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Chapter 1: Introduction

INTRODUCTION

1.1. NEURODEGENERATION AND AMYLOIDS

1.1.1. Neurodegenerative diseases

Neurodegenerative diseases (NDs) are a group of neurological disorders
characterized by the progressive degeneration of the structure and function of the
central and peripheral nervous system. Some of the most common NDs are
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS), Huntington’s disease (HD) and prion diseases such as Creutzfelds-Jacobs
disease (CJD). Clinical presentation (signs or symptoms) of these diseases is
variable, including memory and cognitive impairments, speaking and breathing
problems or motor function disability. Albeit cardiovascular diseases and cancer are
the prevailing causes of mortality, NDs are increasingly positioning as leading
causes of global deaths. Certainly, with the accelerated aging of the population and
considering that NDs are strongly age-related, they have been forecast to be a
major global health problem in the upcoming years. Despite this situation, the
current number of treatments available only manage the symptoms or attempt to
halt the progression of the disease. Therefore, there is an urgent need for
understanding the basic molecular mechanisms associated with such diseases,

which could lead to new therapies.

1.1.2. Aggregate deposition in neurodegeneration

NDs have a multifactorial etiology, likely resulting from an intricate relationship
between genetic and environmental factors affecting fundamental cellular

processes. A histopathological hallmark of most NDs include the deposition of

1




Chapter 1: Introduction

aggregated proteins called amyloids into extracellular or intracellular inclusions.
Which protein is conformationally altered, as well as the anatomical brain regions
and cell types affected, differ depending on the disease (Figure 1.1). For instance,
AD is characterized by the deposition of two distinct types of aggregates in the
temporal and parietal lobes of the brain: extracellular plaques composed of
amyloid-B (AB) peptides (cleavage products of the transmembrane protein APP),
and intracellular neurofibrillary tangles composed of tau proteins. In PD, aggregates
of the protein a-synuclein (a-syn) accumulate inside dopaminergic neurons of the
substantia nigra pars compacta. Deposits of superoxide dismutase 1 (SOD1), TAR
DNA binding protein (TDP-43), RNA-binding protein FUS, huntingtin (Htt) or PrP

prion protein have been identified in different NDs (Figure 1.1).

Corticobasal Parkinson’s
[ ] degeneration disease [ ]
Frontotemporal =g .
dementia and Multiple system
parkinsonism-17 atrophy
Frontal and Substanita nigra 29
parietal lobes pars compacta [U'N
Frontal and &)
temporal lobes .
Basal ganglia,
) t cerebellum
au
< -
) 7~
Alzheimer’s ol { (NGB Dementia \{vith
disease / =~ Lewy Bodies
Hippocampus, frontal Cerebral
and temporal lobes cortex
Striatate P
erebra
Huntington’s nucleus Motor J—— Creutzfeld-Jakob’s
disease cortex disease

Amyotrophic lateral
sclerosis

Figure 1.1. Protein aggregate deposition disorders affecting the nervous system. A
multiplicity of proteins have been found forming aggregate deposits in the brain of patients
with NDs. Depending on the disease, the amyloidogenic protein that form such deposits and
their brain location vary. Aggregates of the same protein can be found in different locations
resulting in different disorders, as is the case of tau and a-syn. NDs involving the aggregation
of tau or a-syn are referred to as tauopathies and synucleopathies, respectively. This figure
illustrates the main brain locations of amyloid deposits of each protein, which may fluctuate
with the progression of the disease or among patients.
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Chapter 1: Introduction

Aggregate deposition in more than 80% of ND cases is sporadic/idiopathic and has

a relatively late age of onset. Disease-causing mutations involving the sequences of

the proteins undergoing amyloid aggregation have also been documented and
represent 10-20% of the total cases, except for HD, which is always inherited. In
these familial or hereditary forms, mutations favor the aggregation process through
one or more mechanisms summarized in Figure 1.2. This universal link between
pathogenic mutation and aggregation provides clear genetic evidence that protein
aggregation is a primary event in the pathogenesis of the corresponding diseases,

rather than a secondary effect (Chiti and Dobson, 2017; Sperling et al., 2020).

exon

Gene | e — gl T R ——————
(DNA) l o Gene duplication/triplication or
expansion, causing a higher
RNA concentration of protein or expanded
— e e amyloidogenic sequence.
9 Mutations causing alternative splicing of
RNA, coding for a more amyloidogenic
rotein.
mRNA P
l Mutations causing premature or late step of
translation, generating amyloidogenic misfolded
fragments.

. 44—
Misfolded m Aggregate
rotein
P (4]

Mutations increasing
intrinsic aggregation rate.

Mutations destabilizing the folded state or
favoring formation of amyloidogenic
proteolytic fragments.

Folded —_— Protein-Ligand/Partner
protein — complex
(c) ®

Mutations destabilizing protein-ligand
or protein-partner interactions.

Figure 1.2. Mechanisms by which mutations associated with hereditary amyloid diseases
can cause protein aggregation. Adapted from Chiti and Dobson, 2017.



Chapter 1: Introduction
1.2. PROTEIN MISFOLDING AND AGGREGATION

Proteins are synthesized on ribosomes as linear chains of amino acids. Although a
fraction of mammalian proteins (15-30%) lack ordered structure partially or
entirely, most newly synthesized proteins must fold into a defined three-
dimensional structure to function (Figure 1.3). Folding of newly translated proteins
can occur spontaneously or require the assistance of other proteins such as
molecular chaperones. During folding there is a cooperation of many weak,
noncovalent interactions between amino acids that can be close or far apart in the
sequence. To perform such contacts, proteins need to cross substantial kinetic
energy barriers and consequently, populate folding intermediates towards the
thermodynamically favorable native state. Subtle changes due to stress conditions
can destabilize the native state, leading to a partial (misfolded) or complete

(unfolded) loss of ordered structures.

Partially folded proteins typically expose hydrophobic residues and regions
of unstructured polypeptide backbone to the solvent, features that can give rise to
non-native intermolecular interactions that lead to aggregation (Balchin, Hayer-
Hartl and Hartl, 2016). Aggregation is a heterogeneous process that can generate a
multiplicity of protein aggregates. Even though most aggregates are amorphous,
some proteins known as amyloidogenic proteins can assemble into well-defined
and organized fibrillar aggregates called amyloids. Morphologically, amyloids are
unbranched and threadlike structures composed of several protofilaments that
wrap around each other, forming assemblies with just a few nanometers in
diameter and up to several microns long. Amyloid fibrils are characterized by an
extended B-sheet secondary structure in which individual B-strands are arranged in
an orientation perpendicular to the fiber axis. Such a structure is known as cross-3
structure and makes amyloids thermodynamically the most stable aggregates

(Figure 1.3).
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Figure 1.3. Energy landscape scheme of protein folding/aggregation. After protein
synthesis, unfolded polypeptides start folding toward the thermodynamically favorable
native state through intramolecular interactions, funneling down the energy landscape and
populating low-energy intermediate folding states. Molecular chaperones provide
assistance to folding by lowering free-energy barriers and preventing aberrant
intermolecular interactions, which can lead to various forms of aggregates (amorphous,
oligomeric, fibrillar). Adapted from Balchin, Hayer-Hartl and Hartl, 2016.

Regardless the type of aggregate, at early aggregation stages soluble species
(oligomers) are formed, which can evolve to bigger and insoluble aggregates that
tend to accumulate either intracellular or extracellularly. Protein misfolding and its
deposition into proteinaceous aggregate inclusions have a two-faced

pathomechanism: a loss of physiological function and a gain of toxic function
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(Winklhofer and Haass, 2008). Misfolding and aggregation of proteins imply the loss
of their native structure, and therefore, their physiological function. This may
include loss of catalytic activity or loss of interactions with partner proteins or
ligands. Additionally, the generation and accumulation of misfolded protein species
also involves a gain of toxic function. These aggregate-prone species have a
heightened tendency to engage in inappropriate interactions with other cellular
components. Through both mechanisms, aggregates alter fundamental cellular

processes, leading to cell death.

1.2.1. Amyloid assembly mechanism

The amyloid aggregation pathway is conserved among most amyloidogenic
proteins (Figure 1.4). The process begins when a protein misfolds and starts
clustering. The species formed at this initial stage are composed of a relatively small
number of molecules and normally retain the structure of the native protein, thus
giving rise to highly disordered oligomers if they originate from natively unfolded
proteins such as a-syn or tau. Only relatively weak intermolecular interactions are
involved within these early aggregates hence they are typically unstable. However,
such aggregates can undergo an internal reorganization to form more stable
species having B-sheet secondary structure, a conversion step often accompanied
by an increase in compactness and size in a global process called nucleation
(Cremades et al., 2012; lljina et al., 2016; Michaels et al., 2020). These B-structured
aggregation nuclei (also known as seeds) can grow further by self-association or
through monomer addition (elongation or polymerization). After a final
reorganization of their structure, fibrils with a highly regular in-register parallel

cross-B structure are formed (Chiti and Dobson, 2017).

Apart from primary nucleation, elongation and self-association, it has
become evident that other secondary processes are significant in amyloid assembly

(Knowles et al., 2009; Cohen et al., 2013; Buell et al., 2014; Meisl et al., 2014;
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Gaspar et al., 2017). Of particular interest are secondary nucleation reactions, in

which the surfaces of existing fibrils catalyze the formation of new clusters of

monomers, and fibril fragmentation into smaller pieces. Both secondary processes

seem crucial in the formation of additional aggregation nuclei, exacerbating

aggregation.
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Figure 1.4. Formation of amyloid aggregates. The assembly of amyloidogenic proteins into
fibrils starts with the loss of their native state. Partially or totally unfolded proteins
oligomerize forming unstable early aggregate species that can evolve into more stable
oligomers with B-sheet secondary structure. Further reorganization involving an increase of
compactness and size creates aggregation nuclei, which can grow to form mature amyloid
fibrils. Once formed, amyloids can feedback aggregation by forming new aggregate nuclei
through secondary processes such as fragmentation or surface-catalyzed nucleation.

1.2.2. Structural determinants of amyloid toxicity

The gain of toxic function of amyloids primarily arises from the intermediate

oligomeric species that populate the aggregation process. The transient nature and
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low population levels of aggregation intermediates have hampered their
identification and detailed structural characterization. Amyloid formation can take
place through several pathways, generating a high heterogeneity of oligomeric
species, which further complicates their characterization. Even so, several
protocols to isolate aggregation intermediates have been developed for a wide
variety of amyloidogenic proteins. Characterization of such aggregates has unveiled
the features that confer aggregate intermediates the ability to engage in aberrant
and toxic interactions with multiple key cellular factors. These include B-sheet
secondary structure, solvent-exposed hydrophobic regions and size (Cremades,

Chen and Dobson, 2017).

1.2.2.1. 3-sheet secondary structure

Early amyloid oligomers are enriched in disordered structures hence they are rather
unstable. Acquirement of the B-sheet structure increases their stability and thus,
their half-life time, which translates into more time to participate in abnormal
interactions (Cremades et al., 2012; Chen et al., 2015; lljina et al., 2016). In addition,
this structural rearrangement causes a rigid architecture promoting the exposure
of hydrophobic patches on the aggregate surface that would not be accessible

otherwise (Fusco et al., 2017; Captini et al., 2018; Vivoli Vega et al., 2019).

1.2.2.2. Solvent-exposed hydrophobic regions

Hydrophobicity is a major contributing factor to protein structure and function. For
most water-soluble proteins, hydrophobicity is the main force driving folding as
apolar groups are forced together by water molecules, generating a strongly
hydrophobic core from which the protein structure is built up. On the native
protein, the surface is mainly constituted by polar residues, avoiding the energetic
cost of exposing apolar groups to the polar solvent. Yet, proteins tend to present

biologically relevant hydrophobic patches that are involved in the recognition and
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binding of ligands and other proteins. When a protein misfolds, large hydrophobic
clusters on their surface are exposed to the solvent. Such exposure seems to be a
prime determinant of amyloid toxicity, favoring abnormal interactions with cellular
components (Bolognesi et al., 2010; Olzscha et al.,, 2011). For a range of
amyloidogenic peptides and proteins, aggregates with increased toxicities have
been shown to present a higher solvent-exposed hydrophobicity: tau (Lasagna-
Reeves et al., 2010), AB., (Bolognesi et al., 2010; Ladiwala et al., 2012), a-syn
(Cremades et al., 2012; Chen et al., 2015), the NM region of Sup35p (Krishnan et
al., 2012), lysozyme and the SH3 domain of P13 kinase (Bolognesi et al., 2010) and
HypF-N (Campioni et al., 2010). For the latter, the toxicity of different oligomer
species was found to correlate strongly and inversely with their size and directly

with their surface hydrophobicity (Mannini et al., 2014).

1.2.2.3. Aggregate size

A wide spectrum of assembly sizes is formed along the amyloid formation process.
Depending on the aggregate size, different toxicity mechanisms have been

described, jointly contributing to pathogenesis.

The major toxic effect of amyloid arises from the small-sized aggregate
intermediates that populate the assembly process. Their large surface/volume
ratios, which increase the active surface per protein molecule, and their high
diffusion coefficient, allow them to form aberrant interactions more readily
(Mannini et al., 2012). Particularly, they can disrupt cell membranes, induce
oxidative stress, dysregulate calcium homeostasis, cause mitochondria dysfunction
or impair the proteasome system (Cremades, Chen and Dobson, 2017). Analysis of
the results reported on exogenously added ABs and ABs, aggregates clearly
showed the importance of aggregate size (Chiti and Dobson, 2017; De et al., 2019).
Monomers, dimers, and trimers (4—14 kDa) of AB displayed minimal toxicity. Small

oligomers with sizes ranging 18-90 kDa exhibited the maximum toxicity, which then
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gradually decreased with increasing oligomer size (100-670 kDa) and ended up
being residual for mature fibrillar structures. This was corroborated for a-syn, as a
comparison of two types of oligomers of this protein with the same degree of B-
sheet structure and solvent-exposed hydrophobicity indicated that the smaller

species were more toxic (Lorenzen et al., 2014).

As the final product of the aggregation process, mature fibrils are the largest
assemblies, which tend to cluster and form deposits. Their highly packed structure,
low surface/volume ratio and low diffusion coefficient reduce inappropriate
interactions with cellular components. Nonetheless, they are far from harmless and
contribute to toxicity through indirect mechanisms. For instance, it has been shown
that key components of the protein homeostasis network that attempt to clear
amyloid deposit can be sequestered, reducing the cell power to cope with
aggregation (Olzscha et al., 2011; Park et al., 2013; Hipp, Park and Hartl, 2014; Yu
et al., 2014; Labbadia and Morimoto, 2015; Choe et al., 2016; Guo et al., 2018).
Additionally, mature fibrils serve as a reservoir of aggregate intermediates.
Although the amyloid structure is energetically highly favorable (Baldwin et al.,
2011), amyloid fibrils are not static entities but exist in equilibrium with monomer
and oligomeric species (Carulla et al., 2005). Spontaneous fragmentation and
secondary nucleation are well-established mechanisms by which mature fibrils can
generate new intermediate species (Knowles et al., 2009; Cohen et al., 2013; Buell
et al., 2014; Meisl et al., 2014). Indeed, such processes seem to play a key role in
the spreading of the disease within an organism, as these small-sized aggregates

are the ones that are transmitted between cells and within organs.

1.2.3. Prion-like propagation of amyloids

Prion diseases, such as Creutzfeldt-Jakob disease in humans, bovine spongiform
encephalopathy in cattle, and scrapie in sheep, are a class of fatal

neurodegenerative diseases. Although most cases of prion diseases have sporadic
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or genetic causes, some are acquired due to the ability of prions to transmit
between individuals of the same or different species. The ‘protein-only’ hypothesis
(Prusiner, 1982) states that the transmissible prion agent comprises solely the PrP
protein (PrP¢), which converts into an abnormal conformer (PrP*) that aggregates
into amyloid fibrils with cross-B sheet architecture that accumulate in neurons
(McKinley, Bolton and Prusiner, 1983; DeArmond et al., 1985; Liberski et al., 1991;
Aguzzi, Nuvolone and Zhu, 2013). Small soluble oligomeric species of PrP> exert
higher cytotoxicity than mature fibrils (Simoneau et al., 2007) and have been shown
to be the most efficient mediators of prion infectivity (Silveira et al., 2005). These
small intermediate amyloid species are able to propagate through several
mechanisms (summarized in Figure 1.5) to other cells, where they transmit the

toxic conformation to the local protein pool, inducing its aggregation.

In recent years, other disease-associated amyloidogenic proteins such as AB,
tau or a-syn, have been shown to have a ‘prion-like’ spreading and self-
propagation, transmitting the histopathological traits of their associated disease
within an organism (Brundin, Melki and Kopito, 2010; Jucker and Walker, 2013;
Prusiner, 2013; Brettschneider, Tredici and Lee, 2015; Walker and Jucker, 2015;
Aguzzi and Lakkaraju, 2016; Kara, Marks and Aguzzi, 2018; Scheckel and Aguzzi,
2018). This phenomenon begins in a specific location, through primary nucleation
or acquirement of exogenous aggregation nuclei. Transmission of such seeds from
cell to cell within the same tissue, and even across interconnected regions of
different organs, causes the spreading of the toxic conformation. In this new
location, amyloid aggregates self-propagate through a process called seeding,
catalyzing the conversion of monomers from their native state to a pathological,
aggregation-prone conformation. These ‘daughter’ aggregation nuclei can further

propagate themselves, preserving the structural features of the ‘paternal’ seeds.
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Figure 1.5. Prion-like propagation of amyloids. The aggregation process starts in the donor
cell, where an amyloidogenic protein in its native state misfolds and aggregates, generating
seeds through primary nucleation. These seeds can grow to form mature fibrils with a
characteristic conformation (polymorph A) or can propagate to other cells via exocytosis
and endocytosis, tunneling nanotubes or passive release, disrupting the cell membrane in
their wake in this last case. In the acceptor cell, seeds can induce the aggregation of the
same (self-seeding) or other (cross-seeding) amyloidogenic protein. Through self-seeding,
aggregation occurs as a templating process, maintaining the fibril conformation. When the
entry of seeds into the cell causes stress, aggregation may be indirectly induced, giving rise
to a different fibril conformation (polymorph B).

It is increasingly evident that the same polypeptide sequence can adopt
several pathological conformations, known as amyloid polymorphs (Rossi, Baiardi
and Parchi, 2019). Polymorphs can differ in their propagation rates or the cell types
they affect, which may translate into different molecular and clinical phenotypes.
In those cases, polymorphs are referred to as strains and are believed to be the
reason why proteins like tau or a-syn are involved in a spectrum of

neurodegenerative diseases (Scheckel and Aguzzi, 2018). Although intrinsic
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mechanisms of aggregate multiplication, such as elongation, fragmentation, or
secondary nucleation can explain the ability of an aggregate to trigger spreading,
indirect mechanisms can contribute to it. For instance, aggregate binding to or
entering a cell could generate a stress response, indirectly inducing the formation
of more aggregates which not necessarily share a common structure with the

original seed (Meisl, Knowles and Klenerman, 2020).

Amyloid propagation is not always sequence-specific (self-seeding), as it has
been observed between different isoforms, post-translationally modified variants
or point-mutants of the same protein/peptide. Heterologous seeding, also known
as cross-seeding, has also been observed between different amyloidogenic
proteins, including PrP, AB, tau, a-syn, TDP-43 or Islet Amyloid Polypeptide (IAPP, a
protein that forms amyloid aggregates in the pancreas) (Morales, Moreno-Gonzalez
and Soto, 2013; Chaudhuri et al., 2019). These cross-talked molecular interactions
can be unidirectional or work in both directions for the proteins involved. The
coexistence of multiple heterologous proteins in the same aggregate deposit or
even within the same amyloid aggregate shows the relevance of cross-seeding
processes in vivo. Such processes provide a mechanistic explanation for various
observations in distinct diseases: the simultaneous presence of different misfolded
proteins in one disease; the exacerbation of clinical features when various
misfolded protein aggregates accumulate simultaneously; the epidemiological
observation that one ND may be a risk factor for the development of a second one;

and the coexistence of more than one ND in the same individual.

Prion infection between individuals occurs by ingestion or iatrogenic
transmission of preformed PrP aggregates, which results from organ transplants or
treatment with biological derivatives extracted from contaminated organisms.
Although there is no evidence that amyloidogenic proteins involved in AD, PD or

ALS are transmitted between individuals, considering the increasing prevalence of
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these diseases and given that these proteins exhibit a similar behavior to prions,
they should be treated with caution and their potential infectivity should continue

being a subject of investigation (Kara, Marks and Aguzzi, 2018).

1.3. a-SYNUCLEIN

1.3.1. a-synuclein function and disease

The synucleins are a family of proteins consisting of three members: a-, B-, and y-
synuclein (Surguchov, 2015; Surguchev and Surguchov, 2017). Since their discovery,
a-syn has been the focus of intensive research for its association with
neurodegeneration. a-syn is very abundant in neurons, being primarily located at
the presynaptic termini (lwai et al., 1995). Although it represents 1% of the cytosolic
proteins, up to a third of the total a-syn can be found bound to synaptic membranes
(Visanji et al., 2011). It is also believed to play a major role in the regulation of
synaptic trafficking, homeostasis, and neurotransmitter release by interacting with
both synaptic vesicles and synaptic proteins such as phospholipase D2, members of
the RAB small GTPases family and SNARE complexes (Figure 1.6 a). Other cellular
processes in which a-syn is involved include signal transduction, mitochondria

functioning and oxidative stress regulation (Cremades, Chen and Dobson, 2017).

Aggregation of a-syn into amyloid fibrils and their subsequent accumulation
into intracellular inclusions is a hallmark of many neurodegenerative disorders
collectively known as synucleinopathies. Within this group, dementia with Lewy
bodies (DLB), multiple system atrophy (MSA) and PD are the most common. In PD
and DLB, inclusions are preferentially found inside neurons and are called Lewy
bodies (LBs) and Lewy neurites (LNs), while in MSA these inclusions localized in glial
cells as poorly organized bundles of fibrils and are referred to as glial cytoplasmatic
inclusions (Cremades, Chen and Dobson, 2017). Although the general belief was

that a-syn was the major component of these intracellular inclusions, recent
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studies have revealed that their composition is highly heterogeneous, containing
cytoskeletal elements, membrane fragments, vesicles, lysosomes, mitochondria
and other misshapen organelles (Shahmoradian et al., 2019; Trinkaus et al., 2020).
Aggregation of a-syn plays a key role in their formation by constituting a scaffold of
fibrillated protein that sequesters all these cellular components (Mahul-Mellier,
2020). Thus, the formation of LB-like inclusions has been suggested to be the major
driver of neurodegeneration by disrupting cellular functions such as organellar
trafficking and inducing mitochondria damage and deficits, all contributing to

synaptic dysfunctions (Shahmoradian et al., 2019; Mahul-Mellier, 2020).

1.3.2. Structural basis of a-synuclein aggregation

The SNCA gene encodes a 140 residues long protein that can be divided into three
regions (Figure 1.6 b): the amphipathic N-terminal region which comprises residues
1-60; the non-amyloid B component (NAC) region (residues 61-95) characterized by
the presence of hydrophobic residues; and the C-terminal region, which consist of
residues 96-140 and is enriched in acidic residues, being responsible for the
protein’s overall negative charge. Although most cases of synucleopathies are
sporadic and have a late age of onset, several mutations in the SNCA gene have
been identified in familial cases of PD, including gene duplications/triplications and
several single-point mutations (A30P, E46K, A53T, A53E, A53V, H50Q, G51D). These
mutations are normally linked to an early onset of the disease as most of them

promote aggregation.

In the cytosol, a-syn is primarily monomeric and intrinsically disordered.
Upon binding to lipid membranes, the N-terminal region and most of the NAC
segment, which together contain seven imperfect repeats of 11 residues, fold into
an amphipathic a-helical structure (Figure 1.6 c). The NAC domain is also a critical
element in fibril formation, switching from a random coil state to a highly

hydrophobic and easily aggregating p-sheet state (Li et al., 2002). Early structural
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studies on a-syn fibrils produced in vitro (Vilar et al., 2008; Rodriguez et al., 2015;
Tuttle et al., 2016) stated that residues 30-110 in a Greek-key topology formed the
fibril core, which was flanked by the N- and C-terminal residues that remain

unstructured (Figure 1.6 d).
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Figure 1.6. Structural basis of a-syn function and aggregation. (a) Under non-pathological
circumstances, soluble and membrane-bound a-syn interact with different synaptic
partners to perform its functions. Upon misfolding and aggregation, these functions are lost
and insoluble a-syn starts depositing and sequestrating different cellular components,
giving rise to LB-like inclusions. Cartoon of the internal composition of LB was adapted from
Shahmoradian et al., 2019. (b) Schematic domain organization of a-syn. PD familial
mutations in the N-terminal domain are marked. (c) Structure of a micelle-bound a-syn
monomer (PDB: 1XQ8). (d) Structural model of an a-syn fibril determined by solid-state
nuclear magnetic resonance (PDB: 2NOA). The three domains in (c) and (d) are color-coded
according to (b).
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In recent years, technological advances in the cryo-electron microscopy
(cryo-EM) field have made it possible to solve the structure of amyloid fibrils at high
resolution. Different structures have been reported for a-synwr, revealing that in
vitro aggregation might generate several possible polymorphs depending on the
aggregation conditions (Guerrero-Ferreira et al., 2020). In most atomic structures
known to date, fibrils with a diameter of ~10 nm are composed of two identical
protofilaments. The main differences between polymorphs are the number of -
strands and the residues involved in their formation (Figure 1.7), as well as the
residues that participate in the interface between protofilaments (from 2 to 12
residues) (Li, Ge, et al., 2018; Guerrero-Ferreira et al., 2019). Interestingly, residues
E46, H50, G51 and A53 are normally located at this interface, highlighting the
relevance on fibril formation and growth of point-mutations at these sites. In fact,
the structures of fibrils carrying the E46K, H50Q and A53T mutations have revealed
that these mutations change the protofibril interface and can promote a different
fibril fold, as is the case of E46K (Boyer et al., 2019; Guerrero-Ferreira et al., 2019;
Zhao, Li, et al., 2020).

A recent study showed that the structure of fibrils obtained from MSA
patients differs from those assembled from recombinant proteins (Schweighauser
et al., 2020). MSA-derived fibrils are formed by the asymmetrical packing of two
pairs of different protofilaments, with a protofilament interface spanning more
than 25 residues from each non-identical protofilament. In addition, they suggest
that different conformers of assembled a-syn exist in DLB. This put forward that
fibrils obtained in vitro may not fully represent the pathological aggregation
occurred in some synucleopathies. Nevertheless, they are useful to describe their

potential toxicity and the ability of the cellular machineries to process them.
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1.3.3. In vitro aggregation of a-synuclein

Monomeric a-syn is remarkably stable in solution at physiological concentration (50
KUM) under quiescent conditions at neutral pH. In vitro aggregation of the protein is
induced by the introduction of specific interfaces including, air/water (increased by
mechanical agitation) (Campioni et al., 2014), detergent/water (Giehm et al., 2010),
lipid/water (Galvagnion et al., 2015, 2016; Grey et al., 2015) or polystyrene/water
(Grey et al., 2011; Vacha, Linse and Lund, 2014; Gaspar et al., 2017). At such
interfaces, there is a surface-induced nucleation which generates aggregate-

competent nuclei that can grow to finally form well-defined fibrils.

Compared to a-syn fibrils, obtaining aggregation intermediates is
complicated given their transient nature. A variety of procedures have been used
to trap orisolate some of these oligomeric forms. These include the involvement of
a change in physicochemical conditions or the addition of chemical compounds
(Cremades, Chen and Dobson, 2017). One of the most commonly employed
methods to promote the formation of oligomers involves the use of lyophilization,
which increases intermolecular interactions and the access of protein molecules to
solvent/air interfaces. Oligomers formed by lyophilization are remarkably stable
and have been suggested to be kinetically trapped, as do not elongate readily to
form fibrils (Chen et al., 2015). These oligomers contain largely antiparallel B-sheet
structures and exist as a heterogeneous population of species with an average size
of approximately 30 monomers (10-90 mer) (Chen et al., 2015). More importantly,
they can disrupt cellular membranes and, consequently, induce neuronal toxicity
(Chen et al., 2015; Fusco et al., 2017). Interestingly, the fluorescence resonance
energy transfer (FRET) signature and biological properties of these oligomers
closely match those previously identified for toxic (type B) a-syn oligomers during
in vitro fibril formation (Cremades et al., 2012), highlighting their relevance as a

model aggregate.
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1.3.4. Post-translational modifications of a-synuclein

a-syn is subjected to extensive post-translational modifications (PTMs) (Barrett and
Timothy Greenamyre, 2015; Gonzalez et al., 2019; Zhang, Li and Li, 2019; Schaffert
and Carter, 2020). Of all the PTMs associated with a-syn, phosphorylation is the
most studied. The majority of the reported phosphorylation sites are located at the
C-terminal domain. Serine 129 is of special interest, as most of a-syn is
phosphorylated at this residue in the brains of patients that suffered from
synucleinopathies (Gonzdlez et al., 2019). While the exact function of this
modification is still unclear, it appears to regulate its structure, membrane binding,
aggregation, neurotoxicity and subcellular distribution. Acetylation is also
commonly studied for a-syn as this protein seems to be ubiquitously acetylated at
the N-terminus, a modification that increases its membrane binding. N-terminal
acetylation does not alter the conformational and topological properties of the
fibrillar (Figure 1.7) or of the membrane-bound states (Li, Zhao, et al., 2018; Runfola
etal., 2020), although it has been shown to slower fibrillation (Gonzalez et al., 2019;
Schaffert and Carter, 2020). Such deceleration has also been reported for other
modifications like SUMOlyation, nitration or O-GIcNAcylation, which interestingly
favors oligomer formation by reducing their transition to fibrils (Schaffert and

Carter, 2020).

Truncation is one of the predominant PTMs of a-syn. Both N- and C-terminally
truncated a-syn species have been found in the brains of healthy and diseased
individuals (Li et al, 2005; Muntané and Ferrer, 2012; Kellie et al., 2014;
Bhattacharjee et al., 2019). Levels of truncated variants can account for up to 15-
25% of the total a-syn, being enriched in Lewy-Body insoluble fractions from cases
of synucleinopathy (Baba et al., 1998; Li et al., 2005; Anderson et al., 2006; Kellie et
al.,, 2014). Several reports show that truncation strongly influences a-syn

aggregation and prion-like pathogenicity (Liu et al., 2005; Terada et al., 2018;
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Gallardo, Escalona-Noguero and Sot, 2020). Particularly, a-syn C-terminal
truncation enhances aggregation and neurodegeneration in vivo (Michell et al.,
2007; Periquet et al., 2007; Ulusoy et al., 2010). This relates to the increased in vitro
aggregation propensity found for truncated mutants (Sot et al., 2017; Ma et al.,
2018; Sorrentino et al., 2018; Terada et al., 2018). Certainly, it has been suggested
a protective role for the charges at the C-terminus via long-range intramolecular
interactions, which are disrupted upon truncation thus favoring aggregation
(Murray et al., 2003; Hoyer et al., 2004; Izawa et al., 2012; Levitan et al., 2012;
Gallardo, Escalona-Noguero and Sot, 2020). In terms of fibrils structure, C-terminal
truncated variants present a similar fold to the full-length protein (Figure 1.7), but
they have an increased helical twist, generating a more packed core (Ni et al., 2019).
Additionally, C-terminal charges have an important role to avoid interfibrillar
interaction through electrostatic repulsion. Due to C-terminal deletion, these long-
range repulsive interactions are lost and fibrils associate laterally, favoring their
packing into higher-organized suprafibrillar aggregates that are essential for LB-like
formation (Semerdzhiev et al., 2014; lyer et al., 2017; Mahul-Mellier et al., 2018;

van der Wateren et al., 2018).

1.4. TAU

1.4.1. Tau function and disease

Microtubule-associated proteins (MAPs) are a family of proteins that play a central
role in microtubule (MT) dynamics by regulating their assembly, dynamic behavior,
and spatial organization (Bodakuntla et al., 2019). Tau constitutes over 80% of
neuronal MAPs and it is mainly found in axons, where it binds, stabilizes, and
bundles microtubules (Conde and Caceres, 2009). Furthermore, tau induces the
self-assembly of tubulin in vitro, suggesting a role as a MT inducer (Barbier et al.,

2019). Under pathological circumstances, tau detaches from the MTs (Figure 1.8 a).
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PTMs such as hyperphosphorylation or mutations in the tau gene identified in
frontotemporal dementia with Parkinsonism linked to chromosome 17 (FTDP-17),
impair tau’s binding to MTs and its stabilizing effect (Barbier et al., 2019). Tau then
accumulates in the cytosol, where it misfolds and starts assembling into abnormal
filamentous aggregates, which gather into intracellular deposits known as
neurofibrillary tangles. NDs with abundant filamentous tau inclusions are referred
to as tauopathies and include AD, corticobasal degeneration (CBD), Pick’s disease
(PiD) or chronic traumatic encephalopathy (CTE). These diseases present diverse
clinical syndromes with substantial variability in phenotype. Traditional syndrome-
based classification of tauopathies is nowadays being complemented with a
molecular-pathological classification that considers the tau isoform involved (pure
3R or 4R and mixed 3R/4R tauopathies), inclusion morphology, and cell types and
brain regions affected (Hoglinger, Respondek and Kovacs, 2018; Gotz, Halliday and
Nisbet, 2019).

1.4.2. Structural basis of tau aggregation

Tau is encoded by the MAPT gene located at chromosome 17. Upon alternative
mMRNA splicing of the MAPT gene, six tau isoforms of different lengths (352-441
amino acids) are produced (Goedert et al., 1989). Tau proteins are broadly
organized into two domains, the projection and the microtubule-binding domains
(Figure 1.8 b). The projection domain protrudes from the microtubule surface and
it is composed of a highly negatively charged region, the inserts N1 and N2, and two
proline-rich regions (P1 and P2). The microtubule-binding domain (MTBD) is
enriched in positively charged residues, assisting its interaction with the negatively
charged surfaces of MTs. This domain accommodates four imperfect repeat regions
of 31/32 amino acids (R1, R2, R3, R4) flanked by the second proline-rich region and
a pseudo-repeat (R’). The isoforms differ by the absence or presence of inserts N1

or N2 and the repeat region R2 (Figure 1.8 b).
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Figure 1.8. Structural basis of tau function and aggregation. (a) The functional role of tau
is MT stabilization. Upon phosphorylation, tau detaches from the MTs and starts
aggregating in the cytosol, giving rise to amyloid deposits. (b) Schematic domain
organization of the different tau isoforms. (c) cryo-EM reconstruction of synthetic R2x4 tau
on MTs (PDB: 6CVN) (d) Structural model of AD-derived tau fibrils determined by cryo-EM
(PDB: 503T).

Due to the high amount of polar amino acids, tau is a highly soluble protein
with little secondary structure, even when bound to MTs (Kellogg et al., 2018)
(Figure 1.8 c). However, two motifs within the MTBD termed PHF6* (275VQIINK2s0)
and PHF6 (306VQIVYK311) have a high B-sheet-forming propensity and promote
aggregation (von Bergen et al., 2000, 2001). Recent structural studies on amyloid
fibrils derived from post-mortem diseased-brains have identified differently folded

forms of tau (Fitzpatrick et al., 2017; Falcon et al., 2018, 2019; Zhang et al., 2020).
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In all cases, fibrils are formed by two identical protofilaments, each presenting a
fibril core flanked by the amino- and carboxy-terminal regions of tau that remain
disordered and project away, forming a fuzzy coat (Fitzpatrick et al., 2017) (Figure
1.8 d). Within the fibril core, PHF6 forms a B-strand common in tau filaments from
four human tauopathies, and together with other partially conserved B-strands
within residues 254-380, form fixed building blocks for fibril formation (Fitzpatrick
et al., 2017; Falcon et al., 2018; Zhang et al., 2020). Loops and turns between these
strands provide flexibility, explaining the diversity between conformers (Figure
1.9). These results have led to the hypothesis that each tauopathy may be
characterized by its unique amyloid fibril structural signature (Fitzpatrick and Saibil,

2019).

1.4.3. In vitro aggregation of tau

Aggregation of full-length tau in vitro is generally slow because of the charged,
highly soluble nature of the protein. In vitro aggregation studies have therefore
tended to focus on constructs formed from the aggregation-prone repeat region of
the MTBD (K18 and K19), which lack the flanking N- and C-terminal tails and
aggregate faster (Gustke et al., 1994). Additionally, polyanion cofactors accelerate
aggregation by interacting with tau and compensating the positive charges of the
protein, which reduces the electrostatic repulsion between tau molecules (Goedert
et al., 1996; Kampers et al., 1996; Jeganathan et al., 2008). Heparin is one of the
most commonly used polyanions for in vitro tau aggregation (Ramachandran and
Udgaonkar, 2011). Although the overall fold of heparin-induced filaments is
different from the folds found in tauopathies (Zhang et al., 2018), there are also
similarities between them (Figure 1.9). Heparin-induced tau filaments are also
made of identical rungs of tau molecules that form cross-p structures by parallel
stacking of identical B-strands along the helical axis. Perpendicular to the helical

axis, the B-strands are interspersed with short loop flexible regions that allow
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packing otherwise similar B-strands against each other in different cross-B
arrangements. These similarities allow the use of heparin-induced filaments as an
in vitro model, although caution must be taken when comparing with in vivo

systems.

1.4.4. Post-translational modifications of tau

Tau protein undergoes a wide range of PTMs such as phosphorylation, glycation,
nitration, O-GIcNAcylation, acetylation, oxidation, ubiquitination, sumoylation,
methylation, and truncation (Kontaxi, Piccardo and Gill, 2017; Park et al., 2018).
Since most tauopathies show pathological inclusions of hyperphosphorylated tau,
numerous studies have focused on exploring tau phosphorylation. Phosphorylation
reduces tau affinity for microtubules, resulting in microtubule destabilization and
facilitating tau self-fibrillization (Park et al., 2018). A total of 85 phosphorylatable
residues (45 serine, 35 threonine, and 5 tyrosine) are present in tau and about 50%
of them have been detected as phosphorylated, most of them located outside the
MTBD. Interestingly, phosphorylation of tau concurrently occurs with other
modifications especially at lysine residues which could suggest a crosstalk among

tau PTMs.

Acetylation of KXGS motifs (K259, K290, K312, and K353) has been reported
to prevent tau phosphorylation at these same motifs and decrease aggregation of
recombinant tau in vitro (Cohen et al., 2011; Cook et al., 2014). Most lysine residues
that are putative sites of acetylation are distributed in the MTBD. Acetylation
neutralizes the positive charge of lysine residues in the MTBD thereby disabling tau
binding to negative charges on the microtubule surface (Cohen et al., 2011;
Trzeciakiewicz et al., 2017). Charge neutralization of lysines via acetylation makes
parallel, in-register stacking of B-strands more favorable because of the lower

charge repulsion between positively charged sidechains (Arakhamia et al., 2020).
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Furthermore, acetylation has been implicated in dysregulation of tau homeostasis
due to the prevention of degradation mediated by the ubiquitin-proteasome
system, preventing ubiquitination of lysine (Min et al., 2010). Intriguingly, the role
of tau ubiquitination in its degradation is rather controversial (Kontaxi, Piccardo
and Gill, 2017; Park et al.,, 2018). A combination of cryo-EM and MS-based
proteomics of tau in sarkosyl-insoluble fractions from CBD and AD postmortem
tissue shows that ubiquitination may help stabilize inter-protofilament packing by
providing additional contacts between tau molecules in each protofilament
(Arakhamia et al., 2020). Therefore, it was proposed that PTMs, which show
different profiles among tauopathies, could also be implicated in fibril’s final

structure and thus, explain the structural diversity of tauopathy strains.

1.5. PROTEOSTASIS NETWORK

Cells have evolved a sophisticated protein homeostasis (proteostasis) network that
coordinates protein synthesis, folding, disaggregation and degradation (Labbadia
and Morimoto, 2015). The proteostasis network (PN) is composed of the
translational machinery, molecular chaperones and cochaperones, the ubiquitin-
proteasome system (UPS), and the autophagy-lysosome pathways (ALPs). The PN
serves to ensure that correctly folded proteins are generated in the required
amounts and at the right time and cellular location. Beyond regulation of protein
synthesis and folding, the PN also prevents proteins from misfolding and
aggregation and when this is not possible, it ensures that misfolded and aggregated
protein species are removed. Together, these mechanisms avoid the existence of

protein aggregates and thus, their potential toxic effect.

1.5.1. Molecular chaperones

We define a molecular chaperone as any protein that interacts with, stabilizes, or

helps another protein to acquire its functionally active conformation, without being
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present in its final structure. Molecular chaperones are key effectors of the PN
guiding proteins along productive folding pathways, avoiding and sometimes
reversing misfolding and aggregation and cooperating with the degradation
machinery. There are several evolutionary conserved families of molecular
chaperones and their members are often referred to as stress proteins or heat
shock proteins (Hsps) because they are up-regulated in conditions of
conformational stress. The major chaperone families are classified by their
molecular weight, including the ATP-independent small heat shock (sHsps) and
Hsp40 proteins and several ATP-dependent chaperone families (Hsp60, Hsp70,
Hsp90, Hsp100).

sHsps function in holding denatured or non-native protein conformations to
prevent their misfolding and aggregation and also mediate sequestration of
misfolded proteins into less toxic aggregates (Treweek et al., 2015). Among the
ATP-dependent chaperone families, the Hsp70 family is the most ubiquitous and is
essential for protein synthesis, folding, disaggregation, and degradation of a wide
range of client proteins. Hsp70 disaggregation activity involves their co-
chaperones, in particular J-domain proteins (Hsp40s, subdivided into classes A, B,
and C) (Kampinga and Craig, 2010) and nucleotide exchange factors (NEFs) such as
members of the Hsp110 family (Bracher and Verghese, 2015). In bacteria, fungi and
plants, AAA+ ATPase complexes of the Hsp100 family cooperate with the Hsp70
system in disaggregation (Mogk, Kummer and Bukau, 2015). The Hsp70 chaperone
system also interacts with Hsp90, which is another ATP-dependent chaperone.
Together with its co-chaperones, Hsp90 aids in the folding of a wide array of clients
including kinases, phosphatases, transcription factors and other signaling
molecules (Moran Luengo, Mayer and Rudiger, 2019). The chaperonins of the
Hsp60 family, GroEL in bacteria and TRiC/CCT in eukaryotes, exist as multimeric
assemblies that form a cage in which substrates are allowed to fold into their native

state through an ATP-driven functional cycle. This machinery is critical to fold large
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filamentous proteins such as actin and tubulin (Gestaut et al., 2019).

All these chaperone systems differ fundamentally in their modes of substrate
binding, the conformational states of the substrates they recognize, and the
changes they impose on them. Such a variety allows the modulation of
native/aggregate states through several mechanisms including de novo folding,
prevention of aggregation, neutralization of aggregates, disaggregation, or protein
degradation (Figure 1.10). Although some chaperones may be specialized in using
a singular mechanism, the inherent promiscuity of several chaperones to interact
with multiple conformational species of distinct substrates makes them able to

interfere in various stages of the aggregation process.

1.5.1.1. Protein synthesis and folding

While the folding process was originally thought to occur spontaneously, many
proteins, especially those with complex structures and/or containing multiple
domains, require molecular chaperones to fold efficiently and at a biologically
relevant timescale. Molecular chaperones that participate in the folding of newly
synthesized proteins (de novo folding) recognize hydrophobic amino acid residues
exposed by non-native proteins and promote their folding through ATP-regulated
cycles of protein binding and release. In this mechanism of kinetic partitioning, the
release of hydrophobic elements allows folding to proceed, whereas (re)binding of
non-native protein blocks aggregation and may reverse misfolded states (Hipp,

Kasturi and Hartl, 2019).

Chaperones can act in de novo folding during or after translation of the
nascent polypeptide by the ribosome. Cotranslational folding is especially
important for large proteins delaying chain compaction and preventing misfolding
until sufficient structural elements are available for folding to be productive.

Ribosome-binding chaperones interact first with the nascent polypeptide, followed
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by chaperones that have no direct affinity for the ribosome, including the Hsp70
system. Completion of folding may either be accomplished by Hsp70 or require
transfer to the chaperonins or Hsp90 systems. The different chaperone systems
interact directly or use specific adaptor proteins to facilitate client transfer. In this
way, the folding protein is constantly protected from aberrant interactions and

aggregation (Balchin, Hayer-Hartl and Hartl, 2016).
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Figure 1.10. Mechanisms by which molecular chaperones modulate the different amyloid
states along the aggregation process.
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1.5.1.2. Prevention of protein aggregation

In most cases, the folded structures of proteins are only marginally stable, meaning
that a substantial proportion of protein species may populate (partially) unfolded
states. Under additional destabilizing factors, such as stress conditions or
mutations, folding intermediates and misfolded states tend to aggregate, reducing
the pool of functionally active molecules. To counteract aggregation, chaperones
employ various molecular strategies, interacting with the different species that
populate the aggregation process (Wentink, Nussbaum-krammer and Bukau,

2019).

Preservation of native protein folds is a classical strategy used by chaperones
to prevent aggregation. Through folding and refolding activities, chaperones rescue
destabilized or misfolded protein species back to their native state (Wentink,
Nussbaum-krammer and Bukau, 2019). When the aggregation-prone protein is
intrinsically disordered, which is the case of most amyloidogenic proteins,
stabilization of the native state through chaperone ‘profolding’ activities is more
challenging (Chiti and Dobson, 2017). In these cases, some chaperones can
interfere with the primary nucleation step of the aggregation process. Transient
interactions with aggregation-prone regions on the monomeric substrate sterically
impairs the initial oligomerization step of aggregation. This strategy corresponds to
the classical ‘holding’ activity of sHsps and canonical J-domain proteins and has also
been observed for other Hsps, including Hsp70 and Hsp110 (Wentink, Nussbaum-
krammer and Bukau, 2019). Primary nucleation can be also suppressed through
interaction with prefibrillar oligomers rather than monomers, stabilizing
intermediate non-seeding-competent states before their conversion into
aggregation seeds. This particular mechanism is used by the non-canonical J-
domain protein DnalB6 to suppress the aggregation of various members of the

polyQ expanded protein family and AB4; (Mansson et al., 2014; Arosio et al., 2016;
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Kakkar et al., 2016; Mansson, Van Cruchten, et al., 2018) and also, by Hsp70 to
inhibit IAPP aggregation (Chilukoti et al., 2020).

Once nucleation occurs, aggregation seeds can rapidly elongate through the
templated incorporation of monomers. Chaperones can compete with this process
through the depletion of the available monomer pool (Wacker et al., 2004; Luheshi
et al., 2010). Additionally, through a capping-like interaction localized at the ends
of fibrils, chaperones prevent elongation by blocking further monomer addition and
potentially, self-association of oligomers. Hsp70 has been described to act in this
way, preventing the further elongation of the yeast prion Ure2p (Arosio et al., 2016)
and a-syn (Dedmon, Christodoulou, Wilson, et al., 2005; Huang et al., 2006; Aprile
et al., 2017). Interaction of the sHsp aB-crystallin (HspB5) with seed-component
species also inhibits aggregation of AP, a-syn, lysozyme and B,-microglobulin
amyloid fibrils (Raman et al., 2005; Waudby et al., 2010; Shammas et al., 2011,
Mainz et al., 2015). Yet, as binding aB-crystallin to fibrils occurs along the entire
length of the fibril, this sHsp has been reported to interfere with secondary
nucleation events catalyzed at the fibril surface as it has been described for
BRICHOS domain-containing proteins (Arosio et al., 2016). BRICHOS domains do not
prevent the initial formation of ABa; fibrils but reduce aggregate amplification by
coating the aggregate surface and inhibiting secondary nucleation (Willander et al.,

2012; Cohen et al., 2015; Arosio et al., 2016).

1.5.1.3. Neutralization of protein aggregates

The B-sheet structure, exposure of hydrophobic patches to the solvent and small
size of aggregation intermediates determine their cytotoxicity. Chaperone
interaction with such species promotes shielding of the reactive surfaces
preventing unspecific interactions with other cellular components. This
neutralization mechanism is used by the sHsp HspB1 (Hsp27) and extracellular

chaperones such as clusterin, a,-macroglobulin, and haptoglobin to reduce the
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toxicity of several oligomeric amyloidogenic proteins including a-syn, ABa2, IAPP,
and HypF-N (Ojha et al., 2011; Mannini et al., 2012; Whiten et al., 2018). The
chaperonin TriC/CCT has also been shown to interact transiently with oligomeric
and fibrillar species of Htt and a-syn, preventing aggregation and neutralizing their
toxicity (Behrends et al., 2006; Tam et al., 2006; Shahmoradian et al., 2013; Pavel
et al., 2016; Sot et al., 2017). In some of these cases, neutralization is accompanied
by the assembly into larger species upon chaperone interaction (Behrends et al.,
2006; QOjha et al., 2011; Mannini et al., 2012), consequently decreasing their
diffusional mobility. A similar ‘sequestrase’ or ‘aggregase’ activity has been
reported for yeast sHsp Hsp42, mediating the rapid concentration of misfolded
proteins into small cytosolic aggregate foci (Specht et al., 2011; Malinovska et al.,
2012; Escusa-Toret, Vonk and Frydman, 2014; Miller et al., 2015). Interestingly,
mammalian cells concentrate aggregated proteins in so-called aggresomes at the
microtubule-organizing center in an ATP-dependent and microtubule-dependent
process. This has been proposed to lower the level of small diffusible oligomers and
thereby reduce the reactive surface and the number of bound chaperones, and also

facilitate clearance by autophagy (Kopito, 2000).

1.5.1.4. Chaperone-driven disaggregation

Chaperone machineries known as protein disaggregases extract proteins from
aggregates that can either be targeted to degradation or reactivated, sparing the
energetic burden of novel biosynthesis. Bacteria, protists, plants, and fungi possess
a powerful bi-chaperone disaggregase composed of the ring-shaped AAA+
chaperone Hsp100 (ClpB in bacteria, Hsp104 in yeast, and Hsp101 in plants) and the
Hsp70 system. Hspl00 cooperates with the Hsp70 system to thread trapped
polypeptides in an ATP-dependent manner through its central pore (Gates et al.,

2017; Avellaneda et al., 2020), thereby resolving protein aggregates. Metazoan
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lacks Hsp100 orthologs and thus, the disaggregation activity is chiefly provided by

the Hsp70 system.

In collaboration with a specific subset of J-domain proteins (JDPs or Hsp40s)
and NEFs, Hsp70 constitutes the so-called human disaggregase, which is capable of
solubilizing a wide range of aggregated proteins (Shorter, 2011; Rampelt et al.,
2012; Gao et al., 2015; Nillegoda et al., 2015, 2017; Kirstein et al., 2017). The
functional cycle of Hsp70 is linked to ATP-hydrolysis (Figure 1.11 a). Protein
disaggregation is initiated by JDPs, recognizing and binding to protein aggregate
surfaces. JDPs then recruit Hsp70 to the aggregate, concomitantly interacting with
both substrate and Hsp70, which results in stimulated ATP hydrolysis at the Hsp70
nucleotide-binding domain (NBD). ATP hydrolysis is coupled to a conformational
cycle defined by large-scale movements of an alpha-helical lid domain that closes
over the B-sandwich substrate binding pocket in the ADP state (Figure 1.11 b),
resulting in substrate capture by the substrate-binding domain (SBD) of Hsp70. The
ATP-bound state of Hsp70 (Figure 1.11 c) displays a low affinity for substrates due
to high substrate off-rates. Upon ATP hydrolysis, the ADP-bound state acquires a
high affinity for substrates due to the conformational change at the SBD, which
lowers the substrate dissociation rate. The timely release of substrates is mediated
by NEFs, which stimulate ADP exchange by ATP and reset Hsp70 for the next cycle
of substrate binding. Rebinding of ATP and simultaneous opening of the substrate-
binding pocket dissociates substrates from Hsp70, promoting localized polypeptide

unfolding—refolding events.

The process whereby the Hsp70 chaperone converts the energy derived from
ATP hydrolysis into pulling forces required for protein aggregate dissolution
remains poorly understood (Wentink, Nussbaum-krammer and Bukau, 2019). It has
been proposed a mechanism based on the entropic penalty associated with Hsp70

and co-chaperone binding to exposed sites on the aggregate surface (Wentink et
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al., 2020). Such binding reduces the conformational space accessible to the large
chaperone machinery due to an excluded volume effect caused by the physical
barrier formed by the aggregate. In an attempt to restore conformational freedom,
and the associated increase in entropic energy, Hsp70 applies a pulling force away
from the aggregate surface, releasing trapped polypeptides. The initial entropic
energy barrier associated with chaperone binding in this region is overcome by J-
protein-stimulated ATP hydrolysis, which increases the affinity of Hsp70 for
substrates by an order of magnitude through the inherent slower dissociation
kinetics of the ADP state. This entropic pulling mechanism has also been used to
explain Hsp70-mediated clathrin uncoating and protein translocation (Rios et al.,

2006; Sousa et al., 2016).
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Figure 1.11. Functional cycle and structure of the Hsp70 chaperone. (a) Schematic
representation of the Hsp70 ATPase cycle that mediates client protein (re)folding. (b) Closed
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state of Escherichia coli DnaK bound to ADP (PDB: 2KHO). (c) Opened state illustrated by the
crystal structure of yeast Ssel bound to ATP (PDB: 2QXL).

The human disaggregase have been reported to revert amyloid fibrils of a-
syn (Duennwald, Echeverria and Shorter, 2012; Gao et al., 2015; Wentink et al.,
2020), Htt (Scior et al., 2018) and tau (Ferrari et al., 2018; Nachman et al., 2019).
This activity relies on the constitutive Hsp70 (HSPA8/Hsc70) in collaboration with
the canonical class B J-domain protein DnaJB1 and the NEF of the Hsp110 family
Apg2. In the case of a-syn, further addition of the sHsp aB-crystallin, potentiated
fibril disassembly by Hsc70, DnalB1 and Apg2 (Duennwald, Echeverria and Shorter,
2012). From a mechanistic point of view, two models have been proposed for the
disaggregation of a-syn fibrils by the Hsp70 chaperone system (Duennwald,
Echeverria and Shorter, 2012; Gao et al., 2015). Both models state that the human
disaggregase can depolymerize fibrils, extracting monomers from fibril ends.
Additionally, one of the models establishes that chaperones can also extract
monomers from the center of the fibrils, therefore breaking them into smaller
fragments (Gao et al., 2015). Fragmentation of amyloids has also been attributed
to yeast Hsp104 (Winkler et al., 2012). This member of the AAA+ ATPase family is
composed of six protomers, forming an offset hexameric barrel. In the case of
amorphous aggregates, Hspl04 hydrolyzes ATP in a probabilistic mode upon
aggregate binding, being a single subunit within a hexamer enough to drive protein
disaggregation. Conversely, the highly ordered structure of amyloids requires a
global cooperative mechanism of ATP hydrolysis and substrate binding from the six
subunits to generate force enough to extract monomer (Desantis et al., 2012).
Hsp104 mediated fragmentation is essential for the maintenance of prions in yeast,
producing smaller seeds that are more efficiently transmitted to daughter cells
(Chernoff et al., 1995; Davis and Sindi, 2016). Recent studies show that human

chaperones may also be implicated in the prion-like propagation of amyloidogenic
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proteins through a similar fragmentation mechanism (Nachman et al., 2019;

Tittelmeier et al., 2020).

1.5.1.5. Chaperones in protein degradation

Cells display an inherent bias towards refolding over degradation, salvaging
misfolded proteins. Nonetheless, terminally damaged/misfolded proteins
extracted from aggregates are likely to be targeted for degradation by the UPS or
the autophagy machinery. Chaperones play an essential role in substrate selection
and facilitation of the degradation process. Different sets of chaperones have been
reported to be responsible for targeting substrates toward proteasomal
degradation. Binding of CHIP and Bagl to Hsp70 slows down the protein-refolding
process, which is necessary for the switch from refolding to degradation. CHIP is an
E3 ubiquitin ligase that inhibits ATP hydrolysis and ubiquitinates Hsp70/Bagl and
the bound substrate. Then, the substrate is released to the proteasome thanks to
the NEF activity of Bagl, which decreases the affinity of Hsp70 for the substrate
(Kastle and Grune, 2012). Furthermore, polyubiquitinated proteins that have been
extracted from an aggregate by the action of Hsp70 and Hsp110 are recognized by
ubiquilin 2 (UBQLN2) and shuttled to the 26S proteasome (Hjerpe et al., 2016).
Protein aggregates resisting disassembly are cleared by selective autophagy and
lysosomal degradation. Hsp70 recognizes cargo proteins and delivers them to the
different autophagy-lysosomal path-pathways (Wentink, Nussbaum-krammer and

Bukau, 2019).

1.5.2. Ubiquitin-proteasome system

The UPS is a key player for the degradation of short-lived, misfolded and damaged
proteins. This system performs intracellular proteolysis in a highly selective and
tightly controlled manner due to the specific ubiquitin labeling of appropriate

substrates and the complex architecture of the proteasome. A network of ubiquitin

37




Chapter 1: Introduction

ligases and conjugating enzymes are responsible for covalently attaching ubiquitin
modifications to lysine side chains (Komander and Rape, 2012). The E1 ubiquitin-
activating enzyme activates the ubiquitin, which is transferred to E2 ubiquitin-
conjugating enzyme. Subsequently, the ubiquitin-charged E2 binds to the E3
ubiquitin-ligase enzyme, which carries the substrate and transfers the ubiquitin to
it. Multiple cycles of this process result in the poly-ubiquitination of the substrate

protein, targeting it to the proteasome.

The proteasome holoenzyme is the major protease in eukaryotic cells (Huang
etal., 2016; Bedford et al., 2018; Dong et al., 2019). Its proteolytic active sites reside
within the chamber of the barrel-shaped 20S core particle (CP) and are accessible
only through narrow axial pores, which exclude folded and even large unfolded
polypeptides. Gating of these pores is controlled by the 19S regulatory particle (RP),
which caps one (26S proteasome) or both (30S proteasome) ends of the 20S core
peptidase. The RP is divided into two subcomplexes the base and the lid, which are
bridged through one ubiquitin-receptor subunit called Rpn10 (nomenclature for
yeast). The base subcomplex is composed of the structural subunit Rpn2, the
ubiquitin-binding subunits Rpn1 and Rpn13, and six ATPase subunits (Rpt1-Rpt6),
whose AAA+ domains form the ring-shaped heterohexameric motor of the
proteasome. Meanwhile, the lid subcomplex is divided into the structural subunits
Rpn3, Rpn5, Rpn6, Rpn7, Rpn8, Rpn9, Rpnl2 and Sem1, and the deubiquitinase
Rpnll. Processing of polyubiquitinated substrates starts with the recognition by
the ubiquitin-binding subunits. After substrate engagement, Rpnl1 or associated
deubiquitinases remove ubiquitin chains from substrates before they enter the
AAA+ ATPase. These motor subunits apply mechanical pulling forces coupled to ATP
hydrolysis, disrupting higher-order structures of substrates that allow translocation
of the unfolded polypeptides through the pore into the associated 20S core, where

proteolytic cleavage is performed (Dong et al., 2019).
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Figure 1.12. Protein degradation pathways. Protein aggregates are cleared by two main

degradation pathways, the ubiquitin-proteasome system (UPS) and the autophagy-

lysosome pathways (ALPs). The UPS targets for degradation of monomeric (ubiquitinated

or not) and ubiquitinated oligomeric species of amyloidogenic proteins. Also, the UPS can

fragment amyloid fibrils into shorter aggregates. The ALPs can be divided into three groups:

macroautophagy, chaperone-mediated autophagy, and microautophagy. In all three cases,

the cargo is delivered to the lysosome. Degradation products of both UPS and ALPs are

either recycled or eliminated via exocytosis.

Alternatively, the 20S proteasome has been suggested to promote the

degradation of unfolded and oxidized proteins in an ATP-independent manner

without the requirement of poly-ubiquitination of target proteins or 19S-mediated

protein unfolding (Davies, 2001). Similarly, monomers of the amyloidogenic,
intrinsically disordered proteins tau and a-synuclein are degraded by the 26S

proteasome holoenzyme in a ubiquitin- and ATP-independent manner (Cliffe et al.,

2019). Although larger aggregates of these proteins are believed to be cleared by
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lysosomes, the proteasome holoenzyme possessed an ATP-dependent fibril-
fragmenting activity, which does not require ubiquitin tag or proteolytic activity
(Cliffe et al., 2019). Through this mechanism, the proteasome reduces the size of
large tau and a-syn fibrils into smaller entities. Interestingly, N-terminal Ub
modification on tau and a-syn enables proteasomes to target and remove
oligomers assembled from these modified proteins, independently of its peptidase

activity (Ye, Klenerman and Finley, 2019).

1.5.3. Autophagy-lysosome pathways

Autophagy or autophagocytosis is a basic catabolic mechanism/degradation
pathway that involves the delivery of cytoplasmic cargo to the lysosome. Based on
the particular physiological role of the process, the mode of cargo delivery and the
pathway, autophagy is typically categorized into three groups: macroautophagy,
chaperone-mediated autophagy, and microautophagy. Macroautophagy is the
major intracellular pathway in which intracellular cargo is enveloped within an
autophagosome for delivery to the lysosome through membrane fusion. In
chaperone-mediated autophagy, molecular chaperones deliver proteins to the
lysosome for degradation. Otherwise, in microautophagy the lysosomal membrane
forms invaginations, which contain the cytoplasmic material, and pinch off to form
vesicles in the lysosomal lumen. In all these pathways, Hsp70 plays a key role in

targeting specific proteins (Wentink, Nussbaum-krammer and Bukau, 2019).

The ALPs were initially described for long-lived cytoplasmic proteins and
damaged organelles but recent studies show that they are also major degradation
pathways for many amyloidogenic proteins (Finkbeiner, 2019). These degradation
pathways seem to be important in the clearance of multimeric assemblies (i.e.
oligomers and larger aggregates) as a whole, that cannot be resolved by other
means. Mutations in genes with established or apparent roles in autophagy result

in neurodegeneration, underscoring the conclusion that ALP dysfunction is
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sufficient to cause such disorders and suggest a common thread that may even
extend to the more common idiopathic forms of adult-onset NDs (Finkbeiner,

2019).

1.5.4. Failure of the proteostasis network

The PN at full capacity copes with the load of misfolded proteins by refolding,
disaggregating and/or degrading aberrant proteins. Several factors promote
aggregation owing to their ability to generate misfolded protein species:
environmental stress, certain aspects of lifestyle (such as obesity), sustained
increase in protein concentration, ingestion or iatrogenic transmission of
preformed aggregates, the existence of mutant proteins with a high propensity to
aggregate or aberrant proteolytic cleavage (Chiti and Dobson, 2017). Due to these
factors, the PN is progressively overwhelmed leading to aberrant interactions and
aggregate deposition. Aggregate deposition is also a cause of the PN decline,
seeding further aggregation and sequestering PN components, which interferes
with standard housekeeping functions and additionally favors aggregation. As a
result, the PN drives into a vicious cycle that ultimately leads to its collapse

(Labbadia and Morimoto, 2015; Balchin, Hayer-Hartl and Hartl, 2016).

Aging is undoubtedly the major risk factor for aggregate-related diseases.
Accumulating evidence suggests that a progressive decline of the PN with aging
may be the cause. Chaperone expression appears to be downregulated with aging
(Brehme et al., 2014). An age-related decline of UPS activity has also been observed
and attributed to a variety of factors, including a decrease in the number of
proteasome complexes, transcriptional downregulation, or defective chaperone-
mediated recruitment (Mckinnon and Tabrizi, 2014). In addition, the ALPs decrease
their efficiency as a result of the transcriptional downregulation of autophagy-
related proteins and decreased levels of lysosomal membrane receptors (Martinez-

lopez, Athonvarangkul and Singh, 2015). The age-related increase of oxidative
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stress and a decrease in mitochondrial function and ATP production further reduce

the efficiency of the PN. All these factors make protein aggregation control more

challenging as we grow old.
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Chapter 2: Objectives

OBJECTIVES

The general objective of this doctoral thesis was to deepen in the mechanism used
by chaperones to disaggregate amyloids of the proteins a-synuclein and tau,
implicated in prevailing neurodegenerative diseases such as Parkinson’s and
Alzheimer’s disease, respectively. To pursue this goal, the following specific

objective were established:

1. Determination of the activity of the human disaggregase on the
different aggregate species that populate the amyloid formation
process and the disassembly mechanism used by chaperones to

disaggregate them.

2. Characterization of the effect of a-synuclein truncation, a common post-
translational modification of the protein, on the activity of the human

disaggregase.

3. Investigation of the impact of amyloid polymorphism in the

disaggregation activity of the human Hsp70-based machinery.

45




CHAPTER




3.1. CELL CULTURES

Chapter 3: Materials and methods

3.1.1. Escherichia coli strains, growth and selection

Plasmid DNA and recombinant proteins were purified using different E. coli strains

summarized in Table 3.1.

Table 3.1. E. coli strains used in this Thesis.

MATERIALS AND METHODS

STRAIN GENOTYPE APPLICATION
F~endA1 ginV44 thi-1 recAl relAl
DH5a gyrA96 deoR nupG purB20 Plasmid conservation
$80d/aczZAM15 A(lacZYA-argF)U169, and propagation
hsdR17(rk m«*), A
recAl endAl gyrA96 thi-1 hsdR17 Plasmid conservation
XL1-Blue supE44 relAl lac [F" proAB lacl*ZAM15 and propagation
Tn10 (Tet")] propag
E. coli B F- ompT gal dcm lon hsdSs(rs” Exoression of a-svn
BL21 (DE3) me”) N(DE3 [lacl lacUV/5- pand cau K18 ¥
T7p07 ind1 sam7 nin5]) [malB*]k-12(A5)
; — — — +
BL21 CodonPlus(DE3) E. coliB F~ ompT hsdS(re” me) dem Expression of tau
RP Tet" gal A(DE3) endA Hte [argU prol SNAR

BL21 CodonPlus(DE3)
RILP

Rosetta(DE3)pLysS

Cam']

E. coli B FFompT hsdS(re"me~) dcm™ Tet"
gal A(DE3) endA Hte [argU prolL Cam']
largU ileY leuW Strep/Spec']

E. coli B F- ompT gal decm lon hsdSs(rs”
ms~) M(DE3) [malB*]k-12(A°)
pLysSRARE[T7p20 ileX argU thrU tyrU
glyT thrT argW metT leuW prol oripisa
Cam']

Expression of Hsp70
and Hsp40

Expression of Hsp110
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Competent cells of the corresponding strain were transformed by
electroporation or chemical transformation and inoculated on selection plates
containing LB broth (Lennox) (10 g tryptone, 5 g yeast extract and 5 g NaCl per liter)
with 1.5% (w/v) agar. Selective media was obtained by adding ampicillin at 100
pg/mL. When the BL21 CodonPlus(DE3) or Rosetta strains were cultured, 35 pg/mL
chloramphenicol was also added to the media. After 16h of growth at 37 °C, single
colonies were amplified in liquid LB broth with the corresponding antibiotics at 37

°C and 200 rpm shaking.

3.1.2. SH-S5Y5 cell line culture

Human neuroblastoma SH-SY5Y cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) low glucose with 1 g/L L-glutamine supplemented with 10% heat-
inactivated Fetal Bovine Serum (FBS), penicillin and streptomycin (50 U/mL and 50
pg/mL, respectively) and MycoZap™ Prophylactic (Lonza, 1/1000 dilution). Cell
cultures were maintained in a 5% CO, humidified atmosphere at 37 °C and regularly
passaged at subconfluency. In each passage, media was removed and cells were
detached by adding a Trypsin-EDTA (0.05%) phenol red solution. After 5 min
incubation at 37 °C, trypsin was inactivated by adding FBS-containing medium and
cells were centrifuged at 1,200 g for 5 min at room temperature. Then, cells were
resuspended in fresh growth medium, quantified using a TC20™ Automated Cell
Counter (Bio-Rad) and the desired amount of cells were seeded in new recipients.
For long term cell-preservation, pelleted cells were resuspended in 90% FBS and

10% DMSO and aliquots were frozen and stored at -80 °C.
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3.2. PLASMID VECTORS

3.2.1. Plasmids used in this work

Recombinant protein expression was done by using engineered plasmid vectors in
which the target gene was cloned downstream of the T7 bacteriophage RNA
polymerase promoter (Table 3.2). These constructs allow controlled and high-
efficiency protein expression by using E. coli strains that contain the T7
bacteriophage RNA polymerase under the control of the lac operon, which is
triggered by Isopropyl B-D-1-thiogalactopyranoside (IPTG), a molecular mimic of
allolactose. To ensure the retention of plasmid DNA in bacterial populations, an

antibiotic resistance gene is also present in the plasmid.

Table 3.2. Plasmids used in this Thesis.

PLASMID CLONED GENE PHENOTYPE SOURCE
pT7-7 a-synwt SNCA Amp’ Prof. J.M. Valpuesta?
pT7-7 a-synasat SNCA (A53T) Amp’ Prof. J.M. Valpuesta?
pT7-7 a-synqac SNCA (Q24C) Amp" Prof. Nunilo Cremades?
pRK-T42 MAPT (isoform 2N4R) Amp" Prof. J.M. Valpuesta®
pNG2 K18 C291A . .
MAPT (residues 244-372) Amp" Prof. David Klenerman?
C322A
HSPAS8, HSPA4, DNAJB1, Previously cloned in
pE-SUMO Amp'
DNAJA1, DNAJA2 the laboratory

1 The kind gift from these authors is gratefully acknowledged.

3.2.2. PCR-based mutation

Mutants of the different proteins used in this thesis were obtained using various
Polymerase Chain Reaction (PCR)-based methods. The primers and restriction

enzymes used for their production are described in Table 3.3.
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Deletion mutants a-synso.140, 0-Syni-122 and a-syn;.133 were obtained through
a PCR amplification and cloning method. The plasmid containing the a-synwr
sequence (1-10 ng) was used as a template to amplify the desired sequence. Final
reaction concentrations were 0.5 uM of each primer, 100 uM of each dNTP and 2.5
U PfuTurbo DNA polymerase (Agilent) in its reaction buffer. Amplification was
carried out in a Mastercycler Gradient Thermocycler (Eppendorf) and consisted of
an initial denaturation cycle (3 min at 94 °C), followed by 30 cycles of a denaturation
step at 94 °C for 30s, a hybridization step at 58 °C for 30s and an elongation step at
72°C for 5 min, and a final cycle of 10 min at 72 °C. Purified PCR products were
digested with Ndel and Hindlll restriction enzymes (1 pL per 1 pug of DNA). After a
DNA agarose electrophoresis, digested products were gel-purified using the Gel and
PCR Clean-up Kit (Macherey-Nagel). The pT7-7 plasmid containing a-synwr was
digested with the same restriction enzymes and the band corresponding to the
empty plasmid was purified. Ligation between insert and empty vector was done at
16°C for 16h with T4 DNA Ligase (New England Biolabs) and the ligation product

was used to transform E. coli DH5a competent cells.

Point-mutations E46K for a-syn and P301L and AK280 for tau K18c291a, c322a
(henceforth referred to as tau K18) were introduced by mutagenesis using the
QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent) following manufacturer’s
indications. 50 ng of the plasmid to be mutated were amplify using a pair of primers
(125 ng each) containing the desired mutation in the middle of their sequence.
Amplification consisted of an initial denaturation cycle (1 min at 95 °C), followed by
18 cycles of a denaturation step at 95 °C for 30s, a hybridization step at 55 °C for 1
min and an elongation step at 68°C for 4.5 min (for a-syn) or 6.5 min (for tau K18).
After amplification, samples were digested with Dpnl to eliminate the parental
methylated template. The nicked vector DNA containing the desired mutation was
then transformed into E. coli XL1-Blue supercompetent cells. Deletion mutant a-

syni.110 Was obtain following the same protocol but with some modifications in the
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PCR, which consisted on 30 cycles of a denaturation step at 95 °C for 30s, a
hybridization step at 57.2 °C for 1 min and an elongation step at 68°C for 6 min,

with a final cycle of 10 min at 72 °C.

Table 3.3. Primers used to introduce mutations.

Restriction
Mutant PCR Primers (5’ to 3’)
enzyme
F: GGGCATATGGCAGGAAAGACAAAAGAGG 5’ Ndel
QA-SYN30-140
R: GGGAAGCTTTTAGGCTTCAGGTTCGTAG 3’ Hindlll
F: GGGCATATGGATGTATTCATGAAAGGACTTTC 5’ Ndel
a-Syni-122
R: GGGAAGCTTTTAATTGTCAGGATCCACAGGC 3’ Hindlll
F: GGGCATATGGATGTATTCATGAAAGGACTTTC 5’ Ndel
Qa-Syni-133
R: GGGAAGCTTTTAATACCCTTCCTCAGAAGGC 3’ Hindlll

A: CACACTGCCGCCTCCCAGGACGTGTTTAATATT
tau K18p301L Dpnl
B: AATATTAAACACGTCCTGGGAGGCGGCAGTGTG

A: GCTAAGATCCAGCTTATTAATTATCTGCACCTTCCCGCC
tau K18ak2s0 Dpnl
B: GGCGGGAAGGTGCAGATAATTAATAAGCTGGATCTTAGC

A: CATGCACCACTCCCTTCTTGGTTTTGGAGCC
Q-SYNE46K Dpnl
B: GGCTCCAAAACCAAGAAGGGAGTGGTGCATG

A: GGAGCAAAGATATTTCTTATTCCTGTGGGGCTCCTTCT
a-syni-110 Dpnl
B: AGAAGGAGCCCCACAGGAATAAGAAATATCTTTGCTCC
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3.3. PROTEIN EXPRESSION AND PURIFICATION

3.3.1. Proteins used in this work

The proteins listed in Table 3.4 have been recombinantly expressed and purified in
the laboratory using the protocols described in the following sections. Other
proteins used in this thesis were bought or provided by other laboratories (Table

3.5).

Table 3.4. Proteins purified in the laboratory.

PROTEIN No. AMINO ACIDS MW (Da) pl
a-synuclein 140 14,460 4.67
a-synucleinasst 140 14,490 4.67
a-synucleingaek 140 14,459 4.81
a-synucleingaac 140 14,435 4.67
a-synucleinso-140 111 11,615 4.45
a-synucleini-is3 133 13,627 4.87
a-synucleini-122 122 12,341 5.46
a-synucleini-1io 110 11,045 8.83
tau 2N4R 441 45,850 8.24
tau K18ca91a, 3224 130 13,750 9.87
tau K18c291a, c322, P301L 130 13,766 9.87
tau K18c2914, 3224, k280 129 13,621 9.82
Hsc70 646 70,898 5.37
Apg2 843 94,486 5.10
DnalB1 340 38,044 8.74
DnalAl 397 44,868 6.65
DnalA2 412 45,746 6.06
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Table 3.5. Proteins purchased/given away.

OBTAINED
PROTEIN MW (kDa) ORGANISM SOURCE
FROM
Pyruvate kinase 237 O. cuniculus Rabbit muscle Roche
Glucose-6-
phosphate 54.4 L. mesenteroides L. mesenteroides  Worthington
dehydrogenase
. . Expressed in Sigma-
Luciferase 62 P. pyralis . .
E. coli Aldrich
. Expressed in
Proteinase K 40.3 E. album . Roche
P. pastoris
. Porcine
Calpain-1 108 S. scrofa Merk
Erythrocytes
. Expressed in
Proteasome 2,500 H. sapiens Prof. Yu Ye

HEK293T

3.3.2. Purification of a-synuclein

a-syn was expressed in BL21 (DE3) cells and purified from periplasm as previously

described (Huang et al., 2005). Overnight-grown culture was diluted 20 times in LB

media containing ampicillin (6 flasks of 750 mL) and cells were grown at 37 °Cto an

ODegoonm of 0.6-0.8. Overexpression was induced with 1 mM IPTG at 37 °Cfor 4 h and

afterwards, the cells were harvested by centrifugation at 6,000 g. Cell pellet was

resuspended in 500 mL of 30 mM Tris-HCI, 40% sucrose, and 2 mM EDTA, adjusted

to pH 7.2, and incubated for 10 min at room temperature. The pellet collected by

centrifugation at 22,000 g for 20 min was resuspended with 200 mL ice-cold buffer

containing 25 mM Tris-HCl pH 8 and 2.5 mM MgCl,, and kept on ice for 10 min. The
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supernatant containing periplasm proteins was collected by centrifugation at
22,000 rpm for 20 min and was heated at 95 °C for 15 min. Aggregated proteins
were removed by centrifugation at 22,000 rpm for 20 min and the sample was
stored on ice until the next day. Prior to loading onto a HiLoad Q Sepharose 26/60
column, the sample was subjected to 5 sonication cycles of 20 ON; 30 OFF and was
passed through a 0.45 um filter. Protein was eluted in 25 mM Tris-HCI pH 8 buffer
with a 0-0.6 M NaCl gradient. Fractions containing the monomeric protein were
pooled together, dialyzed overnight against 25 mM Tris pH 7.5, concentrated using

3K centrifugal filters, filtered through 0.22 um sterile filters and stored at -20°C.

To purify a-syn mutants, some modifications were made in the protocol. a-
SYN1-133, A-SYNasat, SYNeaek and a-synaqaac were purified following the same protocol,
adding 2 mM DTT to all buffers in the case of the cysteine-containing mutant. After
anion exchange, a-syni.12; was further purified by gel filtration using the Superdex
200 column equilibrated in 25 mM Tris-HCl pH 7.5 buffer. a-syni.110 was expressed
as for a-synwr, and after the heating/centrifugation step, the sample was dialyzed
overnight against 20 mM MES-NaOH pH 6.8. Dialyzed sample was loaded onto a
HiTrap SP HP cation exchange column equilibrated in 20 mM MES-NaOH pH 6.8 and

elution was performed with a 0-0.6 mM NaCl gradient.

Protein purity was analyzed by SDS-PAGE, and protein concentrations were
determined spectrophotometrically using the extinction coefficients of 5,960
M™lecm™ for o-synwr, 0-SyNnasst, SYNeask, O-SyNaaac and a-Synso.140, 4,470 M~2cm™ for

a-syniis3, and 1,490 M~tecm™ for a-syni.122 and a-syni.1io.

3.3.3. Purification of tau

Tau isoform 2N4R (or htau40) was expressed in BL21 CodonPlus(DE3) RP cells
transformed with the pRK-T42 plasmid. Overnight-grown culture was diluted 20

times in LB media containing ampicillin and chloramphenicol (8 flasks of 800 mL)
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and cells were grown at 37 °C to an ODggonm Of 0.6-0.8. Overexpression was induced
with 1 mM IPTG at 37 °C for 4 h, and afterwards the cells were harvested by
centrifugation at 6,000 g. Cell pellet was resuspended in 20 mM MES-NaOH pH 6.8
supplemented with 1 mM PMSF and stored at -80 °C until use. Cells were thawed
and lysed by sonication (6 cycles of 20 ON; 30 OFF in an MSE Soniprep 150) in 20
mM MES-NaOH pH 6.8, 1 mM EDTA, 0.2 mM MgCl,, 5 mM DTT, 1 mM EDTA and
Complete EDTA free (Roche) protease inhibitor cocktail (1 table per 50 mL). The
soluble fraction obtained by ultracentrifugation at 147,500 g (30 min at 4 °C) was
passed through a 0.45 um filter and loaded onto a HiTrap SP HP cation exchange
column equilibrated in 20 MM MES-NaOH pH 6.8, 1 mM EDTA, 1 mM MgCl,, 2 mM
DTT, 1 mM EDTA, 0.1 mM PMSF with 50 mM NacCl (buffer A). The same buffer with
1 M NaCl (buffer B) was used to elute the protein using an initial washing step of 5
column volumes at 17% buffer B to elute degradation products. The full-length
protein was eluted in a gradient from 17-60% of buffer B. Fractions containing the
monomeric protein were pooled together, dialyzed overnight against 25 mM Tris
pH 7.5, 150 mM NaCl and 2 mM DTT, concentrated using 3K centrifugal filters,

filtered through 0.22 um sterile filters and stored at -80°C.

The truncated tau version K18 (residues 244-372) with the two natural
cysteine residues at positions 291 and 322 mutated to alanine and the point
mutants of this construct, P301L and AK280, were expressed in BL21(DE3).
Overexpression, cell harvesting and lysis was done as for tau 2N4R. 500 mM NacCl
was added to the soluble fraction after ultracentrifugation and the sample was
incubated for 20 min at 95 °C. Aggregates were removed by ultracentrifugation at
147,500 g for 30 min at 4 °C. Sample was dialyzed twice against buffer A at 4 °C,
with a first change of 3h and another overnight change. Sample was passed through
a 0.45 um filter and loaded onto a HiTrap SP HP cation exchange column and
protein was eluted with a 0-0.6 M NaCl gradient. Pooled fractions were dialyzed

against 25 mM Tris-HCI pH 7.5 and degradation products were removed by gel
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filtration using a Superdex 75 26/60 column. Fractions containing the monomeric
protein were pooled together, dialyzed overnight against 25 mM Tris pH 7.5,
concentrated using 3K centrifugal filters, filtered through 0.22 um sterile filters and

stored at -20°C.

Due to the low content of aromatic and arginine residues in the tau
sequence, quantification of protein concentration by conventional methods such
as absorbance at 280 nm or Bradford/BCA methods results in an underestimation.
Thus, protein concentration was determined by quantitative amino acid analysis.
Quantified samples were used to determine the extinction coefficient at 235 nm,
being 1.1 and 1.6 mL-mgt-cm™ for tau 2N4R and tau K18, respectively, which was

used to quantified subsequent protein stocks.

3.3.4. Purification of molecular chaperones

Molecular chaperones were purified using protocols previously developed in the
laboratory (Cabrera et al., 2019). Briefly, the coding sequence of each chaperone
cloned into the pE-SUMO plasmid (Life Sensors) was expressed in BL21
CodonPlus(DE3) RILP cells, except for Hsp110 which was expressed in Rosetta (DE3)
pLysS. This vector expresses the protein of interest fused to a His-tagged ubiquitin-
like modifier (yeast SUMO Smt3) at its N-terminus, enhancing expression and
promoting solubility and correct folding of the protein, and allowing affinity
purification. After protein expression, cells were harvested, disrupted by sonication
and the soluble fraction was collected by ultracentrifugation. Debris-free
supernatant was loaded onto a column with a nickel-charged affinity resin. After
elution, the His-tagged SUMO protein was removed using the SUMO protease 1
(Ulp1) and the sample was loaded again into a nickel-charged affinity
chromatography. The unbound fraction contained the pure protein without tags.
For Hsc70, an additional polishing step with a hydroxyapatite column was

performed. Protein concentration was determined by the Bradford method and
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spectrophotometrically using the extinction coefficients of 33,350, 56,270 and
18,910 Mtcm™ at 280 nm for Hsc70, Apg2 and DnalB1 respectively. The activity of
each protein stock was checked by an ATPase assay and the refolding activity of the

model substrates glucose-6-phosphate dehydrogenase (G6PDH) and luciferase.

3.4. FLUORESCENT PROTEIN LABELING

The development of different fluorescent dyes that can be chemically attached to
a specific region or functional group on a target molecule has represented a great
advance to study biologically relevant samples. In particular, Alexa Fluor dyes are a
series of fluorescent probes that have strong absorptivity, high fluorescence
quantum yield and high photostability. In this thesis, Alexa Fluor 488 has been used

to label different proteins using the following protocols.

3.4.1. Labeling of a-synuclein Q24C

a-syn with a single cysteine located at residue 24 was labeled with Alexa Fluor™
488 Cs Maleimide. A solution of the protein at 100-200 uM in 25 mM Tris, 150 mM
NaCl, 2 mM TCEP, pH 7.5 was mixed with the fluorophore at a 1:5 protein:probe
molar ratio. Labeling was done with an overnight incubation at 4 °C in a vertical
rotating mixer. Reaction was quenched by adding 2 mM DTT and the sample was
centrifuged for 10 min at 16,000 g and 4 °C to remove possible aggregates. The
supernatant was loaded on a PD10 gel filtration column (GE Healthcare)
equilibrated in 50 mM Tris, 100 mM NacCl and 0.05% NaNs, pH 7.4 to remove the
probe excess. Eluted fractions (200-300 pL) were analyzed by SDS-PAGE and
visualized in a VersaDoc™ MP 4000 system (Bio-Rad) to discard fractions containing
free probe. Labeling efficiency (85-100 %) was measured spectrophotometrically,
using absorption at 280 nm for protein concentration and at 494 nm for Alexa Fluor

488 (g494 = 72,000 M*cm) concentration. Due to the absorption of the probe at
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280 nm, a correction factor (CF) of 0.11 must be used, subtracting the 11 % of the

absorption at 494 nm to the absorption at 280 nm.

3.4.2. Labeling of G6PDH and tau K18

Labeling of G6PDH was done using Alexa Fluor 488 NHS Ester (Succinimidyl Ester)
in 50 mM potassium phosphate buffer, pH 6.4 and 30 mM NacCl. At this pH the
acylation of a-amino groups from primary amines is favored over that of e-groups
(Fernandez-Fernandez, Veprintsev and Fersht, 2005). Protein concentration was 2
mg/mL and an equimolar concentration of the fluorophore was used. After 1 h
incubation at room temperature in a vertical rotating mixer, the sample was loaded
on a PD10 gel filtration column (GE Healthcare) equilibrated in 40 mM Hepes-KOH
pH7.6, 50 mM KCI, 5 mM MgCl, to remove the excess of the probe. Labeling
efficiency (10-15%) was determined spectrophotometrically using absorption at
280 nm for protein (g280= 62.56 MM cm™) concentration (with a CF of 0.11) and
absorption at 494 nm for Alexa Fluor 488 (€494 = 73,000 Mcm™) concentration. Tau
K18 protein constructs were labeled following the same protocol, eluting the
labeled protein in 25 mM Tris-HCI pH 7.5, 50 mM NaCl and yielding a labeling
efficiency of 20-50%.

3.5. PROTEIN ELECTROPHORESIS AND IMMUNOBLOTTING

3.5.1. SDS-PAGE

SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) is an
analytical method used to separate components of a protein mixture. In the
presence of SDS, all of the proteins present the same charge-to-mass ratio and lose
their ternary structure, which allows a separation primarily based on differences in
their molecular weight. Samples were prepared in loading buffer containing 50 mM

Tris-HCl pH 6.8, 5 % (w/v) glycerol, 4 % (w/v) SDS, 0.02 % (w/v) bromophenol blue
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and 100 mM DTT. Electrophoresis was carried out in a mini-PROTEAN Tetra Cell
(Bio-Rad) using a buffer containing 25 mM Tris-HCl pH 8.3, 200 mM glycine and 1 %
SDS (w/v) and freshly-made polycrilamide gels. Alternatively, samples were run in
NuPAGE™ 4 to 12%, Bis-Tris gels (Invitrogen) using a XCell™ SureLock™ Mini-Cell
(Invitrogen) and a buffer containing 50 mM MES, 50 mM Tris, 0.1 % SDS (w/v), 1
mM EDTA, pH 7.3.

3.5.2. Native-PAGE

Native-PAGE analyze proteins in their native folded state (under non-denaturing
conditions) and thus, electrophoretic mobility depends not only on the charge-to-
mass ratio, but also on the physical shape and size of the protein. This technique
allows analyzing both the oligomeric state of proteins and the formation of
complexes between different proteins. Samples were prepared in loading buffer
containing 50 mM Bis-Tris, 6 N HCl, 50 mM NaCl, 10% (w/v) glycerol, 0.001%
Ponceau S, pH 7.2 and loaded in NativePAGE™ 4 to 16%, Bis-Tris gels (Invitrogen).
Electrophoresis was carried out in a cold room (4°C) with a XCell™ SureLock™ Mini-
Cell (Invitrogen) using 50 mM Bis-Tris, 50 mM Tricine, pH 6.8 (Invitrogen) as a
running buffer. Voltage was kept constant at 150 V for 1 h and raised to 250 V for

another 45 min.

3.5.3. Western Blot

Western Blot (WB) is a common method to detect and analyze proteins separated
by gel electrophoresis. Separated proteins are transferred (or blotted) onto a
matrix (generally nitrocellulose or PVDF membrane), where the target protein is
stained with specific antibodies that are ultimately detected by colorimetric,

chemiluminescence or fluorescence methods.
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PAGE-separated proteins were transferred to a nitrocellulose membrane in
wet conditions using a Mini Trans-Blot® Electrophoretic Transfer Cell (Bio-Rad).
When SDS gels were blotted, transfer was carried out for 2 h at 500 mAmp in a
buffer containing 50 mM Tris-HCl, 0.1 % (w/v) SDS, 386 mM glycine, 20 % (v/v)
methanol, pH 8,3. When Native gels were blotted, they were first incubated for 1.5
h at room temperature in a buffer containing 375 mM Tris-HCl pH 7.5, 1 % SDS (w/v)
and then, for another 30 min in a buffer containing 30 mM Tris, 240 mM glycine, 20
% (v/v) methanol, pH 8.4, which was also used to carry out the transfer for 14-16 h
at 150 mAmp. In all cases, transfer was done in a cold room (4°C) and with a cooling
unit inside the tank to avoid overheating. After protein transfer, membranes were
stained with specific antibodies. Unless otherwise stated, the following steps were
done under mild-agitation at room temperature. Membranes were blocked for 1 h
with 5 % (w/v) skimmed milk in TBS-T (10 mM Tris-HCl pH 7.5, 150 mM Nacl, 0.05
% (w/v) Tween-20). Then, membranes were incubated overnight at 4 °C with the
primary antibody (see Table 3.6 for antibody dilutions), washed three times (10 min
each) with TBS-T and incubated for 1 h with a secondary antibody conjugated to
horseradish peroxidase. After three additional washing steps, visualization was
done by chemiluminescence using the SuperSignal®West Pico Chemiluminescent

Substrate and myECL™ Imager (Thermo Fisher Scientific).

3.6. AGGREGATE PREPARATION

In this thesis, different type of aggregates have been produced following several
protocols below described. Due to the great stability of amyloids, aggregate
preparations of a-syn and tau proteins are stable within 3-5 days after purification
as long as they are stored at room temperature (lkenoue et al., 2014). Even so,
aggregate preparations were used as soon as possible to reduce experimental
variability. In the case of G6PDH, aggregates were always used immediately after

their production.
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Table 3.6. List of antibodies used in this thesis.

C(()F':QE?')\IY TARGET c(:lég:}ll_gll';g)Y SOURCE  DILUTION? AS; CDCI)L’IIJI')I"IL\(;\YIZ
(ab’igg""g?m) a-syn ('Z'aorl]?;"iggl) Rabbit  1:5,000 1:2,000
ey asn MRl ouse 11400 1:400
(:ng;c;iig) a-syn Polyclonal Rabbit 1:2,000 1:1,000
(ADOe:)k204) tau Polyclonal Rabbit 1:50,000 1:5,000
(aﬁgi?)rgz) Fisc70 “?233222? | Rabbit 15000 1:2,000
(at?f;:;nsz) Apg2 '\?;ggggg)a ' Rabbit  1:5,000 1:2,000
Enzo DnalB1 Monoclonal Mouse 1:2,000 1:2,000

(ADI-SPA-450)

L All antibodies were diluted in 5 % (w/v) skimmed milk in TBS-T.
2 Anti-rabbit (Invitrogen) and anti-mouse (Cell Signaling Technology) 1gG HRP-linked
secondary antibodies were used.

3.6.1. a-synunclein fibrils

a-syn fibrils were prepared by incubating 200-500 pL solution of 100 uM a-syn in
1.5 mL tubes at 37 °C under orbital agitation (1000 rpm) in an Eppendorf
Thermomixer for 7 days in 50 mM Tris, 100 mM NaCl and 0.05% NaNs, pH 7.4.
Afterwards, fibrils were purified by centrifugation for 30 min at 16,000 g and 4 °C.
Pelleted fibrils were resuspended, unless otherwise stated, in Disaggregation Buffer
(40 mM Hepes-KaOH pH 7.6, 50 mM KCI, 5 mM MgCl, and 2 mM DTT). The final
protein concentration (monomer equivalents) was determined by disassembling an
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Chapter 3: Materials and methods

aliquot of the preparation into monomers in 4 M GdnHClI and measuring its

absorption at 280 nm.

3.6.2. a-synunclein sonicated fibrils

Sonicated fibrils were obtained using a Branson 450 Digital Sonifier equipped with
a tapered microtip of 3 mm diameter at 10% power. For a proper submersion of
the probe, a minimum volume of 200 uL was used. Figure 3.1 indicates the correct
set up to avoid foaming or bad sample circulation. Bursting was carried out in cycles
of 1s ON; 1 s OFF with the sample set on ice-cold water to avoid overheating. Unless
otherwise stated, preparation of sonicated fibril samples was done in

Disaggregation Buffer with a total of 90 sonication cycles (3 min).

X XK v

Figure 3.1. Tip depth for a correct sonication. When the tip is not submerged enough as
illustrated in panel A, the sample will foam or bubble. On the opposite side, when the tip is
too deep (panel B), liquid will not circulate the sample effectively. Panel C shows the correct
set up to achieve good and reproducible results.

To obtain fibrils of different sizes, a-syn fibrils formed after 1-week
incubation were subjected to varying sonication cycles. Soluble and insoluble
fractions of samples (400 pL) sonicated for 15 or 30 cycles were separated by

centrifugation (30 min at 16,000 g and 4 °C). Pellets were resuspended in 50 pL
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Disaggregation Buffer. Supernatants were passed through 100 K Amicon®Ultra-0.5
mL centrifugal filters to remove any possible monomer released during sonication.
This procedure consisted in 7 washing steps (4 min at 10,000 g and 20 °C) with 400
uL of Disaggregation Buffer. To collect the sample, up to 200 ulL of Disaggregation
Buffer was added to the filter device which was turned upside down in a clean tube
and spun for 5 min at 2,000 g and 20 °C. A final 10 min centrifugation step at 16,000
g and 4 °C was done to remove any big aggregates formed during the washing

process.

3.6.3. a-synunclein self-seeded fibrils

To obtain a-syn fibril preparations in a short period of time, 200-500 uL solutions
of 100 uM a-syn were incubated in 1.5 mL tubes at 37 °C under quiescent conditions
in an Eppendorf Thermomixer for 1-4 days in 50 mM Tris, 100 mM NaCl and 0.05%
NaNs, pH 7.4 in the presence of 5 % (mol/mol) seeds. When Alexa488-labeled fibrils
were prepared, 15-30 % of the monomeric a-syn solution was a-synqac-488. Under

these conditions, the final aggregate labeling efficiency was 10-25 %.

For seed preparation, 500 pL of a-syn fibrils, obtained as described in section
3.6.1. without the purification step, were subjected to 90 sonication cycles (1 s ON;
1 s OFF). Seeds were aliquoted, flash-frozen in liquid N; and stored at -20 °C until

use.

3.6.4. a-synunclein cross-seeded fibrils

For cross-seeding experiments of a-synwr and a-syni.i10, samples were first passed
through 100 K Amicon®Ultra-0.5 mL centrifugal filters to remove any pre-existing
aggregation nuclei. Then, the flow-through was diluted to 100 uM in 50 mM Tris,
100 mM NaCl and 0.05% NaNs, pH 7.4. Aggregation was seeded with 5% (mol/mol)

63



unsonicated fibrils of both variants. Samples were incubated at 37 °C under

quiescent conditions for 3 days.

3.6.5. a-synunclein type B oligomers

a-syn type B oligomers were prepared by lyophilization as previously described
(Chen et al., 2015). 6 mg of a-syn in 1.5-3 mL (140-280 uM final protein
concentration) was dialyzed against 5 L MilliQ water overnight at 4 °C. Samples
were placed into 15 mL falcon tubes, flash freeze in liquid nitrogen, and lyophilized

for 48 h. Lyophilized protein was stored at -20 °C until use.

Lyophile was resuspended in 500 uL of PBS (10 mM phosphate buffer, 2.7
mM KCl, 137 mM NaCl, pH 7.4) to obtain a final protein concentration of ca. 800
UM. Protein solution was filtered through a 0.22 um syringe filter and incubate it in
1.5 mL tubes at 37 °C under quiescent conditions for 20-24 h. In order to remove
excess monomeric protein as well as the low levels of very small oligomers
supernatant was placed in 100 K Amicon®Ultra-0.5 mL centrifugal filters and
centrifuged at 10,000 g and 20 °C for 2 min. 400 uL of PBS was added to the filter
and centrifuged again. This step was repeated 6 times to ensure that the flow-
through was clean of monomeric protein. To collect the sample, up to 250 uL of PBS
was added to the filter device which was turned upside down in a clean tube and
spun for 2 min at 2,000 g and 20 °C. The resultant protein solution was centrifuged
for 10 min at 17,000 g to remove any fibrillar species that may have formed during
the process. Protein concentration was determined spectrophotometrically (280
nm) as oligomer sample produces no significant light scattering neither changes its

molar extinction coefficient compared to monomers.

Preparation of Alexa488-labeled type B oligomers was done using the same
procedure. Starting with 1.5 mg of a-synq24c-488 and 4.5 mg of a-synwr, the final

labeling efficiency was of ca. 10 %.
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3.6.6. a-synunclein polymorphs

Several a-syn polymorphs have been studied in this thesis using a-synwr and
different aggregation conditions. For ribbon formation (Bousset et al., 2013), a-syn
was dialyzed overnight against 5 mM Tris-HCI pH 7.5 at 4 °C, diluted to 100 uM in
the same buffer supplemented with 0.05% sodium azide and incubated at 37 °C for
1 week under continuous shaking in an Eppendorf Thermomixer set at 1000 rpm.
The polymorphs obtained in the presence of 5% trifluoroethanol or 150 g/L dextran
were produced in Prof. Nunilo Cremades” lab as previously described (Camino et
al., 2020). To obtain alexa488 labeled polymorphs, aggregation was done in the

same conditions but in the presence of 15-30 % monomeric a-synqzac-488.

3.6.7. Calpain-1 digested a-synunclein fibrils

Calpain-1 (p-calpain) cleavage of a-syn was carried out using previously described
methods with some modifications (Mishizen-eberz et al., 2003). Briefly, different
amounts of calpain-1 (stated in each experiment) were added to a solution of 50
MM a-syn in buffer 40 mM Hepes pH 7.6 and 5 mM DTT. Reactions were initiated
by the addition of CaCl, (1 mM final concentration) and incubated at 37 °C for 10
min. Reactions were stopped by adding SDS-PAGE loading buffer and boiling for 10
min. To determine the effect of calpain cleavage on the secondary structure of
fibrils, unsonicated fibrils were digested with 13.5 ng/uL of calpain-1 and after 10
min incubation at 37°C, they were centrifuged (30 min at 17,000 g and 4°C) and
resuspended in PBS buffer. For TEM experiments, after digestion (13.5 ng/uL of
calpain-1) of unsonicated and sonicated fibrils, samples were incubated overnight
with 12.5 uM of the Calpain inhibitor VI (SJA 6017) (Santa Cruz Biotechnology).
When sonicated fibrils were digested and used in disaggregation experiments, they
were incubated for 2h with 12.5 uM Calpain inhibitor VI prior to their addition to

the chaperone mixture.
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3.6.8. Tau fibrils

Tau K18 fibrils were prepared by incubating 200-500 uL solution of 40 uM K18 in
the presence of 40 uM of heparin (sodium salt from porcine, MW 3,000, MPBio) in
25 mM Tris pH 7.5, 50 mM NaCl and 1 mM DTT. Incubation took place in 1.5 mL
tubes at 37 °C under quiescent conditions in an Eppendorf Thermomixer for 1-3
days. After incubation ended, fibrils were purified, quantified and stored as

described in section 3.6.1.

Tau 2N4R fibrils were prepared by incubating 200-800 uL solution of 40 uM
tau 2N4R in the presence of 40 uM of heparin (sodium salt from porcine, MW 3,000,
MPBio) in 25 mM Tris pH 7.5, 50 mM NaCl and 2 mM DTT supplemented with 1 mM
PMSF, 1 mM EDTA, 1 mM EGTA, 1 pug/mL leupeptin, 1 pg/mL aprotinin, 1 pg/mL
pepstatin to avoid protein degradation and 0.05% NaNs to avoid bacterial growth.
Samples in 1.5 mL tubes were incubated at 37 °C under quiescent conditions in an
Eppendorf Thermomixer for 7 days, refreshing the DTT every day to maintain
reducing conditions. After incubation, fibrils were purified, quantified and used.
Alternatively, the preparation was directly subjected to 30 sonication cycles (1 s
ON; 1 s OFF), aliquoted, flash-frozen in liquid N, and stored at -20 °C for its use as
seeds. Seeded aggregation of tau 2N4R was performed in the conditions above
described with 5% (mol/mol) seeds, reducing incubation time to 1-3 days and
avoiding the use of protease and bacterial growth inhibitors. Sonicated fibrils used
in disaggregation experiments were obtained by 15 sonication cycles (1 s ON; 1 s
OFF), ultracentrifugation for 40 min at 186,000 g and 4 °C and resuspension in

Disaggregation Buffer.
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3.7. AGGREGATE CHARACTERIZATION

3.7.1. Dynamic Light Scattering

Dynamic Light Scattering (DLS) is a technique that measures the size of micrometric
entities subjected to Brownian motion. In this thesis, DLS has been used to estimate
the size of different protein/lipid samples. Size volume distribution profiles of the
different samples at 25°C were obtained using a Zetasizer Nano ZS (Malvern
Instruments) at a back-scattering angle of 173°. Monomeric (100 uM) and
oligomeric or fibrillar (10 uM) a-syn and tau species were measured in Refolding
Buffer. Liposomes with encapsulated calcein (10 uM) were measured in Calcein

Leakage Buffer (section 3.11.1).

3.7.2. Transmission Electron Microscopy

The different aggregates prepared in this thesis were visualized by negative staining
and Transmission Electron Microscopy (TEM). Protein concentration was kept 0.25-
2 mg/mL. 3 uL samples were applied onto glow-discharged Formvar/carbon-coated
200-mesh copper grids and incubated for 1 min. Grids were negatively stained with
1% (w/v) uranyl acetate (2 staining steps of 10 s) and air-dried for 5 min. Samples

were visualized in a JEOL JEM 1400 Plus electron microscope.

3.7.3. Atomic Force microscopy

Tau K18 fibrils were imaged by atomic force microscopy (AFM) in a NanoWizard Il
AFM (JPK Instruments) operating in contact mode. 100 pL of aggregated samples
(40 uM tau) were applied onto freshly cleaved mica and allow to deposit for 10 min.
The mica surface was then rinsed extensively with tau K18 aggregation buffer (9

washing steps with 150 pL).
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3.7.4. Circular Dichroism spectroscopy

Circular Dichroism (CD) spectroscopy measures the difference in absorbance of
right- and left-circularly polarized light by optically active chiral molecules. This
technique is typically used to study protein structure as the far-UV (ultraviolet) CD
spectrum of proteins can reveal important characteristics of their secondary
structure: a-helix conformation have negative bands at 222 and 208 nm and a
positive band at 193 nm; B-sheet conformation have a negative band at 218 nm
and positive band at 195 nm; and disordered proteins have a negative band near
195 nm. For this reason, CD spectroscopy is widely used to study the transition of
monomeric intrinsically disordered amyloidogenic proteins such as a-syn and tau,

to their B-sheet rich amyloid form.

Samples were prepared at 10 uM in PBS for a-syn and at 20 uM in 20 mM
KaH/KH2PO4 pH 7.5, 50 mM NaF for tau K18. Far-UV CD spectra were acquired at 20
°Cin a Jasco J-810 circular dichroism spectropolarimeter using rectangular quartz
cuvettes with 1 mm path length. Each spectrum represents the average of 15-20
scans, collected from 200-260 nm, with a spectral bandwidth of 1 nm and a

response time of 1 s.

3.7.5. Fourier Transform Infrared spectroscopy

Fourier Transform Infrared (FT-IR) spectroscopy has been extensively used to follow
amyloid formation and characterize aggregate structure as it allows a detailed
analysis of the secondary structure of the samples. For FT-IR spectra, aggregates
were prepared as described in section 3.6, changing to deuterated buffers in the
aggregate purification steps. Protein concentration was kept 1-10 mg/mL to meet
quality spectra criteria. Samples were applied on a 25 um carved calcium fluoride
window and placed in a Peltier cell (TempCon, Bio Tools). Measurements were

performed in a Nicolet Nexus 5700 spectrometer equipped with a MCT detector.
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Each spectrum with a nominal resolution of 2 cm™ was obtained by the collection
of 102 interferograms at 20 °C and then referred to a background. Quantitative
information on the amide |, located between 1700 and 1600 cm™ and mainly
composed (~¥80%) by the C=0 stretching vibration of the peptide bond, was
obtained as previously described (Arrondo et al., 1993). The spectra were digitally
subtracted using a spectrum of deuterated buffer as a reference. With the aim of
minimizing the differences in protein concentration among recorded samples, the

region of the amide | band area was normalized in all spectra.

3.7.6. Proteinase K digestion

Proteinase K is a broad-spectrum serine endoprotease that was originally isolated
from the fungus Engyodontium album (formerly called Tritirachium album). This
protease is widely used to study the structural properties of amyloids, being able
to distinguish different aggregates by their digestion resistance or pattern (Bousset
et al., 2013; Chen et al., 2015). Monomeric or fibrillar a-syn (0.6 mg/mL) in 40 mM
Hepes-KaOH pH 7.6, 50 mM KCI, 5 mM MgCl; and 2 mM DTT were incubated at 37
°C with 5 pg/mL of proteinase K in a final volume of 130 pL. Aliquots (16.7 uL) were
removed at different time intervals and the reaction was stopped by adding 3.4 pL
of 6x SDS-containing loading buffer and boiling the mixture for 10 min. Samples

were analyzed by SDS-PAGE in 18% polyacrylamide gels.

3.7.7. Fluorophore binding assays

Fluorescent probes thioflavin T (ThT) and 1-anilino-8-naphthalene sulfonate (ANS)
are widely used to study amyloids. ThT is a benzothiazole dye that increases its
fluorescence upon binding to stacked B-sheets, a common fold of amyloid fibrils.
ANS dye has low fluorescence quantum yield in polar environments, such as
aqueous solutions, but in apolar environments, there is an increase in fluorescence

intensity and a blue shift in the emission maximum wavelength. This property
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makes it a sensitive indicator of hydrophobic patches in native proteins and protein

aggregates.

Binding of ThT and ANS to different a-syn aggregates was done in
Disaggregation Buffer by mixing 30 uL of 10 uM aggregated a-syn and 70 uL of ThT
or ANS (final concentration of 50 uM and 100 uM, respectively). After a 30 min
incubation at room temperature, emission spectra (450-600 nm) of the different
samples were measured at 25 °C in a FluoroMax-3 (Jobin-Ybon) fluorimeter.
Excitation wavelength and ex/em slits were 440 nm and 3x3 nm, respectively, for

ThT and, 370 nm and 5x5 nm, for ANS.

3.7.8. Guanidine hydrochloride fibril denaturation.

Guanidine hydrochloride (GdnHCI), a strong chaotropic agent, was used to compare
the chemical stability of different a-syn aggregates. a-syn fibrils were diluted to 40
MM in Disaggregation buffer containing increasing GdnHCl concentrations and
placed in a 96-well plate. Samples (100 uL) were incubated 16-20 h at room
temperature. After incubation, a 10 uL aliquot was taken and added to 50 uL of a
50 uM ThT solution placed in 96-Well Half Area Black plates (Non-binding surface;
Corning®). Fluorescence was measured in a Synergy HTX plate reader (Biotek), from
the top, using a gain of 90 and excitation and emission filters of 400/30 and 485/20

nm, respectively.

3.8. AGGREGATION KINETICS

3.8.1. Off-line aggregation kinetics

Long aggregation kinetics (7 days) of a-synwr and tau 2N4R under the conditions
stated in sections 3.6.1 and 3.6.8 were measured off-line using ThT and ANS to
determine the time needed to reach saturation. At different time points, 10 uL

aliquots were taken and added to 140 puL 20 uM ThT or 100 uM ANS solutions. After
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a 40 min incubation at room temperature, samples were measured as described in
section 3.7.7. Normalized intensity to the fluorescence maximum was plotted

against time.

3.8.2. On-line aggregation kinetics

Short aggregation kinetics (1-3 days) of a-syn and tau under the conditions stated
in sections 3.6.3., 3.6.4. and 3.6.8., were measured on-line in Synergy HTX plate
reader. Samples (200 pL) were placed in 96-well transparent plates and sealed with
HD clear Duck tape. Aggregation at 37 °C was followed by light scattering at

different wavelengths (350, 450 and 500 nm), taking measurement every 5 min.

3.9. CHAPERONE BINDING TO AGGREGATES

3.9.1. Aggregation prevention by chaperones

Binding of chaperones to preformed a-syn fibrils (i.e. seeds) was monitored by
following the inhibition of fibrillation with a ThT fluorescence assay. a-syn was
incubated at 50 uM with 5% (mol/mol) seeds (sonicated fibrils) at 37°C under
quiescent conditions in 50 mM Tris, 100 mM NaCl and 0.05% NaNs;, pH 7.4.
Chaperones were added individually at 1:10 (chap:syn) molar ratio. The ThT
fluorescence of the samples placed in 96-Well Half Area Black plates (Non-binding
surface; Corning®) was measured on-line in a Synergy HTX plate reader using a gain
of 60 and excitation and emission filters of 400/30 nm and 485/20 nm, respectively.

Readings were taken from the top, every 5 min for a period of up to 80 h.

3.9.2. Co-sedimentation assay

Interaction of chaperones with a-syn unsonicated fibrils was done following a co-
sedimentation assay previously described (Acebrén et al., 2008; Cabrera et al.,

2019). a-syn fibrils were diluted to 2 uM in Disaggregation Buffer containing Hsc70
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(2 uM), DnalB1 (1 uM) and Apg2 (0.2 uM). After adding 2 mM ATP, samples (100
uL) were incubated for 10 min and subsequently centrifuged at 16,000 g and 4 °C
for 30 min. Supernatants were discarded and pellets, containing mainly fibril-
associated chaperones, were resuspended in 15 pL of loading buffer were analyzed
and quantified by SDS-PAGE and densitometry. Normalized intensity of Hsc70
bound to the aggregate was obtained by subtracting the intensity of the Hsc70 band
in each chaperone combination in the absence of aggregate and then, the intensity

of the ternary chaperone combination was considered 1.

3.10. CHAPERONE-MEDIATED DISAGGREGATION

Several methods have been used to follow the chaperone-mediated disaggregation
of protein aggregates. In all cases, experiments were done at 30 °C in
Disaggregation Buffer (40 mM Hepes-KaOH pH 7.6, 50 mM KCI, 5 mM MgCl, and 2
mM DTT) and in the presence of 2 mM ATP and an ATP-regeneration system - 8 mM
phosphoenolpyruvate (PEP) and 20 ng/uL pyruvate kinase -. Unless otherwise
stated, the molar ratio of the three chaperones that compose the human

disaggregase was 1:0.5:0.1 (Hsc70:DnalB1:Apg2).

3.10.1. PAGE-based disaggregation assays

Disaggregation of amyloid aggregates was followed by three different PAGE-based
methods: sedimentation assay, showing the amount of protein solubilized by
chaperones; Native-PAGE assay, which distinguishes soluble species (monomeric
and oligomeric); and sucrose gradient centrifugation, able to separate particles
according to their density allowing the characterization of both soluble and

insoluble material.

a-syn disaggregation was carried out at final protein concentrations of 2 uM

a-syn, 10 uM Hsc70, 5 uM DnalB1 and 1 uM Apg2 in a total volume of 50 uL. 20 uL
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of unsonicated fibrils were mixed with 25 uL of a chaperone mixture and reaction
was initiated with the addition of 5 uL of a mixture of ATP and ATP-regeneration
system. After 2 h incubation at 30 °C, samples were either directly analyzed by
Native-PAGE and immunoblotting, or centrifuged for 30 min at 16,000 g and 4 °C to
perform a sedimentation assay. Supernatants were carefully collected, mixed with
SDS-containing loading buffer, boiled for 10 min and analyzed by SDS-PAGE and
immunoblotting. In the sucrose gradient centrifugation experiments, a-syn
concentration was raised to 10 uM. After incubation (2.5 h at 30 °C), 400 pL of the
reaction mixture was applied to 3.2 ml of a 5-40 % sucrose gradient. In the case of
a-syn oligomers, sample and gradient volumes were halved to save protein.
Samples were centrifuged at 162,000 g for 2h at 4°C and 400 pL fractions (200 pL
for oligomers) were manually removed and subjected to SDS-PAGE and

immunoblotting.

Tau 2N4R disaggregation was followed by a sedimentation assay similar to
the above described for a-syn. Final protein concentrations were 1 uM tau, 10 uM
Hsc70, 5 uM DnalB1 and 1 uM Apg2 in a total volume of 50 pL. 20 uL of fibrils were
mixed with 25 pL of a chaperone mixture and reaction was initiated with the
addition of 5 uL of a mixture of ATP and ATP-regeneration system. After 2 h
incubation at 30 °C, samples were ultracentrifuged for 40 min at 186,000 g and 4
°C. Supernatants were carefully collected, mixed with SDS-containing loading

buffer, boiled for 10 min and analyzed by SDS-PAGE and immunoblotting.

3.10.2. Disaggregation followed by fluoresce-dequenching

Disaggregation kinetics of different substrates were followed as a fluorescence
dequenching process in a Synergy HTX plate reader (Biotek). For that purpose,
aggregates labeled with Alexa488 were obtained as described in section 3.6.
Disaggregation was carried out in a final volume of 50 uL using 96-Well Half Area

Black plates (Non-binding surface; Corning®) at a final aggregate concentration of
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2 puM. 20 pL of aggregates were mixed with 25 uL of varying chaperone
concentrations. No disaggregation and total disaggregation controls were done
with the aggregates alone or in the presence of GdnHCI (4 M), respectively. Before
starting the reaction, samples were incubated for 30 min at 30 °Cin the plate reader
to stabilize the sample. Reaction was initiated with the addition of 5 uL of a mixture
of ATP and ATP-regeneration system, and immediately, plates were sealed with HD
Clear Duck tape and introduced back in the plate reader for measuring.
Fluorescence readings were done every 3 min from the top, using excitation and
emission filters of 485/20 and 528/20 nm and a gain of 60-75. At the end of the
kinetics, samples were analyzed by Native-PAGE as described in section 3.5.2. Gel
inputs were prepared from concentrated aggregate stocks, dissolving an aliquot in
4 M GdnHCI to monomerize the sample, which was then used to prepare a 2 uM
solution in Disaggregation Buffer. In this way, we avoid artifacts due to the loading
of a high concentration of GdnHCl in native gels. In the case of GEGPDH aggregates,

gel inputs were made with the labeled native protein.

Disaggregation kinetics were analyzed with SigmaPlot 13.0 using the

following pseudo-first order model:

Fm(t) = Ymax ° (1 - e_k.t)

where Fp, is the fraction of monomer, ymqx is the maximum disaggregation and k is

the disaggregation rate constant.

3.10.3. Disaggregation followed by high-speed AFM

Visualization of the chaperone-mediated disaggregation of a-syn fibrils was done
by high-speed AFM using a NanoRazer AFM (Bruker). Sonicated fibrils (30 uM) were
deposited on a freshly cleaved, poly-L-ornithine treated mica surface (10 uL drop).
After 15 min of incubation, the fibrils were gently rinsed with Disaggregation buffer

3 times with 10 pL volume. 800 uL of Disaggregation buffer were added to imaging

74



chamber and after a good spot was identified and several stable images were
acquired, the mixture of chaperones were added to the chamber. After 5 min, a
mixture of ATP and ATP regeneration system were also added to the chamber
resulting into a final volume of 900 L. Final chaperone concentrations were 10 uM
Hsc70, 5 uM DnalB1 and 1 uM Apg2. Scans were done during the whole process,
using tapping mode, a NanoWorld USC-F1.2-k0.15 probe (k~0.25N/m) and the
following setting: working amplitude (3-6 nm), scan size (1x1 um) and scan rate

(100-300 lines/s).

3.10.4. Disaggregation of proteasome-fragmented a-syn fibrils

To test the collaboration of the human disaggregase and the proteasome in the
disassembly of a-syn amyloids, unsonicated and sonicated fibrils (20% labeled)
were first incubated with the 26S proteasome holoenzyme as previously described
(Cliffe et al., 2019). Briefly, 500 nM of a-syn fibrils were incubated with 50 nM of
proteasome for 22h at 25 °C in 50 mM Tris-HCI pH 7.5, 5 mM MgCl, supplemented
with 5 mM ATP, 8 mM PEP and 20 ng/uL pyruvate kinase. After the incubation, 50
uL of the sample were mixed with 75 uL of a 2x chaperone mixture (4 uM Hsc70, 2
UM DnalB1 and 0.4 uM Apg2), 15 pL of a 10x fresh solution of ATP and ATP
regeneration system (20 mM ATP, 80 mM PEP and 200 ng/uL pyruvate kinase) and
disaggregation buffer to make up 150 pL final reaction volume. Samples were

incubated for 16h at 30 °C and analyzed by Native-PAGE.

3.10.5. Glucose-6-phosphate dehydrogenase reactivation

G6PDH is a homodimeric protein that catalyzes the oxidation of glucose-6-
phosphate (G6P) to 6-phosphogluconate, using NAD*/NADP* as a coenzyme that is
reduced to NADH/NADPH. G6PDH is commonly used as an amorphous aggregate
model substrate in chaperone-mediated refolding experiments (Acebrén et al.,

2009; Villar-Pique et al., 2012; Mattoo et al., 2013; Fernandez-Higuero et al., 2018;
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Cabrera et al., 2019; Fernandez-Higuero, Muga and Vilar, 2020). G6PDH (5 uM) was
heat-denatured and aggregated at 50 °C for 30 min in Disaggregation Buffer.
Subsequently, aggregates were stabilized at 30 °C for 30 min. 40 L of the aggregate
was mixed with 50 pL of a chaperone mixture and upon addition of 10 uL of a
mixture of ATP and ATP-regeneration system, the reaction was initiated.
Reactivation of aggregated G6PDH to its native and catalytically active state was
monitored off-line following the formation of NADPH by measuring the absorbance
increase at 340 nm. At each time point, a 5 L aliquot was added to 250 pL of 2.5
mM G6P and 1 mM NADP” in buffer 50 mM Tris-HCl pH 7.5, 50 mM KCI, 20 mM
MgCl,, 2 mM DTT. Measurements were done for 5 min in transparent 96-well plates
using a Synergy HTX plate reader (Biotek). Reactivation percentages were
calculated considering the slope of NADPH formation of aggregated and native (in

the presence of chaperones) G6PDH as 0% and 100% activity, respectively.

3.11. AGGREGATE TOXICITY DETERMINATION

3.11.1. Liposome leakage assay

The membrane-permeabilization activity of the different a-syn species was
monitored by following the leakage of the fluorophore calcein entrapped within the
lipid vesicles into the bulk solution. This assay is based on calcein self-quenching at
high concentrations and its small permeability coefficient across a lipid bilayer, as
long as the vesicles are intact. Consequently, calcein is trapped into liposomes at a
concentration above the self-quenching threshold and when the membrane is
disrupted due to the addition of an external agent, calcein is leaked to the solution
where is diluted to a smaller concentration, producing a dequenching and

generating an increase in fluorescence intensity (Figure 3.2).

To prepare liposomes with encapsulated calcein, 4 mg of POPS, dissolved in

chloroform:methanol (2:1) at 25 mg/mL, were placed in a glass tube. To remove
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the solvent, the sample was subjected to a N, stream until dryness and placed
under vacuum for 2 h. Then, lipids were swollen in Encapsulation Buffer (10 mM
Hepes-KOH, 50 mM NaCl and 50 mM calcein, pH 7.4) with two cycles of heating to
50 °C and vortexing, to obtain multilamellar vesicles (MLVs). Large unilamellar
vesicles (LUV) were produced by previously described methods (Mayer, Hope and
Cullis, 1986), subjecting the MLV to 10 freeze/thaw cycles, and extruding the
samples in a LIPEX Liposome Extrusion System, using 0.1 um pore size Nuclepore
filters (Whatman). To remove calcein outside liposomes, these were loaded on a
PD10 gel filtration column (GE Healthcare) equilibrated in Calcein Leakage Buffer
(10 mM Hepes-KOH, ca. 130 mM NaCl, pH 7.4) which presented the same
osmolarity to the Encapsulation Buffer. Liposome concentration was determined
by phosphate analysis (Béttcher CJF, Van gent CM, 1961) and vesicle size (=100 nm)

was checked by DLS as described in section 3.7.1.

Toxic Triton
aggregate X-100 v ®
N\ » \\\’
X ® 0 ¢

7

Self-quenched calcein

© Fluorescent calcein

Figure 3.2. Liposome leakage assay. Calcein is encapsulated in liposomes at high
concentrations, which produces the self-quenching of the fluorophore. Upon membrane
disruption due to an exogenous agent, calcein is released to the medium where it is diluted
and dequenched, increasing its fluorescence. Maximum fluorescence control is achieved by
adding triton X-100, which fully disrupts liposomes.

Liposome leakage was performed in Calcein Leakage Buffer. 110 plL
liposomes at 11 uM were mixed with 10 pL of 10 uM a-syn. Alternatively, 0 and 100

% controls were done by mixing the same liposome volume with 10 pL of Calcein
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Leakage Buffer or Triton X-100 10 % (v/v), respectively. Samples were incubated for
2 h at 25 °C and 350 rpm in an Eppendorf Thermomixer. Fluorescence was

measured at 25 °Cin a FluoroMax-3 (Jobin-Ybon) fluorimeter (Ex. 440 nm; Em. 520).

3.11.2. Cell proliferation assay

Cytotoxicity was determined using the CellTiter 96® AQueous One Solution Cell
Proliferation Assay (Promega). This colorimetric method contains a tetrazolium
compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an electron coupling reagent
(phenazine ethosulfate; PES). The combination of PES and MTS forms a stable
solution, which is bioreduced by cells into a colored formazan product that is
soluble in the culture medium. This conversion is accomplished by NADPH or NADH
produced by dehydrogenase enzymes in metabolically active cells. Thus, the
quantity of formazan product is directly proportional to the number of living cells

in culture.

SH-SY5Y cells were seeded at 20.000 cells/well in 96-well plates and
incubated overnight in DMEM supplemented with 10% FBS. The next day, the
medium was replaced by 100 uL of fresh medium containing 0.15 or 0.3 uM of a-
syn and cells were incubated for 24 h. Freshly prepared MTS/PES mixture was
directly added (20 pL) to culture wells and incubated for 1-4 hours. Formazan
amount was measured by recording the absorbance at 490 nm in a Synergy HTX
plate reader (Biotek). Control values of cells without a-syn and culture medium

without cells were taken as 100 and 0 % of cell viability.
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3.12. STATISTICAL ANALYSIS

Statistical analyses of the experimental data shown in various figures as
indicated in the main text are shown in the APPENDIX. P values were calculated in

SigmaPlot 13 using one-way analysis of variance (ANOVA).
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Chapter 4: Targeting of amyloid intermediates

THE HUMAN DISAGGREGASE
TARGETS TOXIC AGGREGATION
INTERMEDIATES OF AMYLOIDS

4.1. INTRODUCTION

To counteract the toxic effect of protein aggregates, cells have evolved a
sophisticated protein homeostasis network that coordinates protein synthesis,
folding, disaggregation and degradation (Labbadia and Morimoto, 2015). This
network is composed of the translational machinery, molecular chaperones and
cochaperones, the ubiquitin-proteasome system, and the autophagy machinery.
How this network deals with amyloid aggregates remains poorly understood. It has
been previously reported that the constitutive human Hsp70 (Hsc70) in
collaboration with its Hsp40 cochaperone (Hdjl or DnalB1) slowly disassembles
preformed a-syn fibrils (Duennwald, Echeverria and Shorter, 2012). This activity
was further stimulated by adding the NEF Hsp110 (Apg2). HspB5, a small heat shock
protein also known as aB-crystallin, potentiated a-syn fibril disassembly by the
ternary chaperone mixture. Although this chaperone combination was able to
disaggregate fibrils, they did it in a timescale of weeks through a depolymerization
process. Only when Hsp104, a yeast representative of the Hsp100 family able of
fragmenting fibrils, was added to the mixture, disassembly occurred within hours.
The lack of Hsp104 homologs in metazoans questioned whether this activity was
physiologically relevant in humans. A later study revealed that a chaperone
complex composed solely of members of the Hsp70, Hsp40 and Hsp110 families,

was able to efficiently reverse a-syn amyloid fibrils through both fragmentation and

81




depolymerization, generating smaller fibrils, oligomers, and ultimately, monomers
(Gao et al., 2015). Recently, this exact chaperone mixture has been also reported
to disaggregate tau and Htt fibrils (Ferrari et al., 2018; Scior et al., 2018; Nachman
et al., 2019), pointing to this Hsp70-based machinery as a potential human

disaggregase of amyloids.

In this chapter, we aimed to shed light on the mechanism used by the human
disaggregase to disassemble amyloids. For that purpose, we investigated the ability
of this chaperone mixture to target different aggregation states that populate the

amyloid formation process, including toxic oligomers and fibrils of different sizes.

4.2. RESULTS

4.2.1. Human Hsp70 disaggregase solubilizes a-syn fibrils

Disassembly of a-syn fibrils by the human Hsp70 machinery has been reported by
two groups, with some disagreements in the chaperone mixture needed, the
efficiency and time-scale of the process and the mechanism of disaggregation
(Duennwald, Echeverria and Shorter, 2012; Gao et al., 2015). In this regard, we first
looked for the conditions that best worked in our hands. Aggregation of a-syn was
followed by ThT and ANS fluorescence (Figure 4.1 a) and after 1 week, amyloid fibril
morphology was confirmed by negative-stain EM (Figure 4.1 b). 2 uM of a-syn fibrils
were incubated with 10 uM of Hsc70, 5 pM of the class B JDP DnalB1 and,
considering that substoichiometric NEF levels relative to Hsc70 seem critical for a
good performance (Gao et al., 2015), we titrated Apg2. After 2h incubation at 30°C
in the presence of 2 MM ATP and an ATP regeneration system (8 mM PEP, 20 ng/uL
PK), disaggregation reactions were subjected to centrifugation and the amount of
soluble a-syn was analyzed by SDS-PAGE and immunoblotting. Hsc70 and DnalB1
solubilized only a small fraction —around 10%- of the fibrils (Figure 4.1 c). However,

when Apg2 was added to the mixture, solubilization increased substantially, up to
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30%, reaching its maximum at a molar ratio of 1:0.5:0.1 (Hsc70:DnalB1:Apg2), in
agreement with previous data (Gao et al., 2015). Therefore, this chaperone mixture

has been used throughout this study.
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Figure 4.1. a-synuclein fibril formation and solubilization by the human disaggregase. (a)
Aggregation kinetics of a 100 uM solution of a-syn followed by ThT and ANS fluorescence.
At each time point, an aliquot from the reaction was mixed with the dyes and the
fluorescence of the sample was measured. (b) After 1-week incubation, fibrillar morphology
of the aggregates was confirmed by negative-stain EM (scale bar, 500 nm). (c) Solubilization
of a-syn fibrils (2 uM) by different chaperone mixtures were analyzed by a sedimentation
assay. After 2h incubation at 30°C in the presence of ATP, samples were centrifuged and
solubilized a-syn was detected in the supernatant by immunoblotting. Fibrils without
chaperones were used as a control. INPUT was made with a 2 uM solution of monomeric a-
syn.

83



4.2.2. Human chaperones disaggregate toxic oligomers of a-synuclein

Oligomeric aggregates formed during the early events of the amyloid self-assembly
process accumulate in the brains and tissues of patients suffering from
neurodegenerative disorders. These soluble oligomers are believed to be the
primary origin of the toxicity in amyloid diseases (Cremades, Chen and Dobson,
2017). In this context, we wanted to explore the ability of the human disaggregase
to process such toxic species. To this aim, we produced a-syn oligomers kinetically
trapped during the self-assembly process, previously designated as type B
oligomers (Cremades et al., 2012; Chen et al., 2015; Fusco et al., 2017). The FRET
signatures of these oligomers match those found for the transient oligomeric and
toxic forms generated during aggregation (Cremades et al., 2012). Thus, they allow
us to explore whether chaperones can perform their disaggregation activity at this
initial stage of the amyloid formation process. Endorsing previous studies, these
oligomers had a cylinder-like morphology and a size in the range of 10-40 nm as
seen by EM (Figure 4.2 a) and DLS (Figure 4.2 b) (Chen et al., 2015; Fusco et al.,
2017). In terms of secondary structure, type B oligomers were enriched in B-sheet
structure as seen by CD (Figure 4.2 c¢), a conformation that favors the exposure of
the N-terminal region of a-syn, which binds lipid bilayers and causes membrane

disruption and cytotoxicity (Fusco et al., 2017).

The presence of the Hsp40 component is essential for the disaggregase
activity of the Hsp70 chaperone system. J-domain proteins form the largest
chaperone family and guide Hsp70 to specific functions, therefore being
responsible for the functional diversification of the central Hsp70 component (Cyr
and Ramos, 2015). A recent report put forward a size-specific aggregate targeting
for J-proteins: large aggregates were targeted by class B J-proteins whereas class A
J-proteins aimed for small ones (Nillegoda et al., 2015). Being type B oligomers

small a-syn aggregates, we decided to test whether this specific targeting was also
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observed. To this aim, three different J-proteins were assayed together with the
Hsc70 and Apg2 components of the disaggregase: DnalB1, the class B J-protein used
above, and two class A J-proteins, DnalAl (Hdj2) and DnalA2. 2 uM type B
oligomers of a-syn were incubated with a 5-fold excess of Hsc70 and the
cochaperone ratio described in the previous section. As type B oligomers are
soluble, disaggregation reactions were directly run on a 4-16% Native-PAGE and
analyzed by immunoblotting. The Hsc70-Agp2 combination showed disaggregase
activity only with DnaJB1, and not with either of the class A JDP used (Figure 4.2 d).
This activity was ATP-dependent and resulted in the oligomer to monomer
conversion of a-syn, with barely any intermediate species. These data indicate that
Hsc70, working in concert with Apg2 and the same class B J-protein that
disassembles fibrils, can target toxic oligomeric species formed at the early stages

of the aggregation process.
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Figure 4.2. Disaggregation of type B a-syn oligomers by human chaperones. Type B
oligomer morphology, size and secondary structure were confirmed by EM (a), DLS (b) and
Far-UV CD (c). (d) Oligomer disaggregation reactions after 2h incubation at 30 °C with
different chaperone mixtures were analyzed by Native-PAGE and immunoblotting.
Monomeric and oligomeric solutions in the absence of chaperone were used as controls.
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4.2.3. Fragmented fibrils generated by sonication are better disaggregated by
chaperones

The overall aggregation process of a-syn, and other amyloidogenic polypeptides,
was initially defined as a nucleation-polymerization process in which a primary
nucleation step determines that monomeric protein goes through an
oligomerization event whose products can grow to ultimately give rise to mature
fibrils (Jarrett and Lansbury, 1992). It has become evident that other secondary
processes, such as nucleation catalyzed on aggregate surfaces and fibril
fragmentation, exist and may be crucial in the formation of short fibrillar and toxic
aggregation intermediates (Knowles et al., 2009; Cohen et al., 2013; Buell et al.,
2014). In this regard, we also wanted to explore the effect of fibril fragmentation

on the disassembly activity of the human disaggregase.

Mechanical fragmentation of fibrils by agitation or sonication produces a
time-dependent decrease in size, accompanied by an increase in aggregate toxicity
(Xue et al., 2009; Mirbaha et al., 2015, 2018; Abdelmotilib et al., 2017; Ghag et al.,
2018). Thus, we subjected a-syn fibrils to 15 or 30 sonication cycles and separated
the soluble and insoluble fractions by centrifugation to obtain more homogeneous
fibril populations (Figure 4.3 a). EM (Figure 4.3 b) and DLS (Figure 4.3 c) of the
samples confirmed that increasing sonication time reduced fibril size. Importantly,
as previously seen for other amyloids (Xue et al., 2009), sonication did not alter the
conformation or chemical properties of a-syn fibrils. Neither interaction with ThT
nor binding of the solvent-sensitive dye ANS, were importantly altered upon (Figure
4.3 d), indicating that B-sheet-rich regions and exposure of hydrophobic surfaces to
the solvent were similar for fibrils of different sizes. FT-IR spectroscopy analysis of
the samples confirmed these results, as unsonicated and sonicated fibrils showed
similar spectra with absorption maxima at 1628 cm™ (Figure 4.3 e), characteristic

of proteins with a high B-sheet content (Arrondo et al., 1993).
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Figure 4.3. Fibril fragmentation by sonication changes fibril size without altering its
structure. (a) Schematic representation of the procedure used to obtain fibril populations
of different sizes. Fibrils were either not sonicated (unsonicated) or sonicated by 15 or 30
cycles. After sonication, samples were centrifuged at 16,000 g for 30 min and soluble (SN)
and insoluble (P) fractions were separated. Fibril size was analyzed by TEM (b) and DLS (c).
To confirm that sonication did not perturb the chemical or structural properties of fibrils,
the different samples obtained were analyzed by ThT and ANS binding (d) and by FT-IR
spectroscopy (e). Each sample is color-coded as shown in panel (b).
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The different sized fibril preparations were then incubated with chaperones

to compare their disaggregation susceptibility. As for type B oligomers, native

electrophoresis allowed us to compare both initially soluble and insoluble material

as well as to distinguish the disassembly of fibrils into monomeric or oligomeric

species. Regardless the size of the fibrils, the human disaggregase mainly generated

a-syn monomers (Figure 4.4 a) and its disassembly activity inversely correlated with

fibril size (Figure 4.4b), disaggregating more efficiently shorter fibrils. This

observation, together with the fact that chaperones can disassemble a-syn

oligomers, suggests a preferential targeting of smaller amyloid aggregates by the

human disaggregase.
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Figure 4.4. Disaggregation of different
sized fibrils by the human disaggregase.

2 uM of a-syn fibrils of different lengths
were incubated with a 5-fold excess of
Hsc70 in the presence of its
cochaperones and ATP. Disaggregation
reactions after 2h incubation at 30 °C
were analyzed by Native-PAGE and
immunoblotting (a). Monomeric (INPUT)
and fibril solutions in the absence of
chaperones were used as controls.
Disaggregation (%) was calculated as the
relative amount of monomeric a-syn
with respect to the INPUT (b).

4.2 4. a-syn aggregates that are better disassembled by chaperones are the most

toxic

We then sought to determine if there was a correlation between aggregate toxicity

and chaperone targeting. One of the toxicity mechanisms described for a-syn is
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cellular membrane disruption (Fusco et al., 2017), which can be mimicked in assays
monitoring content release from liposomes. The addition of monomeric a-syn to
liposomes produced negligible leakage of encapsulated calcein (Figure 4.5 a).
Meanwhile, unsonicated fibrils provoked low leakage —around 10% - and their
fragmentation into shorter species increased their membrane-disrupting activity in
a size-dependent manner, reaching 45% leakage for the shortest ones, similary to
type B oligomers. This membrane disruption activity strongly correlated with the
decrease in the viability of human neuroblastoma SH-SY5Y cells (Figure 4.5 b). At
0.3 uM a-syn, neither monomers nor unsonicated fibrils affected cell viability, but
doubling protein concentration reduced it around 13% for both samples.
Nonetheless, we observed an aggregate size-dependent reduction in cell viability
upon addition of sonicated fibrils or type B oligomers. The viability values obtained
for the shortest fibrils and type B oligomers lowered to 75 and 66% at 0.3 and 0.6
UM a-syn, respectively, in agreement with previous reports (Fusco et al., 2017).
Altogether, we show that chaperones disaggregate more efficiently the most toxic

aggregation intermediates of a-syn.
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Figure 4.5. Toxicity of the different a-syn aggregates. (a) Liposomes with encapsulated
calcein were incubated with different a-syn species (0.8 uM). Calcein release was measured
with respect to the total fluorescence signal obtained after complete disruption of LUVs
using Triton X-100. (b) The different a-syn species (0.3 or 0.6 uM) were added to a culture
of human neuroblastoma SH-SY5Y cells. After 24h incubation, cell viability was measured
monitoring mitochondrial activity by the reduction of MTS. Control cells in the absence of
a-syn (untreated) are shown in grey.
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4.2.5. Disassembly kinetics of a-syn aggregates suggests a one-step mechanism
favored by the amyloid structure
To get further insights into the mechanism used by chaperones to disaggregate a-
syn amyloids, we monitored the disaggregation kinetics of fibrils and type B
oligomers as a fluorescence dequenching process (Cremades et al., 2012; Gao et
al., 2015). AlexaFluor488 labeled fibrils (unsonicated and sonicated) and type B
oligomers at 2 uM were mixed with different concentrations of the human
disaggregase up to 1:2 (a-syn:Hsc70 molar ratio). As we had previously seen, only
low disaggregation was obtained for unsonicated fibrils at high chaperone
concentrations (Figure 4.6 a). In stark contrast, sonicated fibrils (Figure 4.6 c) and
type B oligomers (Figure 4.6 e) were efficiently disaggregated in a dose-dependent
manner, reaching maximum disassembly (85-100%) at 1:0.5 a-syn:Hsc70 molar
ratio (Figure 4.6 g). Native-PAGE analysis of the disaggregation product of the three
aggregate species showed that chaperone-mediated disassembly resulted in a
major band corresponding to the monomeric protein (Figure 4.6 b, d, f). Although
some faint bands compatible with low molecular weight oligomers were observed,
the absence of larger intermediate species, especially under low disaggregation
conditions (i.e. unsonicated fibrils at all chaperone concentration assayed or
sonicated fibrils/type B oligomers at low chaperone concentrations) suggested a
one-step disassembly mechanism in which monomers are individually extracted
from the aggregate (seen on the top of the gels). Indeed, fitting of the
disaggregation kinetics of sonicated fibrils and type B oligomers was consistent with
a pseudo-first order kinetic model, which allowed us to calculate the disaggregation
rate constant (k) at each chaperone concentration. The disaggregation rate for type
B oligomers was 3-4 times lower than for sonicated fibrils below 2 pM Hsc70, and
only above this concentration, oligomers disassembled faster than fibrils (Figure

4.6 h).
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Figure 4.6. Disaggregation kinetics of a-synuclein aggregates. a-syn (2 uM) unsonicated
fibrils (a, b), sonicated fibrils (c, d) and type B oligomers (e, f) labeled with alexaFluor488
were disaggregated at different chaperone concentrations with a molar ratio of

Hsc70:DnalB1:Apg2 constant at 1:0.5:0.1. Disaggregation was followed as a fluorescence
dequenching process (a, ¢, e) and at the end of the kinetics, samples were analyzed by
Native-PAGE (b, d, f). The final disaggregation percentage was plotted as a function of Hsc70
concentration (g). Disassembly kinetics in (c and e) were fitted to a pseudo-first order
function (solid lines) and disaggregation rate constants at each chaperone concentration
were calculated (h).

91



The fact that type B oligomers, which are smaller than sonicated fibrils,
showed a slower disaggregation rate at low chaperone concentration seemed to
contrast the increased chaperone activity observed as fibril size shortened.
Nevertheless, we hypothesized that the higher-ordered organization (i.e. B-sheet
content and structural topology) of fibrils in comparison to type B oligomers (Chen
et al., 2015), could favor a faster disaggregation rate. To prove this hypothesis, we
followed the disaggregation kinetics of amorphous aggregates of GGPDH, a model
protein whose chaperone-mediated reactivation has been modeled for the
bacterial system composed of the DnaK system (DnaK, Dnal and GrpE) and the

disaggregase ClpB (Fernandez-Higuero, Muga and Vilar, 2020).

Fluorescently labeled G6PDH aggregates (2 uM) were titrated with the
human disaggregase up to 1:5 (G6PDH:Hsc70) molar ratio (Figure 4.7 a).
Disaggregation only started to be significant (around 85%) at G6PDH:Hsc70 molar
ratio 1:2, at which disaggregation showed a lag phase of approx. 90 min. Further
increase in the chaperone concentration resulted in the same final disaggregation
percentage with a significant reduction in the lag phase. At the end of the kinetics,
samples were analyzed by Native-PAGE visualizing the in-gel fluorescence (Figure
4.7 b). As expected, disaggregation efficiency values correlated with the amount of
dimeric protein present in the gel. Furthermore, the fact that aggregate
reactivation (Figure 4.7 c, d) paralleled very well the kinetics of fluorescence
dequenching, indicated that the dimeric protein was the active, native
conformation. Comparison of these results with those obtained for a-syn, clearly
evidenced that the amyloid structure favors chaperone-mediated disaggregation,
requiring less chaperone concentration and bypassing the lag phase observed for

amorphous aggregates.
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Figure 4.7. Disaggregation kinetics of glucose-6-phosphate dehydrogenase aggregates.
Thermally aggregated (50 °C) G6PDH (2 uM) was disaggregated at different concentrations
of the ternary chaperone mixture with molar ratios of Hsc70:DnalB1:Apg2 constant at
1:0.5:0.1. In panel (a), disaggregation was followed as a dequenching process using G6PDH
labeled with AlexaFluor488 and at the end of the kinetics, samples were analyzed by Native-
PAGE (b). In panel (c), aggregate reactivation kinetics was followed by taking an aliquot at
different time points and following the reaction catalyzed by the enzyme (d), monitoring
the reduction of NADP*, which produces an absorbance increase at 340 nm.

4.2.6. Chaperone-mediated disaggregation of a-syn fibrils occurs through

depolymerization from the fibrils ends

The low disaggregation efficiency of unsonicated fibrils, together with the fact that
disaggregation kinetics of type B oligomers and sonicated fibrils fit a one-step
mechanism and being monomers the main disassembly product, lead us to the only
possible explanation that chaperone-mediated disaggregation primarily entails
depolymerization from the aggregate ends. To prove this, we followed the
chaperone-mediated disaggregation of a-syn fibrils using high-speed AFM. For that,
we placed sonicated fibrils on poly-L-ornithine coated mica and washed the sample
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with disaggregation buffer. After an initial visualization time to ensure the stability
of the sample, chaperones, ATP and an ATP-regeneration system were added to the
chamber (Figure 4.8 a). Immediately after chaperone and nucleotide addition,
fibrils disaggregation events started to happen, with a total of 42 disaggregation
events observed within the first 50 min (Figure 4.8 d). No additional disassembly
reactions were observed at longer incubation times (80 min) (Figure 4.8 b),
although a second injection of the same chaperones and ATP concentrations

promoted 10 more disaggregation events within 20 min (Figure 4.8 c, d).

Analysis of individual disaggregation events revealed that disassembly began
at one fibril end and once started, propagated rapidly towards the opposite end,
resulting in the complete fibril disaggregation within 4 minutes. Two representative
disaggregation events are shown in Figure 4.8 e and f, recorded during the first and
second chaperone injection, respectively. Interestingly, we observed that
depolymerization started with an initial unwinding of the fibrils, which peeled and
curled as they were disassembled, resulting in a depolymerization process similar
to the one described for MTs (Bollinger and Stevens, 2018). We observed that
chaperones could destabilize both fibril ends simultaneously, which indicates that
fibril depolymerization could start at any of the two fibril ends. Yet, the fast
propagation of the disassembly process favors unidirectional disaggregation in

most of the cases.

Summing up, we show that the human disaggregase disassembles amyloids
through a depolymerization process that starts at the fibril tips. Consequently,
chaperone-mediated disassembly relies on the available number of fibril ends,
which is reduced in large fibrils (i.e. unsonicated) and increases upon
fragmentation. This mechanism explains the low disaggregation efficiencies
observed for larger fibrils and the chaperone targeting towards shorter and more

toxic aggregate species.
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Figure 4.8. Chaperone mediated-disaggregation of a-syn fibrils followed by high-speed
AFM. High-speed AFM movie frames of the chaperone-mediated disaggregation of a-syn
sonicated fibrils immediately after chaperones, ATP and an ATP-regeneration system were
added to the chamber — time 0 — (a) and after 80 min incubation (b). At 80 min, more
chaperones were added to the chamber, further scanning until 100 min (c). White asterisk
in panels a-c represent the same scan location, which drifted during the measurement. (d)
Cumulative disaggregation events were plotted as a function of time (min). Time-resolved
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disassembly of fibrils marked with white arrows in panel a (e) and panel b (f), respectively.
Scale bar in panels a-c and e-f represents 100 and 40 nm, respectively.

4.2.7. The human disaggregase collaborates with the proteasome in the clearance

of a-syn fibrils

A human disaggregase that shows a predominant depolymerization activity
suggests that clearance of large amyloid assemblies by this machinery may not be
efficient in the cell. Although mature fibrils tend to cluster and form deposits, which
reduces inappropriate interactions with cellular components, they can still
contribute to toxicity, feeding back aggregation. In yeast, Hsp70 and Hsp40
efficiently disaggregate both amorphous aggregates and amyloids in collaboration
with Hsp104 (Desantis et al., 2012; Davis and Sindi, 2016). This member of the AAA+
ATPase family is able to fragment amyloids (Winkler et al., 2012) but metazoan lack
of Hsp100 disaggregases. A recent report evidenced that the 26S proteasome was
able to fragment a-syn and tau fibrils into toxic oligomeric species (Cliffe et al.,
2019). Therefore, we hypothesized that the proteasome and the human

disaggregase could collaborate in the clearance of large amyloid assemblies.

To test this hypothesis, we incubated fluorescently labeled unsonicated and
sonicated a-syn fibrils with the 26S proteasome holoenzyme (Figure 4.9 a). After
22h incubation, chaperones were added to each mixture and after an additional
incubation of 16h, they were analyzed by Native-PAGE (Figure 4.9 b). Unsonicated
fibrils, which were poorly disaggregated by the chaperones alone, increased their
disaggregation to 16% after proteasome treatment (Figure 4.9 c), confirming that
the fragmentation ability of this machinery favors chaperone-mediated
disassembly of a-syn fibrils. In addition, proteasome pretreatment of sonicated
fibrils also increased chaperone activity (from 39 to 54% of disaggregation) (Figure
4.9 c), which could indicate that proteasomes are able to further fragment

sonicated fibrils into shorter aggregate spices that are more susceptible to
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disaggregation. Importantly, the proteasome action alone on unsonicated or
sonicated fibrils did not generate monomeric protein (Figure 4.9 b). Although
further investigation is needed, this is a promising finding and suggests that the
proteasome could compensate for the lack of an Hsp100 homolog in metazoan,
fragmenting amyloids and thus, preparing large aggregates for their subsequent

disassembly by the human Hsp70-based disaggregase.
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Figure 4.9. Proteasome-pretreatment of a-syn fibrils favors chaperone-mediated
disaggregation. (a) Schematic representation of the experimental approach used to test the
collaboration between the proteasome and the human disaggregase. Disaggregation was
analyzed by Native-PAGE (b) and quantified by the in-gel fluorescence of the band
corresponding to the monomeric protein (c).

4.2.8. The aggregate-size dependence activity of the human disaggregase is

conserved for tau fibrils

Finally, we wanted to test whether the aggregate-size dependence activity of
chaperones observed for a-syn also occurred with other amyloidogenic proteins.

We assembled tau fibrils from the recombinant full-length isoform 2N4R (Figure
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4.10 a, b). After aggregation, two tau fibril populations were produced, unsonicated
and sonicated, which showed the expected fibril fragmentation upon sonication as
seen by DLS (Figure 4.10 c). Then, the human disaggregase was added to each
sample and solubilization was analyzed by a sedimentation assay. Chaperones
solubilized poorly —around 6%- unsonicated tau fibrils, while disaggregation
increased substantially —up to 40%- for the sonicated sample (Figure 4.10 d). These
preliminary results suggest that the human disaggregase targeting of amyloid
intermediates might be conserved among amyloidogenic proteins. Furthermore,
considering that the proteasome can fragment tau fibrils (Cliffe et al., 2019),

chaperones could also coordinate with this machinery to disassemble tau fibrils.

Q
o

100 o
] 801 8
ot
c 60 e}
ot o
w
Q40 A
S
T @]
00 - 08, T T T
0 40 80 120 160
Time (hours)
C d ' — -
e [MlONOMer ’\? 100
301 < g0
S s
< S 60
o 20 & T
€ = 40
3 8
p=}
2 101 5 2
%] - -
0
0 4 T e AT — e e \S\ 2o o A° o
N N N R
1 10 100 1000 10000 N N . & &8 &
<& S <& N
i 3 D %3 S
Size (nm) Y & N
& S 2
N & é\@“
& <
0(\

Figure 4.10. The human disaggregase disassembles more efficiently fragmented tau fibrils.
(a) Aggregation kinetics of a 40 uM solution of tau 2N4R followed by ThT and ANS
fluorescence. At each time point, an aliquot was taken from the reaction, mixed with the
fluorophores and the fluorescence of the sample was measured. (b) After 1-week
incubation, fibrillar morphology of the aggregates was confirmed by negative-stain EM
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(scale bar, 200 nm). (c) DLS-derived size distribution of monomeric and fibrillar (unsonicated
and sonicated) tau solutions. (d) Solubilization of tau fibrils (1 uM) by the human
disaggregase was analyzed by a sedimentation assay. After 2h incubation at 30°C in the
presence of ATP, reaction mixtures were ultracentrifuged and solubilized tau was detected
in the supernatant by immunoblotting. Fibrils without chaperones were used as a control.
INPUT was made with a 1 uM solution of monomeric tau.

4.3. DISCUSSION

The Hsp70-based chaperone system has been shown to revert a-syn fibrils,
although the exact disaggregation mechanism remains unclear, with two proposed
models to date (Duennwald, Echeverria and Shorter, 2012; Gao et al., 2015). Both
models state that the human disaggregase can depolymerize fibrils, extracting
monomers from fibrils ends, whereas one proposes that chaperones can also
extract monomers from the center of the fibrils, therefore breaking them into
smaller fragments (Gao et al., 2015). Our data supports a model in which fibril
disassembly occurs through depolymerization (Duennwald, Echeverria and Shorter,
2012). We show that a-syn fibrils are poorly disassembled by chaperones unless
they are mechanically fragmented through sonication, which increases the number
of fibril ends. Disassembly of sonicated fibrils yields monomeric a-syn with a very
minor population of small oligomers. Indeed, we show that this Hsp70-based
machinery can also efficiently disaggregate small toxic oligomeric species of a-syn
with the same class B J-protein, DnalB1. Kinetics analysis of the disassembly of
sonicated fibrils and type B oligomers of a-syn could be reasonably explained by a
one-step disassembly mechanism, in agreement with a recent study (Schneider et
al., 2020), which have also put forward that this chaperone system disaggregates
a-syn fibrils through the removal of monomers form fibril ends without
intermediate fragmentation steps. Comparison of the disaggregation kinetics of
both types of a-syn amyloid intermediates and amorphous aggregates showed that

the highly organized structure of amyloids favored chaperone-mediated
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disaggregation, requiring less amount of chaperones and bypassing the lag phase
seen for amorphous aggregates, which results in the generation of monomer

immediately after addition of the chaperones.

Since the amyloid structure can be considered the most stable aggregate
state from a thermodynamic point of view, the fact that such architecture could
favor chaperone-mediated disaggregation seemed contradictory. Yet, the fibrillar
structure of amyloids allows Hsc70 to interact throughout the whole aggregate
surface (Gao et al., 2015), binding up to every other protomer in the case of a-syn
fibrils (Wentink et al., 2020). This a-syn to Hsc70 stoichiometry is consistent with
our disaggregation experiments, which saturates at a-syn:Hsc70 molar ratio of
1:0.5. The DnalBl-induced ultra-affinity for the amyloid substrate provides the
energy required to load Hsc70 in this dense arrangement (Wentink et al., 2020).
Crowding of Hsc70 at the fibril surface provokes steric clashes between neighboring
Hsc70 molecules, making this conformation energetically unfavorable and thus,
exerting entropic pulling forces on Hsc70-bound a-syn molecules (Wentink et al.,
2020). Furthermore, the high molecular mass of Apg2 impedes the shuffling of
crowded Hsc70 molecules, biasing NEF activity to those that are not densely packed
on the fibrils (Wentink et al., 2020). Therefore, we rationalize that Apg2 starts
disassembly at the fibril ends, where the excluded volume effect of Hsc70
molecules is the lowest. Time-resolved AFM clearly shows that depolymerization
starts at the fibril tips and propagates fast through the fibril longitudinal axis. The
images captured during the solubilization process display a “ram’s horns” motif that
resemble those described for depolymerization of microtubules (Bollinger and
Stevens, 2018). Microtubule depolymerization requires uncapping of the plus end
filament aided by a conformational change of tubulin, which leads to a
catastrophically fast process (Bollinger and Stevens, 2018). Similarly, our data
suggest that after destabilization of any of the fibril ends by the action of the human

disaggregase, the depolymerization process rapidly propagates towards the
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opposite end. Such a fast propagation could be due to the unfavorable dense
packing of Hsc70 molecules along the fibril longitudinal axis, which would be rapidly
released in a concatenated way by the action of Apg?2 at the fibril ends. The “ram’s
horns” motif observed during depolymerization suggest unzipping of the twisted

filaments that build the fibril, which could further help in monomer extraction.

Fibril fragmentation increases the number of ends and thus, the likelihood of
starting a depolymerization process. Within a-syn fibrils, each monomer
establishes intra- and inter-protofilament interactions with neighboring monomers
(Guerrero-Ferreira et al., 2018, 2019; Li, Ge, et al., 2018; Li, Zhao, et al., 2018; Boyer
et al., 2019, 2020; Ni et al., 2019; Schweighauser et al., 2020; Sun et al., 2020).
Monomers located at the end of the fibril lack half of these interactions and thus,
their extraction is energetically less demanding. This, together with the fact that
Apg2 is sterically excluded from the fibril center due to Hsc70 crowding (Wentink
et al., 2020), lead us to the conclusion that fibril fragmentation by chaperones may
not be favorable. Nonetheless, a previous report showed that within a few minutes
after chaperone addition, there was a fibril shortening that was attributed to
fragmentation (Gao et al, 2015). Our results show that this observation is
compatible with a fast depolimerization-only mechanism, whose propagation may
be interrupted eventually when fibrils are too long (i.e. unsonicated), for which the
probability of kinks, interfibril contacts or other defects increases, rendering
monomers and shorter fibrils without altering the number of fibrils ends. Endorsing
this hypothesis, no fragmentation was observed when the same chaperone
complex disaggregated tau fibrils (Nachman et al., 2020), which was further
corroborated with our results showing that chaperone activity was only significant
after mechanical fragmentation of tau fibrils. Fragmentation of amyloids has
classically been attributed to yeast Hsp104 (Winkler et al., 2012), a member of the
AAA+ ATPase Hsp100 disaggregases with no homologs in metazoan. Arecent report

showed that large fibrils assembled from a-syn and tau are substrates of the 26S

101



proteasome holoenzyme, which fragments them into small aggregates (Cliffe et al.,
2019). We show that pretreatment of a-syn fibrils with the proteasome enhances
chaperone disassembly activity, suggesting that clearance of amyloids could
potentially be accomplished with the coordinated collaboration of both

proteostasis machineries.

An important aspect to decipher the consequences of the Hsp70-based
amyloid disassembly activity in neurodegeneration is to consider the toxicity of the
disaggregation products. The initial in vitro observations indicated that a-syn
disaggregation could be beneficial and cytoprotective since fibrillar a-syn was
eventually dissolved into non-toxic monomers (Gao et al., 2015). Furthermore,
altering the human disaggregase activity can have beneficial effects on a-syn
aggregation in cell culture and animal models (Taguchi et al., 2019; Tittelmeier et
al., 2020). Our data also demonstrate that this beneficial effect is expected as the
human disaggregase efficiently solubilizes toxic a-syn oligomers into monomers.
Nevertheless, it has also been reported that the chaperone-mediated
disaggregation process could also generate spreading-competent oligomeric
species that may serve as a template for further aggregation (Nachman et al., 2020;
Tittelmeier et al., 2020). We show herein that a Hsp70 machinery only able of
depolymerizing could be crucial to avoid the formation of new aggregation
intermediates, which are the most cytotoxic species. As pointed out by Tittelmeier
et al. (Tittelmeier et al., 2020), the final outcome could depend on the state of the
protein quality control network, which declines with aging and disease. The high
proteostasis capacity characteristic of healthy or young organisms could ensure fast
disaggregation of toxic amyloids, including oligomers and small fibrils, reducing
their lifetime and thus, their negative effect in the cell. In contrast, in sick or old
individuals the proteostasis capacity gets progressively impaired due to a reduction

in the chaperones available to process toxic aggregates, which transiently
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accumulate, inducing cell-death and spreading from cell to cell (Tittelmeier et al.,

2020).
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5.1. INTRODUCTION

A plethora of PTMs, including phosphorylation, ubiquitination, nitration, O-
GlcNAcylation and truncation, seem to play a key role in a-syn pathogenesis (Zhang,
Li and Li, 2019). Truncation is one of the predominant modifications of a-syn. Both
N-terminally and C-terminally truncated a-syn species have been found in the brain
of healthy and diseased individuals (Li et al., 2005; Muntané and Ferrer, 2012; Kellie
et al., 2014; Bhattacharjee et al., 2019). By epitope mapping and/or mass
spectroscopy (MS), confirmed truncated forms of a-syn include those starting at
residues 5, 10, 18, 19, and 68 (N-truncations) and those cleaved after residues 103,
110, 113, 114, 115, 119, 122, 124, 125, 133, and 135 (C-truncations) (Sorrentino
and Giasson, 2020). Interestingly, many of these truncations are enriched within
the insoluble fraction of diseased brain lysates compared to healthy controls,
pointing to an important role of truncation in disease pathogenesis (Baba et al.,

1998; Li et al., 2005; Anderson et al., 2006; Kellie et al., 2014).

Intracellular protein degradation relies on two major pathways: the
autophagy-lysosomal pathways and the ubiquitin-proteasome system. Through

both pathways, proteins confront proteases that aim for partial or full degradation
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of substrates. Depending on the protease and the assembly state of a-syn
(monomeric, oligomeric or fibrillar), several truncated forms are produced. Among
lysosomal proteases, cathepsin D (CstD) is able to C-truncate both monomeric and
fibrillar a-syn; cathepsin B (CtsB) degrades monomers but only truncate fibrils;
while cathepsin L (CtsL) can fully degrade all forms of a-syn (Sorrentino and
Giasson, 2020). The cytosolic protease calpain-1 cleaves monomeric a-syn at its N-
terminus and NAC region and fibrillized a-syn predominantly at the C-terminus
(Mishizen-eberz et al., 2003). Monomeric a-syn is also processed by the 20S
proteasome and caspase |, both cleaving at the protein’s C-terminus (Liu et al.,
2005; Wang et al., 2016; Ma et al., 2018). Other proteases that contribute to a-syn
truncation include the lysosomal protease asparagine endopeptidase (AEP) and
extracellular proteases such as neurosin/kallikrein-6, matrix metalloproteases 1
and 3 (MMP1 and MMP3) and plasmin (Sorrentino and Giasson, 2020). The
combined action of these proteases results in the formation of numerous truncated

forms at different stages of the aggregation process.

Although it has been shown that truncation strongly influences a-syn
aggregation and prion-like pathogenicity (Liu et al., 2005; Terada et al., 2018;
Gallardo, Escalona-Noguero and Sot, 2020), very little is known about the effect of
this PTM on aggregate clearance. Fibrils of a truncated mutant of a-syn lacking the
N- and C-terminus (a-synso110) are not disassembled by the Hsc70/DnalB1/Apg2
machinery (Gao et al., 2015). This behavior was explained assuming that the N-
and/or C-terminal parts of the a-syn molecule might provide a specific binding
platform for the functional formation of the composite Hsc70/DnalB1/Apg2
machinery. In this chapter, we sought to deepen the effect of a-syn truncation on
chaperone-mediated disaggregation, which could have implications in aggregate

clearance and thus, in pathogenesis.
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5.2. RESULTS

5.2.1. Effect of a-syn N- and C-terminal truncation on chaperone activity

Recent studies have determined the cryo-EM structure of recombinantly produced
a-syn fibrils (Guerrero-Ferreira et al., 2018; Li, Ge, et al., 2018; Li, Zhao, et al., 2018;
Ni et al., 2019). In these 3D reconstructions, both N- and C-terminal ends are not
visible, indicating a high degree of flexibility due to their predicted intrinsically
disordered structure (Figure 5.1 a). NMR data and limited proteolysis proved these
terminal residues to be solvent-exposed and unprotected in nature (Vilar et al.,
2008). The structural model of a full-length a-syn fibril based on NMR data shows
that these disordered terminal tails surround the structured core of the fibril (Tuttle

et al. 2016; Figure 6.1 b).

To understand the importance of these unstructured regions in chaperone-
mediated fibril disaggregation, we generated two mutants, lacking either the first
29 N-terminal residues (a-synsg.140) or the last 30 C-terminal amino acids (a-syn;.
110). After one week of aggregation, amyloid fibrils of WT and both mutants were
subjected to sonication as fibril fragmentation facilitates an efficient chaperone-
mediated disaggregation (Chapter 4). Sonicated fibrils were then incubated with
the human disaggregase, a chaperone mixture composed of Hsc70 and its
cochaperones DnalB1 and Apg2, in the presence of ATP and an ATP-regeneration
system. Reaction products were fractionated in a density-gradient centrifugation
and analyzed by immunoblotting (Figure 5.1 c). As expected, sonicated fibrils were
detected in fractions of higher density in the absence of chaperones. After
incubation with chaperones, a-synwr and a-synso.120 were also detected in fractions
1-3, confirming their disassembly into soluble monomers. Conversely, a-syni-iio
was mainly detected in fraction 9, indicating that this truncation mutant was not

susceptible to disaggregation.
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Figure 5.1. Truncation of the last 30 residues of a-syn blocks fibril disaggregation by
chaperones. (a) Full-length a-syn and truncation mutants sequence scheme laid out on a
disorder prediction obtained with DISOPRED3 software (O=ordered, 1= disordered). (b)
Structural model of an a-syn monomer within a fibril determined by solid-state nuclear
magnetic resonance (PDB: 2NOA). N- (orange) and C- (violet) truncated terminal residues
are colored in the structure. (c) Fibrils disaggregation of full-length and truncated mutants
of a-syn analyzed by sucrose-gradient fractionation. Reactions of 10 uM a-syn monomers,
sonicated fibrils, or sonicated fibrils incubated with 10 uM Hsc70, 5 uM DnalB1 and 1 uM
Apg2 for 2.5 h, were loaded on a 5-40% sucrose-gradient and ultracentrifuged. Fractions
were analyzed by SDS-PAGE and immunoblotting.

Disaggregation of fibrils requires binding of the three chaperone components
to the fibrils (Gao et al., 2015). Both N- and C-terminal residues have been proven
important for the interaction of different heat shock proteins with monomeric a-
syn (Burmann et al., 2019; Jia et al., 2019). Hsc70 binds a-syn preferentially through
its N-terminus (Burmann et al., 2019) while DnaJB1 binds to its C-terminal domain

(Jia et al., 2019). As DnalB1 is the first chaperone that binds to fibrils, coating the
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surface and recruiting Hsc70 to the aggregate, we first thought that binding of
DnalJB1 to a-syniiio could be impaired. Chaperone-substrate interaction is
commonly assayed by testing the chaperone’s ability to prevent aggregation of the
substrate. Hsp70 prevents aggregate formation by interacting with prefibrillar
aggregates (i.e. seeds) blocking elongation, rather than interacting with monomers
(Dedmon, Christodoulou, Wilsont, et al., 2005; Huang et al., 2006; Arosio et al.,
2016; Aprile et al., 2017). This mechanism seems to be extended to members of the
Hsp40 family (Mansson et al., 2014; Arosio et al., 2016; Kakkar et al., 2016;
Mansson, van Cruchten, et al., 2018). Therefore, we followed the increase in ThT
fluorescence of self-seeded a-syn in the absence and presence of each of the three
components of the human disaggregase system at 10:1 (a-syn/chaperone) molar
ratio. Although aggregation of both truncation mutants and the full-length protein
occurred in different time-scales, it was delayed for the three variants in the
presence of any of the chaperones (Figure 5.2 a). Interestingly, DnalJB1 inhibited
aggregation of a-syni.iio, discarding binding impairment when the C-terminus is

lacking.

We then sought to determine whether the DnaJB1-mediated recruitment of
Hsc70 to a-syni.110 fibrils was compromised. Through a co-sedimentation assay, we
saw that Hsc70 bound poorly to WT fibrils in the absence of DnalB1 and that
cochaperone addition increased 12-fold the amount of fibril-bound chaperone
(Figure 5.2 b and c). Further addition of Apg2 slightly improved Hsc70 binding,
following a comparable association pattern seen for amorphous aggregates
(Cabrera et al., 2019). A similar Hsc70 recruitment in the absence and presence of
cochaperones was observed for the a-syn variants lacking either of the terminal
regions. Altogether, these data indicate that disaggregation of a-syni.110 fibrils by
chaperones is blocked, even though chaperone interaction with the aggregated

substrate is not deficient.
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Figure 5.2. Chaperones interact similarly with WT and N- or C-terminally truncated a-syn
fibrils. (a) Aggregation of self-seeded a-syn (full-length or truncation mutants) followed by
the increase in ThT fluorescence in the absence and presence of each of the three
components of the human disaggregase system at 10:1 (a-syn:chaperone) molar ratio. (b)
Co-sedimentation of 2 uM a-syn fibrils (full-length or truncation mutants) and Hsc70 (2 uM)
in the presence of DnalB1 (1 uM) alone or in combination of Apg2 (0.2 uM). As controls, the
same chaperone mixtures were analyzed in the absence of fibrils. (c) The relative amount
of Hsc70 bound to fibrils in the absence and presence of cochaperones was quantified by
densitometry.

5.2.2. a-syn fibrils lacking the C-terminal residues render more stable structures
due to lateral association

The formation of a different aggregate structure due to C-terminal truncation could

explain the difficulty of chaperones to disaggregate a-syni.11o fibrils. Indeed, it has

been recently described that a C-terminal truncated mutant of a-syn (a-syni-ios)

forms amyloid fibrils with a distinct structure and morphology (lyer et al., 2017). In

this deletion mutant, the canonical circular dichroism spectrum of amyloid fibrils

with a broad minimum at 218 nm and a positive maximum at 200 nm were red-
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shifted, a behavior we replicate with the a-syni.110 mutant and not with a-synsg.140
(Figure 5.3 a). This red-shift has been associated with strongly twisted B-sheets (lyer
et al., 2017), in good agreement with recent cryo-EM structural data indicating that
fibril helical twist increased upon removal of C-terminal residues (Ni et al., 2019).
In this report, deletion of C-terminal residues correlated with an increased stability
as seen by limited proteolysis experiments with proteinase K. In our case, a-synwr
and a-synso.120 show a similar proteinase K digestion pattern, with most of the full-
length protein degraded within 30 min (Figure 5.3 b). In contrast, the a-syni.110
band persisted even after 2h, highlighting its increased stability against proteolysis.
We further checked the resistance of the three variant fibrils to GdnHCI
denaturation by ThT fluorescence (Figure 5.3 c). Fibrils of a-synsg1s0 showed a
significantly lower resistance to chemical denaturation compared to a-synwrand a-
syni.110 fibrils. Between these two variants, a-syn;.110 fibrils showed an increased
resistance compared to a-synwr, with ECsovalues of 0.75 M and 0.61 M respectively.
This minor increase suggests a more compact structure for fibrils of the deletion
variant which could explain, at least partially, the observed differences in

disaggregation.

One consequence of the increased stability of a-syn;.110 fibrils could be the
reduction of fibril fragmentation upon sonication, which in turn would diminish the
chaperone-mediated disaggregation. To test this possibility, we analyzed the effect
of sonication on fibrils of the three protein species by DLS (Figure 5.3 d). Sonication
of both a-synwrand a-synsg.140 fibrils reduced fibril length from microns to hundreds
of nanometers, whereas barely diminished the size of a-syni.11o fibrils. Electron
microscopy analysis of these samples showed that unlike synwrand a-synso.140 fibrils
which were shown as disperse/individual fibrils with rod-like morphologies, a-syni.
110 fibrils seemed to associate laterally and clump together into suprafibrillar
morphologies (Figure 5.3 e), a behavior previously described for fibrils of the a-syn;-

108 mutant (Semerdzhiev et al., 2014; lyer et al., 2017). After sonication, the three
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Figure 5.3. Truncation of the last 30 residues of a-syn increases fibril stability and lateral
association. The secondary structure of monomeric and fibrillar species of a-synwr and
truncated mutants was compared by Far-UV CD (a). The stability of the fibrils obtained with
each variant was analyzed by Proteinase-K digestion (b), GAnHCI chemical denaturation (c),

and fragmentation susceptibility upon sonication as seen by DLS (d) and EM (e).
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variants showed fragmentation into shorter fibrils but in the case of a-syniiio
mutant, fragments clumped together into large structures. This behavior suggests
that disaggregation failure could be due to the assembly of these stable structures

driven by the lateral association.

To understand the structural basis of the stability of a-syni.110 fibrils and the
formation of suprafibrillar assemblies, we performed cross-seeding experiments
with a-synwr and a-syni.110. We aggregated monomeric a-synwr with a-synwr or a-
syni-110 seeds (MWTsWT and mWTs1-110, respectively) and monomeric a-syni-iio
with a-synwr or a-syni-110 seeds (m1-110sWT and m1-110s1-110, respectively). The
resulting fibrils were analyzed by FT-IR spectroscopy (Figure 5.4 a). Self-seeded
samples showed spectra similar to those obtained for non-seeded a-synwr and a-
syni-10s, With a broader low-frequency amide-l peak for 1-110s1-110 (lyer et al.,
2017). Comparison with the spectra of cross-seeded samples revealed that seeds
imposed their structural characteristics, a behavior widely established (Goedert,
Masuda-Suzukake and Falcon, 2017). Then, we explored the behavior of cross-
seeded samples upon sonication by DLS (Figure 5.4 b). Self-seeded samples
behaved as the unseeded ones (Figure 5.3 d). Intriguingly, size distribution of
sonicated cross-seeded fibrils did not correlate with the structural data shown
above. mWTs1-110 fibrils, which resemble a-syniii0 in terms of secondary
structure, showed a reduction in size after sonication whereas m1-110sWT, with a
WT-like secondary structure, did not. Electron microscopy of both samples, before
and after sonication, confirmed DLS data and showed that mWTs1-110 fibrils
appeared dispersed in contrast to m1-110sWT, which formed suprafibrillar
structures even after fragmentation (Figure 5.4 c), similarly to pure a-syni.11 fibrils.
Sonicated cross-seeded fibrils were then incubated with chaperones to test their
susceptibility to disaggregation (Figure 5.4 d). mWTs1-110 fibrils were
disaggregated, yielding soluble monomeric a-syn at the top of the density gradient,

while m1-110sWT fibrils were not susceptible to disaggregation. Altogether, our

113



Chapter 5: Truncation of a-synuclein

data indicate that the lateral association of fibrils is not determined by their
secondary structure but depends on the absence of the C-terminus. In addition, the

formation of such assemblies correlates with a reduced chaperone disaggregase

activity.
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Figure 5.4. The absence of the C-terminal domain induces the formation of stable
suprafibrilar assemblies with low disaggregation susceptibility. (a) Fibrils produced with
monomeric a-synwr with a-synwr (MWTsSWT) or a-syniiio (MWT s1-110) seeds, and
monomeric a-syni-110 With a-syni-110 (m1-110s1-110) or a-synwr (m1-110sWT) seeds were
analyzed by FT-IR spectroscopy. Unsonicated and sonicated samples were then analyzed by
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DLS (b) and EM (c). Sonicated cross-seeded fibrils were mixed with the human disaggregase
and their disassembly susceptibility was analyzed by a sucrose-gradient separation (d).

5.2.3. The disaggregase activity of chaperones decreases with the length of the
region deleted at C-terminus of a-syn
The C-terminal domain of a-syn is a highly acidic region (Figure 5.5 a), which under
physiological conditions can be cleaved at different positions by several proteases
(Figure 5.5 b). In this context, we sought to determine the region of this domain
that could be deleted without affecting the solubilizing activity of chaperones. To
this aim, we compared the conformational properties and chaperone-mediated
disaggregation of a-synwr and a-syni.iio with those of other two physiologically
relevant truncation mutants, a-syni.12; and a-syni.i33. The differential FT-IR spectra
(Figure 5.5 c, bottom panel) obtained after subtracting the IR spectrum of each
truncated mutant from that of the WT protein (Figure 5.5 c, upper panel) showed
a progressive structural conversion from the a-synwr to the a-syni.110 conformation
as the length of the region deleted increased. The first conformation change
occurred upon deletion of the last 7 residues (a-syni.133), and was evidenced by a
slight broadening of the main amide | band component, which was better seen as
a positive band at 1620 cm™ in the difference spectrum. Further deletion of 18 and
30 residues induced a second conformational transition that was characterized by
a stronger broadening of the B-sheet spectral region, which in the difference
spectra resulted in an increase in the intensity of the 1620 cm™ band, and the
appearance of the following differential features: a positive band at around 1635
cm™ and two negative bands at 1650 and 1674 cm™. These spectral features have
been assigned to different types of B-structures (1620 and 1625 cm™®) and to a-helix
(1650 cm™) and turns (1674 cm™®) (Arrondo et al., 1993). Therefore, these data
suggest that the main structural rearrangement of a-syn starts upon deletion of the
last 18 residues at its C-terminal region, and is compatible with an increase in the

heterogeneity of its B-structure, with the concomitant decrease in turns and helical
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conformations. EM images of unsonicated a-syni.i133 and a-syni.iz; fibrils showed
that both truncation mutants displayed increased lateral association compared to
a-synwr (Figure 5.5 d). Upon sonication, fibrils of both mutants were fragmented
but tended to cluster together, forming clumps of fragmented fibrils similar to
those seen for a-syniiio. Sonicated fibrils of these two mutants were then
incubated with chaperones and disaggregation was followed by a sucrose-gradient
fractionation (Figure 5.5 e). Monomeric a-syn appeared at the top of the gradient,
showing that fibrils of both mutants were susceptible to disaggregation. These data
indicate that although the lateral association is increased for fibrils of these two
partially truncated mutants, the interfibrillar interactions may not be strong
enough to block chaperone activity and further C-terminal cleavage is needed to

fully abolish it.

The qualitative analysis of the disaggregase activity of the chaperone mixture
by WB precluded a straight comparison of the different a-syn deletion variants.
Therefore, we resorted to fluorescence dequenching measurements to compare
the chaperone-induced disaggregation kinetics of these samples. To generate
fluorescently labeled fibrils, monomers of each C-terminal truncation mutant were
aggregated in the presence of AlexaFluor488 labeled a-synqzc monomers and
seeds of a-synwr. The resulting hybrid fibrils contained 85:10:5 (molar percentage)
of truncated mutant:a-synqaac.ass:0-synwr seeds (Figure 5.6 a). Immediately after
sonication (day 0), the different fibril preparations were mixed with the human
disaggregase and their disassembly was followed as a fluorescence dequenching
process. Compared to a-synwr, we saw a gradual reduction of the final
disaggregation efficiency as more of the C-terminal domain was truncated (Figure
5.6 b). Intriguingly, hybrid fibrils formed with the a-syni.110 mutant showed a final
disaggregation as high as 70%, contrasting with the results obtained for fibrils
entirely composed of this mutant (Figure 5.1 c). This may be explained by the

presence of the whole C-terminal domain in 15% of the molecules that form hybrid
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Figure 5.5. Effect of physiologically relevant C-terminal truncations on fibril organization
and chaperone-mediated disaggregation. (a) Charge distribution of a-syn showing a
concentration of negatively charged amino acids at its C-terminus. (b) Cleavage sites
described for different proteases at the C-terminal region are marked with black arrows and
negatively charged residues are highlighted in red. The three terminal truncation mutants
analyzed in this work are marked and color-coded as in the next panels. (c) Original (upper
panel) and differential (bottom panel) FT-IR spectra of a-syn variants. The differential ones
were obtained after subtracting the spectrum of each variant from that of a-synwr. (d)
Unsonicated and sonicated a-synii2> and a-syniass fibrils were analyzed by EM. (e)
Sonicated samples were mixed with the human disaggregase to check their disassembly
susceptibility. Disaggregation reactions were analyzed by sucrose-gradient fractionation
followed by SDS-PAGE and immunoblotting of the fractions.
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fibrils, which maybe enough to reduce interfibril associations through electrostatic
repulsion. Interestingly, the difference in disaggregation between a-synwr and
truncated mutants increased with the incubation time of the sonicated fibrils at
room temperature (Figure 5.6 b). Four days after sonication, the efficiency of the
human disaggregase to solubilize hybrid fibrils formed with a-syni.133 showed a
small (around 13%) reduction, as also found for a-synwr, whereas the decrease
observed for fibrils made of a-synii; and a-syni.iio mutants was significantly
stronger, being disaggregation almost abolished for the latter after 1-day
incubation (Figure 5.6 b and c). We hypothesize that unlike a-syni.110 pure fibrils,
which rapidly cluster together after sonication, the presence of a minor population
(15%) of a-syn molecules with an intact C-terminal domain in the hybrid fibrils,
could slow down the fibril rearrangement that modulate chaperone-mediated
disaggregation. Summing up, we show that progressive deletion of the C-terminus
results in a gradual decrease in the ability of chaperones to disaggregate a-syn
fibrils. This behavior is explained due to the reduction in the number of negative
charges present in the C-terminus, which in turn promotes fibril lateral association
as previously reported (Semerdzhiev et al., 2014; Mahul-Mellier et al., 2018; van
der Wateren et al., 2018).

5.2.4. Disaggregation of calpain-cleaved a-syn fibrils

Physiological C-terminal truncation of a-syn renders heterogeneous aggregate
populations, with varying amounts of uncleaved and cleaved protomers at different
sites. In this context, we decided to cleave a-synwr fibrils in vitro with calpain-1. This
cytosolic protease hydrolyzes monomeric a-syn at different sites located in the N-
terminal and NAC regions, but primarily cleaves fibrillized a-syn at the C-terminal
domain (Mishizen-eberz et al., 2003). We confirmed these results (Figure 5.7 a),
obtaining two main fragments after digestion of a-syn fibrils, previously identified

as a-syni122 and a-synia114 (Mishizen-eberz et al., 2003). Increasing concentrations
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Figure 5.6. Chaperone-mediated disaggregation is gradually reduced as truncation of a-
syn C-terminal domain increases. (a) Hybrid fibrils preparation scheme. (b) Disaggregation
percentage of the different hybrid fibril preparations (2 uM) after 800 min incubation with
chaperones at a a-syn:Hsc70 1:1 molar ratio. Chaperones were added the same day of fibril
purification and sonication (day 0) or after incubating the fibrils at room temperature 1, 2
and 4 days. (c) Disaggregation kinetics of hybrid fibrils incubated for 4 days after sonication.

of calpain-1 resulted in an augmented generation of the low molecular mass forms.
Interestingly, fibril digestion with the highest calpain-1 concentration (13.50 ng/uL)
did not change the secondary structure of the sample as seen by Far-UV CD (Figure
5.7 b), showing that the structural integrity of the sample was maintained.
However, calpain-digested fibrils did not show the size particle reduction upon
sonication (Figure 5.7 c) previously seen for a-synwr (Figure 5.3 d). TEM of digested
fibrils confirmed an increased lateral association of the sample, with more bunches
of fibrils instead of dispersed ones seen for undigested fibrils (Figure 5.3 e). Then,
we wondered whether calpain-digestion could also trigger lateral association on
sonicated fibrils. For that, we first sonicated a-synwr fibrils and subsequently,
cleaved them with calpain-1. DLS measurement of the sample showed an increase
in particle size after cleavage from nanometers to microns (Figure 5.7 c). TEM of
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the sample showed that proteolysis triggered the clumping of sonicated fibrils into
larger particles, instead of the dispersed fibril fragments previously seen with the

undigested sample (Figure 5.3 d).
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Figure 5.7. Cleavage of a-synwr fibrils with calpain-1 induces their lateral association. (a)
Monomeric (left panel) or fibrillar (right panel) a-syn was incubated at 37°C for 10 min in
the absence or presence of different calpain-1 concentrations and the samples were
analyzed by SDS-PAGE. (b) FarUV CD spectra of undigested and calpain-digested a-syn
fibrils. (c) Size distribution measured by DLS of unsonicated and sonicated calpain-1
digested fibrils (upper panel) or undigested and digested sonicated fibrils (lower panel).
(d,e) TEM images of calpain-digested unsonicated (d) and sonicated (e) fibrils. In panels b,
¢, d and e protease concentration was 13.50 ng/uL.
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Next, we checked the effect of calpain-1 cleavage on chaperone-mediated
disaggregation. For that purpose, fluorescently labeled a-syn fibrils were sonicated
and incubated with increasing amounts of calpain-1, rendering samples with a
different proportion of full-length and truncated bands (Figure 5.8 a). Importantly,
in-gel fluorescence visualization showed that the two main fragments contained
the AlexaFluor488 fluorophore, located in the N-terminal domain, confirming that

cleavage occurred at the C-terminus. Chaperone-mediated disaggregation kinetics
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Figure 5.8. Calpain-cleavage of a-synuclein fibrils reduces chaperone-mediated
disaggregation. (a) Sonicated a-syn fibrils were incubated at 37°C for 10 min in the absence
or presence of different calpain-1 concentrations. Then, after 2h incubation with a calpain-
1inhibitor (SJA6017), samples were analyzed by SDS-PAGE. Gel was visualized by coomassie
blue staining (upper panel) or in-gel fluorescence of AlexaFluor488 in a VersadocMP. (b)
Alternatively, samples (2 uM final concentration) were mixed with chaperones (1:0.5 a-
syn:Hsc70 molar ratio) and their disaggregation kinetics were followed by means of
fluorescence dequenching. Solid lines represent the fitting of the process with a pseudo-
first order model, which was used to determine the final disaggregation efficiency (c) and
disaggregation rate constant (d) as a function of calpain-1 concentration.
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of the different samples was followed as a fluorescence dequenching process
(Figure 5.8 b). As the relative proportion of the C-terminal truncation fragments
increased with calpain-1 concentration, the disassembly activity of the human
disaggregase was reduced (Figure 5.8 c), which correlated with a reduction of the
disaggregation rate constant (Figure 5.8 d). Such a reduction confirmed the results
obtained with the recombinantly produced truncation mutants and points towards
physiological C-terminal truncation of a-syn as a key pathological event that could

impair aggregate clearance.

5.2.5. C-terminal truncation impairs disaggregation of a-syn oligomers

It is now widely accepted that the most toxic species of a-syn are soluble oligomers
generated during the early steps of the self-assembly process. In this context, we
also wanted to know if the C-terminal truncation of such species could also hamper
the disaggregase activity of chaperones. To this aim, type B oligomers of the three
C-terminal truncated mutants were obtained by lyophilization and their size and
conformational characteristics were studied. The CD spectra of oligomers of the C-
terminal truncated mutants showed the characteristic B-sheet minimum at 218 nm,
with a loss of ellipticity that became especially evident upon deletion of the last 18
residues (Figure 5.9 a). This behavior was similar to that described for fibrils (Figure
5.3 a) and indicates that type B oligomers of the shorter truncated mutants adopt
a different secondary structure compared to WT. Upon C-terminal truncation, type
B oligomers showed a gradual increase in the particle size as seen by DLS (Figure
5.9 b), suggesting an increased tendency to laterally associate. TEM confirmed DLS
measurements and showed that as the C-terminus shortens, more cylinder-like

particles are able to associate (Figure 5.9 c).

Chaperone-mediated disaggregation of type B oligomers of the four different
protein variants was studied by a sucrose-gradient fractionation. As expected, in

the absence of chaperones they appeared in intermediate fractions of the gradient
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(Figure 5.9 d). Upon chaperone addition, a-synwr was fully disaggregated and
moved as monomers to the top of the gradient. In the case of the truncated
variants, the disaggregase activity was progressively reduced as the length of the
deleted fragment increased. Interestingly, this reduction was accompanied by an
increase in the amount of protein at the bottom of the gradient, which may indicate
an increase in size upon chaperone binding. This was confirmed by comparing the
fraction-distribution of chaperones in disaggregation mixtures of a-synwrand a-
syni-122, which showed an increased proportion of DnaJB1 and Hsc70 in the heaviest
fractions for the truncated mutant (Figure 5.9 e). Therefore, we conclude that the
C-truncation of a-syn also hampers chaperone-disassembly activity towards toxic
oligomeric a-syn species by favoring lateral association. Albeit this, chaperones are
still able to bind C-truncated oligomers and generate larger species. This behavior
could potentially neutralize hydrophobic patches on oligomers surfaces and reduce

their diffusional mobility, counteracting their toxic effect.

5.3. DISCUSSION

The Hsp70-based chaperone machinery constitutes a powerful ATP-dependent
amyloid disaggregase, which efficiently disassembles a-syn fibrils (Duennwald,
Echeverria and Shorter, 2012; Gao et al., 2015). a-syn fibrils lacking the flexible and
protruding N- and C-terminal regions are not disassembled by this chaperone
machinery (Gao et al., 2015). This behavior was explained considering that both
terminal ends of the a-syn molecule provide a specific binding platform for the
formation of the functional Hsc70/DnaJB1/Apg2 complex. Our results indicate that
deletion of neither the N-terminus nor the C-terminus affects sequential chaperone
binding to fibrils, in agreement with recently published data (Wentink et al., 2020).
This observation was staggering, as N- and C-terminal residues have been proven
important in complex stabilization of monomeric a-syn with Hsc70 and DnalB1,

respectively (Burmann et al., 2019; Jia et al., 2019; Wentink et al., 2020). Neverthe-
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Figure 5.9. Effect of a-syn C-terminal truncation on the structure and chaperone-induced
disaggregation of type B oligomers. Far-UV CD spectra (a) and DLS-derived size distribution
(b) of type B oligomers of WT and C-terminal deletion mutants of a-syn. (c) Particle
morphology and interoligomer associations were determined by TEM, scale bar 500 nm. (d)
Type B oligomers of the different variants were mixed with the human disaggregase and
their disassembly was analyzed by a sucrose-gradient fractionation (d). In the case of a-
synwr and a-syni-122, the same reactions were also analyzed with antibodies against each
chaperone component of the human disaggregase (e).

less, this result may indicate that chaperones might rely on different mechanisms
to bind distinct assemblies of a-syn. Regarding disaggregation, fibrils lacking the N-
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terminal region were efficiently processed by the chaperone machinery while
deletion at the C-terminal drastically impaired the activity of the disaggregase
complex, in agreement with a recent work (Wentink et al., 2020).

a-syn C-terminal truncation enhances aggregation and neurodegeneration in
vivo (Michell et al., 2007; Periquet et al., 2007; Ulusoy et al., 2010). Levels of
truncated variants of a-syn can account for up to 15-25% of the total a-syn, being
enriched in Lewy-Body insoluble fractions from cases of a-synucleinopathy (Li et al.,
2005). Insolubility of these variants increases as more of the C-terminal region is
truncated (Li et al, 2005) and correlates with their enhanced aggregation
propensity found in vitro (Sot et al., 2017; Ma et al., 2018; Sorrentino et al., 2018;
Terada et al., 2018). It has been suggested a protective role of the charges at the C-
terminus via long-range intramolecular interactions, which are disrupted upon
truncation favoring aggregation (Murray et al., 2003; Hoyer et al., 2004; l1zawa et
al., 2012; Levitan et al., 2012; Gallardo, Escalona-Noguero and Sot, 2020). C-
terminal charges also seem to play an important role after fibril formation,
generating an interfibrillar electrostatic repulsion. Deletion of the C-terminal region
abrogates these long-range repulsive interactions promoting lateral interfibrillar
associations into higher-organized suprafibrillar aggregates (Semerdzhiev et al.,
2014; lyer et al., 2017; Mahul-Mellier et al., 2018; van der Wateren et al., 2018).
We show herein that such aggregates pose a challenge for chaperones. The high
efficiency of the human disaggregase to disassemble fibrils relies on the rapid
concatenated extraction of monomers from fibrils ends (Chapter 4). We rationalize
that the enhanced tendency to laterally associate observed in fibrils lacking the C-
terminus could slow down or even block the disassembly process. This is evidenced
by the gradual reduction in fibril disaggregation as the length of the C-terminus
decreases, which correlates with an increased lateral association of fibrils.
Additionally, our results with oligomeric a-syn species of truncated mutants
suggest that C-terminal cleavage at early stages of the amyloid formation may also
contribute to pathogenesis, reducing the disassembly activity of chaperones.
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Similar to fibrils, C-truncated oligomers display a structural rearrangement and
associate laterally, which inhibits their chaperone-mediated disassembly.
Interestingly, chaperone binding to C-truncated oligomers results in the formation
of larger species. This mechanism has been observed for other chaperones
(Behrends et al., 2006; Ojha et al., 2011; Mannini et al., 2012) and might be a way
of neutralizing the toxic effect of these oligomers when disaggregation is

hampered.

The loss of chaperone activity to disassemble C-truncated species may be
linked to their enhanced propensity to deposit in vivo. Several reports point
towards C-terminal truncation as a master regulator of a-syn inclusion formation
(Mahul-Mellier et al., 2018, 2020). Different forms of a-syn in nigral LBs and LNs
show an onion skin-like architecture, with a structured framework of a-syn
phosphorylated at Ser129 and neurofilaments, encapsulating a core of C-terminally
truncated a-syn (Prasad et al., 2012; Moors et al., 2018). Within this core, a-syn
species with a larger deletion at the C-terminus tend to be located more in the
center (Moors et al., 2018). a-syn inclusions have the ability to recruit a-syn
monomers through a prion-like process termed conformational templating
(Goedert, Masuda-Suzukake and Falcon, 2017). In this regard, C-terminal truncated
aggregates have been shown to seed aggregation of a-synwr, increasing
pathogenesis (Li et al., 2005; Sorrentino et al., 2018, 2020; Terada et al., 2018). We
show that although a-syni110 can seed aggregation of a-synwr transferring its
secondary structure, chaperones are able to disaggregate these cross-seeded
fibrils. Ongoing research establishes that post-fibrillization C-terminal truncation
mediated by calpains 1 and 2 plays critical roles in regulating a-syn seeding,
fibrillization and orchestrates many of the events associated with LB formation and
maturation (Mahul-Mellier et al., 2018; Mahul-Mellier, 2020). We show that

cleavage of a-synwr fibrils with calpain-1 results in an increase of lateral association
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accompanied by a reduction of the chaperone activity. Thus, a deficient chaperone

activity could be implicated in the formation of inclusions.

Summing up, we suggest that in the cell, clearance of C-terminally truncated
a-syn aggregates through pathways that require monomer extraction by
chaperones such as the ubiquitin-proteasome system (Hjerpe et al., 2016) may be
impaired. We show that binding of chaperones to C-terminally truncated
aggregates is unaffected, making it possible to clear them through ALPs, which are
able to handle multimeric assemblies through chaperone delivering (Schneider and
Cuervo, 2013) or macroautophagy (Maday, 2016; Kulkarni and Maday, 2018). Yet,
aggregate abundance could be excessive for only one type of clearance pathway,
leading to deposition, which could feedback aggregation by seeding and/or
sequestration of components of the protein homeostasis network (Olzscha et al.,

2011).
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CHAPTER




6.1. INTRODUCTION

Most NDs are characterized by variations in the time course, clinical presentation
and neuropathology among patients with the same disorder. This behavior has
been attributed to the intrinsic property of amyloids referred to as polymorphism,
which occurs when a single amyloidogenic peptide/protein assembles into multiple
molecular structures (Tycko, 2015). Recent near-atomic characterization of amyloid
filaments from patient-derived material strongly supports this theory and suggests
that each ND has its own unique amyloid fibril structural signature that could
potentially be linked to the clinical phenotype (Fitzpatrick and Saibil, 2019). These
findings explain why proteins like a-syn and tau are related to different NDs,
collectively known as synucleinopathies and tauopathies, respectively. Different
tau polymorphs have been associated with Alzheimer’s disease, Pick’s disease,
corticobasal degeneration and chronic traumatic encephalopathy (Fitzpatrick et al.,
2017; Falcon et al., 2018, 2019; Zhang et al., 2020). Similarly, distinct structures of
a-syn have been found in patients with multiple system atrophy or dementia with
Lewy bodies (Schweighauser et al., 2020). This behavior is not exclusive of these
two proteins, indeed it had been previously described for other amyloidogenic
proteins like PrP (Rossi, Baiardi and Parchi, 2019) or amyloid-B (Paravastu et al.,
2008; Lu et al., 2013; Qiang et al., 2017), and highlights the complexity of the

pathogenesis derived from amyloids.
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Different amyloid polymorphs can differ in the cell types they affect and their
cytotoxicity, which may translate into different molecular and clinical phenotypes
(Scheckel and Aguzzi, 2018). In addition, their propagation might be different, with
distinct rates of spontaneous nucleation, elongation, fragmentation, and secondary
nucleation (Tycko, 2015). In terms of structure, the number of protofilaments
forming amyloid fibrils, as well as their organization (protofilament interface and
orientation, twist-degree between protofilaments), are major determinants of
polymorph formation (Adamcik and Mezzenga, 2018). Within each protofilament,
variability comes from the number of B-strands and the identities of the residues
that compose them, the type of B-sheets (parallel versus antiparallel intermolecular
alignment), the nature of the interactions between pB-sheet layers or the
conformations of non-B strand segments (Tycko, 2015). In the case of tau, some B-
strands seem to be conserved and constitute the building blocks of different

disease-associated polymorphs (Zhang et al., 2020).

Molecular structures within amyloid fibrils formed in vitro are determined by
the amino acid sequence of the amyloid-forming peptide/protein and the growth
conditions. a-syn is a clear example of this relationship, as aggregation under
different conditions, including different ionic strengths and pHs or in the presence
of lipid vesicles, can give rise to a variety of fibrils polymorphs (Bousset et al., 2013;
Gath et al., 2014; Makky et al., 2016; Roeters et al., 2017; Li, Ge, et al., 2018;
Guerrero-Ferreira et al., 2019; Meade, Williams and Mason, 2020). Other factors
that contribute to a-syn fibril structure variety include point-mutations identified
in families with a history of PD [E46K (Guerrero-Ferreira et al., 2019; Boyer et al.,
2020; Zhao, Li, et al., 2020), H50Q (Boyer et al., 2019), A53T (Sun et al., 2020)] and
PTMs such as N-terminal acetylation (Guerrero-Ferreira et al., 2019; Ni et al., 2019),
phosphorylation at $129 (Guerrero-Ferreira et al., 2019) or T39 (Zhao, Lim, et al.,
2020) or C-terminal truncation (Ni et al., 2019). This structural fibril diversity due to

PTMs has also been found in vivo for tau and has been proposed as a major
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contributor to the variety of tauopathy strains found in human brain tissue

(Arakhamia et al., 2020).

In this chapter, we aim to challenge the human disaggregase with different
polymorphs of a-syn obtained under different aggregation conditions.
Furthermore, we want to determine the effect of the structural change on a-syn
and tau fibrils induced by point-mutations associated with NDs in the human

disaggregase activity.

6.2. RESULTS

6.2.1. Chaperone-mediated disaggregation of a-synuclein ribbons

One of the most studied a-syn fibril polymorphs is that obtained in the absence of
salt, commonly referred to as ribbons (Bousset et al., 2013; Roeters et al., 2017).
Comparison of fibrils and ribbons have shown that both polymorphs have different
structures, levels of toxicity, and in vitro and in vivo seeding and propagation
properties (Bousset et al., 2013). In this context, we wanted to explore the ability
of the human disaggregase to disassemble this type of a-syn aggregate. For that,
we aggregated a-syn in the absence of salt, obtaining dispersed and long rod-like
structures as seen by EM (Figure 6.1 a). Far-UV CD showed that ribbons had a
comparable B-sheet content to fibrils (Figure 6.1 b), in agreement with previous
studies (Bousset et al., 2013). One of the main characteristics of ribbons is their
increased susceptibility to limited proteolysis by proteinase K. We confirmed this
behavior in our ribbon sample, being most of the band of full-length a-syn degraded

within the first 5 min and enduring up to 30 min in the case of fibrils (Figure 6.1 c).

Considering that chaperones disaggregate more efficiently fragmented fibrils
(Chapter 4), we sonicated the sample and confirmed that ribbons were susceptible

to fragmentation, observing a decrease from microns to hundreds of nanometers
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Figure 6.1. Structural characterization and chaperone-induced disaggregation of a-syn
ribbons. a-syn ribbons were visualized by TEM (a). Ribbon and fibril samples were
compared by means of Far-UV CD (b) and Proteinase-K digestion (c). Fragmentation of
ribbons upon sonication was analyzed by DLS (d). Disaggregation kinetics of unsonicated (e)
and sonicated (g) a-syn ribbons (2 uM) labeled with alexaFluor488 was followed at different
chaperone concentrations keeping the molar ratio of Hsc70:DnalB1:Apg2 constant at
1:0.5:0.1. The final disaggregation percentage was plotted as a function of Hsc70
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concentration (g). Disaggregation kinetics in (f) were fitted to a pseudo-first order function
(solid lines) and disaggregation rate constants at each chaperone concentration were
calculated (h).

by DLS (Figure 6.1 d). Both unsonicated (Figure 6.1 e) and sonicated (Figure 6.1 f)
fluorescently labeled ribbons were mixed with different chaperone concentrations
and their disaggregation kinetics were followed by fluorescence dequenching.
Unsonicated ribbons were poorly disassembled by the human disaggregase and
after sonication, most of the sample was disaggregated at a-syn:Hsc70 molar ratios
higher than 1:0.5 (Figure 6.1 g), which was similar to the results obtained for
sonicated fibrils (Figure 4.6). This similarity extended to the disaggregation rate,
which increased with the chaperone concentration and stabilized at 2 uM Hsc70
(Figure 6.1 h). Altogether these data indicate the structural differences that arise
from aggregating a-syn at low ionic strengths do not affect the chaperone-

mediated disassembly.

6.2.2. Disaggregation of a-synuclein polymorphs obtained in the presence of

different chemical compounds

Recently published work by Prof. Nunilo Cremades showed that aggregation of a-
syn in the presence of different co-solvents or additives that limit hydration
conditions resulted in the formation of different fibril polymorphs (Camino et al.,
2020). In particular, we tested the human disaggregase activity with aggregates
formed in the presence of the molecular crowder dextran 70 and the fluorinated

alcohol 2,2,2-trifuoroethanol (TFE) (Table 6.1).

Mild concentrations (150 g/L) of dextran accelerated aggregation of a-syn
and resulted in the formation of fibrillar aggregates with similar FT-IR spectra to
those obtained in the absence of dextran, with a slight reduction in the B-sheet

content from 54 + 4% to 42 + 4% (Camino et al., 2020). Interestingly, fibrils obtained
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in the presence of dextran (henceforth named dextran fibrils), were significantly
shorter, with 6.4 £ 0.8 nm in height and 206 + 117 nm in length, according to AFM
analysis. Disaggregation of Alexa488 labeled dextran fibrils showed a dependence
with chaperone concentration similar to that observed for fibrils and ribbons, with
a saturation of the process at a 1:0.5 a-syn:Hsc70 molar ratio (Figure 6.2 a), above
which disaggregation was around 80% (Figure 6.2 e). The high disassembly
efficiency of unsonicated dextran fibrils clearly evidenced the size-dependent
activity of the chaperones shown in Chapter 4, and suggests that polymorphs
obtained under conditions that favors the formation of shorter fibrils are better
disassembled by chaperones. Upon sonication, dextran fibrils fragmented into
small globular-like species with a height of 5.3 + 0.9 nm and a diameter of 83 + 14
nm, whose disaggregation rendered similar efficiencies to the unsonicated sample
(Figure 6.2 b and e). Comparison of the disaggregation rate constants obtained for
unsonicated and sonicated dextran fibrils showed a slower process for the latter
(Figure 6.2 f). This reduction in the disaggregation rate could be explained by the
change from a fibrillar to a globular morphology, unfavoring depolymerization

propagation as seen for type B oligomers (Chapter 4).

Table 6.1. Characteristics of a-syn fibril polymorphs obtained in the presence of dextran
and TFE. B-sheet content (%) of polymorphs was taken from (Camino et al., 2020) and size
measurements were done by AFM analysis.

B-sheet Size (nm)
Compound - -
content (%) Unsonicated Sonicated
Height 6.4+0.8 Height 5.3+ 0.9
Dextran (150 g/L) 42+4 .
Length 206+£117 Diameter 83114
Height 10£1 Height 511
TFE (5%) 49+3
Length 600+300 Length 114+33
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Figure 6.2. Disaggregation kinetics of a-synuclein polymorphs obtained in the presence of
different compounds. a-syn (2 uM) polymorphs produced in the presence of dextran -
unsonicated (a) and sonicated (b) - or TFE - unsonicated (c) and sonicated (d) - were
disaggregated at different concentrations of the ternary chaperone mixture keeping the
molar ratio of Hsc70:DnalB1:Apg2 constant at 1:0.5:0.1. Final disaggregation percentage
was plotted as a function of Hsc70 concentration (e) and disaggregation kinetics in (a, b and
d) were fitted to a pseudo-first order function (solid lines), calculating the disaggregation
rate constants at each chaperone concentration (f).

Similarly to dextran, low concentrations of TFE significantly increased the
rate of a-syn aggregation and resulted in fibrils (henceforth named TFE fibrils) with
similar FT-IR spectra (B-sheet content of 49 + 3%) to those obtained in the absence
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of TFE, and with an average 10 £ 1 nm height, 600 + 300 nm length and a twisting
periodic pitch of 61 £ 2 nm (Camino et al., 2020). Unsonicated fluorescently labeled
TFE fibrils disaggregated poorly - less than 10% - even at the highest chaperone
concentration (4 uM Hsc70) (Figure 6.2 ¢ and e). Upon sonication, TFE fibrils
fragmented with an average 5 £ 1 nm height and 114 £ 33 nm length. Even though
we observed a 3-fold increase in disaggregation efficiency upon sonication of TFE
fibrils, the maximum efficiency of the process was only 30% (Figure 6.2 d and e).
This low solubilization efficiency correlated with small values in the disaggregation
rate constant (Figure 6.2 f). Such a slow chaperone-mediated disassembly of TFE
fibrils, even when fragmented, suggests a more stable fibril structure that impairs

chaperone activity.

6.2.3. Disaggregation of a-synuclein polymorphs produced by point-mutations
associated with PD
Individuals with mutations in the gene encoding a-syn have been reported to be
more prone to develop Parkinson’s disease and often with an earlier age of onset
(Klein and Westenberger, 2012). Indeed, several missense mutations in the SNCA
gene have been found in heterozygosis in familial cases of Parkinson’s disease. Such
mutations have been shown to affect the kinetics of the protein aggregation in vitro
and alter significantly the nature of the fibrillar structures, which could be
associated with differences in the clinical phenotypes of familial Parkinson’s disease
(Ruggeri et al., 2020). We decided to challenge the human disaggregase with fibrils

composed of two point-mutants found in patients with PD: A53T and E46K.

The A53T mutation was first reported in an Italian kindred and in three
unrelated Greek families with autosomal dominant inheritance for PD
(Polymeropoulos et al., 1997), while the E46K mutation was reported in a family
from the Basque Country with autosomal dominant parkinsonism (Zarranz et al.,

2003). After aggregation, both point mutants and the WT protein showed
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comparable, long thread-like structures (Figure 6.3 a). The secondary structure of
fibrils of the three variants was compared by Far-UV CD (Figure 6.3 b), showing the
characteristic ellipticity minimum at 218 nm. While WT and A53T showed
overlapped spectra, E46K had a loss of ellipticity. Further structural characterization
by FT-IR spectroscopy of the three proteins evidenced changes in the amide | band
that can be better distinguish in the differential spectra (Figure 6.3 c). They showed
that compared to WT, A53T had a negative band at 1627 cm™ and a positive band
1620 cm?, while E46K had two negative bands at 1626 and 1614 cm™ and a positive
band at 1660 cm™. These changes can be associated with a rearrangement of the
B-sheet strands and confirmed that both mutants adopted fibril structures different
to their WT counterpart. Then, we checked the susceptibility of the three variants
to fragmentation upon sonication, showing that in all cases, sonication decreased

fibril size from microns to hundreds of nanometers (Figure 6.3 d).

To evaluate the disaggregation kinetics of the fibril structures induced by the
two point-mutations, monomers of each mutant were self-seeded in the presence
of 15% AlexaFluor488 labeled monomeric Q24C, which rendered hybrid fibrils with
ca. 11% of labeled protomers (Figure 6.4 a). The fact that fibrils of the point mutants
showed different ThT binding efficiencies compared to WT (Figure 6.4 b) - A53T
bound 2-times more while E46K 3-times less ThT -, allowed us to confirm that the
characteristic polymorph structure of each protein species was maintained in the
hybrid fibrils (Figure 6.4 b). Then, disaggregation of sonicated hybrid fibrils of each
mutant was followed as a dequenching process, keeping a-syn concentration at 2
MM and titrating the human disaggregase up to 1:4 a-syn:Hsc70 molar ratio (Figure
6.4 c). A53T showed a disaggregation kinetics comparable to that previously seen
for WT fibrils both in terms of final disaggregation percentage (Figure 6.4 d) and
disaggregation rate (Figure 6.4 e). Meanwhile, E46K showed 2-8 times lower
disaggregation efficiencies at a-syn:Hsc70 molar ratio under 1:1, and did not reach

similar yields to WT and A53T until the a-syn:Hsc70 ratio was 1:4 (Figure 6.4 d). Sur-
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Figure 6.3. Characterization of polymorphs of a-syn point-mutants associated with PD. (a)
Negative-stain TEM images of a-syn WT, A53T and E46K fibrils. (b) The secondary structure
of monomeric and fibrillar species of the three variants was compared by Far-UV CD. (c) FT-
IR spectra of fibrils of each of these variants (upper panel) and differential spectra of the
two point-mutants with respect to the WT protein (lower panel). The differential spectra
were obtained after subtracting the spectrum of the variant form that of the WT protein.
(d) Fragmentation susceptibility upon sonication of fibrils of the three protein species

measured by DLS.

prisingly, EA6K showed a faster disaggregation rate that remained comparable at

the different chaperone concentrations (Figure 6.4 e). This could indicate that the
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E46K substitution induces a more stable fibril structure requiring a higher
chaperone concentration to induce the initial destabilization of fibrils but once
chaperones have triggered it, depolymerization along the fibril axis occurs at a
faster rate than that observed for WT a-syn. The heterogeneity of the fibril sample
might explain the lower disaggregation yield observed for this mutant, as
disassembly efficiency might be related to the fibril population that can be

destabilized at a given chaperone concentration.

6.2.4. Disaggregation of tau K18 polymorphs produced by point mutations
associated with FTDP-17

Similar to a-syn, several point-mutations have been described in the MAPT gene in
patients with frontotemporal dementia and parkinsonism linked to chromosome
17. Of particular interest are mutations located at the MTB domain of tau, as this is
the protein region responsible for its aggregation. These mutations tend to reduce
the ability of tau to interact with MTs and promote fibril formation (Goedert and
Spillantini, 2000). We chose two of these mutations, P301L, firstly identified in
families from the USA and the Netherlands (Hutton et al., 1998), and AK280,
originally identified in a Dutch individual (Rizzu et al., 1999), and introduced them
into the tau K18 construct. After aggregation, both point mutants and the WT
protein showed comparable, long thread-like structures as seen by AFM (Figure 6.5
a). The secondary structure of fibrils of the three variants was compared by Far-UV
CD (Figure 6.5 b). K18 WT and P301L showed a single ellipticity minimum at 220
and 218 nm, respectively, with P301L displaying an increased ellipticity compared
to WT. The spectrum of AK280 fibrils was also shifted towards lower wavelengths,
suggesting a higher content of disordered structure for this polymorph. Further
structural characterization by FT-IR spectroscopy (Figure 6.5 c) showed differences

in the amide | band of the three protein species that can be better analyzed in the
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Figure 6.4. Disaggregation kinetics of polymorphs of a-syn point-mutants associated with
PD. (a) Scheme of the experimental procedure used to generate labeled fibrils of a-syn

point-mutants. (b) ThT binding of fibrils obtained in the absence (pure fibrils) or presence
(hybrid fibrils) of 15% unlabeled monomers of the Q24C mutant. (c) Sonicated fibrils of the
three a-syn (2 uM) species were disaggregated at different concentrations of the ternary
chaperone mixture maintaining the molar ratio of Hsc70:DnaJB1:Apg2 constant at 1:0.5:0.1.
Final disaggregation percentage was plotted as a function of Hsc70 concentration (d).
Disaggregation kinetics in (c) were fitted to a pseudo-first order function (solid lines) to
estimate the disaggregation rate constants at each chaperone concentration (e).
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differential spectra. As compared with WT, P301L had a positive band at around
1630 cm™ and two negative bands at 1616 and 1647 cm™, pointing towards a
different B-sheet organization. The differential spectrum of AK280 fibrils displayed
a positive broad band at around 1656 cm™ and a negative band at 1616 cm™,
compatible with the CD data, as they can be interpreted as a consequence of an
increase in disordered structure at the expenses of the B-structure. Then, we
checked the susceptibility of the three variant to fragmentation upon sonication,
showing that in all cases the fibril size decreased from microns to hundreds of

nanometers, thus confirming their fragmentation (Figure 6.5 d).

To obtain the chaperone-mediated disaggregation kinetics of each tau K18
variant, the corresponding monomers were labeled with AlexaFluor488 (NHS ester;
labeling efficiency of 20-50%) and aggregated in the presence of heparin. Then,
disaggregation of sonicated labeled fibrils of each mutant was followed as a
dequenching process, keeping tau concentration at 2 uM and titrating the human
disaggregase up to 1:4 tau:Hsc70 molar ratio (Figure 6.6 a). As seen for a-syn,
disaggregation kinetics of tau K18 followed a chaperone-concentration
dependence, although without a clear saturation of the process even at the highest
chaperone concentration that gave a disaggregation yield of 55%. This is in good
agreement with the results obtained with sonicated fibrils of tau 2N4R (Figure
4.10), which only disaggregated around 40% at a 1:10 tau:Hsc70 molar ratio, and
may indicate that fibrils composed of tau proteins render more stable structures
that need more chaperone concentrations, similar to what we saw with a-syngse.
Regarding disaggregation of fibrils composed of the two point-mutants associated
with FTDP-17, we saw that while the P301L behaved similarly to the WT protein in
terms of final disaggregation percentage (Figure 6.6 b), it showed a faster
disaggregation rate regardless of chaperone concentration. Disaggregation rates of
AK280 fibrils, however, were similar to WT but with lower disaggregation yields,

which saturated at around 30% at the 1:1 tau:Hsc70 molar ratio. Taken together,

141



these data suggest that the fibrillar structure induced by the P301L substitution
may accelerate the extraction of monomers by the chaperones, while the structural
change provoked by the deletion of K280 may result in fibrils with increased

resistance to chaperone-induced destabilization.
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Figure 6.5. Characterization of tau K18 polymorphs produced by pathogenic point-
mutations. (a) AFM images of tau K18 WT, P301L and AK280 fibrils. (b) Structure of
monomeric and fibrillar species of the three variants as seen by Far-UV CD. (c) FT-IR spectra
of fibrils of each protein species (upper panel) and differential spectra of the two tau K18
point-mutants relative to that of the WT protein (lower panel). (d) Fragmentation
susceptibility of fibrils of the three proteins upon sonication measured by DLS.
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Figure 6.6. Disaggregation kinetics of tau K18 polymorphs produced by pathogenic point-
mutations. (a) Sonicated fibrils of tau K18 WT, P301L and AK280 (2 uM) were disaggregated
at different concentrations of the ternary chaperone mixture maintaining the
Hsc70:DnalB1:Apg2 molar ratio constant at 1:0.5:0.1. (b) Final disaggregation percentage
as a function of Hsc70 concentration. Disaggregation kinetics in (a) were fitted to a pseudo-
first order function (solid lines) and disaggregation rate constants at each chaperone
concentration were calculated (c).

6.3. DISCUSSION

The process of amyloid formation can take place through several pathways,
generating a high diversity of fibril structures from a single peptide/protein
sequence and such heterogeneity has been proposed as a possible explanation for
the multiplicity of clinical presentations observed for most NDs (Tycko, 2015;
Fitzpatrick and Saibil, 2019). In this chapter, we have produced various fibril

polymorphs of a-syn and tau by using different aggregation conditions and point-
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mutations associated with NDs and compared their disassembly by the Hsp70-
based disaggregase machinery. Regardless of the structure of a-syn polymorph,
long (microns of length) fibrillar aggregates yielded low disaggregation efficiencies,
which increased upon mechanical fragmentation. Only fibrils obtained in the
presence of dextran, which are significantly shorter (Camino et al., 2020), can be
efficiently disassembled without a previous sonication step. These data endorse the
results obtained in Chapter 4, showing a preferential targeting of shorter fibrils by
the human disaggregase. Comparison of disaggregation yields and rates of all the
sonicated polymorphs (Figure 6.7) evidenced the impact of some fibril structures in

chaperone activity.

Among a-syn polymorphs obtained in vitro, ribbons, which are generated in
the absence of salt, are one of the most studied. Structural comparison of fibrils
and ribbons by NMR showed that B-sheets with an in-register parallel stacking are
the dominating secondary structure elements for both polymorphs, although with
a divergent number of subunits and distribution (Bousset et al., 2013; Gath et al.,
2014). In fibrils, the succession of B-strands run from residue 38 to 94, in excellent
agreement with the recently solved atomic structures (Tuttle et al., 2016; Guerrero-
Ferreira et al., 2018; Li, Ge, et al., 2018; Li, Zhao, et al., 2018; Ni et al., 2019).
Meanwhile, B-sheet elements in ribbons start at the N-terminus, distributing within
residues 1 to 97. Despite these differences, chaperone-mediated disaggregation
rates and efficiencies for ribbons and fibrils were similar (Figure 6.7). The a-syn
polymorph resulting from the A53T substitution also showed comparable
chaperone activity values, which is consistent with a recent report showing that this
mutation does not alter the fibril fold but changes the protofilament interface (Sun
et al., 2020). In contrast to a-syn ribbons and AS53T fibrils, polymorphs obtained
with TFE or the E46K mutation displayed a significant reduction in chaperone
activity (Figure 6.7), which suggested a more stable fibril structure in both cases.

Two structures have been reported for E46K fibrils, one also seen in WT and
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referred to as 2a (Guerrero-Ferreira et al., 2019; Zhao et al., 2019) and another one
with a different, more stable and compact fold (Boyer et al., 2020). The lack of a
structural model for our preparations prevents us from associating a particular
polymorphic structure with a determined chaperone activity, but the increased
resistance to disaggregation might be related to the second fold reported (Boyer et
al., 2020). In fact, our results are in agreement with previously reported data
obtained with the Hsp104 disaggregase, which in collaboration with the Hsp70
system efficiently disaggregated fibrils composed of WT and A53T a-syn but failed
in disassembling E46K fibrils (Desantis et al., 2012). From a mechanistic point of
view, we hypothesize that the increased stability of some polymorphs may affect
different steps of the chaperone-mediated disassembly process. We have
previously shown that disaggregation starts with a destabilization of the fibril ends
that is followed by a rapid propagation of the depolymerization through the fibril
axis. At low chaperone concentration, E46K fibrils showed higher disaggregation
rates than WT ones but yielded lower disassembly efficiencies. This may indicate an
increased stability towards the initial fibril destabilization by chaperones but once
depolymerization starts, the fold induced by the E46K substitution could favor
disassembly propagation. Conversly, disaggregation rates of TFE fibrils are
significantly low, which translates into low disaggregation yields and suggests that
fibril structure induced by this alcohol (Camino et al.,, 2020) might disfavor

propagation of depolymerization by chaperones.

Similar to a-syn, we show herein that point-mutations in tau K18 associated
with FTDP-17 can drastically change fibril structure, which translates into different
chaperone-mediated disassembly outcomes (Figure 6.7). P301L, showed similar
disaggregation yields to WT but with faster rates, which could indicate a favored
propagation of depolymerization akin to a-syn E46K, but in this case, resulting in
disaggregation yields similar to tau K18 WT in a shorter period of time. Meanwhile,

the AK280 mutation induced a lower disaggregation efficiency with a comparable
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rate, and thus propagation, to tau K18 WT, suggesting a higher resistance to the

initial destabilization of fibrils.
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Figure 6.7. Heatmap depicting the effect of polymorphs in chaperone activity. For each
chaperone concentration, disaggregation yields and rates of each polymorph were
compared to a-syn WT or tau K18 WT and the values obtained were color-coded as in the
legend. In all cases, compared values correspond to sonicated samples, except for a-syn
dextran fibrils for which values for both unsonicated and sonicated are presented.
Conditions marked with a white cell were not measured and that marked in gray could not
be determined accurately due to the low disaggregation yield.

The toxicity of physiologically relevant polymorphs has normally been
associated with their different abilities to induce cellular stress and death and
propagate neurodegeneration (Scheckel and Aguzzi, 2018). Here we show that
another important factor to determine the extent of a polymorph toxicity could be

their chaperone disaggregation susceptibility. An increased resistance to
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chaperone-mediated disassembly would result in a reduced clearance of these
aggregates, which would translate into an increased half-life time and therefore,
possibility to participate in abnormal interactions leading to cytotoxicity.
Furthermore, pathogenesis of point-mutations in a-syn and tau associated with PD
and FTDP-17, respectively, has been related to their increased aggregation
propensity. Here we show that their toxicity may also come from the formation of
a fibril fold with increased resistance to disaggregation, as is the case of mutations

E46K for a-syn or AK280 for tau.

Recently solved structures of fibrils of a-syn and tau obtained in vitro or from
patient-derived material, evidenced that in vitro models may not represent the
pathological events occurring in vivo (Fitzpatrick et al., 2017; Falcon et al., 2018,
2019; Schweighauser et al., 2020; Zhang et al., 2020). Working with brain-derived
fibrils poses a challenge in terms of sample complexity and production yields.
Tuning fibril growth conditions can result in the production of physiologically
relevant polymorphs. As an example, a-syn ribbons produced in vitro, exhibited a
polymorph appearance similar to those observed for PD and MSA patient-derived
material (Van der Perren et al., 2020) and caused a histopathological phenotype
with PD and MSA traits (Peelaerts et al., 2015). Indeed, cryo-EM structure of fibrils
obtained from individuals with MSA showed a structured N-terminal arm with -
sheet elements comprising residues 14 to 94 (Schweighauser et al., 2020), a region
also structured in ribbons (Bousset et al., 2013; Gath et al., 2014). Alternatively, the
protein misfolding cyclic amplification assay (PMCA) (Sad and Cervenakova, 2015)
have resulted useful to propagate in vitro the structural and histopathological
characteristic of patient-derived polymorphs (Van der Perren et al., 2020).
Analyzing whether the impact of amyloid polymorphs we show herein extends to
different disease-associated polymorphs is an interesting direction for future

investigations.
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CHAPTER




With the results presented in this doctoral thesis, the following conclusions are

drawn:

0
0‘0

The human disaggregase, composed of the chaperone Hsc70, its
cochaperone DnalB1 and the nucleotide exchange factor Apg2, shows a
fibril-size dependent activity, disaggregating more efficiently shorter fibrils
of a-syn and tau. The same chaperone mixture can also disassemble small
oligomeric species of a-syn. Importantly, aggregates towards which
chaperones show more activity are the most cytotoxic. Taken together,
these results suggest that chaperones preferentially target toxic amyloid

intermediates.

Chaperone-mediated disassembly of a-syn amyloids occurs via a
depolymerization process that starts at the ends of the aggregate and
propagates fast through the fibril axis. This mechanism favors the fast
disaggregation of small amyloid intermediate species. Clearance of large
amyloids may require the coordinated processing of both the proteasome,
which first fragments fibrils into smaller species, and the human

disaggregase, which afterwards depolymerize them.

C-terminal truncation of a-syn induces lateral association of fibrils and
oligomers, which hampers chaperone-mediated disaggregation. This
behavior explains the higher propensity of C-truncated species to deposit

in vivo.
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< Amyloid polymorphism has an impact on chaperone activity. Some fibril
structures of tau and a-syn, induced by altering the aggregation conditions
or by point-mutations related to NDs, are more resistant to chaperone-
mediated disaggregation. This observation could explain the increased
toxicity of certain amyloid strains, adding another factor to consider when

evaluating their pathogenesis.
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APPENDIX

Fig. 4.1 c. Solubilization of a-syn fibrils.

n=8

Condition Pvalue
0 uM Apg2 vs. 0.25 uM Apg2 0.089
0 uM Apg2 vs. 0.5 uM Apg2 0.006
0 uM Apg2 vs. 0.75 uM Apg2 0.002
0 uM Apg2 vs. 1 uM Apg?2 <0.001
0 uM Apg2 vs. 2.5 uM Apg2 0.09
0 uM Apg2 vs. 5 uM Apg2 0.313
0 uM Apg2 vs. 10 uM Apg2 0.757

Fig. 4.3 d. ThT and ANS binding to different sized a-syn fibrils.

n25
o Pvalue

Condition THT ANS
Unsonicated vs. monomer <0.001 <0.001
Unsonicated vs. 15 cyles P <0.001 0.249
Unsonicated vs. 30 cycles P <0.001 <0.001
Unsonicated vs. 15 cycles SN <0.001 <0.001
Unsonicated vs. 30 cyles SN <0.001 <0.001

Fig. 4.4 b. Disaggregation of different sized a-syn fibrils.

n24

Condition Pvalue
Unsonicated vs. monomer <0.001
Unsonicated vs. 15 cyles P <0.001
Unsonicated vs. 30 cycles P <0.001
Unsonicated vs. 15 cycles SN <0.001
Unsonicated vs. 30 cyles SN <0.001
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Fig. 4.5. Toxicity of the different a-syn aggregates.

n25
Pvalue
Condition Liposome MTS assay
leakage 0.3uMa- | 0.6 uM a-
syn syn

monomer vs. unsonicated <0.001 0.956 0.781
monomer vs. 15 cycles P <0.001 0.05 0.023
monomer vs. 30 cycles P <0.001 0.002 <0.001
monomer vs. 15 cycles SN <0.001 <0.001 0.002
monomer vs. 30 cycles SN <0.001 <0.001 <0.001
monomer vs. type B oligomers <0.001 <0.001 <0.001

Fig. 4.6 c and e. Fitting of the disaggregation kinetics of a-synuclein aggregates to a pseudo
first-order function

n=10
Condition [Hsc70] (uM)
0.125 0.25 0.5 1 2 4
Fitting R? 0.861 0.882 0.944 0.963 0.974 0.968
Sonicated k value 0.011 0.011 0.010 0.018 0.028 0.029
k Std. Error | 3.489E-4 | 3.486E-4 | 2.058E-4 | 2.896E-4 | 3.989E-4 | 4.461E-4
Fitting R2 0.912 0.919 0.953 0.946 0.917 0.949
Type B k value 0.002 0.003 0.004 0.006 0.024 0.038
k Std. Error | 1.118E-4 | 1.141E-4 | 9.856E-5 | 1.359E-4 | 6.009E-4 0.001
Fig. 4.6 g. Disaggregation kinetics of a-synuclein aggregates
n28
Pvalue
Condition [Hsc70] (uM)
0.125 0.25 0.5 1 2 4
Unsonicated vs. Sonicated <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Unsonicated vs. Type B <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Fig. 4.7 a and c. Disaggregation of glucose-6-phosphate dehydrogenase at 500 min
n=2 per method

Pvalue
Condition [Hsc70] (uM)
1 2 4 6 8 10
Dequenching vs. 0.265 0.01 0.113 0.414 0.659 0.695

Reactivation
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Fig. 4.9 c. Proteasome-pretreatment of a-syn fibrils favors
chaperone-mediated disaggregation.

n=3

Condition Pvalue
F+C vs F+P+C 0.038
SF vs SF+C <0.001
SF+C vs SF+P+C <0.001

Fig. 4.10 d. The human disaggregase disassemble more efficiently fragmented

tau fibrils
n=4
Condition Pvalue
Unsonicated fibrils+chaps vs. sonicated fibrils+chaps <0.001
Fig. 5.2 c. Relative amount of Hsc70 bound to a-syn fibrils.
n=4
Condition P value
Hsc70 Hsc70+DnalB1 | Hsc70+DnalB1+Apg2
WT vs. 30-140 0.264 0.444 1
WTvs. 1-110 0.006 0.444 1

Fig. 5.3 c. GdnHCI chemical denaturation of a-synwr, a-synso-1a0 and a-syni-i1o fibrils.

n=3
Hsc70] (uM
Condition [ 1 (uM)
0.13 0.25 0.5 0.75 1 1.5 2 3 4
WT vs 30-110 <0.001 | <0.001 0.004 0.004 0.034 >0.5 >0.5 >0.5 >0.5
WTvs. 1-110 0.138 0.008 0.018 0.193 0.350 >0.5 >0.5 >0.5 >0.5

Fig. 5.6 b. Disaggregation percentage of the different a-syn hybrid fibril preparations

n23
P value
Condition
Day 0 Day 1 Day 2 Day 4
WT vs. 1-133 0.385 0.103 0.127 0.044
WT vs. 1-122 <0.001 <0.001 <0.001 <0.001
WT vs. 1-110 <0.001 <0.001 <0.001 <0.001
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Fig. 5.8 b. Fitting of the disaggregation kinetics of calpain-cleaved a-synuclein

fibrils to a pseudo first-order function

n=3

. [calpain] (ng/pL)
Condition 0 34 135 54
Fitting R? 0.931 0.963 0.969 0.991
k value 0.022 0.016 0.012 0.010
k Std. Error 4.488E-4 2.715E-4 1.866E-4 8.837E-5

Fig. 5.8 c. Calpain-cleavage of a-synuclein fibrils reduces chaperone-mediated
disaggregation

n=3

Condition Pvalue
0 vs. 3.4 ng/uL calpain 0.1
0 vs. 13.5 ng/uL calpain 0.011
0 vs. 54 ng/uL calpain <0.001

Fig. 6.1 f. Fitting of chaperone-induced disaggregation of a-syn ribbons to a pseudo first-
order function

n=10
Hsc70] (uM
Condition [ 1 (M)
0.125 0.25 0.5 1 2 4
Fitting R? 0.44 0.822 0.942 0.959 0.903 0.848
Sonicated k value 0.018 0.009 0.007 0.011 0.024 0.024
k Std. Error | 8.417E-4 | 3.016E-4 | 1.449E-4 | 1.969E-4 | 6.454E-4 | 6.454E-4
Fig. 6.1 g. Chaperone-induced disaggregation of a-syn ribbons
n=10
P value
Condition [Hsc70] (uM)
0.125 0.25 0.5 1 2 4
Unsonicated vs. <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Sonicated
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Fig. 6.2 a, b and d. Fitting of the disaggregation kinetics of a a-synuclein polymorphs obtained
in the presence of different compounds to a pseudo first-order function

n24
Condition [Hsc70] (uM)
0.125 0.25 0.5 1 2 4

Fitting R? 0.128 0.949 0.972 0.965 0.935 0.933
Dextran k value 0.263 0.006 0.007 0.011 0.015 0.017

k Std. Error 0.089 1.331E-4 | 1.040E-4 | 1.711E-4 | 3.218E-4 | 3.577E-4
Dextran Fitting R2 0.089 0.973 0.986 0.984 0.979 0.981
sonicated k value 8.904E-8 0.004 0.005 0.007 0.010 0.011

k Std. Error 0.003 8.421E-5 | 6.203E-5 | 8.598E-5 | 1.244E-4 | 1.317E-4
TFE Fitting R2 0.138 0.877 0.993 0.998 0.997 0.997
conicated k value 0.142 0.004 0.002 0.003 0.004 0.003

k Std. Error 0.038 1.567E-4 | 3.706E-5 | 2.231E-5 | 2.795E-5 | 2.702E-5
Fig. 6.2 e. Disaggregation kinetics of a-synuclein polymorphs obtained in the presence of
different compounds
n24

Pvalue
Condition [Hsc70] (uM)
0.125 0.25 0.5 1 2 4

Dextran vs. sonicated <0.001 0.054 0.056 0.253 0.43 0.316
dextran
TFE vs. sonicated TFE 0.573 0.06 0.005 <0.001 <0.001 <0.001

Fig. 6.4 b. ThT binding of fibrils obtained in the absence (pure fibrils) or presence
(hybrid fibrils) of 15% unlabeled monomers of the a-syn Q24C mutant.

n=3

. P value
Condition Hybrid WT | Hybrid A53T | Hybrid E46K
Pure WT 0.328 <0.001 <0.001
Pure A53T <0.001 <0.001 <0.001
Pure E46K <0.001 <0.001 0.084
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Fig. 6.4 c. Fitting of the disaggregation kinetics of a-syn point-mutants associated
with PD to a pseudo first-order function

n25
Condition [Hsc70] (M)
0.5 1 2 4 8
Fitting R2 0.915 0.945 0.900 0.942 0.982
WT k value 0.013 0.020 0.021 0.019 0.018
k Std. Error 3.040E-4 | 3.897E-4 | 5.61E-4 | 3.977E-4 | 2.062E-4
Fitting R2 0.978 0.961 0.955 0.947 0.970
A53T k value 0.007 0.012 0.019 0.021 0.018
k Std. Error 1.026E-4 | 1.988E-4 | 3.477E-4 | 4.136E-4 | 2.651E-4
Fitting R2 0.455 0.829 0.936 0.935 0.97
E46K k value 0.024 0.024 0.027 0.025 0.023
k Std. Error 0.002 9.608E-4 | 6.132E-4 | 5.585E-4 | 3.527E-4

Fig. 6.4 d. Disaggregation kinetics of polymorphs of a-syn point-mutants associated

with PD
n25
P value
Condition Hsc70] (uM)
0.5 1 2 4 8
WT vs A53T <0.001 0.017 0.075 0.125 0.129
WT vs E46K <0.001 <0.001 <0.001 <0.001 0.506

Fig. 6.6 a. Fitting of the disaggregation kinetics of tau K18 polymorphs produced by
pathogenic point-mutations to a pseudo first-order function

n=7
Condition [Hsc70] (M)
1 2 4 8
Fitting R2 0.982 0.992 0.995 0.997
WT k value 0.006 0.01 0.01 0.011
k Std. Error 1.750E- | 1.443E- | 1.162E- 1.028E-4
4 4 4
Fitting R2 0.952 0.979 0.994 0.992
k value 0.017 0.016 0.014 0.014
P301L
k Std. Error 0.001 | 3.592E- | 1.704E- 1.901E-4
4 4
Fitting R? 0.998 0.997 0.997 0.997
AK280 k value 0.005 0.008 0.009 0.009
k Std. Error 5.307E- | 8.408E- | 8.366E- 8.147E-5
5 5 5
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Fig. 6.6 b. Disaggregation kinetics of tau K18 polymorphs produced by pathogenic

point-mutations.
n=7

Pvalue
Condition [Hsc70] (uM)
1 2 4 8
WT vs P301L 0.562 0.670 0.425 0.389
WT vs AK280 0.562 0.670 0.009 <0.001
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