained from
brain donors of the biobank in compliance with Spanish national regulation for the use
of human biological samples for research. Accordingly, all tissue donations were re-
ceived under informed consent by the donor or, for donors unable to give consent, by
the legal guardian or the next of kin, either ante mortem or post mortem, following the
procedure established by the external research ethical committee of the biobank (Re-
search Ethics and Animal Welfare Committee, Instituto de Salud Carlos III, Ministry of
Health). The BT-CIEN biobank is registered at the National Registry of Biobanks (Reg.
No. 741) and is a member of the National Network of Biobanks.
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4. Results

4.1. Validation of the Lewy pathology and a-synuclein aggre-
gation by RT-QulC

In the first set of experiments, we confirmed the presence of Lewy pathology in the FCx
and SNc of our cohort of sample. Next, we developed a fractionation protocol aimed to
enrich the misfolded a-synuclein and to remove factors that may influence the aggrega-
tion process. The presence of a-synuclein was biochemically validated, while the see-
ding activity of each of the produced fraction was determined by RT-QulC. Next, we
tested whether these fractions could amplify recombinant a-synuclein during the RT-
QulC. We determined whether self-aggregation may bias our analysis. Since a-synu-
clein aggregates in PD are mainly found in subcortical region [145], the seed for the
reaction was taken from FCx and SNc, as the latter is a critical region for the develop-
ment and the progression of PD [104, 125-127]. Furthermore, sensitivity and specificity
for the RT-QulC analysis were assessed, defined as the occurrence of false negative and

false positive results, respectively.

4.1.1 Histochemical profile of the Lewy pathology do not differ between
DLB and PD

Immunohistochemistry (IHC) was conducted on paraffin-embedded sections from FCx
(Fig. 6A) and SNc (Fig. 6B) of DLB and PD cases. No significant differences were ob-
served in the occurrence or distribution of the Lewy pathology among PD and DLB ca-

ses in both the brain regions examined, independent of the presence of co-pathology..
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Figure 6. Paraffin embedded histological sections of FCx and SNc¢ of DLB and PD samples. Neither the
amount, nor the distribution of Lewy bodies in either region shows a significant difference between the

two pathologies both in FCx (A) and SNc (B). Scalebar is set at 200 pm.

4.1.2 Enrichment of the a-synuclein-containing fraction

Due to the high structural variability of a-synuclein, various biological components in
the brain homogenates may alter the aggregation process. Therefore, we developed a
serial centrifugation protocol aimed to exclude the factors that may bias the RT-QuIC
response. A schematic overview of the protocol is showed in Figure 7. A 10% w/V BH
was produced from both FCx and SNc and subsequently spun to remove the nuclear
fractions. The soluble part was centrifuged to let aggregates and other heavy molecules
deposit. This fraction was next re-suspended in 2% SDS in PBS (pH 7,0) and further
centrifuged by applying a 100 kDa filter to separate the components according to their
molecular weight and their solubility in SDS. 3 pl of each of the produced fractions
from three different samples was tested in duplicates for their ability to seed the aggre-
gation of recombinant a-synuclein in the RT-QulC (Figure 7A). Each soluble and inso-
luble DLB and PD derived fractions were tested in triplicates by dot blot for the presen-
ce of total, phosphorylated and aggregated a-synuclein, showing no significant differen-

ces between DLB and PD patients (Figure 7B).
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All fractions showed no seeding activity, with the exception of the indiscriminate signal
derived from the fraction upper than 100 kDa. Larger a-synuclein aggregates, most
probably generated by self-aggregation of the substrate, caused an unspecific seeding
reaction. Likewise control derived fractions (data not shown) showed a false positive
RT-QulC signal response supporting this assumption. Therefore, we excluded these
fractions from the analysis and proceeded with the fraction lower than 100 kDa, referred
from hereon as a-synuclein seeding-competent fraction (a-syn-SCF).

This result indicates that the seeding-competent a-synuclein can be separated from other
molecules that can interfere with the aggregation process during the RT-QulC, either by

inhibiting or by promoting the conversion.
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Figure 7. Seeding activity of a-synuclein in different isolated fractions. A. Schematic representation of
the protocol developed to enrich the fraction containing seeding-competent a-synuclein. Seeding activity

from FCx from DLB (blue) and PD (red) fractions was assayed from each fraction by RT-QuIC (n =3 for
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each group, in duplicates). No seeding activity could be detected in each of the isolated fractions, except
for the fraction upper than 100 kDa, which shows seeding activity from each group, indicating a possible
self-aggregation of the samples. For all fractions, dot blot were conducted for the detection of total a-sy-
nuclein (MJFR1), phosphorylated a-synuclein (pSyn129) and fibrillar a-synuclein (F-1). The final frac-
tion, lower than 100 kDa (encircled in red) represents the oligomeric a-synuclein containing fraction,
defined as a-synuclein-seeding-competent fraction (a-syn-SCF). B. Statistical analysis conducted on the

Dot blot after densitometry shows no significan differences for all a-synuclein forms in each fraction.

4.1.3 The a-syn-SCFs contain equal level of a-synuclein among groups

In order to rule out self-aggregation of a-synuclein by concentration effects, we per-
formed Western blot analyses of the a-syn-SCFs derived from five samples from FCx
and SNc of PD, DLB and Ctrl cases (Figure 8A, B). MJFR1 antibody detected single
band of an apparent molecular weight of approximately 18 kDa, coherent with the mol-
ecular weight of a-synuclein, in each condition tested. The densitometric analysis (Fig-
ure 8C, D) indicated that equal amounts of a-synuclein are found within the same brain
region. Overall, the amount of a-synuclein appeared to be lower in the SNc compared to

FCx, in line with the higher total amount of proteins in the latter.
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Figure 8. Detection of a-synuclein in the a-syn-SCF. Western blot analyses were conducted on the a-
syn-SCFs of DLB, PD and Ctrl derived from FCx (A) and SN¢ (B). Densitometric analysis of representa-
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tive immunoblot of monomeric a-synuclein in the a-syn-SCF from FCx and SNc revealed no significant

(n.s) differences between DLB (blue), PD (red) and controls (green).

To further validate that the a-syn-SCF extracted from different pathological contexts
(i.e., DLB and PD) would show no differences in the total amount of a-synuclein, we
performed an ELISA using electrochemiluminescence detection system (Figure 9). This
method allows a more precise quantification and result in higher signal-to-noise ratio
compared to the classic ELISA. MJFR1 was used to the detection of the total amount of
a-synuclein.

In line with the Western blot results, no significant differences could be observed among
DLB, PD and Ctrl samples in both FCx and SNc¢ derived a-syn-SCFs. Moreover, ELISA
validated the higher amount in the FCx a-syn-SCF compared to the SNc a-syn-SCF,

with the former showing a two-fold higher concentration compared to the latter.

A FCx fraction <100 kDa B SNc fraction <100 kDa
total alpha-synuclein total alpha-synuclein
40000+ n.s. 40000+ n.s.
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Figure 9. Confirmation of the a-synuclein amount among samples. Electrochemiluminescence ELISA
analyses on the a-syn-SCFs of DLB, PD and Ctrl derived from FCx (A) and SN¢ (B) confirmed that the

concentration of a-synuclein in the a-syn-SCFs is comparable among groups.

Taken together, these results indicate that the amount of a-synuclein is comparable
among DLB, PD and Ctrl samples within the same brain region, thus ruling out that va-

riations in the concentration may bias the analysis.

4.1.4 Ruling out self-aggregation
Before proceeding with the seeded RT-QulC reactions, we assayed whether the RT-
QulC produced self-aggregation derived from the seed or from the substrate. To this

aim, five reactions either devoid of the seed or devoid of the substrate were run in tripli-
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cate. Figure 10 shows that neither reactions displayed a positive signal, indicating that
self-aggregation from these species can be excluded as a factor influencing the RT-

QulC.
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Figure 10. Self-aggregation of a-synuclein in the RT-QulC assay. Five reactions devoid of either the
seed (orange) or the substrate (light blue) were run in triplicates for 60 h in the RT-QulC. No seeding ac-
tivity could be detected, excluding the possibility that these species may aggregate by themselves.

4.1.5 DLB-seeded, but not PD-seeded reactions, promote the conversion
of a-synuclein during the RT-QuIC

The a-syn-SCFs were tested by RT-QulC for their ability to seed the aggregation of re-
combinant a-synuclein. a-syn-SCFs were obtained from FCx of ten patients of each
group ( n = 10), in triplicates, and were run in parallel. After 60 h, the increase in ThT
could be detected exclusively from DLB seeded reactions, while PD and Ctrl seeded
reactions showed no increase in the ThT signal. As shown in Figure 11A, the DLB see-
ded reaction resulted in the typical sigmoidal curve, which reflects the kinetics of the
process of aggregation. One-way ANOVA with multiple comparisons followed by Bro-
wn-Forsythe test was used to compare the AUCs of the reactions, indicating a signifi-
cant difference (** p < 0.01) between DLB and PD and DLB and Ctrl seeded reactions
(Figure 11B).
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Figure 11. RT-QulC seeded with FCx derived material. A. Seeding activity from a-synuclein could be

observed only when the reactions were seeded with a-syn-SCF from DLB patients (blue, n=10), while no
signal could be detected from PD and control cases (red and green respectively, n = 10). B. The area un-
der the curve (AUC) recapitulates the differences observed in the kinetic curve. Statistical analysis was
performed by one-way ANOVA with multiple comparisons followed by Brown-Forsythe test (**, p <
0.01).

The same analysis has been conducted on reactions seeded with SNc derived material,
as SNc is central in the PD pathogenesis but results to be less affected in DLB. A-syn-
SCFs from 8 DLB samples, 6 PD and 5 controls were used as seed for the conversion of
a-synuclein in the RT-QulC. Similarly to FCx seeded reactions, the experiment was run
for 60 h, after which the seeding activity could be detected exclusively when DLB a-
syn-SCFs were used to trigger the aggregation. As shown in Figure 12, the kinetic re-
sembles the one observed in FCx seeded reactions, although the differences between
DLB and PD were less prominent according to the statistical analysis of the AUC (* p <
0.05). The AUC value of DLB seeded reactions was one order of magnitude lower in
SNc compared to FCx, probably reflecting the lower amount of total a-synuclein in SN¢

compared to FCx.
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Figure 12. RT-QulC seeded with SNc¢ derived material. A. Seeding activity from a-synuclein could be
observed only when the reactions were seeded with the a-syn-SCF from DLB patients (blue, n=8), while
no signal could be detected from PD and control cases (red and green, n = 6 and n = 5 respectively). The
Ctrl curve is hidden behind the PD curve. B. The area under the curve (AUC) indicates the differences
observed in the kinetic curve. Statistical analysis was performed by one-way ANOVA with multiple com-

parisons followed by Brown-Forsythe test (¥, p < 0.05).

As recapitulated in table 3, the RT-QulC analysis resulted positive in 7 out of 10 DLB
samples when seeded with FCx derived material, while only 1 reaction of 20 was posi-
tive when seeded either with PD or Ctrl derived a-syn-SCFs. Therefore, the RT-QulC
owned 70% of sensitivity and 95% of specificity when the reactions were seeded with
FCx derived material. When the a-syn-SCFs were produced starting from the SNc, 6
out of 8 DLB samples resulted positive and neither PD nor Ctrl reactions showed an

increase in the ThT signal, implying 75% of sensitivity and 100% of specificity.
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Number of
Combined FCx Sex FCx Number of Sex SNc
Diagnosis pathology samples FCx RT-QuIC pos. | SNc samples SNc  RT-QuIC pos.
DLB none 4 4M 3/4 2 2M 2/2
1M, 1M, 5
AD 6 5F 4/6 6 F 4/6
5M, 3M, 5
total 10 5F 710 8 F 6/8
70% 75%
sensitivity sensitivity
PD none 5 5M 1/5 2 2M 0/2
1M, 1M,
AD 2 1F 0/2 2 1F 0/2
1M,
VD 3 2F 0/3 2 2F 0/2
7M™, 3M 3
total 10 3F 110 6 F 0/6
7M™, 2M, 3
Controls None 10 3F 0/10 5 F 0/5
95% 100%
specificity specificity

Table 3. Overview of diagnostic accuracy. The table recapitulates the RT-QuIC results in DLB, PD and

controls in FCx and SNe¢, matching the results for combined pathologies and sex.

Specificity and sensitivity underlie the suitability of the RT-QulC for the detection of
seeding-competent a-synuclein in DLB brain homogenates, showing a lag-phase below
10 h and a signal increase of more than 50%. In addition, the positive seeding response
was independent from the kind of brain region and from the presence of co-pathologies.
Non-significant seeding activity, when present, was obtained from PD and control deri-
ved a-syn-SCFs. Together, our observations demonstrated that the seeding-reactive o-

synuclein species in DLB patients revealed an RT-QulC seeding response.
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4.2 Biochemical validation of the RT-QulC products

Although the RT-QulIC recognizes cross-f structures found in amyloid structures, it of-
fers no information about the biological species that are responsible of the formation of
the aggregates. Therefore, the biochemical characterization of the RT-QulC products
appear to be a necessary step. Here we took advantage of widely applied biochemical
tools, such as PK digestion and Western blot, Dot blot and ELISA to investigate
whether the observed increase in ThT from DLB seeded reaction is actually due to a-

synuclein.

4.2.1 Detection of PK resistant a-synuclein in in DLB seeded RT-QuIC
reactions

Resistance to PK treatment is a common feature of misfolded proteins commonly found
in neurodegenerative diseases [216]. To explore whether converted and aggregated a-
synuclein in DLB brain seeded RT-QulC reactions underwent structural changes in a
more stable and B-sheet enriched state conformation, we treated the AQ products with 5
ug/mL of PK. BQ reactions, identical to the AQ reaction but not subjected to the RT-
QulC procedure, were also treated with the same conditions. Immunoblot analysis con-
ducted on five samples using anti-MJFR1 (Fig. 13A) for total a-synuclein revealed PK-
resistant bands in the AQ reactions seeded with the a-syn-SCF derived from DLB FCx,
migrating through the acrylamide gel with an apparent molecular weight spanning bet-
ween 10 kDa and 18 kDa. The statistical analysis was conducted on the band exhibiting
a molecular weight of 10 kDa, showing significative differences among groups (Fig.
13B). The strong signal observed in the BQ reactions is consistent with the presence in
excess of monomeric a-synuclein that serves as substrate for the RT-QulIC reaction.
However, BQ reactions were completely digested by PK, indicating that before RT-

QuIC the reaction is devoid of amyloid structures.
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Figure 13. Detection of PK-resistant a-synuclein fragments in FCx seeded RT-QulC samples. RT-
QulC products (n =5 for each group: 1 = DLB; 2 = PD; 3 = Ctrl) were treated with PK (5 pg/ml). A. Re-
sistant a-synuclein fragments in the 10 to 18 kDa range were detectable after RT-QulC by immunoblot-
ting only in reactions seeded with DLB a-syn-SCF. B. The densitometric analysis was performed on the
band at 10 kDa, showing a significative difference after one-way ANOVA with multiple comparisons
followed by Brown-Forsythe test (**** p <0.0001).

In line with the results obtained with FCx samples, when the same analysis was perfor-
med on SNc derived reactions, DLB AQ products were the only ones to show the pre-
sence of PK resistant fragment. However, a different banding profile of PK resistance
was observed, as a single band at approximately 10 kDa emerged after PK treatment

(Fig. 14A). Differences among samples were significative (p < 0.0001, Fig. 14B).

Before After SNc PK-digested after RT-QuIC
RT-QuIC RT-QuIC rrnn
123 12:3 123123 4000+ —
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Figure 14. Detection of PK-resistant a-synuclein fragments in SNc¢ seeded RT-QulC samples. RT-
QulC products (n = 5 for each group: 1 = DLB; 2 = PD; 3 = Ctrl) were treated with PK (5 pg/ml). A. Re-
sistant a-synuclein fragments migrating at a molecular weight of approximately 10 kDa could be detected
in the AQ products by immunoblotting only in reactions seeded with DLB a-syn-SCF. B. The densitome-
tric analysis showed a significative difference after one-way ANOVA with multiple comparisons followed

by Brown-Forsythe test (**** p <0.0001).
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This analysis demonstrated that, after the RT-QulC, DLB-seeded products show partial
partial PK resistant bands which are detected by the antibody MJFR1 raised against to-

tal a-synuclein, while the BQ counterpart was completely digested after PK treatment.

4.2.2 Monomeric a-synuclein is reduced after the RT-QulC in DLB seeded
reactions

During the RT-QulIC process, aggregates are supposed to be produced by the addition of
monomers to growing structures, which are subsequently broken by shaking and let
grow again during the next incubation phase, until all the monomers are incorporated
into aggregates. To elucidate whether monomeric a-synuclein is incorporated into fibril-
lar species, we performed a Dot blot to compare the total amount of a-synuclein in the
BQ and AQ reactions. 5 pl of BQ and AQ reactions seeded with FCx derived a-syn-
SCFs were casted on a nitrocellulose membrane and incubated with the MJFR1 antibo-
dy (Fig. 15A, B). The optical density of the spots was acquired and expressed as a ratio
of the optical density expressed by 3 pl of recombinant monomeric a-synuclein at a
concentration of 1g/L (Fig. 15C).

The results showed a reduction in the amount of monomeric a-synuclein in the AQ DLB
seeded reaction when compared to its BQ counterpart, indicating that a-synuclein mo-
nomers are consumed during the RT-QulC, possibly being incorporated into bigger
structures that are not sensitive to MJFR1 antibody. A similar result was obtained for

SNc derived samples (Fig. 15D, E), although the results were less significative.
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Figure 15. Detection of monomeric a-synuclein before and after the RT-QulC. A. Total a-synuclein
level in FCx of DLB, PD and Ctrl samples was detected by Dot blot by using MJFR1 antibody. B. The
densitometry of the spots were divided by the densitometric value of monomeric a-synuclein and expres-
sed as a ratio. Light colors indicates the BQ reaction (light blue for DLB, light red for PD and light green
for Ctrl). One-way ANOVA and multiple comparisons followed by Brown-Forsythe test showed a signifi-
cant reduction ( ** p < 0.001 of the amount of total a-synuclein in the AQ DLB seeded reaction when
compared with its BQ counterpart. C. Representative Dot blot on of monomeric a-synuclein used to pro-
duce the ratio for the analysis. D, E. Dot blot was conduced on SNc¢ derived a-syn-SCF as well. The gra-
phic owns the same color code as the one made for FCx. One-way ANOVA with multiple comparisons
followed by Brown-Forsythe test showed a significant difference between BQ and AQ of DLB seeded
reactions (¥, p < 0.05).
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4.2.3 Fibrillar and oligomeric o-synuclein species are generated during

RT-QulC in DLB seeded reactions

We proceeded in analyzing whether fibrillar or oligomeric species are produced. To this
aim, we performed a Dot blot using the antibody F1, which specifically recognizes fi-
brils of a-synuclein. The specificity of the antibody towards this structure was demon-
strated by Surface plasmon resonance (SPR). This methodology allows the determina-
tion of the affinity parameters between a ligand (the antibody) and an analyte (a-synu-
clein fibrils) through their equilibrium dissociation constant (KD). Figure 16 shows that
this antibody displays a preferential binding toward aggregated a-synuclein, while no

binding was observed when tested against monomeric a-synuclein.
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Time (s)
Analyte Ligand ka(1Ms) kd(1/s) KD (M) Rmax (RU) grouped
a-Synuclein monomeric  AKF1 8.85E+03 7.14E-01 8.07E-05 1.44E-13
a-Synuclein aggregated AKF1 1.63E+01 4.40E-09 2.70E-10 1.00E+06

Figure 16. Surface Plasmon Resonance. The affinity of the fibrillar F1 antibody (AKF1) was assessed
by SPR. Binding was observed when the antibody was analyzed in combination with RT-QulIC products
aggregated a-synuclein (yellow curve), while no binding was observed when monomeric a-synuclein was
applied as analyte (blue curve). The table also reports the values for the association and dissociation con-
stants (ka and kd, respectively) as well as and the equilibrium dissociation constant between the antibody

and its antigen (KD) and the maximum signal (Rmax).

After demonstrating the affinity of the F1 antibody toward aggregated a-synuclein, we
spotted 5 ul of five samples (either BQ or AQ) on a nitrocellulose membrane to perform
the Dot blot. We found that fibrillar a-synuclein can be specifically and significantly
detected only in DLB seeded reactions from FCx (Fig. 17A, B) and SNc (Fig. 17C, D).
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Figure 17. Detection of fibrillar a-synuclein before and after the RT-QulIC. A, B. Fibrillar a-synucle-
in was detected by means of Dot blot in five DLB seeded reactions (dark blue) from FCx, while no signal
could be detected neither from PD and Ctrl AQ reaction nor from any BQ reactions. One way ANOVA
with multiple comparisons followed by Brown-Forsythe test showed a significant difference between BQ
and AQ in the DLB seeded reactions (**** p < (0.0001), indicating the formation of fibrillar species of a-

synuclein. C, D. In SNc seeded reactions, the same pattern could be observed.

These results indicate that, together with the reduction of monomeric a-synuclein after
RT-QulIC, the intermittent shaking and incubation process causes the formation of fibril-

lar species of a-synuclein by the conversion of monomers. Importantly, thhis effect was
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comparable between FCx and SNc DLB seeded reactions. Lastly, we wondered whether
oligomeric a-synuclein could be produced by the RT-QulC, along with the formation of
fibrils, as these two species should not be mutually exclusive. We therefore took advan-
tage of antibodies that could specifically detect oligomeric forms of a-synuclein. In both
FCx and SNc¢ (Fig. 18A, B) oligomeric species of a-synuclein could be found only
when the reactions were seeded with DLB a-syn-SCFs, while minimal signal was ob-

served from all other conditions.
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Figure 18. Detection of oligomeric a-synuclein before and after the RT-QuIC.

A. Five FCx derived BQ and AQ reactions, in duplicate, were tested for the presence of oligomeric a-sy-
nuclein by means of ELISA. A significant increase (**** p < 0.0001) in the amount of oligomeric a-sy-
nuclein could be observed in DLB seeded reactions when compared to its BQ counterpart. B. Similar
results were obtained when SNc derived reactions were assayed. Statistical significance was assessed by

one-way ANOVA with multiple comparisons followed by Brown-Forsythe test ( ** p < 0.001).

Together, the biochemical analyses we conducted on the RT-QulC products clearly indi-
cate that, during the course of the reaction, the monomeric a-synuclein deployed as sub-
strate is incorporated into larger structures only by the DLB derived seed and forms
both oligomeric and fibrillar species, which are resistant to PK treatment. These results
were irrespective of the brain region out of which the a-syn-SCF was produced, althou-
gh FCx derived a-syn-SCFs showed a stronger seeding activity and higher response

when tested with immuno-based detection systems such as Dot blot and ELISA.
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4.3 Structural analysis of a-synuclein aggregates generated by
RT-QuIC

The results so far presented show that the a-syn-SCF derived from DLB FCx and SNc¢
are able to seed the conversion of monomeric a-synuclein, which owns the characteris-
tic features of protein aggregates when assessed biochemically. In our last set of exper-
iments, we sought to characterize the structural properties of the RT-QulC products.
Similarly to the biochemical analyses, we confronted the AQ reactions with their BQ
counterpart, in order to exploit the effects produced by the RT-QulC protocol. The rela-
tive amount of secondary structures were characterized by Raman spectroscopy, while

the architecture of the aggregates was observed by TEM and AFM.

4.3.1 Analysis of the background noise in Raman spectroscopy

Raman spectroscopy analysis allows to track local structural characteristics which mir-
ror the relative content of secondary structures and the surface exposition of aromatic
residues. However, this methodology is particularly sensitive to the microenvironment
of the reaction. Firstly, we probed different Raman supports for their background noise
(Fig. 19). Specifically, Aluminium crucible (Al crucible), Polytetrafluoroethylene
(PTFE, most commonly known with its commercial name Teflon) and gold mirror (Au

mirror) were chosen as candidates for the analysis.
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Figure 19. Background signals from different Raman supports. Al crucible (brown line), PTFE (silver

line) and gold mirror (gold line) were tested as candidate suports for the Raman analysis. Whereas a high

baseline noise was detected from the Al crucible and a double spike at approximately 750 cm-! and 1370
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cm-! was detected from PTFE, minimal background noise was detected from the gold mirror.

According to the analysis of the background noise of the substrates, the gold mirror was
selected as most suitable support for the Raman spectroscopy, as it showed minimal re-
sponse compared to the other substrates tested.

Next, we analyzed how the solution in which the RT-QulC reaction is produced (i.e., the
RT-QulC mix) would respond when assayed for its Raman scattering, as well as the
PBS, as the salt amount may cause interference in the measurements (Figure 20). The
RT-QulC mix here tested is devoid of the seed, the substrate and of ThT, as the latter is

known to show a high signal when tested by Raman spectroscopy [217].
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Figure 20. Background signals from the components of the RT-QulIC reactions. RT-QulC mix wi-

thout seed, substrate and ThT (brown line) and PBS alone (light green line) showed an increase in the

Raman intensity with bands spanning between 880 cm-! and 1050 cm-! approximately.

Although a background band could be detected in the region between 850 cm-! and
1050 cm-1, this region of the spectrum does not provide informations of the secondary
structures. Therefore, we concluded that Raman spectroscopy may be helpful in deter-
mining the relative amount of secondary structure in the samples.

As further preliminary analysis, we tested different concentrations of a-synuclein to de-
tect the Raman shift caused by the substrate alone. Different concentrations were tested
(Figure 21) in order to evaluate whether the local increase of protein concentration

caused by the formation of the "coffee-ring" would have biased the analysis.
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Figure 21. Raman shift of a-synuclein as a function of concentration. Three different concentrations

of a-synuclein (1 g/L, black line; 0.1 g/L, red line; 0.01 g/L, blue line) were tested for their Raman shift.
The leftmost peak (approximately 780 cm-!) is indicative of the total amount of the protein as it depends
on the presence of phenylalanine (Phe) found in position 4 and 104 in the primary sequence of a-synucle-

in. The amount of secondary structure is reflected by the Amide I band, peaked at 1670 cm-L.

A minimal secondary structure is to be expected from the BQ reactions, as the concen-
tration of the substrate in the RT-QulC reaction is close to 0.1 g/L, represented by the
red curve in Figure 21. The results show that, by increasing the concentration, a-synu-
clein displays an increase in the amount of secondary structures, as reflected by the in-

crease in the Amide I band peaked at 1670 cm-!.

4.3.2 Analysis of the Raman intensity along the coffee-ring

After evaluating the background noise that the component of the solutions and the sub-
strates may produce, we sought to analyze the RT-QulC products and the BQ reactions.
We first determined the most suitable region of the "coffee-ring" out of which the analy-
sis could be performed (Figure 22), as the protein concentration, and hence the signal, is

not constant along the radius of the annulus.
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Figure 22. Raman signal along the radius of the "coffee-ring". A. section of the "coffee-ring" at 100x
magnification under light microscope. B. Raman shift intensity of the Phe peak at 780 cm-! plotted as a

function of the distance from the border.

This analysis shows that the maximum amount of proteins, as reflected by the Phe peak,
is found at the centre of the annulus at approximately 20 um from the border. The inten-
sity profile outlines a 40 pm large annulus corresponding to the coffee-ring deposit in-
cluding the protein content of the deposited sample. The intensity decreases in the prox-
imal regions and completely disappear going toward the centre of the drop, indicating
the most of the protein content is indeed found in the "coffee-ring".

This result indicates that the region showing the highest intensity of the Raman shift is
the middle part of the "coffee-ring". Therefore, we chose this part of the annulus as refe-
rence region for performing the analysis of the B-sheet content of the BQ and AQ reac-

tions.

4.3.3 Detection of p-sheet structures in DLB-seeded RT-QulC reactions by
Raman spectroscopy

In order to inspect changes to a-synuclein secondary structure Raman spectroscopy
analyses were conducted on the BQ and AQ reactions.

Minimal secondary structure elements were observed from BQ reactions either contain-
ing FCx or SNc derived a-syn-SCFs (Figure 23), in line with the mild increase observed
in the monomeric a-synuclein (Figure 23, black curve) as a function of its concentra-

tion.

62



120
—
@ 1001
5
o 80 FC DLB
8 1FCPD
.é* 60
2 1 Fc ctrl
o 40
E ] SN DLB
20 SN PD
SN Citrl
0-Syn

1640 1660 1680 1700
Raman Shift (cm™)

Figure 23. Raman spectra of the amide I band region of the samples before RT-QuIC processing.
The spectrum of a deposited aqueous solution of a-synuclein at the concentration value used in RT-QulIC
experiments (a-syn, 140 ng/uL) is reported (black) for comparison. BQ samples from FCx are depicted in
yellow (DLB), grey (PD) and green (Ctrl). SNc BQ reactions are illustrated in purple (DLB), blue (PD)
and red (Ctrl). For the sake of clarity, the spectra were offset.

The analysis was next performed on AQ samples. Since the amide I band results from
the sum of four contributes, namely disordered structures peaked at 1635 cm-!, a-helices
at 1655 cm-!, organized B-sheets at 1670 cm-! and loose B-strands and B-turn at 1687
cm-l, the band was deconvoluted by multi-Lorentzian fit to unravel the relative contri-

butions of these structures to the Amide I signal (Figure 24).
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Figure 24. Deconvolution of the Amide I band. Exemplary multi-peak fit of Raman spectra over the
1580-1705 cm! amide I region applied to the DLB seeded products from DLB (A) and SNc¢ (B). The
convolution of the fitting Lorentzian curves (blue curves), indicating the relative contributions of secon-
dary structures, accurately reproduce raw data (red lines), providing an R-square > 0.995. Green lines

indicate contributions from other, non-secondary structures.
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As shown in Figure 25, an overall increase in the 1670 cm-! component ascribed to or-
ganized B-sheets was apparent in DLB FCx and SNc seeded RT-QulIC products while
was not detected in PD- and Ctrl-seeded products, which displayed a profile comparable
to the BQ samples. Importantly, these reactions were run in absence of ThT, ruling out

the possibility that ThT binding would have favored the aggregation process.
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Figure 25. Raman spectra of AQ and BQ samples. A. The 1670 cm-! Raman band in DLB FCx seeded
reactions (after RT-QulC, AQ) underwent an overall increase in intensity e as compared to the initial bat-
ches (before-QuliC, BQ). These changes could be not observed in PD and Ctrl-seeded reactions. B. The
integrated area amplitudes was normalized to the maximum value found in DLB samples and expressed
in % £+ SEM) of this band and statistically analyzed by one-way ANOVA with multiple comparisons fol-

lowed by Brown-Forsythe test (¥**** p < 0.0001). C, D. Similar results were obtained when samples were
derived from SNc a-syn-SCFs.

Together, Raman spectroscopy results provide a further validation to the RT-QuIC that
supports the biochemical data, indicating that the amount of -sheet structures are en-
riched after RT-QulC when the seed for the aggregation was derived from DLB seeds,

while minimal structural features were found in both PD and Ctrl seeded reactions.

4.3.4 Fibrillar structures are detected by EM and AFM
To visualize the fibrillary structures, we performed imaging analyses by means of TEM

and AFM in order to delve into the structural of the fibrils formed by RT-QuIC. Both
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techniques provide informations on the three-dimensional features at nanometric range,
thus allowing to exploit the architecture of the aggregates.

The analysis of the BQ samples revealed that no overt protein aggregates could be de-
tected neither by AFM (Figure 26) nor by TEM (Figure 27), regardless of the brain re-
gion from which the a-syn-SCF was produced. Under AFM, all the BQ samples appear
as < 4 nm size globular seeds, scribed to small clusters of monomers likely, induced by
spontaneous protein aggregation during the handling of the samples. The height, in na-
nometers, of the globular structures is rendered in a false color gradient, from brown (0
nm) to light yellow (15 nm). Under TEM, similar results could be found, with no clear

aggregates in any of the tested samples.
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Figure 26. AFM on BQ samples. Tapping mode of AFM conducted on DLB, PD and Ctrl derived a-syn-
SCFs from either Fcx and SNc¢ before the RT-QulC processing. The analysis revealed globular seeds of 4

+ 2 nm size irrespective of sample type. Scalebar was set at 500 nm in lenght. False colors (brown to yel-

low) indicates the height of the particles in the sample.
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Figure 27. TEM on BQ samples. Negative staining of the BQ reactions derived from FCx and SNc¢ from

either DLB, PD or Ctrl cases observed by transmission electron microscope, showing small seeds irre-
spective of the sample type and no clear aggregated or fibrillary structure, comparable to the AFM results.

Scalebar was set at 200 nm.

When the micrographs were taken from AQ samples by AFM (Figure 28) or TEM (Fi-
gure 29), the appearance of pre-fibrillar aggregates as protofilaments of approximately
120 nm in length for DLB FCx was observed, whilst amorphous aggregates spanning
between 50 nm and 200 nm could be detected for DLB SNc. These changes could not
be observed in PD and control samples. TEM analyses validated the results obtained by
AFM, showing the presence of large a-synuclein fibrils only in DLB-seeded RT-QulC
reactions. The size and the compactness of rod-shaped a-synuclein fibrils were variable
between different brain regions (FCx and SNC); in SNc the clustering of single fibrils to

larger aggregates was less pronounced.
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Figure 28. Morphological characterization of the RT-QulC products under AFM. Tapping mode
AFM was used to detect aggregated a-synuclein structures in the AQ reactions. Fibrillar aggregates could
be detected when the reactions were seeded with a-syn-SCFs from FCx of DLB patients, while amor-
phous aggregates were produced using SNc derived seeds from DLB samples. No conspicuous structures

could be observed when reactions were seeded with either PD or Ctrl derived material.
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Figure 29. Morphological characterization of the RT-QulC products under TEM. Coherently with

the AFM images, Micrographs obtained in negative staining under TEM show the presence of fibrillar

structures of AQ products seeded with DLB derived a-syn-SCFs from both FCx and SNc.
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5. Discussion

By analogy to prion diseases, variable clinical and pathological features in a-synuclei-
nopathies®10 may correlate with the presence of conformationally different fibrillar in-
clusions. Prion-like behaviour of a-synuclein has been reported by demonstrating the
transmissibility of the MSA a-synuclein strains [162] and evidences of graft-to-host
spreading of a-synuclein aggregates further corroborate the hypothesis that a-synuclein
acts as a prion-like molecule [141-143]. However, whether DLB and PD depend on dif-
ferent spatial conformations of the pathogenic a-synuclein seed that may account for the
different onset and clinical course of the two pathologies still needs to be clarified [96].

In the present study, we were interested in studying the seeding capacity of a-synuclein
in DLB and PD brains and distinguish them according to their seeding characteristics in
the RT-QulC. We hypothesize that the existence of a-synuclein conformation variability
in DLB and PD patients may influence the seeding conversion and the signal kinetic, as
already shown for prion protein [200]. Different brain regions have been postulated to
own different sensitivity towards a-synuclein aggregates, possibly depending on the ty-
pes of neurons found in different brain areas [125]. Therefore, to exclude potential brain
region-dependent effects on the seeding of a-synuclein, we run our analyses by testing

both brain regions, FCx and SNc.

5.1 Isolation of an a-synuclein containing, seeding-prone fraction
a-synuclein aggregation is a process dominated by the rules of thermodynamics. Hete-
rotypic interactions with other biomolecules, therefore, may cause the misfolding of a-
synuclein by the exposure of the hydrophobic core, thus favoring the aggregation
a-synuclein aggregation may be influenced by various biological components, such as
nucleic acids [42], phospholipids [218] and high molecular weight structures such as
proteoglycans [219]. Cross-seeding with other proteins prone to misfold, such as tau
[160]- has been reported as well as a factor that may trigger a-synuclein seeding.-To re-
duce the factors that may reult in unspecific RT-QuIC signals, and to increase the purity
and concentration of the reactive a-synuclein-seeds, we developed a novel fractionation
protocol by enriching a-synuclein seeding competent fractions by serial centrifugation

step. The brain homogenates were centrifuged at low speed to remove cellular debris
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and, importantly, the nuclear fraction [220]. The supernatant was further centrifuged to
allow the sedimentation of a-synuclein aggregates [221] and their separation from solu-
ble proteins, whose might as well interfere with the aggregation process. Partial denatu-
ration of the fibrils was performed by SDS treatment before the application of a molecu-
lar weight filter at 100 kDa. This last step was aimed to separate small oligomers of a-
synuclein and misfolded monomers from larger aggregates and other high molecular
weight compounds which may contain -sheet structures and therefore affect the aggre-
gation of a-synuclein [219]. B-sheet enriched molecules may further bind to ThT, thus
biasing the RT-QulC analysis by producing false positive results. Indeed, ThT positive
signals could be indiscriminately observed from the fraction upper than 100 kDa. Since
Ctrl seeded reactions gave positive results as well, it is unlikely that a-synuclein aggre-
gates are causative of the increase in the ThT emission, but may rather be attributed to
the presence of molecules that may have caused self aggregation of a-synuclein. Nota-
bly, no seeding activity could be detected in any other fractions. The relative amount of
total, phosphorylated and fibrillary a-synuclein in each fraction had been estimated by
dot blot analysis, indicating no significant differences between DLB and PD patients
and control cases. We therefore defined the fraction lower than 100 kDa as our starting
working material and termed it a-synuclein seeding competent fraction (a-syn-SCF).
Various species at different molecular weights may be contained in the a-syn-SCF, as
the energetic landscape of a-synuclein indicates the existence of several energetic mi-
nima before the aggregation into larger and more stable aggregates [153]. However, the
analysis of the total a-synuclein content in the a-syn-SCF by Western blot using the an-
tibody MJFR1 against total a-synuclein failed to detect any band that could be suggesti-
ve of the presence of oligomeric structures of a-synuclein. It is tempting to speculate
that the handling and processing required for the Western blot, such as denaturation and
boiling, could have dismantled the oligomers, thus resulting in the lone appearance of
the monomeric band of a-synuclein at 17 kDa. Outside of biological compounds, con-
centration have in fact been indicated as a factor that may promote a-synuclein aggrega-
tion, even without the presence of a pathogenic seed [113]. Therefore, we ensured that
the presence of equal amounts of total a-synuclein in the a-syn-SCFs, and that the num-
ber and structure of Lewy bodies as observed by IHC were not significantly different in

our selected DLB and PD brain samples, ruling out the odds of observing positive si-
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gnals due to concentration effects that may cause self-aggregation of a-synuclein.

5.2 Seeding of a-synuclein in DLB and PD patients

For our approach and goals, we omitted any pre-analytical steps that could potentially
affect its seeding characteristics and structure, such as adding a preformed seed, adding
beads or using a mutated a-synuclein substrate in the RT-QulC reaction [210]. We used
recombinant a-synuclein with a wild type sequence to maintain the conformation cha-
racteristics of the pathologic seed. Self aggregation of a-synuclein is yet another factor
to take into account when working with the RT-QulC. Repeated cycles of freezing and
thawing of both the seed and the substrate required for the RT-QulC might cause them
to aggregate and thus produce a positive signal. Therefore, only freshly prepared seed
and freshly re-suspended a-synuclein have been used for this analysis. Reactions ran
without the seed or the substrate produced no positive RT-QulC signals, indicating that
self-aggregation can be ruled out as potential factor affecting the reaction. Remarkably,
our main finding was that RT-QulC analyses of the a-syn-SCFs revealed a positive si-
gnal response specifically in reactions seeded with FCx and SNc brain tissue from DLB
patients, whereas PD and controls showed negative RT-QulC seeding responses. The
seeding-reactive a-synuclein oligomeric species in DLB patients had a relative short
lag-phase (<10 h) both in FCx and SNc. Importantly, the results were not influenced by
the type of co-pathology (see Table 2), indicating that the presence of other proteina-
ceous aggregates does not significantly influence the course of the reaction. We inter-
preted our observation that DLB brains contain a pathogenic, oligomeric a-synuclein
seed whose seeding reactivity is significantly different from a-synuclein seed in PD pa-
tients. Since the levels of total a-synuclein were equal, we propose that the folding and
structure of the oligomeric a-synuclein seeds is markedly different in DLB compared to
PD patients or controls. In particular, DLB patients exhibit a reactive prion-like a-synu-
clein seed promoting the conversion of monomeric a-synuclein substrates in the RT-

QulC (Figure 30).
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Figure 30. a-synuclein seeding-conversion mechanism. Illustrative diagram of the potential seeding-
conversion mechanism of a-synuclein during the RT-QulC. The a-syn-SCF works as a seed (in red) for
the aggregation of monomeric a-synuclein (substrate, in green). The conversion causes the conformatio-
nal modification into misfolded oligomers that elongates into fibrils. After the detection of fibrils, a qua-
king event breaks the longer fibrils into shorter, reactive oligomers, that further seed the convesion of

monomeric a-synuclein. Modified from [197].

5.3 Biochemical evidences of a-synuclein aggregates in DLB-seeded RT-
QulC reactions

Although the RT-QuIC is a suitable technique to detect the seeding activity and the ag-
gregation kinetics of a biological specimen, its measurements relies on ThT fluorescen-
ce, which recognize cross-f structures [166-170]. Therefore, RT-QuIC does not provide
informations about the proteins involved in the formation of such structures.

To validate the conversion of monomeric a-synuclein into higher order structures during
the RT-QulC, we analysed the end-product of aggregates generated from DLB, PD and
control seeded reactions. Resistance to proteinase K (PK) treatment is a common feature
of protein aggregates found in neurodegenerative diseases. Mild PK-treatment of the

RT-QuIC products revealed that the ThT stained aggregated material in the RT-QulC is
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at least partial resistant to PK, similar to PrPSc in prion diseases [216]. The Western blot
banding profile showed the occurrence of N-terminal truncated PK undigested a-synu-
clein fragments (between 18 kDa and 10 kDa) in DLB FCx tissue. A comparable pattern
of PK resistant a-synuclein fragments in DLB patients could be already observed in a
previous study in DLB brain tissue [164], indicating that mild PK-resistant characteri-
stics in DLB patients were maintained during the RT-QulC analysis. Moreover, our ob-
servation of a single PK-undigested a-synuclein specific band in DLB SNc tissue com-
pared to a cleavage of a-synuclein into smaller fragments in DLB FCx indicates the
DLB-SNc seeded reactions may result in a more stable and compact end-product. Fur-
ther analyses conducted by Dot blot and ELISA corroborated this result, showing the
formation of both oligomeric and fibrillar species of a-synuclein. We proposed that the
differences in a-synuclein seeds in both brain regions may depend either on different
vulnerability of these structures [140] or on the intracellular medium in both tissues,
which seems to be relevant for the occurrence for the a-synuclein conformation in o-

synucleinopathies [165].

5.4 Structural evidences of a-synuclein aggregates in DLB-seeded RT-

QulC reactions

In order to detect the formation of secondary structures in the RT-QulC products, we
analyzed our samples by Raman spectroscopy. The minimal secondary structure found
in the reaction before RT-QulC, which is a frequent feature of natively unfolded pro-
teins, including a-synuclein [217]. The increase in secondary structures in the samples
before RT-QulC may also be due to an artificial increase in the local concentration after
the formation of the "coffee-ring", which might have caused the partial folding of a-sy-
nuclein. After RT-QulC, an overall increase in B-sheet signals from DLB-seeded RT-
QulC reactions indicates the formation of cross-p peptide assemblies, which was not
apparent in PD- and control-seeded reactions. This result supports the formation of ag-
gregates enriched in B-sheets only in DLB-seeded reactions, which is in accordance
with the positive seeding response of the RT-QulC. The observed increase in the 3-shee-
ts content mirrors the RT-QulC results, providing an unbiased validation of the forma-
tion of aggregates during the course of the reaction. Lastly, morphological studies, con-

ducted by AFM and TEM, showed that DLB-seeded reactions may generate rod-shaped
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amyloid-fibrils of different sizes and structures which differ from other a-synuclein fi-
brils (exhibiting a more circular and compact appearance), generated via RT-QulC
[210]. Fibril compactness and size is increased in FCx seeded reactions, which is in line
with our observation that DLB-SNc seeded reactions may result in a smaller sized RT-
QulC product. Evidences that the RT-QulC seeding responses from DLB and PD pa-
tients may be influenced by the average size of a-synuclein seeds could be neither con-
firmed by our Western blot nor the dot blot analysis with conformation specific a-synu-
clein antibodies. Therefore, we consider size variances of a-synuclein seeds in DLB and
PD as less decisive for the observed differences in our RT-QulC analyses; however, we
cannot fully exclude them. Putative explanations are the usage of a different substrate
(substrate contained the S129A mutation to block phosphorylation), and the application

of different seed material, such as a preformed aggregated a-synuclein seed [209-211].

5.5 Structural variability underlies potential a-synuclein strain typing

The fractionation protocol was introduced to avoid the possibility that various biologi-
cal molecules may have jeopardized the experiments by affecting the aggregation pro-
cess. Although PD-derived a-syn-SCFs showed the same level of total a-synuclein and
the assessment Lewy pathology in the brains revealed no overt differences, RT-QulC
failed to amplify the PD-derived seed. The biochemical and structural analyses we con-
ducted confirmed the RT-QuIC findings, indicating that the RT-QulC products of PD-
seeded reactions could not produce the signatures of the aggregation process that were
detected in the DLB-seeded reactions. Taken together, our results are suggestive of a
potential strain difference between DLB and PD derived a-syn-SCF, which may be the
characteristics of different strains, the former having seeding-conversion activity when
tested in the RT-QulC and showing the presence of aggregated forms of a-synuclein
(oligomers and fibrils) by different biochemical and structural methodologies, while the
latter showed no signal in this system and no structural nor biochemical hallmark for the
presence of fibrillar species. In our setting, specificity was 95% for FCx derived mate-
rial and 100% for SNc derived material, whilst sensitivity was 70% for FCx seeded
reactions and 75% for SNc seeded reactions.

These results are in line with those of Prusiner’s group [164], in which brain homogena-

tes derived from MSA patients could drive the onset of a-synucleinopathy in recipient
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mice, while PD material could not produce any sign of infectivity, pointing towards the
existence of different a-synuclein strains between MSA and PD. In both Prusiner’s work
and ours, PD-derived material showed no ability of seeding the aggregation of a-synu-
clein, which is reflected in the lack of the onset of pathology in their system and in the
lack of seeding activity in the RT-QulC in our experiments. Although DLB and PD are
often referred as variants of the same spectrum of disease [91-93], we could produce
aggregated forms of a-synuclein by RT-QulC only from DLB cases, indicating that, si-
milarly to the differences observed between MSA and PD, a strain difference might exi-
st between DLB and PD as well. The evidences here reported, however, do not exclude
that PD-derived a-synuclein own no seeding activity.

In recent years, It has been indeed demonstrated that PD-derived a-synuclein possess
the ability to amplify recombinant a-synuclein in vitro with different methodologies. a-
synuclein aggregates were successfully detected by Shahnawaz and co-workers [190]
using PMCA seeded with CSF derived from PD samples with a sensitivity of 88% and a
specificity of 97%. Their PMCA system provided results that correlated with the severi-
ty of the disease and was able to detect two control cases that later on developed PD,
indicating the possibility of applying this detection system to prodromal stages of the
pathology as well. As stated by the authors, the PMCA assay was not able to distinguish
among different forms of synucleinopathies. They provided no biochemical validations,
affecting the reliability of the assay.

Likewise, Fairfoul and co-workers [209] were able to detect the seeding activity of a-
synuclein seeds derived from both BH and CSF in the RT-QulC by adding zirconia/sili-
ca beads to the reaction with a specificity of 100% and 92% and 95% of sensitivity for
DLB and PD, respectively. The authors reported also the ability of their system to detect
prodromal stages of DLB, by obtaining a positive RT-QulC signal from control cases
affected by RBD, hallmark of the prodromal stage of DLB. However, this work reported
no biochemical validations of the RT-QulC and displayed low sensitivity (65%) for
reactions seeded with CSF derived from DLB combined with mixed pathologies, whe-
reas our protocol appears to be irrespective of the presence of co-pathologies along with
the main synucleinopathy diagnosis.

A thorough characterization of the RT-QulC products was conducted by Sano and co-
workers [210] in reactions seeded with DLB derived brain homogenates, which resulted

in 100% specificity, 92% of sensitivity for DLB and 95% sensitivity for PD. Here, the
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usage of mutated recombinant a-synuclein might have been critical for the experiments.
A common feature in Lewy bodies is the presence of a-synuclein phosphorylated at re-
sidue 129. By inducing a point mutation (S129A), the researcher reduced the ability of
a-synuclein to form aggregates and forced their production by RT-QulC, avoiding in
this way the possibility of producing false positives. Consistent with our reports, they
showed that the presence of other protein aggregates does not influence the course of
the reaction.

Lastly, Groveman and co-workers [211] reported a successful amplification of monome-
ric a-synuclein when seeded with BH and CSF from PD and DLB patients. Similarly to
Sano’s work, Groveman’s experiments were carried out using mutated a-synuclein
(K23Q, which displays lower self-aggregation), yielding 100% of specificity and 93%
of sensitivity towards a-synucleinopathies (DLB and PD grouped together). Interestin-
gly, their work suggested a possible difference between DLB and PD, with the former
showing a greater ability in seeding the aggregation compared to PD seeded reactions.
However, the difference between the two was not statistically significant. Although the
three studies here summarized were all able to detect, in some extent, the seeding activi-
ty of pathogenic a-synuclein, the protocols applied differed widely for physical and
chemical conditions of the reaction and, more importantly, for the starting seed and sub-
strate used for the reaction. In table 4, the differences among these protocols and the one
we developed here are reported. Specificity and sensitivity of the protocols are listed as

well.
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Comparison among RT-QuiC protocols

Seed sub. shaking/ T pH SDS beads Spec. Sens.
Incubation

Fairfoul 5-15 pl 0.1 g/L 1 min 30 82 No 37+3 100% DLB

et al. CSF;2  human double °C mg 92%
(2016) pyLBH  full length orbital, zirconi PD
1:20000 a- 200 rpm / a/ 95%
in PBS synuclein 15 min silica
(Stratech
, UK)

Sano et 5ul 0.10-0.15 40s 40 75 No No 100% DLB

al. 10% w/ g/L circular, °C 92%
(2017) VBHin S129Aa- 432 rpm/ PD
PBS  synuclein 140 s 95%

Groveman 2ul 0.1 g/L 1 min 42 8,0 0.00 6 100% DLB

et al. 10% w/ filtered double °C 15% glass +PD
(2018) VBHin human  orbital, 400 for or 93%
PBS; 15 full length rpm/ 1 min CSF silica,
ul CSF a- 1 mm
synuclein diame
(Stratech ter
, UK);
0.1¢g/L
K23Q a-
synuclein
Candelise 3ul human 1 min 37 8,4 No No FCx FCx
et al. enriched full length double °C 95%  70%
(submitted | fraction a- orbital, 600 SNc SNc
in 2018) form synuclein  rpm/29 min 100% 75%
10% w/  (rPeptide
V BH , UK)

Table 4. Comparison among a-synuclein RT-QulC protocols. The table summarizes the differences in
the protocols so far developed, including the one presented in this work, followed to detect a-synuclein

seeding activity in the RT-QuIC.

It is therefore apparent that multiple ways may be exploited to detect a-synuclein see-
ding activity. A different micro-environment of the reaction, a different physical condi-
tions for the aggregation, a different source for the seed or the usage of a different sub-
strate, and any combinations of these factors, may hence lead to the detection of a-sy-
nuclein seeding activity from various pathologies. Whereas previous protocols could not

discriminate among oa-synucleinopathies (at least not statistically), our methods was
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able to exploit the differences in seeding activity of DLB and PD, in line with the trend
observed by Grovemann and co-workers and coherent with the reported inability of PD
derived material to produce Lewy pathology in recipient mice [164]. We suggest that
the enrichment protocol we followed was critical for the exploitation of the differences
in seeding activity. During the fractionation, PD-derived a-synuclein may dissociate
from other compounds that could have allowed the detection of the seeding activity. Al-
ternatively, DLB-derived a-synuclein aggregates may be more resistant to SDS treat-
ment, generating aggregation-prone fragments, while PD-derived may be less resistant
to this treatment and hence lose the ability to promote the conversion of a-synuclein du-
ring the RT-QuIC reaction. We speculate that DLB and PD are characterized by diffe-
rent strains possessing different structural and biochemical profiles, therefore accoun-

ting for the differences in the spreading and symptomatology of these diseases.

5.6 Considerations on selective vulnerability

The clinical features that underlie PD and DLB differ significantly in the sequence of
occurrence of the symptomatology [125, 133], which in turn reflects putative differen-
ces in the route of spreading of pathogenic species of a-synuclein in the two pathologies
[101]. Neuronal loss, moreover, diverges significantly not only between diseases, but
also in the neuronal population and subpopulation affected (e.g., hippocampal glutama-
tergic neurons and dentate gyrus glutamatergic neurons [222]). Since the presence of a-
synuclein aggregates in FCx is indicative of cognitive dysfunctions in patients, and the-
refore most prominent in DLB, whilst a-synuclein aggregates in SNc would account for
the motor symptoms, characteristic of PD and affecting DLB only at a later stage [153],
we sought to compare the seeding activity from FCx and SNc, as dopaminergic neurons
in the SNc appear to be selectively more affected in PD compared to DLB. In this sce-
nario, a specific increase in the quantum yield of ThT would have been expected from
SNc derived PD seeds, while FCx from DLB would have been enhanced compared to
PD. However, we could surprisingly detect seeding activity only in DLB seeded reac-
tion regardless the brain region considered. This result could be either explained by a
concentration effect, or by a different sensitivity of FCx and SNc¢ towards a-synuclein
aggregation. In order to rule out the first option, we ran a two-way ANOVA to delve

into the differences between DLB samples from FCx and SNc, as reported in table 5.
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Two-Way ANOVA

FCx BQ vs SNc BQ FCx AQ vs SNc AQ
p value Significance p value significance
WB BQ >0.99 n.s.
ELISA BQ 0.583 n.s.
RT-QuIC AUC 0.8 *
OligoSyn ELISA >0.99 n.s. 0.96 n.s.
PK-WB AQ 0.489 n.s.
F1 Dot Blot >0.99 n.s. >0.99 n.s.
MJFR1 Dot blot 0.98 n.s. 0.08 n.s.
Raman Spectr. >0.99 n.s. 0.984 n.s.

Table 5. Recapitulatory table of the two-way ANOVA. Two-way ANOVA was run along all the expe-
riments reported in this work to detect differences between FCx and SN¢ from DLB patients. p-value and

significance are listed for the comparison of the BQ fraction and the AQ products.

No significant differences could be detected in the analyses conducted on the a-syn-
SCFs (Western blot and ELISA). Nonetheless, a significant difference was revealed in
the AUC of the RT-QuIC reactions, with DLB derived, SNc seeded reactions showing a
lower degree of aggregation based on the AUC of the kinetic curves. This result might
suggest a greater ability of the FCx derived seed to promote the aggregation when com-
pared to the SNc derived seed. The downstream biochemical analyses, as
well as the spectroscopic examination, did not yield the same significance, indicating an
equal amount of aggregated a-synuclein structures and comparable levels of cross-3
structures. These observations may indicate that a-synuclein oligomers and fibrils pro-
duced in the RT-QulC from SNc derived samples differs from those produced from FCx
derived seeds, owing a lower ability to bind ThT. The structural analyses conducted by
AFM and EM show subtle differences in the appearances of these aggregates, thus sup-
porting the selective vulnerability of different brain regions toward the same strain of a-
synuclein. In this scenario, the neuronal subpopulations in the FCx (mainly glutamater-
gic and GABAergic neurons), would be more sensitive toward DLB strains of a-synu-
clein, while dopaminergic and cholinergic neurons within the SNc would result to be
less affected by this strain, although they could still seed the RT-QulC reaction. This
79



hypothesis reflects the clinical manifestation of DLB, showing cognitive symptoms, re-
lated to cortical activity, before the onset of the motor symptoms, dependent on the ni-
grostriatal pathway.

In conclusion, the present work propose the existence of two strains that account for the
differences in the seeding activity and underlie the structural variability of DLB and PD,
recapitulating the differences observed in the symptomatology of the two synucleinopa-

thies.
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6. Summary and Conclusions

Since the introduction of the concept of self-propagating proteins as common causative
feature in neurodegenerative diseases, whether different conformations of pathogenic
proteinaceous material might underlie similar diseases and might be indicators for
strains has been a long lasting conundrum. Although heterotypic seeding has been
commonly detected in most neurodegenerative diseases, “pure” oa-synucleinopathies
strikingly differ for their clinical manifestation, route of spreading and prodromic phase
of the disease. Three synucleinopathies have been classically defined, namely DLB, PD
and MSA. Whereas MSA was set apart from DLB and PD by showing oligodendroglial
aggregates rather than the neuronal Lewy bodies and neurites found in PD and DLB, the
discrimination between these two latter pathologies poses greater difficulties, as in later
stages of disease they show a dramatic overlapping in the symptomatology and topolo-
gy of the lesions.

In this frame, the work here presented aimed to discriminate between DLB and PD by
exploiting the seeding activity of a-synuclein derived from brain homogenates of pa-
tients diagnosed with either DLB or PD. We first applied a novel fractionation protocol
to selectively remove factors that may bias the aggregation process and next assayed the
seeding activity of the working material, which we termed ‘“seeding-competent
fraction”, for its ability to amplify monomeric a-synuclein in the RT-QulC reaction.
Due to the putative selective vulnerability of different brain areas toward a-synuclein
aggregates, we ran in parallel the enriched fractions derived from frontal cortex (mostly
affected in DLB) and substantia nigra pars compacta (mostly affected in PD). In our sy-
stem, we could detect seeding activity specifically from DLB patients regardless the
brain region analyzed. Subsequent biochemical and structural analyses showed that the
increase in the quantum yield observed in the RT-QulC is actually due to a-synuclein
forming larger structures (i.e., oligomers and fibrils, as seen by EM and AFM) that
show the typical biochemical profile of protein aggregates, such resistance to proteinase
K, selective binding to fibrillar and oligomeric antibodies and increased beta-sheet con-
tent (as seen by Raman spectroscopy).

Together, our work provides further evidence for the existence of a strain difference that
underlies the observed differences in the clinical and histopathological features of the

two pathologies. A better understanding of the structural differences of a-synuclein pa-
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thogenic forms will help to identify factors which trigger the pathology in these condi-
tions and pave the way for the development of specific therapeutic approaches in the

future.
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