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PART 1:

INTRODUCTION




Chapter 1: Proteinopathies

1.1 Neurodegenerative proteinopathies

Proteinopathies are diseases linked to misfolded proteins, whose aggregation and
subsequent loss of the protein’s normal activity lead to cellular toxicity and eventually
cell death. Protein aggregation in cells of the central nervous system leads to
neurodegeneration. The risk of developing neurodegenerative proteinopathies greatly
increases with age, making their treatment a looming serious public health issue. Each
disease differs in its genetic and environmental risk factors, the proteins that aggregate,
the cells containing aggregated protein deposits, and the brain regions where affected
cells are located, all of which lead to distinct clinical symptoms (Figure 1, Table 2).
Some well-known neurodegenerative proteinopathies or diseases (NDs) are Creutzfeldt-
Jakob disease (CJD), Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s
disease (HD) and Amyotrophic lateral sclerosis (ALS), which are characterized,
respectively, by aggregation of prion protein (PrP), amyloid-p (AB) and Tau, a-Synuclein

(aSyn), mutated Huntingtin (mHTT), and superoxide dismutase 1 (SOD1).

These diseases lead to progressive, selective neurodegeneration and eventually
death. The diseases can be categorized in two major groups: movement disorders or
dementias. Movement disorders are characterized by impaired motor control, with
tremors, bradykinesia (slow movement), akinesia (loss of voluntary movements), and
rigidity or ataxia (inability to coordinate muscles), among other motor symptoms. PD
and HD are movement disorders, although patients also harbor cognitive defects and
psychiatric problems (Aldaz et al., 2019; Zucchi et al., 2019). Dementias are defined by
a severe decline in cognitive function, as seen in patients with AD and prion diseases, for

example. While less common, dementias also can have concombinant motor symptoms



(Tsolaki etal.,2001). The definitive diagnosis for most NDs is only possible with autopsy,

as the clinical and biochemical overlap between diseases is high.

: 9 e
\ 23 { ] RS ! o> °» ‘...
- oy ‘| L ‘ ‘ .\ X 5 G : ¥ -
aSyn LB aSyn LN AP plaque Tau NFT mHTT IB PrP plaque +
spongiform

Figure 1: Aggregate depositions in PD, AD, HD, and CJD.

A) aSyn in a Lewy Body (LB) in the substantia nigra of a PD patient (Forman et al.,
2004). B) aSyn in a Lewy Neurite (LN) in the substantia nigra of a PD patient (Braak et
al., 2003a). C) Extracellular AP plaque in the neocortex of an AD patient (Forman et al.,
2004). D) Phosphorylated Tau in neurofibrillary tangles (NFT) in the hippocampus of an
AD patient (Gibbons et al., 2019). E) Intranuclear inclusion bodies (IB) containing
mHTT deposits in the neocortex of an HD patient (Forman et al., 2004). F) Spongiform
changes (arrows) and prion protein (PrP)-positive extracellular amyloid plaques.
(Johnson and Gibbs, 1998).

Table 1: A sample of neurodegenerative proteinopathies.

Only the top four genetic risk factors are listed here. Synucleinopathies: adapted from
(Bonifati, 2014; Hershey and Coleman-Jackson, 2019; Katzeff et al., 2019; McCann et
al., 2014; Outeiro et al., 2019; Rana et al., 2019; Vann Jones and O’Brien, 2014; Wong
and Krainc, 2017). Tauopathies: adapted from (Armstrong et al., 2013; Barragan
Martinez et al., 2019; Bateman et al., 2011; Dugger and Dickson, 2017; Gaugler et al.,
2016; Kovacs, 2015; Mahapatra et al., 2004). PolyQ diseases: adapted from (Bates et al.,
2015; Ross et al., 2014; Walker, 2007). Prion diseases: adapted from (Chen and Dong,
2016; Johnson and Gibbs, 1998; Mackenzie and Will, 2017). APOEe4 apolipoprotein E;
APP amyloid precursor protein; DMV dorsal nucleus of vagus nerve; EO early onset;
GBA beta-glucocerebrosidase; GCI glial cytoplasmic inclusions; LC locus coeruleus; LO
late onset; LRRK?2 leucine-rich repeat kinase 2; PINKI PTEN induced putative kinase,
polyQ; polyglutamine; PRKN parkin; RBD rapid-eye movement (REM) sleep behavior
disorder; SCARB?2 scavenger receptor class B, member 2; sCJD sporadic CJD; SNCA
synuclein alpha, SNpc substantia nigra pars compacta; PRNP prion protein, PSEN
presenilin.
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1.1.1 Parkinson’s disease & synucleinopathies

PD is the most common movement disorder and the second most common ND
after AD. Epidemiological studies have identified over 10 million people above the age
of 60 living with PD (Tysnes and Storstein, 2017), such that PD affects nearly 2% of the
world population above 60 years of age and 4-5% above 80. The disease was first
described by James Parkinson in 1817 when he outlined its main motor symptoms:
slowness of movement (bradykinesia), tremors and, in some cases, an absence of
voluntary movements (akinesia). Fifty years later, Jean-Martin Charcot helped to refine
the disease symptoms. In the late 19th and early 20th century, work by Blocq, Marinesco,
and Trétiakoff led to the implication of the substantia nigra pars compacta (SNpc) in
Parkinsonism. In 1912, Friedrich Lewy identified what came to be called Lewy bodies
(LBs) (Figure 1A), the hallmark marker of PD and other related diseases, subsequently
called Lewy Body diseases. Other variants of Lewy pathology such as Lewy Neurites
(LNs) are found in PD patient brains (Figure 1B). Lewy’s contribution fueled the debate
concerning the affected regions of PD, in light of the fact that LBs were first reported in
the striatum and not in the SNpc. This debate was resolved when the dopaminergic
nigrostriatal pathway was discovered and dopamine was identified as a neurotransmitter
(Przedborski, 2017). Subsequently, discovery of familial PD patients with mutations in
or multiplications of the SNCA gene coding for the protein aSyn (Ibafiez et al., 2004;
Polymeropoulos et al., 1997; Singleton, 2003), plus the identification of aSyn in LBs,
implicated this protein in PD and led to the classification of PD, Dementia with Lewy
Bodies (DLB), Multiple System Atrophy (MSA), and five other diseases as
synucleinopathies (Goedert and Spillantini, 2012, 1998; M. G. Spillantini et al., 1998;
Maria Grazia Spillantini et al., 1998; Spillantini et al., 1997). Since then, other genes

have been associated with early onset PD or late onset PD risk that are implicated in the



following pathways: protein aggregation, vesicle sorting and transport, mitochondrial

quality control and lysosomal function (Appendix 1, Brés et al., 2015).

Parkinsonism is used to label clinical conditions with bradykinesia or akinesia and
at least one of the following symptoms: resting tremor, postural instability, and muscle
rigidity. However, PD only accounts for 80% of parkinsonism cases (Przedborski, 2017);
the remaining 20% is due to the other synucleinopathies. Non-motor symptoms also have
been associated with parkinsonism, including sleep disorders, olfactory dysfunction,
constipation or other forms of autonomic dysfunction, pain, fatigue, cognitive impairment,
and psychiatric symptoms (Kalia and Lang, 2015, Appendix 2). Many of these non-
motor symptoms appear before the onset of motor symptoms, since motor symptoms only
appear after a 50-70% loss of neurons in the SNpc (Cheng et al., 2010). Neither mood
disorders nor constipation, two prodromal PD symptoms that have both been shown to
lead to almost twice the risk of subsequently developing PD (Noyce et al., 2012), are
specific to NDs and thus cannot be used solely to aid in an early PD diagnosis. Rapid eye
movement (REM) sleep behavior disorder (RBD), on the other hand, has more potential,
as 28-45% and 40-65% of RBD patients developed neurodegenerative syndromes at 5-
and 10-year follow-ups, respectively. In other studies, 50% of RBD patients developed
parkinsonism and the other half developed dementia (Postuma et al., 2012). RBD patients
who converted into PD had more severe gait, faster appearance of motor symptoms and
reduced responses to levodopa, a precursor to dopamine (Chan et al., 2018). While RBD
has high specificity for diagnosing prodromal PD, its sensitivity is low, given that only
15-33% of PD patients have RBD. In contrast, 40% of patients with DLB and 70% of
patients with MSA have RBD (Chan et al., 2018). If patients with severe forms of RBD
presented themselves to doctors, they could benefit from a window before the appearance

of motor symptoms for regular follow-ups. Loss of sense of smell is another prodromal



symptom, appearing two to five years before motor symptoms (Goldman and Postuma,
2014). While olfactory loss had high sensitivity for PD, affecting 70% of PD patients, its
specificity for developing the disease is still quite low, as one third of the elderly
population reports olfactory loss (Postuma et al., 2012). Patients usually die from

secondary conditions such as pneumonia.

aSyn is a 140 amino acid protein that is primarily expressed in the CNS in
presynaptic nerve terminals (Jakes et al., 1994). aSyn, B-synuclein and y-synuclein are
part of the synuclein family only described in vertebrates (George, 2002). aSyn has three
functionally-defined domains: first, its N-terminal 60 amino acids are known for binding
to lipids and are the site of the six missense mutations associated with familial PD; second,
its hydrophobic core that contains the non-amyloid component (NAC) peptide (61-95);
and third, its acidic C-terminal (Figure 2). There are seven imperfect 11-mer repeats of
KTKEGYV in the first 95 residues of the protein, which are implicated in lipid and
interprotein binding. aSyn can be phosphorylated at multiple sites, including notably
S129, found in LBs (Fujiwara et al., 2002). Furthermore, aSyn undergoes other post-
translational modification such as nitration, sumoylation, acetylation and ubiquitination
(Pajarillo et al., 2018). Truncated forms of aSyn, notably at the C-ter, are formed in cells
(Pieri et al., 2016) and found in LBs, although in smaller quantities than the whole protein
(Baba et al., 1998). Furthermore, the expression of C-terminal tructated aSyn in mice
can lead to greater toxicity than the full-length protein (Rochet et al., 2012). Regarding
its structure, monomeric aSyn is primarily unfolded. Its N-ter forms o-helices upon
membrane binding and its C-ter is dynamic with no defined structure. aSyn may exist as
a monomer (Burré et al., 2013; Fauvet et al., 2012; Theillet et al., 2016) or aggregation-
resistant tetramers (Bartels et al., 2011; Dettmer et al., 2015; Gurry et al., 2013; Selkoe et

al., 2014). aSyn is thought to be involved in synaptic vesicle trafficking (Abeliovich et



al., 2000; Nemani et al., 2010) and in maintaining presynaptic sensitive factor attachment
protein receptor (SNARE) complex assembly (Burré et al., 2010), among other functions

(Burré et al., 2018).
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Figure 2: Primary structure of aSyn.

aSyn 1-140 with domains, mutations and phosphorylation sites annotated. aSyn is
phosphorylated at S129 in brain tissue from patients with synucleinopathies. Adapted
from Barrett and Timothy Greenamyre, 2015; Rosborough et al., 2017.

1.1.2 Alzheimer’s disease & tauopathies

AD is the most common form of dementia, accounting for 50-75% of cases
(Barragén Martinez et al., 2019). It is estimated that around 50 million people worldwide
live with AD (Karlawish et al., 2017). The percentage of people with AD is age related,
with 16% of people between the ages of 65 and 74 years being afflicted and up to 36%
for those over 85 years old (Alzheimer Association, 2019). AD was first identified by
Alois Alzheimer in 1907 (Stelzmann et al., 1995) and was combined with presenile
dementia by Emil Kraepelin three years later to become known as Alzheimer’s Disease.
AD was further expanded 60 years later to include senile dementia. Alois Alzheimer
connected dementia in one female patient with the presence in her cerebral cortex of
abundant neuritic plaques (Figure 1D) and neurofibrils (Figure 1E), today known as
neurofibrillary tangles (NFTs), the two pathological features defining the disease

(Spillantini and Goedert, 2013). Indeed, post-mortem identification of these hallmarks



still constitutes the definite diagnosis of the disease. These extracellular plaques were
revealed to contain mostly the peptide amyloid-p (AB) (Masters et al., 1985), a cleavage
product from the amyloid precursor protein (APP), while the NFTs are composed of
paired helical filaments made of hyperphosphorylated Tau, a microtubule stabilizing
protein (Goedert et al., 1988; Wischik et al., 1988). The identification of genes connected
to early-onset AD that are involved in AP processing helped to elucidate some of the
mechanisms behind the creation of the neuritic plaques. In addition, genes associated
with risk of AD are involved in Tau or cholesterol metabolism, immune response,
endocytosis, cytoskeleton development, and epigenetics, or in some cases are not yet
characterized (Appendix 1, Barragan Martinez et al., 2019). In parallel, mutations in the
MAPT gene coding for Tau were associated with Frontotemporal dementia and
parkinsonism linked to chromosome 17 (FTDP-17, Wilhelmsen et al., 1994), a disease
with clinical overlap with AD. Nowadays, there are over 20 NDs associated with
aggregated Tau, called Tauopathies (Lee et al., 2001, Appendix 4). The exact interplay
and timing between AP and Tau aggregation in AD are unclear: neurodegeneration
usually begins 20-30 years before clinical onset, with memory problems appearing as
plaque and NFT load increase. This preclinical phase is referred to as Mild Cognitive
Impairment (MCI) and 10-15% of MCI patients develop AD every year (Blennow et al.,
2006). Ultimately, as diagnostics improve, patients diagnosed with MCI could be treated

at very early stages, therefore intervening before the passage to major neurodegeneration.

As I mentioned earlier, two main proteins aggregate in AD: AP and Tau. Afisa
40-42 residue peptide derived from APP (Figure 3). APP is a type-1 transmembrane
glycoprotein. Its cleavage by multiple proteases, notably, a-secretase, B-secretase (or f3-
site APP-cleaving enzyme, BACE), and y-secretase, act on APP in pairs to lead to either

non-amyloidogenic cleavage (a- and y-secretase) or amyloidogenic cleavage (- and v-



secretase) (Sambamurti et al., 2002). The amyloidogenic processing, producing Af
peptides 1-40 and 1-42 (ABi40 & Ai-42), also occurs in healthy people, as A peptides
are found in their cerebrospinal fluid (CSF) and plasma, albeit in different ratios than AD
patients (Shaw et al., 2009). While most mutations affecting A are located in the final
cleaved product, two are at the extremity of the cleavage sites. Afi-42 has a higher
tendency to aggregate and increased toxicity, likely due to the addition of two

hydrophobic residues compared to Api-4o.
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Figure 3: Primary structure of APP & Ap.

APP 1-714 and the secretase cleavage sites (B- and y-secretase) leading to APi.40or  APi.
4. The transmembrane portion of APP is visualized between the phospholipids.
Mutations in APP or AP are annotated. Adapted from Thal et al., 2015.

Tau is a 352-441 residue protein whose mRNA undergoes alternative splicing,
leading to six isoforms expressed in the adult human brain (Figure 4). These isoforms
vary in the number of N-terminal repeats (ON, 1N or 2N) and/or the presence or absence
of an additional 31 amino acid repeat sequence from exon 10 (3R or 4R). The domain
containing these repeated sequences is the microtubule binding domain. Two
hexapeptide sequences in the R2 and R3, 2°VQIINK?% and 3°VQIVYK?!!, particularly
promote aggregation (Falcon et al., 2015; Seidler et al., 2018; von Bergen et al., 2001,
2000). There are eighty potential phosphorylation sites for Tau, with forty shown to be

phosphorylated at serine/threonine residues and two at tyrosine residues in PHFs (Igbal
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et al., 2016). Most phosphorylation sites are outside the microtubule binding domain.
When phosphorylated, Tau undergoes conformational changes and loses its ability to bind
microtubules (Buge et al., 2000; Uversky et al., 1998), and a hallmark pathology of AD
is hyperphosphorylated, B-sheet-rich Tau. Tau is truncated in vivo, and products such as
Tauis1-3901 have been found in AD brain extracts and its overexpression in transgenic rats
led to Tau pathology and cognitive defects (Zilka et al., 2006). In addition, Tau undergoes
many other post-translational modifications such as sumolation, nitration,

lipoperoxidation, O-GlcNacylation, N-glycosylation, and glycation (Igbal et al., 2016).
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Figure 4: Primary structures of the six isoforms of Tau.
The six isoforms of Tau, with domains and mutations associated with tauopathies, are
listed. Adapted from Goedert and Spillantini, 2017; Strang et al., 2019; Vasili et al., 2019.

1.1.3 Huntington’s disease

HD is an autosomal dominant polyglutamine disorder and the most common
monogenic neurological disorder. Its prevalence and incidence are much smaller in East

Asia or Africa, and to date, no worldwide estimate of prevalence or incidence is known



(Bates et al., 2015). It was first thoroughly described by George Huntington in 1872
(Huntington, 1872). It was not until 1993 that the gene H7T, coding for the protein
huntingtin, was discovered by The Huntington’s Disease Collaborative Research Group
(Huntington’s Disease Collaborative Research Group et al., 1993). This gene has a [CAG]
repeat in the first exon that leads to a polyglutamine stretch (polyQ) when transcribed and
translated. These researchers showed that 98% of sequenced genes in healthy people had
between 11 and 24 repeats, with 34 repeats as the maximum number in their healthy
cohort. At the same time, they found 40% of HD patients to have between 42 and 47
repeats and 60% to have over 48 repeats in mutated huntingtin (mHTT). Later on, it was
shown that over 41 repeats leads to full penetrance of HD, with partial penetrance for 36-
40 repeats and no association for 35 or fewer repeats (McNeil et al., 1997; Rubinsztein et
al., 1996). The HTT gene was shown to be unstable, leading to variations in [CAG]
length over generations, meaning a parent with intermediate penetrance could have a
child with full penetrance, especially if the carrier was male. Most patients have 37 to 48
repeats, while juvenile patients have over 55, as the age of onset of the disease is inversely
proportional to the repeat length (Langbehn et al., 2010; Rosenblatt et al., 2006,
Appendix 5). HD patients exhibit loss of striatal neurons, especially medium spiny
neurons (Bates et al., 2015; Ross and Tabrizi, 2011; Walker, 2007). They usually die
from problems linked to progressive difficulties with swallowing (Parsons and Raymond,

2015).

The huntingtin protein is a 3144 amino acid (348 kDa) protein mostly expressed
in the CNS and testes. It is important for development, as knock-outs are not viable. The
CAG repeat site on Exonl is flanked by a 17-residue N-terminal region (N17) and a
proline-rich (PR) region at its C-terminal (Figure 5), capable of enhancing or inhibiting

polyQ aggregation in vitro, respectively (Lakhani et al., 2010; Monsellier et al., 2015).
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Following the C-terminal region of Exonl are 66 exons and clusters of HEAT repeats
(huntingtin, elongation factor 3, the PR65/A subunit of protein phosphatase 2A and the
lipid kinase Tor; o-helix-loop-a-helix motifs which are involved in protein-protein
interactions, Nguyen and Weydt, 2018). Interestingly, the HTT gene can be translated
into a RNA transcript that either leads to the full length protein or, in the case of an
expanded CAG repeat, only Exonl (Bates et al., 2015; Neueder et al., 2017). While the
full-length protein is predominantly found in the cytosol, pathogenic, N-terminal
fragments of mHTT, including those containing the caspase 6 or endopeptidase cleavage
sites or corresponding to Exonl (hereinafter referred to as HTTExon1Qn), accumulate in
intranuclear inclusions or inclusion bodies (DiFiglia et al., 1997; Hoffner et al., 2005, IBs,
Figure 1E). HTTExon1Q-36 is sufficient on its own to aggregate and be toxic. With the
development of the first transgenic mouse model for HD, where ubiquitous expression of
HTTExon1Q-100 led to chorea and reduced brain weight, the whole protein was
demonstrated to be unnecessary to induce partial symptoms of the disease (Mangiarini et
al., 1996). Additionally, conditional models showed that elimination of HTTExon1Q94
expression was sufficient to reduce IBs and behavioral changes (Yamamoto et al., 2000),
thereby further connecting protein expression with pathology and associated clinical

phenotypes.
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Figure 5: Primary structure of huntingtin (HTT).
Sequence numbers assume a 23 polyQ repeat. Adapted from Ratovitski et al., 2009.
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1.1.4 Prion diseases

Prion diseases in mammals, otherwise known as transmissible spongiform
encephalopathies (TSEs), are caused by the conversion of soluble prion protein (PrP¢)
into fibrillar, pathogenic PrP*, the suffix “sc” alluding to the disease “scrapie” first
described in sheep in the 1700s (Prusiner, 1998). This conformational change entails a
significant increase in B-sheet content, from 3% to 45% (Colby and Prusiner, 2011).
TSEs in humans encompass multiple diseases including kuru, iatrogenic or variant
Creutzfeldt-Jakob Disease (i/vCJD), fatal familial insomnia (FFI), and Gerstmann-
Straussler-Scheinker syndrome (GSS).  These conditions lead to progressive
neurodegeneration, dementia, loss of motor control, and, in all cases, death (Prusiner,
1998). A common pathological hallmark is the accumulation of the prion protein and the
presence of “sponge”-like tissue (Figure 1F). The origins of these diseases vary from
entirely environmental for kuru, spurring from the cannibalistic consumption human
tissue, including the brain, by tribes in Papau New Guinea (Liberski et al., 2019), to
mostly sporadic for CJD (Gambetti et al., 2003), to entirely genetically linked for FFI
(Lugaresi et al., 2006). As mentioned earlier, PrP* causes scrapie in sheep and goats, as
well as chronic wasting disease (CWD) in deer and bovine spongiform encephalopathy
(BSE) in cows (Johnson and Gibbs, 1998). Consumption of cows with “mad cow disease”
(BSE) in the United Kingdom in the early 1990s is believed to have led to the variant
CJD (vCJID), with an earlier age of onset and slower disease progression (Will et al.,
1996), demonstrating that PrPs¢ is capable of crossing the species barrier, with this latter
phenomenon being dictated by the different sequences of the prion proteins between

species.

Prions, or “PRoteinaceous Infection ONly particles”, are pathogenic and

infectious proteins capable of causing disease without genetic material. This disruption
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of the typical dogma that infectivity requires nucleic acids led to Stanley Prusiner
receiving the Nobel Prize in Physiology or Medicine in 1997. At a biochemical level,
prions can self-replicate their alternative conformation by initiating endogenous proteins
to take on their structural features (Prusiner, 1991), discussed more in the next section.
In particular, prions are capable of forming multiple aggregate conformations, leading to
structural heterogeneity among proteins of the same sequence, hereinafter referred to as
“strains”. As a protein’s structure governs its function, the strain, or specific
conformation of PrP*, similarly determines the disease. Importantly, pathogenic prion
proteins are capable of transmission between cells, organs and organisms, as evidenced
by the cases of kuru disease onset following ingestion of pathogenic PrP*¢ (Liberski et al.,
2019). The ability of the protein alone to be infectious through a natural mode of disease
transmission is one of the key factors in prion propagation. The concept of pathogenic
protein spreading linked to NDs has recently been applied to the protein aggregates
involved in PD, AD and HD, among other NDs, although for now they are referred to as

“prion-like” diseases for reasons discussed below in section 1.3.4.

1.2 Protein folding and misfolding

1.2.1 Mechanisms of protein aggregation

All of the above NDs are characterized by misfolding proteins. Under normal
conditions, proteins could, in theory, fold into an astronomical number of conformations.
However, the reality of the energy associated with various conformations dictates the
folding of proteins, leading to fewer possible conformations (Figure 6A). In particular,
folding is driven by the formation of intramolecular contacts among hydrophobic residues
to protect them from the polar solvents. During this process, various intermediate

conformations will arise, followed by the interaction of key residues in order to form the
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native state of the protein, if it has one (Dobson, 2003). For globular proteins, once this
native state is reached, the susceptibility of the protein to aggregate is lessened due to its
buried hydrophobic regions and the subsequent stabilization of its structure. The drive to
protect hydrophobic residues from the solvent, under certain circumstances, leads to
aggregation through the establishment of intermolecular contacts. These interactions
spawn amorphous or structured amyloid aggregation due to the low energy states of these

aggregates (Dobson, 2003).

The energy dynamics of protein folding are dependent on protein sequence. In
particular, hydrophobicity, low net charge, and low proline or glycine residue count tip
the scale towards aggregation. Furthermore, proteins with frequent repetitive patterns of
alternating hydrophobic and hydrophilic residues favor B-sheet formation and thus favor
aggregation (Broome and Hecht, 2000). As mentioned earlier, exposed hydrophobic
residues favor the intermolecular contacts involved in protein aggregation (Schwartz et
al., 2001). In contrast, high net charge can inhibit intermolecular contacts (Chiti and
Dobson, 2006). Glycine but more so proline residues, due to their structural constraints
that are incorporated with difficulty into B-sheet structure, discriminate against protein
aggregation (Lise and Jones, 2005; Parrini et al., 2005). Intrinsically disordered proteins
(IDPs), or proteins or fragments lacking a native folded state, have sequences adapted to
low aggregation propensity, although this does not prevent aggregation (Campioni et al.,

2010).

There are many other possible triggers for aggregation. Spontaneous aggregation
during folding, as indicated above, can arise from proteins with aggregation-prone
sequences. In addition, IDPs, have fewer intramolecular contacts and are thus free to
make intermolecular contacts, thereby leading to aggregation. It is not surprising that

many proteins involved in proteinopathies are IDPs: for example, aSyn, Tau, AB, and
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islet amyloid polypeptide (IAPP), a protein that forms pancreatic aggregates in type 2
diabetes. Another potential trigger is the occurrence of point mutations predisposing the
protein towards aggregation (Ono et al., 2011). Certain post-translational modifications,
such as phosphorylation for Tau at a few key sites, can increase the propensity of the
protein to aggregate (Alonso et al., 2001; Despres et al., 2017). Furthermore, protein
expression levels contribute to aggregation propensity, such as occurs with a copy number
variation leading to steady state protein levels past a critical threshold. To illustrate, in
PD, duplications and triplications of the SNCA gene can lead to early disease onset.
Additionally, AD onset is affected by APP gene copy numbers, as is seen with people
with Down syndrome who carry an extra copy of the APP locus on chromosome 21 and
can develop AD in their forties, as well as sporadic AD cases displaying genetic
mosaicism that included multiplications of the APP gene in single neurons compared to
healthy controls (Bushman et al., 2015). Furthermore, changes in intracellular
environment such as temperature, pH or oxidative stress can induce aggregation
(Herczenik and Gebbink, 2008). Lastly, trauma (McKee et al., 2014), toxin exposure
(Dauer and Przedborski, 2003), metal ions, or other mechanisms are involved in

aggregation onset (Campioni et al., 2010; Sanders et al., 2016).

Naturally, cells have developed multiple defense mechanisms against protein
aggregation, notably through the protein quality control (PQC) machinery. The PQC is
composed of several pathways designed to stop further aggregation, ensure proper protein
trafficking and eliminate existing aggregates. The PQC is composed of molecular
chaperones (discussed in chapter 2), the ubiquitin-proteosome system (UPS), and
autophagy (chaperone mediated autophagy, microautophagy and macroautophagy).
Nonetheless, these mechanisms are not eternally efficient, as their capabilities decline

with age (see section 2.1.2).
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Amyloid formation is a multi-step process (Eichner and Radford, 2011; Knowles
et al., 2014; Morris et al., 2009) (Figure 6B). In vitro, monomers first find themselves
in an aggregation-prone state, allowing for the formation of “on-pathway” (B-structured)
oligomers and protofibrils. This period of nucleation is the lag phase, which can be
bypassed by adding preformed fibrils as seeds. Next, monomers bind to the exposed ends
of the protofibrils in the elongation phase, leading to short and eventually long fibrils with
cross-B-structure (Riek and Eisenberg, 2016). Fibrils can be fragmented (Cliffe et al.,
2019; Tanaka et al., 2006; Xue et al., 2009), leading to more seeds, thus perpetuating the

process.
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Figure 6: Schematics of protein folding and misfolding.

A) Schematic of the energy landscape of protein folding (Hartl and Hayer-Hartl, 2009).
B) Schematic of spontaneous and seeded amyloid aggregation, inspired by Hanspal et
al., 2017.

Typically, amyloid fibril formation is followed through measures of B-sheet
content (see section 1.2.3), transmission electron (TEM) or atomic force microscopy
(AFM), or supernatant-pellet partition experiments, given that fibrils pellet upon

centrifugation.
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This aggregation process has been identified in vitro. Naturally, aggregation
within a cellular environment is expected to be much more complicated, as 30% of the
space is taken up by macromolecules. Indeed, in vitro experiments that demonstrate the
impact of crowding on aggregation show that the kinetics are significantly altered
compared to the proteins alone (Despa et al., 2005; Munishkina et al., 2004). Furthermore,
specific actors in the cell such as reactive oxygen species, metal ions or various
macromolecules, can lead to elevated aggregation kinetics (Campioni et al., 2010). This
highlights the importance of evaluating the efficiency of inhibitory molecules in cellular

environments.

1.2.2 Toxicity: gain or loss of function?

Protein aggregates lead to toxicity through loss-of-function, gain-of-function, or
a combination of the two mechanisms. While much less common, loss-of-function
mechanisms act as primary causes for toxicity in diseases such as Gaucher’s disease and
cystic fibrosis due to the loss of the essential functions of B-glucocerebrosidase
(Sidransky, 2012) and cystic fibrosis transmembrane conductance regulator (CFTR)
(Moran, 2017), respectively. On the other hand, most proteinopathies manifest primary
toxicity linked to the cellular dysfunction caused by misfolded proteins (Figure 7). This
gain-of-function toxicity can be accompanied by a lesser loss-of-function toxicity, as has
been described, for example, for phosphorylated Tau which loses its ability to bind
microtubules (Johnson and Stoothoff, 2004), or for mHTT, which has impaired regulation
of vesicular transport of neurotrophic factors like BDNF (brain-derived neurotrophic
factor, Gauthier et al., 2004; Pineda et al., 2009; Saudou and Humbert, 2016). In addition,
aggregated proteins can lead to loss-of-function toxicity for other proteins, such as what
occurs with the clustering of membrane proteins upon fibril binding (Shrivastava et al.,

2017).
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1.2.3 Amyloid fibrils

Structure

Amyloid fibrils are composed of -strands running perpendicular to the fibril axis
(cross-p structure, Figure 8A). This cross-f structure is stabilized thanks to the
intermolecular hydrogen bonds formed between the backbone amide and carbonyl groups
of the stacking monomers. Amyloid fibrils are often microns in length and 5-15 nm in
diameter (Toyama and Weissman, 2011). They are composed of 2-8 protofilaments of

2-7 nm in diameter that either twist around each other or stack laterally upon each other.

The cross-f structure, a hallmark of amyloids, was first identified thanks to the X-
ray fiber diffraction pattern of amyloids (Figure 8B). Spectrometry techniques like
circular dichroism (CD) or fourier-transform infrared spectroscopy (FTIR, Figure 8C)
show specific B-sheet and amyloid B-sheet signatures (Byler and Susi, 1986). The cross-
B structure, in most cases, allows for the use of dyes like Thioflavin-T (ThT), Thioflavin-
S (ThS), Congo Red, or Primuline, which upon binding to amyloid fibrils display altered

spectral properties (Biancalana and Koide, 2010), as readouts for amyloid fibrillation
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(Figure 8D). This can however lead to false negatives if the binding site to these
molecules is perturbed, such as through a mutated residue or through competitive binding

with partners or contaminants present in some dye solutions (Schiitz et al., 2011).

Due to their large size, obtaining atomic resolution structures of amyloid fibrils
through traditionally pursued methods such as X-ray crystallography or solution-state
NMR cannot be applied. Nonetheless, some structures of amyloid fibrils of short peptides
formed in vitro, for example derived from AP or TDP-43, have been elucidated. The
majority of structures of amyloid fibrils formed in vitro are from cryostatic electron
microscopy (cryo-EM) for amyloid cores (Fitzpatrick and Saibil, 2019; Gremer et al.,
2017; Guerrero-Ferreira et al., 2019, 2018; Li et al., 2018b; Murzin et al., 2019) and solid
state nuclear magnetic resonance (ss-NMR) for amyloid cores or full-length fibrils
(Bousset et al., 2013; Gath et al., 2014; Hoop et al., 2016; Tuttle et al., 2016). Recently,
improvements in aggregate extraction from patient brains of Tau filaments has led to the
ex-vivo cryo-EM structures associated with AD (Fitzpatrick et al., 2017), Pick’s disease

(Falcon et al., 2018) and chronic traumatic encephalopathy (Falcon et al., 2019).
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Figure 8: Structural elements for amyloid fibril recognition.

A) Cross B-sheet quaternary structure with the 4.7 A interstrand and 10 A intersheet
distances, as exemplified by APi-4 fibrils (PDB ID: 2BEG). B) X-ray fiber-diffraction
pattern displaying the characteristic reflections at 4.7 A and 10 A, from the interstrand
repeats and the intersheet packing, respectively. A-B are from (Fowler et al., 2007). C)
FTIR spectra of soluble P301S-1N4R and fibrillar P301S-1N4R Tau. The signature
amyloid fibril B-sheet peak at 1,628cm! is indicated (Berriman et al., 2003). D)
Structures of four molecules that exhibit fluorescence changes upon binding to amyloid
fibrils. They are thought to intercalate between -sheets, or as was shown for Congo Red,
to bind parallel to the fibril axis (Schiitz et al., 2011).

Strains

While all amyloids share the cross-f quaternary structure, secondary structure

variations due to environmental conditions such as pH or salt content in which the fibrils
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were formed can lead to conformational heterogeneity (Riek and Eisenberg, 2016),
notably affecting the segmentation and packing of the core, how the protofibrils
intertwine, or both (Lutter et al., 2019). One method to identify the different strains is
through limited proteolysis, as exposed regions will be cleaved first, leading to
“molecular barcodes” for different fibrils with unique regions exposed to solvents
(Figure 9A). In addition, high-resolution structures, primarily through ss-NMR and
cryo-EM, have elucidated differences between the strains, notably in the core (Gath et al.,
2014; Lutter et al., 2019). In vitro, aSyn and AP were shown to produce differently
structured fibrils depending on the conditions in which they were formed (Bousset et al.,
2013; Petkova et al., 2004) (Figure 9B). Ex vivo studies of Tau straight or paired helical
filaments (SHF, PHF) or narrow or wide Pick’s filaments from AD or Pick’s disease
patient brains, respectively (Falcon et al., 2018; Fitzpatrick et al., 2017) (Figure 9C), as
well as AP fibrils formed from seeds from AD patient brains with different clinical
symptoms (Qiang et al., 2017; Tycko, 2015), were shown to have different structures,
suggesting that strains in other NDs may resemble those of prion proteins, where each
strain leads to a different disease (Brundin and Melki, 2017). The large clinical spectrum
of Tauopathies, for example, could be in part explained because of the heterogeneity of
Tau aggregates in patient brains (Dujardin et al., 2018). This concept has been further
supported in cellular and animal model studies, with the appearance of different
pathologies, regional vulnerability, seeding capacity, and behaviors depending on the
strain used or the disease associated with the brain-derived material (Bousset et al., 2013;
Clavaguera et al., 2013; Dujardin et al., 2018; Gribaudo et al., 2019; Kaufman et al., 2017,

2016; Peelaerts et al., 2015; Sanders et al., 2014; Woerman et al., 2016).
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Relevance of in vitro fibrils

Since the discovery of the main proteins encompassing neuronal deposits in NDs,
studies have been conducted using aggregated proteins purified in vitro. There remains
some controversy as to the relevance of using these model fibrils. Fibrils formed in vivo
are formed in much more complex cellular milieus than preformed fibrils, leading to the
probability of high rates of heterogeneity not taken into account in in vitro studies.
Additionally, fibrils formed from proteins expressed in E.coli bacteria, as is commonly
done, do not have any post-translational modifications, which are known to influence the
formation and behavior of amyloid fibrils (Alonso et al., 2001; Despres et al., 2017;
Johnson and Stoothoff, 2004; Samuel et al., 2016). In addition, Tau fibrils, routinely
formed in vitro in presence of polyanions like heparin, had different structures than brain-
derived Tau aggregates (Murzin et al., 2019). Furthermore, Tau fibrils formed in vitro
with heparin were more resistant to proteinase K digestion and guanidine hydrochloride
disaggregation than Tau fibrils present in P301S transgenic mice brain homogenates or
Tau fibrils formed in vitro through seeding with the above-mentioned homogenates.
Detailed, high resolution structures of brain-derived fibrils besides Tau have yet to be
elucidated, so it is unclear how their structures may differ from fibrils formed in
controlled conditions. Nevertheless, evidence presented in the next section demonstrates
that fibrils formed in vitro are able to propagate between neuronal cells and lead to

pathology reminiscent of their associated NDs, suggesting clinical relevance.
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Figure 9: Structural polymorphism of amyloid fibrils.

A) Proteinase-K (pK) profiles of aSyn fibril and ribbon strains via sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). M minutes proteolysis (Bousset et al.,
2013). B) Schema of strain formation from an unfolded monomer to two amyloid strains.
(Peelaerts et al., 2018). C) Cryo-EM structures of ex-vivo Tau aggregates from AD and
Pick’s disease patient brains (Lutter et al., 2019).
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1.3 Fibril Propagation

1.3.1 Principle and evidence of propagation in prion-like diseases

First evidence in humans

The idea that aSyn aggregates could propagate, transfer, transmit or spread
between neuronal cells in the brain of PD patients (hereinafter referred to as “propagate”)
initially came after the discovery by Braak and colleagues that PD patients at early stages
had aSyn-positive LB and LN pathology in olfactory structures and the dorsal motor
nucleus, whereas patients at late stages had pathology in interconnected brain regions
(Braak et al., 2004, 2003a) (Figure 10A). Specifically, stage one begins with lesions in
the olfactory bulb, dorsal motor nucleus of the vagus, and anterior olfactory nucleus
(Ordonez et al., 2018). In the second stage, pathology is found in the lower raphe nuclei,
the locus coeruleus, and the magnocellular portions of the reticular formation (Prots et al.,
2018). The third stage is defined by pathology in the midbrain, notably in the substantia
nigra pars compacta (Braak et al., 2003a). While cognitive decline increases from stage
three onward, most clinical symptoms arise during stage four, when pathology moves to
the mesocortex but not the neocortex (Braak et al., 2006¢, 2003b, 2003a). Finally, in
stages five and six, the pathology reaches the prefrontal neocortex followed by the
premotor areas, the primary sensory areas and the primary motor field. In summary, the
pathology follows anatomical connections throughout the brainstem, limbic and
autonomic system and finally the neocortex. The aforementioned stages are still used
today for diagnostics and are referred to as “Braak staging” [-VI. While not pictured in
Figure 10A, another theory is that aSyn pathology could begin in the gastrointestinal
tract, propagating up the vagal nerve into the brain (Braak et al., 2006b). However,
patients do not always follow Braak staging, with reports of 17-49% of some degree of

divergence (Rietdijk et al., 2017). It may be that more aggressive PD patients better fit
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Braak staging than late onset PD patients (Halliday et al., 2008). Further studies are thus

required to better stratify the heterogenous pool of PD patients.

In AD, patients also manifest progressive Tau pathology (Figure 10B) that
correlates with clinical symptoms (Braak et al., 2006a, 1993; Braak and Del Tredici,
2016). First, Tau neurofibrillary changes, or neurofibrillary tangles, neuropil threads,
and/or neuritic plaques, appear in the transentorhinal region during stage one before
reaching the entorhinal regions during stage two. Clinical dementia is not present yet.
Next, the Tau neurofibrillary changes progress to the hippocampus in stage three,
followed in stage four by other limbic areas such as the medial temporal gyrus as well as
the insular cortex. Finally, in stages five and six, the neurofibrillary changes reach the
neocortex and primary sensory areas. As is the case for aSyn pathology, Tau pathology
progresses through connected brain regions, as exemplified by the case of an AD patient
who had a disconnected area of the frontal cortex, due to a surgical lesion, leaving the
frontal cortex free of Tau pathology (Duyckaerts et al., 1997). Nonetheless, the exact
reasons behind the selective vulnerability of certain connected regions over others are not
clear. Indeed, while the dentate gyrus is connected through the performant path to the
entorhinal cortex, which is the region affected in stage one of AD, the dentate gyrus is
only affected in stage six. Lastly, in contrast to Tau neurofibrillary changes, AP
pathology progression is not dictated by the same anatomical connections and is poorly

correlated with cognitive decline (Nelson et al., 2012).
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aSyn: PD Tau: AD mHTT: HD

D Substantia nigra Graft Graft
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p-zone: striatal-like neuronal tissue

Figure 10: First evidence in humans for prion-like propagation in PD, AD and HD.
A-C) Stereotypical progression of aSyn Lewy bodies and neurites, Tau neurofibrillary
tangles and mHTT pathology in brains of patients with PD, AD and HD, respectively
(Brundin et al., 2010). Regions with pathology appearing earlier in time are darker green.
Mid-sagittal view for PD and AD; lateral view for HD. D) aSyn-positive Lewy bodies
in a dopaminergic neuron graft in a PD patient 16 years after transplantation (Li et al.,
2008). E) mHTT-positive inclusions in striatal grafted tissue in a HD patient 9 years after
transplantation (Cicchetti et al., 2014).

In HD, stereotypical pathology progression can equally be observed. Through
brain imaging studies of pre-symptomatic carriers (Rosas et al., 2008), cortical
degeneration was implicated in the earliest stages of the disease. Later stages are

characterized by degeneration of the putamen and caudate nucleus of the striatum (Figure
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10C) (Aylward et al., 2004; Vonsattel et al., 1985). While cognition and motor symptoms
are correlated with the stereotypical progression mentioned above, psychiatric and

behavioral symptoms do not fit a stepwise progression in accordance with disease severity

(Walker, 2007).

The original speculation that aggregated proteins propagate throughout the brain
was supported by post-mortem analyses on PD patients who had received striatal grafts
of embryonic neural tissue in order to replace damaged dopaminergic neurons. Over ten
years after the procedure, aSyn-positive LB and LN pathology was found in the cells of
the grafted tissue (Figure 10D, Kordower et al., 2008; Kurowska et al., 2011; Li et al.,
2008). Notably, this pathology was detected in 2-5% of grafted cells, similar to the
percentage of neurons with Lewy pathology in the SNpc in PD. However, for patients
surviving 24 years, this number increased to 11-12% of grafted dopaminergic neurons,
demonstrating that the appearance of Lewy pathology was ongoing (Li et al., 2016).
Similarly, six years later, mHTT aggregates were found in HD patient brain grafts a
decade after the procedure (Figure 10E, Cicchetti et al., 2014). However, it is worth
noting that the deposits were only found in the extracellular matrix (ECM) whereas in
ungrafted patient brains, deposits are found in neurons, neuropil, the ECM, and blood
vessels (Cicchetti et al., 2014). Recently, transplants of cell suspension allografts in HD
patients demonstrated that mHTT pathology was found within cell bodies of the
innervated grafted tissue twelve years after the surgery, unlike what was seen for solid
tissue transplants (Maxan et al., 2018). While the appearance of aSyn or mHTT
aggregates in the grafted tissue could have arisen from propagation of aggregates present
in neighboring cells in these patients’ brains, we cannot exclude the possibility that it also
could be due to aggregation induced by the trauma of placing the grafts, inflammation,

excitotoxicity, oxidative stress, and/or loss of neurotrophic support (Braak and Del
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Tredici, 2008; Brundin et al., 2008; Cicchetti et al., 2011, 2009; Newell et al., 1999). To
investigate the first hypothesis, researchers established in vivo and cellular models to

determine whether aggregate propagation is possible and how it functions.

Propagation to transplanted grafts in animal models

Initially, experiments replicating aspects of the graft studies in humans found that
in aSyn over-expressing mice or rats, aSyn pathology was identified in the graft site in
either the hippocampus (Desplats et al., 2009) or the striatum (Angot et al., 2012; Hansen
et al., 2011; Kordower et al., 2011). Both grafting stem cells or mature neurons led to
this phenomenon. The appearance of aSyn pathology in the grafted cells was not
observed in WT mice (Desplats et al., 2009). While most HD animal models with stem
cell transplants did not display mHTT pathology (Holley et al., 2018), one study did
observe mHTT pathology in IPSC striatal grafted tissue a later time point of 33 weeks
(Jeon et al., 2012). These results encouraged the development of various cellular and
animal models to further explore the hypothesis of amyloid fibril propagation and

elucidate its mechanisms.

Cellular models for propagation studies

Cellular models are particularly useful for the identification of specific aspects of
mechanisms of intercellular propagation of aggregated proteins, are discussed in more
detail below in section 1.3.2. In vitro experiments utilize a wide range of cell types,
including non-neuronal cell lines such as cervical cancer Henrietta Lacks (HeLa) cells or
human embryonic kidney (HEK293) cells, neuronal cell lines like the mouse Neuro-2a
or human SH-SYS5Y or PC-12, primary rodent cultures (neuronal and non-neuronal), and

(patient-derived) induced (neuronal and non-neuronal) pluripotent stem cells (iPSCs).
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Most experiments rely on three basic models with either expression of or exposure
to the amyloidogenic proteins of interest. First are the common experiments using single
cultures with either exposition to or (over)expression of amyloidogenic proteins (Figure
11A-B). In the second type of experimental cellular models, inoculation of conditioned
medium from one separate culture into another, or contact-independent co-culture, allows
for the study of the lifecycle of exported proteins and the capacity of serial propagation
of amyloid aggregates (Figure 11C-E). In particular, certain exported material like
exosomes or aggregates can be concentrated before secondary application. Contact-
independent culture can be established using a filter to only allow exported material to
enter the acceptor culture or through microfluidic devices. Experiments with inoculation
of conditioned medium allowed for the demonstration of an “inter-organism” level of
spreading by amyloid fibrils. For example, Tau and SOD1 were shown to propagate over
serial passages in cultures (Grad et al., 2014; Kaufman et al., 2016). Furthermore,
microfluidic experiments allow for the precise control over the microenvironments in
which presynaptic and postsynaptic neurons interact. Experiments with microfluidic
devices have been particularly helpful in demonstrating the anterograde and retrograde
transport of aSyn (Brahic et al., 2016; Freundt et al., 2012; Volpicelli-Daley et al., 2011),
Tau (Wu et al., 2013), AP (Brahic et al., 2016; Freundt et al., 2012) and mHTT (Brahic

et al., 2016) fibrils.

In the third type of experimental model are those utilizing contact-dependent co-
culture models, for example using ex-vivo (organotypic slice) cultures (Loria et al., 2017;
Pecho-Vrieseling et al., 2014), 3D cultures (Cantley et al., 2018; Choi et al., 2014), larger
3D organoids called “mini-brains” (Koh et al., 2018), or simple co-cultures (Figure 11F-

G). Co-culture models or models exposing conditioned medium to acceptor cells need to
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pay particular attention to the cell density, proliferation and death of the donor and

acceptor cells, as they can impact the level of protein transfer (Reyes et al., 2015).

Acceptor cells, which are used in three types of models, merit further discussion.
They often express amyloidogenic proteins fused to tags such as GFP and mCherry to
distinguish proteins from the exogenous donor or donor cell and those from the acceptor
cell, therefore permitting colocalization studies that can equally distinguish endogenous
protein aggregation (Figure 11H). Alternatively, the donor and acceptor cell can each
express one half of a tag that requires both halves to be in close proximity in order to
fluoresce, thereby visualizing internalization-dependent interaction with the endogenous
protein (Figure 11I). Instead, each cell type could express proteins containing different
epitopes for FRET (Fluorescence Resonance Energy Transfer) antibodies. These

techniques have been heavily exploited in the studies of seeding mechanisms.

Single cultures Contact-independent cultures
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Figure 11: Various cellular models for examining fibril propagation.
Adapted from (Hanspal et al., 2017).
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Propagation induced by exogenous aggregate exposure

It is important to address the specific role fibrillar aggregates play in neuronal
propagation. Many experiments have subsequently been done to examine the
propagation of Tau, aSyn, mHTT, AP, and SODI fibrils, such as in ND models through
exposure of either preformed fibrils or brain-derived aggregates in cells or animals, as
summarized non-exhaustively for aSyn, Tau and mHTT aggregates in Table 2. For this
table, propagation is defined as (i) the induction of seeding, i.e. the induction of
aggregation of endogenous monomers (see section 1.3.2), or (ii) positive staining for
various antibodies or stains that recognize aggregated proteins or phosphorylated sites
found in human brain aggregates (Appendix 6). These studies cover a wide range of
experimental conditions, with notable usages of WT or transgenic non-human primate,
rodent or cellular models, in vitro preformed or human or animal brain-derived aggregates,

and WT or mutated fibrils.

Due to the varied cellular and animal models available, it is important to evaluate
these studies by examining the conditions in which the experiments were done. For
example, if an overexpression model is being used, what are the relative expression levels
and location compared to those in sporadic or familial disease? It is for this reason that
witnessing fibril propagation in WT cellular and animal models was an essential step in
validating the infectivity of aggregated proteins in associated ND model expose to
preformed fibrils, as well as animal or human brain derived aggregates, has been observed
in WT mice, rats and marmosets (Table 2). Nonetheless, WT animals are less sensitive
to preformed aggregate-induced pathology than transgenic or adeno-associated virus
(AAV)-injected animals. This difference is well demonstrated by the absence of glial
inclusions in the rat brain after injection with aSyn ribbons in WT rats compared to A53T-

rAAV2/7 rats (Peelaerts et al., 2015). As for Tau, data using Tau preformed fibrils
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injected into WT mice examines internalization, but does not examine seeding or
intercellular propagation of pathology (Holmes et al., 2013). Innoculation with
preformed Tau K18PL fibrils in WT mice did not induce propagation (Peeraer et al.,
2015). Expose to brain homogenates in WT animals has led to variable results. Un-
sonicated PHF from AD brains, when injected into WT mice, did not lead to propagation,
while Tau oligomers from the same brains did in an endogenous-Tau dependent manner
(Lasagna-Reeves et al., 2012). Whether the PHF seeds would be capable of seeding in a
more potent transgenic model, or whether PHFs prepared in this particular manner do not
seed Tau pathology, was not explored further. Nonetheless, induction of Tau pathology
in WT mice was observed after injection of sarkosyl-insoluble PHFs from AD brains
which were briefly sonicated before injection (Guo et al., 2016). To further support the
notion that aggregates are indeed the infectious species that induce pathology, brain-
derived aggregates immunodepleted of Tau or aSyn were unable to induce seeding (Guo

etal., 2016; Recasens et al., 2014).

Seeding requires the presence of endogenous protein, as exemplified by the lack
of pathology in KO animals or cells after exposure of preformed or brain-derived fibrils
(Kimetal., 2019; Luk et al., 2012; Peelaerts et al., 2015; Recasens et al., 2014; Volpicelli-
Daley et al., 2011). Furthermore, the efficiency of seeded aggregation is proportional to
the sequence similarity between the soluble protein and the aggregated seed (Colby and
Prusiner, 2011). This explains the slightly or significantly reduced levels of propagation
in rodent models with induction of human fibrillated material (Rey et al., 2016). Despite
sequence differences, human fibrils, or fibrils containing a mutation, are able to seed or
be seeded in various animal and cellular models. For example, addition of mHTT to WT

cells and animals is able to induce aggregation of WT HTT (Masnata et al., 2019).
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Nonetheless, among proteins of the same sequence, not all species seed at the
same rates. Multiple studies have found MSA aggregates to be the most aggressive,
followed by those from DLB and then those from PD, with sometimes a total absence of
pathology induction using PD samples (Table 2). The aggressiveness of MSA seeds is
not unexpected given the fast time course of disease onset. Perhaps propagation of PD-
derived material requires particular cellular conditions, found in patients but not fully
replicated in animal models. As for Tauopathies, seeds from brains of patients with
different diseases led to Tau pathology reminiscent of what is seen in the disease from

where they originated (Clavaguera et al., 2013).

A non-negligible aspect of the prion hypothesis in NDs is the spatiotemporal
propagation of pathology. It is thus important that the animal models used to identify and
characterize therapeutic molecules equally experience this phenomenon. Many studies
have shown that aSyn propagates trans-synaptically. Nonetheless, some propagation did
not appear to follow neuroanatomic connectivity, thus indicating other mechanisms for
aSyn propagation (Sorrentino et al., 2017). Interestingly, PD brain extracts injected into
the gastric walls of an A5S3T mouse model induced propagation in the brain (Lee et al.,
2011). Furthermore, propagation of aSyn preformed fibrils was abolished when the
injection followed the severing of the vagus nerve (Kim et al., 2019; Uemura et al., 2018).
These and other (Holmqvist et al., 2014; Ulusoy et al., 2017; Van Den Berge et al., 2019)
studies support propagation via the vagus nerve and the involvement of the gastric system

and as a potential site of early aggregation in PD .

Most studies have exposed animals to fibrils through intracerebral, intraperitoneal,
or intravenous injection. One recent study, however, challenged one of the primary
hallmarks of prion diseases and demonstrated that aSyn pathology can be induced

through oral administration of fibrils, albeit with significantly reduced efficiency and
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penetration as compared to multiple modes of injection (Lohmann et al., 2019). This
suggests that if aSyn fibrils were able to enter the environment and be ingested by a
healthy person, that they may risk the development of pathology in the healthy individual.
However, the doses required (50pug or 500ug) for pathology induction in only two or four
out of eight mice, respectively, suggest that this risk is likely very low. As of now, this
accidental transfer of aSyn has never been witnessed in humans, and with the awareness
of a potential health risk associated with aSyn-contaminated materials, along with studies
demonstrating the proper decontamination methods for various aSyn aggregated species
(Fenyi et al., 2018), accidents are unlikely to occur as they did in the past for Af or PrPs¢

(see section 1.3.4).
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1.3.2 Factors and steps of fibril propagation

Studies described in the above paragraphs have established that propagation
occurs by the following steps. In brief, for aggregates added to the extracellular medium,
exogenous aggregates will bind to the cell membrane, be internalized and escape into the
cytoplasm, after which they will come into contact with endogenous, soluble proteins and
induce their aggregation. These new aggregates will then be exported, perpetuating the

cycle.

Membrane binding: partners of preformed fibrils

The plasma membrane is the first barrier encountered by extracellular fibrillar
aggregates before cellular internalization. Indeed, it has been shown that amyloid fibrils
do not freely diffuse past the membrane (Grey et al., 2011; Lee et al., 2008b; Mao et al.,
2016), unlike monomers. Extracellular fibrils thus enter the cell through protein, lipid,
or ECM component-assisted internalization or lipid permeabilization (Figure 12B).
Their lateral binding to the cell membrane, demonstrated for aSyn and HTTExon1Q48
fibrils (Monsellier et al., 2016), theoretically allows for more simultaneous binding

partners than if they bound the cell membrane through their ends.

Fibrils interact with cell surface proteins and lipids through both nonspecific and
specific interactions. PolyQ aggregates were shown to bind membrane proteins through
nonspecific interactions. Indeed, pre-treatment of cells by trypsin, a protease that cleaves
non-integral membrane proteins, before fibril exposure reduced membrane binding for
PolyQ aggregates. Blocking of low affinity, nonspecific binding sites with BSA led to a
similar reduction of membrane binding, indicating that the exposed membrane proteins
removed through trypsin are likely to bind PolyQ aggregates with low affinity (Trevino

etal., 2012).
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be exported to perpetuate the cycle. MAP macropinocytosis; CDE clathrin-dependent
endocytosis; ECM extracellular matrix; HSPG heparan sulfate proteoglycans; LAG3
lymphocyte-activation gene 3. Adapted from Bieri et al., 2018; Grozdanov and Danzer,
2018; Guo and Lee, 2014; S. J. Lee et al., 2010; Shrivastava et al., 2017; Vargas et al.,
2019.

Specific interactions have also been demonstrated for amyloidogenic proteins and
lipids. First, fibrils (Bousset et al., 2013; Grey et al., 2011; Pieri et al., 2012), oligomers
(van Rooijen et al., 2008) or monomers (Burke et al., 2013; Kegel et al., 2009, 2005;
Volles and Lansbury, 2002) better associate with anionic lipids than zwitterionic lipids.
In addition, amyloidogenic proteins have been shown to interact with the gangliosides
GM1 and GM3 (Chi et al., 2007; Di Pasquale et al., 2010; Fantini and Yahi, 2013;
Martinez et al., 2007; Shrivastava et al., 2017), two types of amphiphilic glycolipids on
the outer membrane with attached sugar residues that are highly enriched at synapses.
Lastly, amyloidogenic proteins bind to cholesterol (Fantini et al., 2011). With respect to
huntingtin fibrils, although mHTT from a transgenic mouse model was found with lipid
raft-enriched, detergent-resistant membranes, its fibrillar nature was not verified (Kegel
et al., 2009). Furthermore, fibrillation of both aSyn and AP has been shown to increase
in presence of certain lipids (Alza et al., 2019; Hellstrand et al., 2013; Rangachari et al.,

2018; Ugalde et al., 2019).

aSyn, Tau and AP fibrils have been shown to interact with different identified
protein partners (Shrivastava et al., 2017). For specific partner identification,
transmembrane protein knockout screenings or pull-downs with affinity-tagged or labeled
fibrils followed by mass spectrometry have been implemented. For example, identified
through the latter proteomics approach, is a protein partner for aSyn, Tau I1N3R and
IN4R fibrils and AP oligomers: the a3-subunit of Na”/K*-ATPase (NKA), with
additional ol and B1 subunits identified for Tau fibrils (Ohnishi et al., 2015; Shrivastava

etal., 2019, 2015). Interestingly, mutations in a3-NKA are linked to rapid-onset dystonia
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Parkinsonism (Shrivastava et al., 2018). aSyn fibrils, more so than oligomers or
monomers, bind the essential a3-NKA membrane protein. aSyn fibril clustering at the
membrane led to a3-NKA redistribution and alteration of its ion pumping capabilities
(Shrivastava et al., 2015), while Tau clustering led to a reduced amount of a3-NKA at the
synapse (Shrivastava et al., 2019). In addition, Tau fibrils disrupted NKA complexes.
Because the al subunit was not shown to interact with aSyn fibrils, replacing a1-residues
in the a3 sequence led to three chimeras for key residue identification. In particular,
mutating Leu(L)s7s and Asn(N)s7o led to a significant loss of fibrillar-aSyn induced

changes in NKA diffusion (Appendix 7) (Shrivastava et al., 2015).

The proteomics-based approach, validated with immunoprecipitation, also led to
the identification of AMPA (a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid)
receptor GluA1 and GluA2 subunits and NMDA (N-methyl-D-aspartate) receptor GluN2
and GIu2NB subunits as protein binding partners for Tau fibrils (Shrivastava et al., 2019).
Tau clustering led to an increase of the GluA2-AMPA receptor at synapses, which could
lead to variations in calcium influx. Finally, aSyn fibrils were shown to enhance fibrillar
Tau clustering, demonstrating that cross-talk of the two fibrillar proteins, found together
in brains of patients with late stage AD and PD, could exacerbate fibril-induced toxicity.
Tau also may engage in another form of cross-talk, although this time with APP. An
indirect experiment showed, through analysis of downstream seeding, that the N-ter
extracellular domain of APP facilitates the internalization of Tau fibrils (Takahashi et al.,
2015). However, the experiment did not address whether this comes from direct binding
to APP in the cell membrane or from alterations in membrane fluidity due to APP’s

interaction with cholesterol.

Another protein partner for aSyn fibrils is the neuronally expressed LAG3

(Ilymphocyte-activation gene 3, part of the immunoglobin family), identified through
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transmembrane receptor screening in SH-SYSY cells (X. Mao et al., 2016). It binds
extracellular, preformed aSyn fibrils with nanomolar affinity (Kp of 71 nM) and
negligibly binds monomers. Tau 2N4R and A fibril binding was unaffected by LAG3
knockouts, implying that LAG3 is a specific receptor for aSyn fibrils. Fibril binding to
LAG3 was followed by endocytosis, phosphorylation at S129, propagation, and toxicity.
In addition, all the steps of the propagation cycle were drastically reduced in LAG3
knockout neuronal cultures and in presence of a LAG3 antibody. For example, LAG3™
mice were spared from reduced tyrosine hydroxylase (TH)- and dopamine transporter
(DAT)- positive neurons as well as behavioral defects following aSyn fibril injections. It
should also be noted that Mao et al also identified two other protein partners for aSyn
fibrils, albeit with weaker selectivity: neurexin 1B and AP Precursor Like Protein 1
(APLP1), although functional tests were not performed (X. Mao et al., 2016). Neurexin
lo/20 were also identified in the proteomic screen for aSyn fibrils referenced above,

similarly without further pursuit (Shrivastava et al., 2015).

Next, aSyn, Tau, and AP, PrP*, but not mHTT fibrils have been shown to bind to
members of the cell adhesion system, specifically heparan sulfate proteoglycans (HSPGs),
which are transmembrane or glycolipid-anchored proteins linked to glycosaminoglycan
(GAG) heparan sulfate sugars (Holmes et al., 2013; Horonchik et al., 2005; Stopschinski
et al., 2018). In particular, the length and sulfation pattern of GAG sugars greatly affect
binding and subsequent internalization in a fibril-specific manner (Stopschinski et al.,
2018). Inhibition of HSPGs, through genetically blocking the enzyme required for their
synthesis or their competitive binding with heparin sugars, blocks fibril entry in cells
(Holmes et al., 2013; Horonchik et al., 2005; Stopschinski et al., 2018) and in mice

(Holmes et al., 2013).
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Furthermore, Tau fibril binding and subsequent dysfunction of calcium
homeostasis has been linked to M1 and M3 muscarinic receptors, as identified by using
specific agonists and following calcium levels (Gémez-Ramos et al., 2008). These
receptors are found in high abundance in adult mice hippocampi and entorhinal cortices,
which are regions affected by AD (Braak et al., 2006a). Lastly, AP fibrils have been
shown to bind a large myriad of cell membrane proteins (Jarosz-Griffiths et al., 2016;

Shrivastava et al., 2017; Verdier et al., 2005).

Internalization

Internalization is commonly studied by some or a combination of techniques such
as co-localization with proteins implicated in the endocytotic pathway, two-stage
immunofluorescence with impermeable and permeable antibodies, fluorescence-
activated cell sorting (FACS), the removal of membrane bound fibrils with exposure to
trypsin or pronase, western blots, and the addition of trypan blue, a non-permeable
compound that quenches extracellular fluorescence, thereby only revealing fibrils at the
interior of the cell for microscopy or fluorescence readouts. Fibril internalization has
repeatedly been shown to be time dependent and blocked by a temperature drop to 4°C
(Falcon et al., 2015; Lee et al., 2008b; Ruiz-Arlandis et al., 2016), thus implicating
endocytosis. Endocytosis pathways are dependent on the size of aggregates, with those
from 200 nm to 5 pm going through macropinocytosis (“bulk endocytosis™) and those
below 100 nm going through micropinocytosis (Lim and Gleeson, 2011).
Micropinocytosis comprises multiple mechanisms, mainly separated into clathrin-
dependent and independent endocytosis, which subset in turn includes caveolin-

dependent and flottilin-dependent endocytosis, among others.
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Dynamin, a GTPase involved in the fission of endocytic vesicles from the plasma
membrane, is necessary for clathrin- and caveolin-dependent endocytosis. The use of
dominant-negative mutants or dynasore have shown that fibrils of aSyn (Abounit et al.,
2016; Gribaudo et al., 2019; Lee et al., 2008b; Reyes et al., 2014; Sacino et al., 2017) and
mHTT (Ruiz-Arlandis et al., 2016) pass through dynamin-dependent endocytosis. On
the other hand, Tau fibril internalization has both been shown to be unaffected (Holmes
et al., 2013) and reduced by dynamin inhibitors (Calafate et al., 2016; Evans et al., 2018),
and thus more data is needed to better understand the impact of dynamin-mediated
mechanisms on its internalization. Interestingly, in a microfluidic model with proximal
and distal cortical neurons, uptake of aSyn fibrils was more affected by dynasore in distal
neurons than in proximal ones, suggesting different mechanisms for local and distal inter-

neuronal uptake (Gribaudo et al., 2019).

Inhibition of receptor/clathrin-dependent endocytosis through genetic or
pharmacological manipulations reduced fibrillar aSyn (Gribaudo et al., 2019; Mao et al.,
2016; Oh et al., 2016) and mHTT (Ruiz-Arlandis et al., 2016) uptake. aSyn and Tau
fibril internalization was increased with addition of an inducer of non-specific,
adsorptive-mediated endocytosis, thus implicating yet another pathway of entry (Guo and
Lee, 2011; Volpicelli-Daley et al., 2011). Additionally, non-dynamin inhibitors of
clathrin-dependent endocytosis reduced uptake of mHTT and aSyn fibrils (Oh et al., 2016;
Ruiz-Arlandis et al., 2016), while Tau fibrils co-localize with Dextran10 (Calafate et al.,
2016), known to go through clathrin-/dynamin-dependent endocytosis as well as
macropinocytosis (Li et al., 2015). Notably, expression of BIN1, a protein involved in
clathrin-dependent endocytosis, was inversely correlated with Tau propagation (Calafate
et al., 2016). The implication of BIN1 in Tau propagation is of particular interest as its

gene is the second most common locus for increased late-onset AD risk (Karch and Goate,
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2015). It was surprising, however, to see Tau propagation affected by clathrin-dependent
endocytosis in light of the fact that previous experiments showed no change in uptake
after knock down of clathrin heavy chain (Holmes et al., 2013). Furthermore, clathrin-
independent endocytosis, such as through caveolin- or flotillin-dependent endocytosis,
has been implicated for aSyn (Kobayashi et al., 2019; Lee et al., 2008b) but not mHTT

(Ruiz-Arlandis et al., 2016) fibrils.

Lastly, macropinocytosis was examined as a mechanism of entry for fibrils. aSyn
(Holmes et al., 2013; Stopschinski et al., 2018), Tau (Calafate et al., 2016; Falcon et al.,
2015; Holmes et al., 2013; Santa-Maria et al., 2012) and mHTT (Zeineddine et al., 2015)
fibril uptake co-localized with Dextran10 or was decreased by blocking macropinocytosis,
although in one experiment aSyn fibrils were not sensitive to the Na'/H" exchanger
inhibitor, ethylisopropyl amiloride (EIPA), typically used to block macropinocytosis
(Zeineddine et al., 2015). Notably, HSPG-dependent macropinocytosis of aSyn fibrils
was more common in neurons and oligodendrocytes than in astrocytes and microglia,
where other methods of internalization are likely more important (Ihse et al., 2017).
Importantly, it must be noted that many inhibitors of endocytotic pathways are not as
specific as claimed and can affect cell viability (Dutta and Donaldson, 2012; Vercauteren
et al., 2010). Thus, multiple modes of inhibition should be tested in order to confidently

implicate one pathway over another in fibril internalization mechanisms.

Internalization rates have also been measured by cell type, with varying rates per
cell and per fibril. For example, aSyn fibrils were more internalized by microglia (Lee et
al., 2008a) and astrocytes than cortical neurons (Cavaliere et al., 2017; Loria et al., 2017).
Additionally, other experiments observed uptake in oligodendrocytes (Reyes et al., 2014),
astrocytes (Lee et al., 2010b), and microglia (Liu et al., 2007; Pearce et al., 2015), with

notable implication of phagocytosis as a mechanism of glial entry for HTTExon1Q96
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aggregates (Pearce et al., 2015). In summary, amyloid fibrils are internalized by multiple

different endocytotic pathways in various cell types.

Another mechanism of fibril entry is through disruption of the cellular membrane.
Ca®" release after exposure to fibrils, indicating membrane permeabilization, has been
demonstrated many times in cells (Bousset et al., 2013; Monsellier et al., 2016; Pieri et
al., 2012). K»QuKo fibrils were found in the cytoplasm and did not colocalize with
endocytosis markers (Ren et al., 2009), suggesting either direct membrane penetration or
an escape from the endo-lysosomal compartments at an earlier time than the experiment
readout. Furthermore, calcein or Cal-520 (a Ca®*-sensitive dye) release assays with
synthetic vesicles have equally demonstrated lipid permeabilization by fibrils (Bousset et

al., 2013; Flavin et al., 2017; Kundel et al., 2018; Pieri et al., 2012).

Seeding

Since fibrils have been shown to primarily enter cells through endocytosis, they
will need to escape into the cytoplasm, for example through compromising endo-
lysosomal integrity, as was demonstrated for fibrillar aSyn (Flavin et al., 2017; Freeman
et al., 2013) and Tau (Calafate et al., 2016). Lysosomal integrity is studied through the
ability of a fluorescently-tagged Galectin3 to bind target B-galactosides, which are sugars
exclusively found on the exterior leaflet of the plasma membrane or the inner leaflet of
internalized vesicles (Di Lella et al., 2011). The loss of a diffuse fluorescently-tagged
Galectin3 cellular localization and the appearance of distinct puncta can thus be used to

identify endo-lysosomal rupture.

Seeding experiments are often based on the use of reporter WT or mutant proteins,
as mentioned above in section 1.3.1. Once in the cytoplasm in presence of their

endogenous, monomeric protein, the fibrils can act as seeds and induce nucleation and
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aggregation, leading to the formation of new fibrils (Angot et al., 2012; Bousset et al.,
2013; Desplats et al., 2009; Falcon et al., 2015; Frost et al., 2009; Gerez et al., 2019;
Hansen et al., 2011; Jucker and Walker, 2013; Kfoury et al., 2012; Luk et al., 2009;
Peelaerts et al., 2018; Ren et al., 2009; Volpicelli-Daley et al., 2011) (Figure 12B). In
addition, fragmentation of fibrils, such as by the proteosome holoenzyme for aSyn and
Tau fibrils (Cliffe et al., 2019), participates in the creation of new seeds. However, not
all seeds are created equal. For example, differences in seeding ability in vitro and in
vivo, not always in a correlated fashion, were observed for Tau strains formed in cells
(Kaufman et al., 2017, 2016; Sanders et al., 2014). Interestingly, seeds for mHTT in the
cerebrospinal fluid (CSF) of HD patients were able to induce aggregation of mHTT in
cultured cells and cell-free lysates (Tan et al., 2015). In addition, fibrils can lead to altered
protein expression, disrupted chaperone function, and thus an imbalance of proteostasis,
thereby augmenting endogenous protein aggregation indirectly (Cavaliere et al., 2017,

Chafekar and Duennwald, 2012; Gidalevitz et al., 2006; Yu et al., 2019).

Export

Amyloidogenic proteins involved in NDs lack a signal peptide that would enable
them to be secreted by cells through the typical pathway. Nonetheless, multiple
mechanisms have been proposed for fibrillar export into the extracellular milieu (Figure
12A). Trans-synaptic secretion following transport along axons, independent of axonal
lysis, was reported for aSyn, ABi-42 and mHTT fibrils (Brahic et al., 2016). Notably,
exocytosis has been identified as a primary mechanism of export. Specifically, aSyn
fibrils were found to go through endoplasmic / golgi-independent exocytosis (Lee et al.,

2005) (Figure 12A).
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Alternatively, membrane permeabilization by fibrils can lead to cell injury, which
coupled with other cellular dysfunction, leads to cell death, resulting in the release of

fibrils (Mahul-Mellier et al., 2015; Milanesi et al., 2012; Xue et al., 2010) (Figure 12A).

Importantly, fibrils have been found in the extracellular medium. For example,
aSyn fibrils were observed in cell culture milieu (Brahic et al., 2016; Lee et al., 2005),
with over half of the observed fibrils undergoing export (Brahic et al., 2016). In humans,
various species, including aSyn oligomers, were found in the CSF (Borghi et al., 2000;
El-Agnaf et al., 2006, 2003; Mollenhauer et al., 2008) and plasma (El-Agnaf et al., 2006,
2003). The presence of fibrils in these fluids was not determined. Interestingly, more
aSyn was found in the CSF of PD and DLB patients compared to controls, so its secretion,
regardless of the exact species, may be clinically pertinent (El-Agnaf et al., 2006). In
addition, the aSyn present in the CSF was found to be primarily from CNS cells

(Mollenhauer et al., 2012).

Similarly, Tau species were found in cell culture milieus (Pernégre et al., 2019)
and CSF of mouse models (Yamada et al., 2011). Indeed, phosphorylated-Tau to Tau
ratios are a CSF biomarker for AD (Scholl et al., 2019). The aggregated nature of these
Tau species was not always elucidated. If it is in fact a majority of soluble Tau found
extracellularly, seeding could potentially be induced due to the presence of “seed-
competent” Tau monomers (Mirbaha et al., 2018). This concept will need to be replicated

by independent laboratories and explored further to demonstrate its therapeutic relevance.

The presence of mHTT in the extracellular milieu also has been demonstrated. As
mentioned earlier, seed-competent mHTT was found in CSF from HD patients at higher
rates than in healthy patients (Tan et al., 2015). In addition, other amyloidogenic proteins
like SOD1 (Winer et al., 2013) and TDP-43 (Junttila et al., 2016) or AP (Shaw et al.,

2009) are all found in the CSF of patients with ALS or AD, respectively, more so than in
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healthy controls. Lastly, mHTT aggregates were found in the ECM of grafts years after
transplants (Cicchetti et al., 2014). This supports the idea that their export, whether

passive or active, is linked to the pathogenesis of disease.

Cell-to-cell transfer pathways

Fibrils found in the ECM through the methods of export stated above can then
bind the cell before internalization, seeding, fragmentation, and export again.
Alternatively, some fibrils may never enter the extracellular space (Figure 12A). These
fibrils are capable of transferring between cells through multiple mechanisms. First,
exosomes, or small membrane vesicles of 40-150 nm (Yong and Kim, 2017) originating
from the endocytic pathway, have been shown to contain fibrils of Tau (Saman et al.,
2012; Wang et al., 2017), aSyn (Emmanouilidou et al., 2010; Ngolab et al., 2017) and
mHTT (Jeon et al., 2016). Second, tunneling nanotubes, or membranous, actin-rich
passages connecting the cytoplasm of two distant cells (Rustom et al., 2004), provide a
way for fibrils to propagate without reaching the extracellular milieu. This mechanism
has been implicated for Tau (Tardivel et al., 2016), aSyn (Abounit et al., 2016; Rostami

et al., 2017) and mHTT (Costanzo et al., 2013) fibrils, among others.

Agoregate nature and propagation capacity

The efficiency of fibril propagation is linked to two factors: variations in the types
of aggregates and in the partners they encounter during the process. First, propagation
depends on the sequence of the aggregates, as is the case with HTT (Burke et al., 2013;
Kegel et al., 2009, 2005) or exemplified by the reduced rates of propagation when using
mixed sequence models such as rodents with human amyloidogenic proteins (Rey et al.,
2016). Nonetheless, proteins with the same sequence but with different conformations

(strains) do not lead to propagation in the same manner (Bousset et al., 2013; Clavaguera
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et al., 2009; Gribaudo et al., 2019; Guo and Lee, 2011; Kaufman et al., 2016; Sanders et

al., 2014).

Furthermore, the higher B-sheet content of fibrillar aggregates compared to
amorphous aggregates was also shown to increase internalization (Trevino et al., 2012).
In addition, the charge of aggregates impacts their initial binding with the cell membrane,
with positively charged residues preferentially binding to the negatively charged and
complex lipid mixtures (Pieri et al., 2012; Trevino et al., 2012). Finally, aggregate size
has been appreciably explored. Propagation has been found to favor smaller fibrils in
cellular models and in vivo (Jackson et al., 2016; Rey et al., 2016; Tarutani et al., 2016;
Tesei et al., 2018; Wu et al., 2013). In addition, shorter aSyn fibrils have been found to
be more toxic than long fibrils (Xue et al., 2010). The increased propagation of smaller
fibrils could be due to the size limitations of endocytotic vesicles contributing to fibrillar
internalization. The impact of aggregate size is interwoven with that of pH and ionic
strength. For example, at low ionic strengths, AP peptide fibrils of short lengths have
greater affinity to lipid bilayers than longer fibrils. However, this size-dependent
difference is less prominent at high ionic strengths due to more dominant repulsion forces
(Tesei et al., 2018). Finally, the size of the aggregates also affects their membrane
binding abilities. For example, mHTT fibrils suffered a drastic reduction of their ability
to bind Neuro-2a cell membranes after sonication, implicating the need for multiple,
proximal binding sites (Monsellier et al., 2016). In contrast, aSyn long and short fibrils
were shown to have equal membrane binding to Neuro-2a cells, implying that less
proximal binding sites are required (Monsellier et al., 2016). Therefore, different stages
in the propagation process, such as membrane binding and internalization, are impacted

in different ways by aggregate size.
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In summary, propagation of prion-like proteins is a complex process with multiple

partners and steps involved.

1.3.4 Prion or prion-like?

In order for the amyloidogenic, propagating proteins mentioned above to be
considered prions, or proteinaceous infectious particles, they need to fulfill a certain
number of requirements (Kraus et al., 2013). First, the misfolded aggregates must be able
to recruit endogenous proteins into aggregated forms. This property has been
demonstrated for aSyn, Tau, mHTT and many other fibrils, as described above. Second,
the prion aggregates are conformation-specific, with different strains leading to different
diseases. While there is some evidence to support the notion of strains among aSyn and
Tau fibrils (Bousset et al., 2013; Dujardin et al., 2018), the implication of these strains in
the determination of a specific synucleinopathy or tauopathy is unclear. Nonetheless,
some research suggests that for aSyn, strains could be linked to PD or MSA onset
(Peelaerts et al., 2015). Furthermore, mice injected with homogenates from patient brains
with different Tauopathies developed pathologies similar to what is seen in humans
(Clavaguera et al., 2013). Third, prion aggregates are resistant to proteases and many
disinfecting agents, a phenomenon equally witnessed with other amyloid fibrils, albeit to

lesser degrees (Fenyi et al., 2018).

Fourth, prions are capable of intercellular transmission. Multiple types of amyloid
fibrils are internalized by cells and can travel along axons and across the synapse. This
concept can be pushed further, with the fifth prion property of tissue migration. Indeed,
aSyn, Tau and AP, mHTT and TDP-43 have spatiotemporal progression in the brains of
PD, AD, HD and ALS patients, respectively (Jucker and Walker, 2013). Sixth, spreading

of the pathology happens between organs. This has been observed with aSyn, with fibrils
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delivered to the gastric system leading to neuronal pathology (Lee et al., 2011; Lohmann
etal., 2019) as well as the identification of gastric aSyn aggregates in PD patients, notably
before the appearance of motor symptoms (Fenyi et al., 2019; Shannon et al., 2012).
Nonetheless, the enteric nervous system to CNS fibril transfer phenomenon was rare
(Manfredsson et al., 2018) and its implication in the triggering of synucleinopathies is

still unclear. As for Tau and mHTT fibrils, no evidence of organ spread exists.

Seventh and last, the protein alone must be sufficient for infection. In particular,
the protein must go through what are considered natural routes of disease transmission.
This would therefore require exogenous seeds to enter the CNS peripherally and lead to
disease. As of now, there is no definitive evidence in humans for this infectivity in
proteinopathies other than TSEs. The closest proof was for patients who received prion-
contaminated cadaveric pituitary-derived growth hormone (CGH), later shown to also
contain AP and Tau (Duyckaerts et al., 2018; Purro et al., 2018). It was revealed that
some relatively young iCJD patients had grey matter, vascular and pituitary gland AP
pathology that did not co-localize with prion protein deposits (Jaunmuktane et al., 2015;
Ritchie et al., 2017). In addition, AP pathology was found in patients that died of CJD-
independent causes, indicating that AP can seed in the absence of prion pathology (Ritchie
et al., 2017). Interestingly, none of these patients nor others who equally developed A
pathology after receiving CGH treatment or dura mater grafts (Frontzek et al., 2016;
Kovacs et al., 2016; Preusser et al., 2006) developed NFT pathology, indicating that while
AP could potentially be infectious, it did not lead to full AD pathology, at least not in
these cases. However, 90% did have signs of cerebral Af—amyloid angiopathy (CAA),
a disease linked to AP deposition in blood vessels that is detected at autopsy in many AD
cases (Cali et al., 2018). In contrast, brains from a French cohort had only one AB-

positive case and three cases with atypical Tau (Duyckaerts et al., 2018). While it is
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possible that this Tau pathology was induced by Tau seeding, we cannot eliminate the
possibility that it is a byproduct of prion pathology, as Tau pathology occurs in sCJD
(Kovacs et al., 2017). In addition, when Tau pathology in iCJD cases was compared to
sCJD or non-ND cases, no difference was observed, suggesting age is the primary factor
rather than Tau exposure in these cases (Cali et al., 2018). Perhaps if the patients exposed
to AP and Tau seeds had lived longer (the oldest patients studied were 63 years old), their

autopsies would have revealed a more typical AD pathology.

The classification of prion-like instead of prion proteins may not be the most ideal
solution. Indeed, choosing to downplay a potential risk of interhuman transfer of
amyloidogenic proteins like aSyn, Tau, AP or mHTT could have serious health
consequences for those working with brain samples and for organ or blood receivers from
patients harboring these NDs, if this risk is proven significant. Clearly, these proteins are
not as infectious as PrP*: micrograms of aSyn are needed to induce pathology in animal
models, while only picograms of PrP*¢ are effective (Watts, 2019). The definition of a
prion could be expanded to include these other proteins and to use a scale of infectivity,
as is acknowledged for viruses and bacteria. For example, different strains among
synucleinopathies, such as those derived from MSA brains, seem to be more infectious
than those from PD (Prusiner et al., 2015; Woerman et al., 2019, 2018). No matter which
term is used, it is widely accepted that these amyloidogenic proteins are capable of prion-
like propagation between cells and that the spatiotemporal appearance of pathology is
associated with disease progression. This makes fibril propagation a therapeutic target

of interest.
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1.3.5 Fibril propagation as a new therapeutic target

One of the particular advantages of targeting fibril propagation is the presence of
extracellular fibrils, as exemplified above in section 1.3.2. Their accessibility means that
targeted treatments would not need to penetrate cells, thereby eliminating one barrier in
therapeutic development. Nonetheless, in order to target extracellular fibrils in the CNS,
treatments would still need to cross the BBB. Given the variety of protein and lipid
partners discussed above, as well as their essential cellular roles as is the case for the a3-
NKA, it would be more logical to target the fibrils themselves rather than their individual
partners. Finding agents that bind the fibril surfaces would alter their surface and
physico-chemical properties, thereby disrupting their interaction with lipid and protein
partners at the cell membrane and reducing the number of internalized fibrils. In
conclusion, targeting the fibril surfaces could reduce propagation between neuronal cells
and slow down the progression of the associated disease (Figure 13). In the second part
of this introduction, I will describe one possible strategy to bind to amyloid fibrils and
protect them from interacting with cell membranes, based on molecular chaperones.
Before that, however, [ will describe in the next paragraphs which treatments are currently

available for NDs.
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Figure 13: Targeting amyloid fibril propagation.

Adapted from (Ren et al., 2019)

1.4 Available treatments

1.4.1 Existing therapies

No treatments are on the market to treat the causes of NDs. Nonetheless, multiple
approaches for symptomatic relief exist. First, grafts of healthy cells into degenerated

brain regions, as mentioned above in section 1.3.1, proved helpful to PD patients for over
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ten years (Li et al., 2016; Lindvall, 2015; Piccini et al., 1999). However, grafting of
dopaminergic neurons can only treat dopamine-related symptoms, thus classifying this
approach as partially effective. In addition, treatment was less effective for more disabled
patients or patients with significant denervation (Lindvall, 2015). As for HD, only mild
clinical relief was observed in patients receiving grafts for one year, despite long-term
graft survival (Cicchetti et al., 2014; Maxan et al., 2018). Alternatively, deep-brain
stimulation has been shown to have positive long term effects in PD patients (Hitti et al.,
2019). However, this treatment is only available for 5-10% of PD patients (Pereira and
Aziz, 2006) and also does not help with most non-motor symptoms of the disease (Kalia

etal., 2013).

For PD, all approved pharmacological therapies lead to increased striatal
dopamine levels in order to relieve associated motor deficits (Ellis and Fell, 2017). The
gold standard is levodopa, or L-dopa, which is converted to dopamine in the brain.
Levodopa treatment, however, leads to involuntary movements or levadopa-induced
dyskenesia (LID). LID risk after 5 years is 50% for people with young-onset PD (40-59
years of age) as compared to 16% in people over 70 years old with PD (Kumar et al.,
2005), and it may necessitate nigral damage (Di Monte et al., 2000). Similarly,
involuntary movements can be addressed pharmacologically for HD patients.
Tetrabenazine (TBZ), which leads to decreased dopaminergic neurotransmission
(Hayden et al., 2009), was proven useful in HD patients in clinical trials (Huntington
Study Group, 2006). Currently prescribed drugs for AD target cholinesterase inhibitors
and/or antagonize NMDA and generally lead to a delay in cognitive decline in early- or

mid-stages of the disease (Yiannopoulou and Papageorgiou, 2013).
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1.4.2 Research perspectives

Translational difficulties

As much as animal models allow for in vivo evaluation of drug prospects, they
have not proven accurate in predicting efficacy in humans. In order to address the
translational problems faced by researchers, better animal models need to be developed,
such as models with humanization, with the incorporation of human DNA or cells into
the mouse genome or tissue (Nair et al., 2019) or with particular attention paid to
promoters and expression. Rodent models, for example, may not be well adapted to study
specific mechanisms in HD, where the rodent caudate nucleus and putamen, two affected
regions in larger animals with (induced) HD, are indistinguishable. Similarly, in stage
four PD, amygdala LBs precede cortical lesions in the transetorhinal region, which is non-
existent in non-primates, thus explaining why propagation of pathology in non-primate
models after the amygdala does not reflect what we observe in humans (Braak and Del
Tredici, 2017).  Accordingly, non-human primate PD models may be more
therapeutically relevant for certain propagation studies (Yan et al., 2018). In conjunction
with models with similar brain structures for better mechanism understanding and
therapeutic evaluation of drug candidates, improvement of diagnostics would allow for
better selection of patients for clinical trials as well as earlier identification of disease
onset. For example, a clinical trial is underway to examine immunotherapy against
soluble AP (Solanezumab) or fibrillar AB (Gantenerumab) in non-symptomatic familial
AD people (ClinicalTrials.gov Identifier: NCT01760005). Given that phase 3 clinical
trials with Solanezumab in mild AD patients failed to show reproducible significant
improvement, providing this treatment before disease onset will help to elucidate if its
failure was due to the wrong target or timing. Current work on diagnostics for NDs

focuses on fluid biomarkers (Blennow et al., 2016; Nair et al., 2018; Scholl et al., 2019),
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neuroimaging (Coughlin and Irwin, 2017; Leuzy et al., 2019; Mathis et al., 2017; Scholl
et al., 2019; Wang and Edison, 2019), and amplification of aggregated material (Fenyi et
al., 2019; Shahnawaz et al., 2017). The latter allows for the identification and
characterization of aggregates from samples with concentrations below the threshold of

detection.

Molecular targets

Improving diagnosis of NDs is influenced by our understanding of the molecular
mechanisms and targets involved in disease progression. To this end, a wide range of
molecular targeting strategies are being explored (Chanpimol et al., 2016). While there
are many strategies targeting neuroinflammation (Gelders et al., 2018), gene expression
(Recasens et al., 2016), amyloidogenic protein synthesis (Adams et al., 2018), or the
microbiome (Sampson et al., 2016), among others, I will discuss below three alternate
targeting strategies directly related to amyloid fibrils before broaching my approach

involving molecular chaperones.

One such strategy aims at reducing the aggregation of amyloidogenic proteins.
This can be addressed through stabilizers of normal protein folding or binders of the
hydrophobic core, thereby disrupting the interactions required for B-sheet formation (-
blocking), or outcompeting monomers or oligomers. Even though this strategy has been
highly explored (Cheng et al., 2013; Das et al., 2018; Eisele et al., 2015; Giorgetti et al.,
2018; Kumar et al., 2016; Paleologou et al., 2005; Perni et al., 2018; Seidler et al., 2018;
Tatenhorst et al., 2016; Wolfgang et al., 2005; Zaman et al., 2019), it requires therapeutics
that can access the intercellular space. A second strategy involves the clearance of
preformed aggregates (Arotcarena et al., 2019; Bae et al., 2012; Chan et al., 2017; Hebron

etal., 2013; Li et al., 2018a; Silva et al., 2019). This approach is particularly exciting, as
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it could potentially reverse protein-deposit-induced damage. Additionally, some protein
deposits are extracellular and thus more accessible. However, targeting clearance has not
always shown promise. Indeed, removing the amyloid load in the brain is only
advantageous if it is the cause of the motor and/or cognitive symptoms dealt with by
patients instead of merely another symptom of cellular dysfunction. As of now, all
antibodies that successfully cleared extracellular AP plaques in AD patients did not lead
to an improvement in cognitive symptoms and the clinical trials were stopped. It remains
possible that targeting clearance must be done in patients at earlier stages of disease such
that, if targeted early enough, cognition would remain stable compared to aged controls
or possibly even improve. Alternatively, neurodegeneration, at least in AD, may not be
due to the presence of plaques (Hashimura et al., 1991; Nelson et al., 2012; Terry et al.,
1981). Instead, plaques could reflect a strategy for cells to isolate and store toxic protein
aggregates in one location. In addition, derailing of APP metabolism may play a more
important role than AP aggregation in AD, thus rendering AP therapies poorly targeted
(Kametani and Hasegawa, 2018). Nonetheless, clearance of amyloid deposits made of

other proteins like Tau, aSyn or mHTT could be a more fruitful strategy.

With the discovery of the prion-like properties of fibrils and smaller molecular
weight aggregates, a third strategy emerged to target the propagation of aggregated
proteins (Chan et al., 2017; Zella et al., 2019). As of now, antibodies are the preferred
weapon of choice. While studies looking at the effect of antibody administration on the
propagation of fibrillar aSyn (Bae et al., 2012; Spencer et al., 2018, 2016, 2014; Tran et
al., 2014) and Tau (Kfoury et al., 2012; Yanamandra et al., 2013) do show an effect, the
mechanisms by which this occurred are not always clear. Indeed, they could be
stimulating aggregate clearance (Bae et al., 2012), like the AP antibodies mentioned in

the above section, blocking the seeding of monomers by sterically hindering their
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recruitment, and/or preventing fibrils from binding with the cell membrane. These results
have led to the pursuit of immunotherapies against Tau and aSyn, among other
amyloidogenic proteins, in clinical trials. I will detail below two of the current five
antibodies against aSyn entering Phase 2 clinical trials. All five antibodies display higher

affinity for aggregates and either recognize the C-ter (4/5) or the N-ter (1/5) of the protein.

First, 80 patients with early PD are currently in a Phase II clinical trial with an
anti-oSyn humanized monoclonal antibody in order to reduce extracellular aSyn
propagation via neutralization or clearance (RO7046015 [PRX002], ClinicalTrials.gov
Identifier: NCT03100149). Phase 1b results showed repeated treatment was generally
well-tolerated and safe, leading to a reduced amount of aSyn in serum levels and dose-
dependent increases of antibody levels in cerebrospinal fluid in the double-blind, placebo-
controlled study (Jankovic et al., 2018). Second, BIIB054, originally isolated from B cell
lines from a healthy elderly cohort, is a monoclonal antibody directed against the N-
terminus of aSyn that has been found in PD and DLB brain sections (Weihofen et al.,
2019). Currently, the antibody is being tested in a multinational Phase 2 clinical trial with

newly diagnosed PD patients (SPARK Study, ClinicalTrials identifier NCT03318523).

Antibody therapeutics, as will be covered more in section 2.4 below, can be
burdensome due to the regular intravenous administration requirements. Thus,
researchers have turned to other classes of molecules to target fibril propagation. One
recent paper demonstrated that aptamers (nucleic acids evolved to have high affinity for
their selected targets) that bound to aSyn preformed fibrils led to reduced propagation in
primary neurons and WT mice and to improved motor symptoms (Ren et al., 2019).
However, their experiments used a pre-treatment with exosome-delivered aptamers,
suggesting that this treatment may only be applicable in cases benefiting from a very early

diagnosis. For this study and others using inhibitors of fibril propagation, it is essential
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to examine a late-application timeline in order to validate more therapeutically realistic

treatments.

My research concerns the last strategy, namely, targeting fibril propagation.
Specifically, the goal is to develop polypeptides able to bind amyloid fibrils and thus alter
their surface chemistry. In doing so, the fibrils would have a lessened ability to bind to
the cell membrane and thus initiate interneuronal propagation. The design of these
peptidic inhibitors will be based on molecular chaperones, implicated in multiple stages

of the amyloid aggregation process. This approach is better detailed in the next chapter.
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Chapter 2: Chaperone and mini-chaperone approach to
target amyloid fibril propagation

2.1 Molecular chaperones

2.1.1 Classification and cellular roles

Molecular chaperones, part of the PQC system, maintain homeostasis of protein
folding in the cell. Their roles include folding assistance, targeting, sequestration,
disaggregation, and degradation of proteins in multiple states of protein folding and
aggregation, as well as in endocytosis through the uncoating of clathrin vesicles. They
notably recognize typically buried, hydrophobic regions of client proteins that become
accessible during folding or misfolding (Wentink et al., 2019). Chaperones are specific
to the extracellular or intracellular space, and within the latter often to a particular cell
type and/or intracellular compartment, although deviations from chaperone primary
location do occur. In the extracellular space, while there is less crowding (with only 2%
and 6% proteins in interstitial fluids and plasma, respectively), the increased oxidation
and sheer stress can promote protein unfolding (Dabbs et al., 2011). There are seven
extracellular chaperones, including clusterin and a2-Macroglobulin.  Intracellular
chaperones are first categorized by their size and ATP-independence (small heat shock
proteins, sHSPs or HSPBs; tetratricopeptide repeat [TPR] containing chaperones) or
ATP-dependence (multiple chaperone families). The remaining ATP-dependent
cytosolic molecular chaperones fall into the following four families: (i) Hsp60/CCTs, (ii)
Hsp70 and cochaperones, with particular importance given to the J-domain proteins (JDP
or DNAJ proteins or Hsp40s) and nucleotide exchange factors (NEFs) like Hsp110, (iii)
Hsp90s and (iv) Hsp100s (Wentink et al., 2019). Major differences among all chaperone

families include how they bind substrates, what substrates they bind and what they impose
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upon their substrates. Finally, how stress affects chaperone expression, through the
induction of heat shock factor 1 (HSF1), is considered (Anckar and Sistonen, 2007).
Chaperones are then defined as constitutively expressed, constitutively expressed and

induced or only inducible (Alo et al., 2011).

2.1.2 Implications for neurodegenerative diseases

Since molecular chaperones are implicated in protein misfolding and NDs are
characterized by the aggregation of certain proteins, it comes as no surprise that molecular
chaperone dysfunction has been associated with the appearance of these diseases. The
combination of reduced activity of the PQC components with aging (Fawcett et al., 1994;
Labbadia and Morimoto, 2014), notably ATP-dependent chaperones (Brehme et al.,
2014), and the long lifetime of neurons makes these cells especially susceptible to
degeneration (Alo et al, 2011). In NDs, the decrease in ATP-dependent (and
simultaneous increase in ATP-independent) chaperones is even more pronounced than
during regular aging (Brehme et al., 2014). Chaperone expression being cell dependent
suggests that the vulnerability of certain types of neurons to protein accumulation may be
linked in part to the chaperones present (Chen and Brown, 2007). For example, some
DNAI proteins are upregulated in the substantia nigra of patients with PD (Moran et al.,
2006), with more specific upregulation in astrocytes and eventual co-deposition in LBs

(Durrenberger et al., 2009).

Cellular and animal ND models have demonstrated the deregulation of molecular
chaperone expression and the implication of molecular chaperones in the progression of
disease (Maiti et al., 2014; Yerbury et al., 2016; Yu et al., 2019). For example, HD knock-
in mice had reduced expression of HSF1 and Hsp70 in the striata, further exacerbating

the chaperone imbalance (Chafekar and Duennwald, 2012). On the other end of the scale,
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genetic or chemical activation or local administration of HSF1, which led to increased
molecular chaperone expression, reduced aggregation and neuronal toxicity in PD, AD
and HD models (Fujikake et al., 2008; Fujimoto et al., 2005; Jiang et al., 2013; Liangliang
et al., 2010; Miller et al., 2005; Paris et al., 2010; Pierce et al., 2013; Yu et al., 2019).
Alternatively, direct exposure to, expression of, or activation of molecular chaperones
resulted in similar results (Jones et al., 2014; Labbadia et al., 2012; Pratt et al., 2015;
Wang et al., 2013), albeit without some controversy (Shimshek et al., 2010). However,
clinical overexpression or exposure to whole molecular chaperones could lead to
significant side effects due immune responses from AAVs (Vandamme et al., 2017) or

off-target interactions from the wide array of chaperone partners.

In summary, chaperones interact with and their expression is linked to aggregating
proteins involved in NDs. In vitro, amyloidogenic proteins such as aSyn, mHTT or A,
when in presence of chaperones, often aggregate at slower rates if at all (Bruinsma et al.,
2011; Chorell etal., 2015; Evans etal., 2015; Liu et al., 2018; Mok et al., 2018; Pemberton
etal., 2011), due to binding of chaperones to monomers (Bruinsma et al., 2011; Liu et al.,
2018; Pemberton et al., 2011) with micromolar affinity (Bruinsma et al., 2011; Pemberton
et al., 2011). If fibrils are formed, they can be shorter or of different morphology

(Bruinsma et al., 2011; Monsellier et al., 2015).

In addition, certain molecular chaperones have been shown to bind various
amyloid fibrils, although the characterization of this binding is weak. Immunogold
labelling coupled with transmission electron microscopy has demonstrated binding of
Hsp70 family members and J proteins to HTTExon1Q48 (Scior et al., 2018), aSyn (Gao
et al., 2015) and Tau (Patterson et al., 2011) fibrils, as well as the sHSP aB-crystallin
(aBc) to AP (Shammas et al., 2011) and aSyn fibrils (Waudby et al., 2010). GroEL, the

E. coli homologue of Hsp60, and CCT were found in the pellet after centrifugation with
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fibrillar aSyn AS53T fibrils (Sot et al., 2017). Finally, sHSP Hsp27 and/or aBc equally
co-sedimented with fibrillar aSyn (Cox et al., 2018; Rekas et al., 2004; Waudby et al.,
2010) or AB (Shammas et al., 2011), further supporting the idea that chaperones are good
targets for the identification of proteins able to bind amyloid fibrils. Chaperone binding
to fibril ends can lead to inhibition of fibril elongation (Shammas et al., 2011; Waudby et
al., 2010). Chaperones able to laterally bind amyloid fibrils would be able to alter their
surface chemistry, therefore disrupting their membrane binding capacities and subsequent

intercellular propagation.

2.2 Chaperones of interest used in this study

In order to narrow down the chaperones capable of interacting with amyloid fibrils,
my doctoral research focused on multiple molecular chaperones shown to affect aSyn
fibrillation or aSyn-induced toxicity in cellular models, as aSyn has been particularly
studied with respect to chaperones (Table 3). Notably, these chaperones were small, as
the goal of the project was to miniaturize them into mini-chaperones (see below). Hsc70

was the focus of a first study in which I participated. The five chaperones examined in

Hsc70 CHIP aBc aBc-core proS:::ASﬁz- CsgC
Size of the | 669 AA; | 303 AA; | 175 AA; | 87 AA; 122 AA; | 104 AA;
monomer | 71.4kDa | 34.8kDa | 20.2kDa | 9.9 kDa 12.6 kDa | 11.3kDa
Oligomeric . 10-40 mer .
monomer | dimer dimer monomer | monomer
status (avg: 24)
Origin human human human human human bacterial
Affects
aSyn yes not tested yes yes yes yes
fibrillation
Cellular
rescue effect yes yes yes not tested yes not tested
Binds aSyn
fibrils yes not tested yes not tested | not tested | not tested

Table 3: Chaperones of interest for this study.
The associated references are mentioned in the text.
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my own research project were CHIP, aBc and its core domain, aBc-core, proSAASe>-150,

and CsgC.

2.2.1 Hsc70

The Hsp70 family has 13 members in humans, two of which are Hsp70 (HSPA1)
and its constituent chaperone, heat shock cognate 71kDa (Hsc70 or HSPAS). The Hsp70
homologue from E.coli, DnaK, has also been extensively studied (Hartl and Hayer-Hartl,
2002; Mack and Shorter, 2016; Mattoo and Goloubinoff, 2014). They are implicated in
maintaining proteostasis through interactions with proteins in all stages of existence, from
nascent polypeptides, through intermediate conformers or stress-denatured proteins, to
aggregates for solubilization, disaggregation or degradation (Figure 14). Furthermore,
they are implicated in the stability or assembly of regulatory proteins such as transcription
factors and protein complexes involved in DNA replication initiation or clathrin-mediated
endocytosis (Mayer and Gierasch, 2019). These proteins exert their chaperone activity
with the help of co-chaperones from the Hsp40/DNAJ family (of which there are ~50
members), NEFs and ATP. They also interact with other proteins of the UPS like
carboxyl terminus of Hsc70-interacting protein (CHIP), discussed in the next section

(Petrucelli et al., 2004; Smith et al., 2013).

Hsp70 family members have two primary functional domains: an ATPase or
nucleotide binding domain (NBD) of around 40kDa at the N-terminus, and a substrate
binding domain (SBD) of around 25 kDa at the C-terminus. The SBD is composed of an
a-helical lid and a B-sandwich subdomain of 15 kDa which interacts with client proteins
(Mayer and Gierasch, 2019). The NBD is the site of ATP and ADP binding and is thus
responsible for the conformational changes in the SBD (Figure 14). Nucleotide exchange

determines if the lid will be in an open, low affinity state when bound to ATP, or closed,
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high-affinity state when bound to ADP (Figure 14). Hsp70s have been shown to have
holdase activity that, unlike their foldase activity, is ATP-independent. For example,
Hsc70 was better able to prevent aSyn or HTTExon1Q48 fibrillation in absence of NEFs
and ATP (Monsellier et al., 2015; Pemberton et al., 2011). In contrast, Hsc70’s
disaggregation activity is not only ATP-dependent but also co-chaperone dependent, as
the presence of all three proteins (Hsc70, the class B J-protein DNAJB1, and an Hsp110
family NEF Apg2) was needed to reduce aSyn fibrils to monomers in vitro (Gao et al.,

2015).

In vitro, Hsc70 has been shown to inhibit amyloid fibrillation of aSyn (Pemberton
et al., 2011), Tau (Baughman et al., 2018; Mok et al., 2018), mHTT (Monsellier et al.,
2015), for example. Hsc70 also demonstrated disaggregase activity, however in an ATP-
and co-chaperone dependent manner (Gao et al., 2015). In cells, Hsc70 led to reduced
fibrillar aSyn- (Pemberton et al., 2011) and mHTT-induced (Monsellier et al., 2015)

toxicity.

substrate Y.

obe Il

Figure 14: Hsp70 structure and ATPase
reaction cycle.

Structures are structures of E. coli DnaK
(ATP-bound open conformation, PDB code
4B9Q; ADP-bound closed conformation,
PDB code 2KHO) (Mayer and Gierasch,
2019). The substrate is a peptide identified
to have high affinity for DnaK and that
conforms with peptide profiles that bind
with high affinities to other chaperones (Zhu
et al., 1996).

ATP
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2.2.2 CHIP

As is no surprise by its name, Hsc70 binds to carboxyl terminus of Hsc70-
interacting protein (CHIP), a human dimeric chaperone of 34.8 kDa that is part of the
tetratricopeptide repeat (TPR)-domain-containing chaperone family (Ballinger et al.,
1999). 1t is also part of the ubiquitin-proteosome system (UPS), which consists of E1
ubiquitin activating enzymes, E2 ubiquitin conjugating enzymes and E3 ubiquitin ligases.
CHIP is composed of a TPR, helical hairpin and U-box domain, the latter enabling E3
ubiquitin ligase activity (Jiang et al., 2001) (Figure 15). The helical hairpin domain is
responsible for its asymmetrical dimerization, necessary for ubiquitination (Nikolay et al.,
2004). Its TPR domain interacts with Hsc70, Hsp70 and Hsp90 at the Hsp EEVD motif
(VanPelt and Page, 2017; Zhang et al., 2005). Through binding to Hsp chaperones and
E2 ubiquitin-conjugating enzymes, CHIP targets client proteins (Quintana-Gallardo et al.,
2019) such as aSyn (Dimant et al., 2014; Kalia et al., 2011), Tau (Dickey et al., 2007;
Petrucelli et al., 2004; Sahara et al., 2005) and mHTT (Jana et al., 2005; Miller et al.,

2005) aggregates for ubiquitination and leads to their degradation.

Figure 15: CHIP structure.
Each monomer is drawn
separately to distinguish their
unique structures. PDB
accession number 2C2L from
murine CHIP (Zhang et al.,
2005).

TPR
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In addition to participating in the ubiquitination of misfolding proteins, CHIP has
been shown to improve the chaperone functions of Hsp70 or to act as a chaperone alone.
One example was done by observing the amount of soluble HTTExon1Q53 able to enter
native sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels, as
mHTT aggregates remain in the stacking gel (Monsellier et al., 2015). The addition of
CHIP to low amounts of Hsp70, insufficient on its own to prevent mHTT aggregation,
led to an increase in soluble mHTT (Rosser et al., 2007). However, CHIP alone did not
display chaperone activity towards mHTT as it did for chemically denatured luciferase.
In addition, the TPR domain was proven essential in reducing mHTT aggregation in
COS7 and PC-12 cell lines, primary mouse cortical neurons and zebrafish embryos,
unsurprisingly implicating its Hsp70-interacting TPR domain in its ability to reduce
mHTT aggregation (Miller et al., 2005). Furthermore, aggregation prevention was
increased when Hsc70 was co-expressed (Jana et al., 2005). In contrast, CHIP mutants
missing their U-box domain were unable to prevent aggregation of mHTT in
differentiated Neuro-2a cells (Jana et al., 2005). This interaction is specific to mHTT
compared to WT HTT, as CHIP immunoprecipitated with and was translocated to N-
truncated HTTExon1Q150 aggregates but not HTTExon1Q16 (Jana et al., 2005). In a
different paper, CHIP was shown to reduce the aggregation of Tau ON4R in vitro,
demonstrating that CHIP in the absence of Hsp70 has chaperone activity against

amyloidogenic proteins (Mok et al., 2018).

Cellular experiments demonstrated that CHIP prevented aSyn-induced-toxicity in
different models (Shin et al., 2005; Tetzlaff et al., 2008), potentially due to the
ubiquitination of toxic aSyn species or to morphological changes in aSyn inclusions
formed under CHIP overexpression (Shin et al., 2005). Despite many CHIP-client

interactions involving co-chaperones, there is still the potential for a direct relationship
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between aSyn and CHIP. CHIPATPR, which was unable to bind the Hsp chaperones,

was able to immunoprecipitate with aSyn (Tetzlaff et al., 2008).

Last, but not least, CHIP was found to colocalize with aSyn in Lewy bodies or
Tau in DLB or Tauopathy patient brains, respectively (Petrucelli et al., 2004; Shin et al.,
2005). However, whole CHIP may not be a viable therapeutic strategy for PD, given that
CHIP expressed in the SNpc of mice led to TH degradation (Dimant et al., 2014). A
mini-chaperone derived from CHIP could potentially avoid this problem (discussed

further in section 2.3 below).

2.2.3 aB-crystallin (aBc)

The human genome encodes for ten sHSPs (named HSPB1-10) with monomers
of 15 to 25 kDa. sHSPs are considered the first line of defense in the case of cellular
stress (Haslbeck et al., 2018), in part due to their ATP independence. These proteins all
contain a conserved a-crystallin domain (ACD) of around 100 residues that form a j-
sandwich structure composed of seven to eight antiparallel B-sheets. Disordered N- and
C-terminal extensions (NTEs and CTEs) of 24-247 (average 56) and less than 20 (average
10) residues, respectively, flank the ACD (Mogk et al., 2019). The conserved IXI/V motif,
involved in oligomerization, is located in the CTE. Indeed, most sHSPs form
heterogeneous mixtures of large oligomers (12-32 subunits) in equilibrium. Their
oligomeric state is involved in chaperone activity regulation, with increased activity
associated with smaller multimers (Haslbeck et al., 2018; Wentink et al., 2019). The
exact effect of oligomerization on chaperone activity is not clear. Originally, it was
thought that the large oligomers act as reservoirs for smaller, active dimers (Van Montfort
et al., 2001), supported by the fact that Hsp27 retains chaperone functions even when

mutated to only form dimers (Cox et al., 2018). Interestingly, cross-linked HSPBS5 (aB-
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crystallin, or aBc) equally retained chaperone functions against B-crystallin, suggesting
its activity is linked to accessible regions on the surface, whether that be in large

oligomers or dimers (Augusteyn, 2004).

aBc is a human sHSP with a monomeric size of 20 kDa that is primarily expressed
in the lens. It is one of the two subunits of acrystallin, responsible for preventing cataracts.
It is composed of flexible, unstructured NTE and CTE and a structured central core-
domain (aBc-core, 9.9 kDa). aBc forms hexameric units of dimers through interactions
between its IXI/V motif, in this case IPL in the CTE and the 4/B8 strands in the core,
units which assemble into large multimers of around 24 monomers (Figure 16). The
dimer interface is due to 6 + 7 strands interacting in an antiparallel fashion (Braun et al.,
2011; Delbecq et al., 2012; Liu et al., 2018). The details of the oligomerization dynamics
and their role on aBc chaperone activity are not entirely clear, although phosphorylation
of three lysines in the NTE has been implicated in smaller oligomers and increased

chaperone activity (Peschek et al., 2013).

aBc has been shown to reduce or prevent the fibrillation of a multitude of
amorphous and amyloid aggregates (as referenced in section 2.3.2 below when discussing
aBc mini-chaperone activity), notably affecting aSyn (Aquilina et al., 2013; Bruinsma et
al., 2011; Cox et al., 2016; Cox and Ecroyd, 2017; Liu et al., 2018; Rekas et al., 2007,
2004; Wang et al., 2008; Waudby et al., 2010), ABi-40 (Mainz et al., 2015), and Tau (Liu
et al., 2018; Mok et al., 2018). In contrast, it has no effect on mHTT fibrillation (Carra et

al., 2005; Muchowski et al., 2000; Vos et al., 2010).

It interacts with amorphous and amyloid aggregating proteins through its N-ter
and central B-sandwich, respectively, as demonstrated through NMR spectroscopy (Liu

et al., 2018; Mainz et al., 2015). Specifically, the p4 (residues 88-94) and 8 (residues
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133-6) strands of aBc-core, were implicated in the binding of ABi.40 (Mainz et al., 2015),

Tau K19 (244-372; 3R) and aSyn (Liu et al., 2018).

Of particular interest is the fact that aBc has been shown to bind to preformed
fibrils of aSyn (Cox et al., 2016; Waudby et al., 2010), ABi-40 (Raman et al., 2005), ABi-
42 (Shammas et al., 2011), and apolipoprotein C-II (apo-CII) (Binger et al., 2013), the
latter two with calculated Kps of 2 and 5 uM, respectively. In particular, aBc was
observed binding the lateral faces of fibrils, a mechanism of notable relevance for mini-

chaperones capable of coating the fibril surface.

aBc-core, a homodimer, retains (Hochberg et al., 2014) and improves upon the
chaperone activity of its parent protein against aSyn (Cox et al., 2016; Liu et al., 2018).

It remains to be shown whether the dimeric core is able to bind fibrils.

In cellular or animal models, aBc has led to reduced aggregate-induced toxicity
by APi-40 & APi-42 (Mannini et al., 2012; Wilhelmus et al., 2006), aSyn (Outeiro et al.,
2006; Tue et al., 2012), PolyQ92 (Tue et al., 2012), and mHTT (Muchowski et al., 2008).
Its reduction of mHTT-induced toxicity, despite its inability to interfere with mHTT
aggregation, could stem from interactions with mHTT fibrils or, for example, its anti-
apoptotic activity. Like its parent protein, aBc-core reduced AP-induced toxicity

(Hochberg et al., 2014).

aBc expression, like that of many other sHSPs in NDs, is increased, for example,
in AD (Renkawek et al., 1994; Yoo et al., 2001) and other Tauopathies (Dabir et al., 2004;
Loépez-Gonzélez et al., 2014), PD (Renkawek et al., 1999), and Creutzfeldt-Jakob disease
(Renkawek et al., 1992). aBc also colocalizes with LBs in PD neurons (Braak et al., 2001;
Iwaki et al., 1992), MSA oligodendrocytes (Valdinocci et al., 2018), and with LBs and

LNs in DLB neurons (Outeiro et al., 2006). In addition, aBc colocalizes with neuritic
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plaques from AD brains (Shinohara et al., 1993; Yoo et al., 2001) and neuropil threads of

the neocortex and globus pallidus of Tauopathy brains (Dabir et al., 2004).

In summary, aBc has been shown to interact with multiple amyloidogenic proteins
involved in NDs. In particular, its binding to aSyn and A fibrils, along with its
successful miniaturization into its core domain or peptide mini-chaperones derived from
the whole protein (see section 2.3.2) that retain chaperone activity against amyloidogenic
proteins, makes aBc a good candidate for miniaturization aimed at binding fibrillar
aggregates for propagation inhibition.

A

Linker Palindrome Extension
1 1 1

IPI

Figure 16: aBc structure.

A) aBc primary sequence. B) The dimeric aBc-core solid-state NMR structure at two
angles (PDB: 2klr) alongside a 24-mer cryo-EM model at 9.4 A with the same coloring
by domain as in A). (Jehle et al., 2011, 2010).
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2.2.4 proSAAS

Proprotein convertase 1 inhibitor, or proSAAS, is a 19 kDa human granin-like,
secretory neuroendocrine peptide precursor. While it is a potent inhibitor of prohormone
convertase (PC1/3) (Fricker et al., 2000), it is also expressed in tissues without PCI,
suggesting other cellular roles (Hoshino et al., 2014). It is found solely in vertebrates,
with conserved residues in its central core domain (Kudo et al., 2009), which remain after
cleavage (Kikuchi et al., 2003). It has no homology with other proteins and no known

structure (Lindberg et al., 2015).

Since its discovery in a peptidomics screen of abundant brain neuropeptides, it
has been identified five times as a potential CSF biomarker for various neurodegenerative
diseases (Lindberg et al., 2015). It is highly expressed in neurons throughout the brain
(Fricker et al., 2000) and has been found to colocalize with Tau inclusions in Pick’s
disease patient brains (Kikuchi et al., 2003), with NFTs and neuritic plaques in AD and
Guamanian Parkinsonism—dementia complex patient brains (Hoshino et al., 2014; Wada
et al., 2004), and with Lewy bodies in nigral slices of a PD patient brain (Jarvela et al.,

2016).

In vitro studies showed that proSAAS has chaperone activity against APi—42
(Hoshino et al., 2014) and aSyn (Jarvela et al., 2016) at sub-stochiometric ratios. In
cellular models, proSAAS reduced APi-42-oligomer-induced toxicity in Neuro-2a cells
(Hoshino et al., 2014) and aSyn-induced toxicity in both SH-SYS5Y cells and rat primary
nigral dopaminergic neurons (Jarvela et al., 2016). Nonetheless, it had no effect on aSyn
oligomerization with the split-venus system (Jarvela et al., 2016). The truncated variant
proSAASo7.180 was sufficient to block APi-4» fibrillation (Hoshino et al., 2014). Likewise,

a shorter variant proSAASe-180 had a stronger chaperone ability on aSyn fibrillation than
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the whole protein (Jarvela et al., 2016). Accordingly, this proSAASs>-180 variant is thus

the chaperone chosen for my doctoral research work.

2.2.5 CsgC

CsgC (Curli-specific genes C) is a bacterial protein involved in the curli system
in gram-negative bacteria. It is a 110-residue monomeric protein that contains an
immunoglobulin-like B-sandwich fold (Taylor et al., 2011, Figure 17). It inhibits the
amyloid formation of the protein CsgA at sub-stoichiometric concentrations in the
periplasm (Evans et al., 2015), to prevent fiber formation before CsgA is extracellular, as
these fibers are used for surface adhesion and biofilm (Olsén et al., 1989). While one
study suggested CsgC reduced CsgA fibrillation at the nucleation and the elongation steps
(Taylor et al., 2016), a more recent study suggests CscC slows down CsgA fibril
elongation, possibly by binding the fibrils (Sleutel et al., 2017). CsgA fibrils formed in

presence of CsgC were also shorter than those formed alone (Sleutel et al., 2017).

Figure 17: CsgC structure.
CsgC has an immunoglobulin-like B-sandwich fold. PDB code 2Y2Y. From (Taylor et
al., 2011).

Given CsgC’s propensity to target amyloid fibrillation and the common B-sheet
structure of amyloids, it was only logical to test its ability to inhibit aSyn fibrillation in
vitro. CsgC reduced aSyn fibrillation at sub-stochiometric ratios, as seen by ThT
fluorescence (Chorell et al., 2015). Atomic force microscopy experiments identified

oligomers at the lowest ratios tested, suggesting CsgC promotes off-pathway oligomer
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formation of aSyn. NMR experiments of aSyn and CsgC did not identify any changes in
shift intensities of residues, indicating that their interaction is transient. However, after
incubating CsgC and aSyn at 37°C for two days, multiple residues presented strong shift
intensity changes. In fact, 38 of the 78 affected residues disappeared or were reduced by
90%, with 32 of these 38 residues in the 30-104 region of aSyn (Chorell et al., 2015). It
was estimated that this detectable species was not a monomer, therefore suggesting that
CsgC promotes and interacts with aSyn oligomers. CD data showed CsgC-incubated
aSyn retained its random-coil secondary structure, compared to aSyn alone which formed
B-sheets after two days of incubation. No shift changes in CsgC incubated with aSyn
versus CsgC alone were observed, indicating that CsgC is not incorporated into these

oligomers.

Another study also found that CsgC inhibited aSyn fibrillation. The sequences
targeted by CsgC were further investigated, and comparisons of CsgA and aSyn
sequences helped identify a shared D-Q-®-XO0,1-G-K-N-{-E motif (0=W/L, (=S/E),
mapping to residues 98-104 of aSyn and of the repeating unit 3 of CsgA (Evans et al.,
2015). Interestingly, this region of aSyn is one of the two regions shown through
chemical crosslinking coupled with mass spectrometry (MS; see paragraph 2.3.3) to
interact with Hsc70 (Redeker et al., 2012). These residues are consistent with the
previous report’s NMR data (Chorell et al., 2015). Mutating these residues to alanines
decreased the lag time of aSyn fibrillation and severely decreased CsgC’s chaperone
effect on fibrillation compared to WT aSyn. Therefore, these residues are involved but
not necessary for CsgC chaperone activity on aSyn. A second similar motif is found
multiple times in CsgA but is not found in aSyn, potentially explaining why CsgC is
much more effective at inhibiting CsgA fibrillar formation than it is at inhibiting aSyn

fibrillar formation. Lastly, the lack of the motif in ABi_4> could explain why CsgC had
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no effect on its fibrillation, even at an equimolar ratio. In conclusion, CsgC was shown
to stoichiometrically inhibit aSyn, but not Ai.4> fibrillation, in a motif-dependent manner.
This motif is potentially accessible in aSyn fibrils as it was shown to be unstructured
through solid-state NMR experiments (Gath et al., 2014), despite being predicted as part
of the hydrophobic core based on sequence (Pawar et al., 2005). CsgC is thus a potential

binding candidate for aSyn fibrils, as well as other amyloid fibrils containing this motif.

2.3 Mini-chaperone rationale

2.3.1 Principle

Data detailed above demonstrates the implication of certain chaperones in
amyloidogenic fibrillation inhibition and/or fibril binding. These chaperones are thus
good candidates for fibril propagation inhibition testing. However, whole molecular
chaperones, due to their pleiotropic cellular roles, are not suitable drug candidates. On
the other hand, mini-chaperones, such as domains, sub-domains or peptides derived from
molecular chaperones, are of therapeutic interest. We set up a four-step process for the
rational design of mini-chaperones targeting fibril propagation. First, candidate
molecular chaperones capable of binding fibrils are identified, as presented in section 2.2.
Second, the chaperone must be shown to bind amyloid fibrils. Third, a top-down or
bottom-up approach can be used to identify regions or residues that are involved in fibril
binding. Specifically, this entails testing whether domains, sub domains or peptides retain
certain properties of their parent protein and can thus still bind fibrils. However, this
functional retention is particularly nuanced, as mini-chaperones capable of fulfilling
many of the parent protein’s pleiotropic cellular roles is to be avoided. In a top-down
approach, the fibril binding chaperone is separated into its constituent domains or sub-

domains, or even in a range of peptides spanning its entire sequence, without previous
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knowledge of the regions actually involved in fibril binding. The fibril binding abilities
of the different fragments are tested, and positive ones can be further miniaturized by
applying the same approach. The bottom-up approach lays on the previous knowledge of
the regions of the chaperone involved in fibril binding. Peptides including these regions
are designed and binding ability can be further improved by protein engineering. Various
methods that allow for the identification of residues involved in protein-protein

interactions will be discussed in section 2.3.3.

2.3.2 Examples of functional mini-chaperones

Mini-chaperone domains

The concept of mini-chaperones has been explored for many years, with the first
use of the term designating the apical domain of GroEL (Zahn et al., 1996). GroEL, a
14-mer of 57 kDa monomers, was successfully reduced, through a top-down approach,
to a monomeric mini-chaperone of 185 residues that retained ATP-independent
chaperone activity towards rhodanese and cyclophilin A (Zahn et al., 1996), aSyn, Ai-
42, and GroES (Ojha et al., 2016), p2-microglobulin (Chen et al., 2012), and interferon
gamma (Guan et al., 2005) in vitro, as well as complementation in E. coli KO for the

whole protein (Chatellier et al., 1998).

Furthermore, a domain-based mini-chaperone was demonstrated effective for the
CCT/TRIC (chaperonin containing TCP-1/TCP-1 ring) chaperonin complex, normally
composed of eight subunits of three domains each. The apical domain of the subunit
CCT]1 inhibited aggregation of HTTExon1Q104 in vitro through capping the ends of
fibrils (Shahmoradian et al., 2013; Sontag et al., 2013; Tam et al., 2006). In neuronal

cells expressing HTTExon1Q104, endogenous CCT/TriC mini-chaperone, localized to
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the nucleus and cytosol, reduced the number of insoluble mHTT aggregates and mHTT-

induced toxicity (Sontag et al., 2013).

Lastly, Hsp70 and Hsc70 SBDs have been tested for chaperone activity. The
SBDs of both proteins were shown to delay Tau ON4R aggregation at similar rates as the
parent proteins (Mok et al., 2018). The Hsp70 SBD, but not SBD without the lid or the
NBD, was also shown to inhibit aSyn fibrillation, bind to prefibrillar aSyn and prevent
lipid vesicle permeabilization by prefibrillar aSyn at similar rates as the whole protein

(Huang et al., 2006).

Peptidic mini-chaperones

A particular emphasis has been placed on peptidic mini-chaperones based on
either aB-crystallin or aA-crystallin (aAc) (Raju et al., 2016). After identification of
hydrophobic residues implicated in chaperone activity through cross-linking, a mini-
chaperone  peptide  derived from the sHSP oaAc core domain
(70KFVIFLDVKHFSPEDLTVKgs, or aAc7o-3) was shown to retain the chaperone
activity of its parent protein against y-crystallin (substrate of a-crystallin in the lens) and
alcohol dehydrogenase (Banerjee et al., 2015; Sharma et al., 2000). In addition, aAc7o-gs
was shown to have similar B-sheet content as the corresponding region in the parent
protein. aAc7o-gs or variants, along with peptides from the core domain of aBc
(73DRFSVNLDVKHFSPEELK VKo, aBc73.85, and 101tHGKHEERQDE;19) were proven
effective in reducing amorphous and amyloid aggregation of a wide range of proteins,
including ADH, insulin B chain, heat-denatured citrate synthase, y- and yD-crystallin, a-
lactalbumin, transthyretin, B2-microgobulin, APi-40 and AP22-35, and aSyn (Banerjee et
al., 2015; Bhattacharyya et al., 2006; Ghosh et al., 2008; Kumar and Sharma, 2000;

Nahomi et al., 2013; Raju et al., 2018; Santhoshkumar and Sharma, 2005; Sharma et al.,
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2000; Sreelakshmi and Sharma, 2001; Tanaka et al., 2008). aAc7oss also restored
chaperone function in vitro to the aAcG98R mutant implicated in autosomal dominant

cataract formation (Raju et al., 2012).

Some of these aforementioned peptidic mini-chaperones were tested in cellular
and animal models and even in humans. aAc7o-ss led to reduced AB-induced toxicity with
rat PC12 cells (Santhoshkumar and Sharma, 2005). In addition, both aAceo-ss and aBc73-
93 prevented oxidative stress-induced apoptosis in retinal pigment epithelium (RPE),
human lens epithelial (HLE), and Chinese hamster ovary (CHO) cells (Nahomi et al.,
2013; Sreekumar et al., 2013) through prevention of cytochrome-3 release, caspase-3 and
-9 activation. These two mini-chaperones were shown to be actively transported into
cells through sodium-coupled oligopeptide transporters (Sreekumar et al., 2013). aBc7s-
92 was shown to rescue Golgi localization and the trafficking response of Cu transporter
ATP7B-H1069Q, implicated in Gaucher’s disease, in fibroblast-like COS7 cells (Allocca
et al., 2018). aAc7o-ss, with GRD at the C-ter for solubility and a cell penetrating peptide
VPTLK at the N-ter, was shown to prevent H>O2-induced apoptosis in COS7 and retinal
pigmented epithelium (ARPE-19) cells (Raju et al., 2018). Furthermore, both mini-
chaperones stopped sodium-selenite-induced cataract formation and reduced protein
insolubilization, oxidative stress and caspase activity in rats (Nahomi et al., 2013). aBc7s-
93K92C reduced retinal ganglion cell (RGC) death due to ischemia/reperfusion injury and
ocular hypertension (Stankowska et al., 2019). Injections of aBc71-g5 into mice with hind-
limb paralysis as a model for experimental autoimmune encephalomyelitis, simulating
multiple sclerosis, resulted in symptom reduction (Kurnellas et al., 2012), albeit only
when injections were recurrent. Symptoms were only reduced when aBc contained three
key hydrophobic residues in the 3 strand that were responsible for its chaperone activity,

tested here against the B chain of bovine insulin. Lastly, aBc73.02 was able to suppress
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pro-inflammatory cytokine secretion by CD4+ T cells only in patients with multiple

sclerosis as compared to healthy patients (Quach et al., 2013).

Besides peptides derived from aBc and aAc, two peptides from the core domains
of sHSPs Hsp20 (G-71HFSVLLDVKHFSPEEIAVKy;) and Hsp27 (D-
3 RWRVSLDVNHFAPDELTVK(ii3) were shown to inhibit heat- and/or chemically-
induced aggregation of citrate synthase, insulin, lysozyme, and malate dehydrogenase
through interactions that involved the formation of a peptide-client complex, at least for
citrate synthase (Nahomi et al., 2015). The differences between the two mini-chaperone’s
activity, while likely sequence specific as scrambled peptides had no effect, was not due
to their surface hydrophobicity as it was not significantly different. These mini-
chaperones were also functional in cellular models. Indeed, they retained anti-apoptotic
properties of their parent proteins and were able to prevent apoptosis in HeLa cells by
inhibiting mitochondrial cytochrome c release and caspase-3 activation. In addition, the
last four amino acids were shown to be essential for cell entry. Lastly, these two peptides
were equally effective in preventing sodium-selenite-induced cataract formation in rats
and appeared to cross the blood retinal barrier. Indeed, they prevented a decrease of total
soluble lens proteins and the formation of GSH, a readout for oxidative stress, compared

to untreated, sodium-selenite exposed rats (Nahomi et al., 2015).

All together, these data show that mini-chaperones, notably from sHSPs, are
capable of retaining certain functions of their parent protein such as inhibiting aggregation,
client binding or prevention of apoptosis. As of now, however, none of these mini-
chaperones has been tested for fibril binding or propagation inhibition. It remains to be
shown whether peptides from the core domains of aBc, aAc, Hsp20, and Hsp27 shown
to interact with aggregation-prone and amyloidogenic proteins will bind fully formed,

amyloid fibrils. There is however significant doubt this would be the case for Hsp27
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peptides from the core domain, as this domain was shown to no longer bind to aSyn fibrils,
therefore demonstrating that the regions in this protein that are responsible for binding
aggregating amyloidogenic proteins and fully formed amyloid fibrils are separate (Cox et
al., 2018). This provides even stronger reasoning to pursue the identification of
chaperone-fibril interaction sites, rather than only relying on data with soluble
amyloidogenic proteins, for mini-chaperone development aimed at reducing intercellular

fibril propagation.

2.3.3 Identification of protein-protein interfaces (PPIs) with amyloid fibrils

Different methods for PPI identification

This rational approach to developing mini-chaperones via a bottom-up strategy
requires the use of techniques capable of identifying residues involved in protein-protein
interactions (PPIs) (Table 4), although some are better suited than others when amyloid
fibrils are involved. Mutagenesis in order to disrupt binding could lead to unforeseen
structural and functional consequences and should thus be applied for confirmation of
residues, rather than their identification. While X-ray crystallography and solution state
NMR would work for PPI epitope mapping between chaperones and soluble
amyloidogenic proteins, the megadalton size and insolubility of and crystallization
difficulties inherent to amyloid fibrils are not adapted for these techniques. ss-NMR, on
the other hand, has been applied successfully to elucidate fibril secondary structures
(Bousset et al., 2013; Gath et al., 2014; Hoop et al., 2016; Lin et al., 2017) and 3D
structure (Tuttle et al., 2016), for example. However, this is a very low throughput

approach, making it a less ideal choice.

Furthermore, multiple methods take advantage of the change in solvent

accessibility of residues involved in protein-protein binding. First, the nonspecific,
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reversible chemical labeling in hydrogen—deuterium exchange (HDX) provides insight
into residues involved in binding through solvent accessibility of backbone hydrogens.
However, the reversible nature of the deuterium label and the technical challenges of the
approach make it a less ideal candidate for this study. Alternatively, covalent labelling
methods can be applied. Non-specific labelling is primarily accomplished through
hydroxyl radical footprinting coupled with MS, for example by fast photochemical
oxidation of proteins (FPOP), which identifies primarily hydrophobic, solvent-exposed
amino acid side chains (Cornwell et al., 2018). Specific labelling, on the other hand, is
achieved through the addition of chemical groups able to react with particular amino acid

side chains exposed to the solvent (Zhang et al., 2012).

Finally, specific bi-moiety labelling methods, like photo-chemical or chemical
cross-linking coupled with MS, lead to covalently bound complexes that can be further
enriched for easier identification, a particular advantage over the previous methods.
These techniques can also be applied to proteins in a cellular environment (Suchanek et
al., 2005). Photo-chemical cross-linking, however, requires the incorporation of non-
natural photoactivatable amino acids and associated extraneous protein purification
(Pham et al., 2013). Chemical cross-linking coupled with MS was previously used in our
laboratory to identify proximally located residues between monomeric aSyn and the
chaperones Hsc70 or Ssalp (Nury et al., 2015; Redeker et al., 2012) as well as between
monomeric HTTExon1Q25 and Hsc70 (Monsellier et al., 2015). Therefore, this method
was employed in my research to identify residues implicated in aSyn fibril-chaperone
interactions in order to rationally develop mini-chaperones targeting fibril propagation.
However, the protocols optimized for chemical cross-linking with monomers needed to

be adapted to working with fibrillar aggregates.
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Table 4: Methods to identify residues involved in PPIs between amyloid fibrils and

protein partners.

All methods with MS include enzymatic digestion. HDX hydrogen-deuterium exchange;

MS mass spectrometry; NMR nuclear magnetic resonance; PPI protein-protein interface.
Adapted from Calabrese and Radford, 2018; Cornwell et al., 2018; Li et al., 2017,
O’Reilly and Rappsilber, 2018; Toyama and Weissman, 2011.
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Chemical cross-linking coupled with mass spectrometry

Chemical cross-linking exploits the reactivity of certain amino acid side chains
and N- and C-termini. Notably, primary amines on Lysines and N-termini, as well as
carboxylic acids on Aspartates, Glutamates and C-termini, are the most abundantly
targeted residues. However, secondary reactions with amino acids such as Serine,
Threonine, and Tyrosine have also been reported (Migneault et al., 2004; Rappsilber,
2011; Sinz, 2018). When exposed to a cross-linker, two spatially proximal residues will
form a covalent bond through the cross-linker chemistry. One of the attractions of this
technique is the variation of spacer arm lengths of the chemical cross-linkers, which
provides specific distance information on cross-linked residues. Chemical cross-linking
agents are also defined by their reactivity, their reversibility, and their water solubility.
Some agents are made with two isotope variants in order to facilitate mass spectrometry

analysis.

At the moment, no studies using chemical cross-linking coupled with MS have
been done to identify the interfaces between amyloid fibrils and exogenous ligands. Most
cross-linking coupled with mass spectrometry studies on amyloid fibrils have used photo-
chemical cross-linkers with modified, photoactivable protein sequences, incorporating
diazirines, aryl azides, or benzophenone (Bpa), and were used to extract structural
information on the fibril interfaces in absence of ligands (Egnaczyk et al., 2001; Preston
etal., 2012; Wong and King, 2015). For example, the addition of p-benzoylphenylalanine
(Bpa) groups to specific amino acids allows for a UV-irradiation-induced reaction
between the activated benzophenone group and a proximally located hydrogen from a
side-chain methylene group or backbone carbon. Then, the ketone carbonyl carbon and
attacked methylene carbon will form a covalent bond. These experiments thus rely on

targeting the interactions of the specific residues chosen for labelling. Photo-chemical
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cross-linking strategies with modified sequence were used with APi.40 or Sup35 fibrils
(Egnaczyk et al., 2001; Wong and King, 2015) for intramolecular structural studies. In
particular, these approaches were used to avoid inherent problems linked to exogenous

cross-linker penetration of tightly formed fibril complexes.

The use of amyloid fibrils obliges certain protocol modifications compared to
cross-linking with soluble proteins. First, cross-linking agent quantities must be
significantly reduced, compared to experiments previously optimized in our laboratory
with only soluble proteins, as the nature of the amyloid fibrils leads to high rates of
intramolecular cross-linking at relatively low concentrations. Indeed, it is important to
find appropriate concentrations of the cross-linking agent that do not favor intermolecular
and/or multiple cross-links among the proximally-located fibril monomers. Furthermore,
many chaperones are oligomeric, so the conditions must be equally optimized to
minimize intermolecular cross-linking among chaperone proteins. Second, in order to
observe complex bands on SDS-PAGE gels, fibril-chaperone mixtures must be
solubilized beforehand, as the cross-linking reaction leads to larger fibrillar aggregates

that get stuck in the stacking gel.

Our workflow for chemical cross-linking of amyloid fibrils to molecular
chaperones is the following (Figure 18A): after proteins have been cross-linked, they are
solubilized before being loaded onto SDS-PAGE gels for complex isolation. The
complex and controls are subsequently digested by trypsin and the peptides are extracted
from the gel. The peptides are separated by liquid chromatography (LC) on a reverse-
phase C18 column before ionization and quadripole-time of flight (Q-TOF) mass
spectrometry analysis (Figure 18B). In particular, we obtain spectrum and information
about the precursor ions (MS) and associated fragmentation spectrum (MS?). The

detected m/z of the precursor ions and their fragmentation ions (preferentially y and b
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ions from amide cleavages, Figure 18C) deliver peptide sequence information and reveal
the particular localization of the cross-linked residues. Indeed, the adduct, or the cross-
linking agent, is associated with one or several specific mass increments, depending on
its nature. In addition, cross-linked peptides differ from linear peptides in their charge
(Rinner et al., 2008) and size (Leitner et al., 2012), facilitating their identification.
Specifically, data analysis is first done by determining the sequence coverage of the
proteins through database searching with a protein database and decoy database search,
as well as a cutoff score from the search engine related to a false discovery rate.
Identification of cross-linked peptides, using the mass increments mentioned previously,
can be done through various software (O’Reilly and Rappsilber, 2018). To summarize,
this technique, along with appropriate software for data analysis, allows for the design of
rational peptides found in spatial proximity to amyloid fibrils, which could bind the fibrils,

thus altering their surface chemistry, and disrupt the propagation cycle.
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Figure 18: Chemical cross-linking coupled with LC-MS/MS.

A) Experimental workthrough.  Black, gray and light gray bands represent
intermolecular, intramolecular and dead-end cross-links. B) LC-MS/MS tandem mass
spectrometry schema of an ESI-Q-TOF mass spectrometer. Following separation, the
peptides undergo electrospray ionization and are thus converted into ions in the gas phase.
In the Q-TOF, the first quadrupole mass analyzers transfer ions to the second quadrupole
Q1 which filters and separates ions according to their mass to charge (m/z) ratio. In the
collision cell (corresponding to the Q2 quadrupole), ions are fragmented after collision
with neutral gas molecules, otherwise known as collision induced dissociation (CID). The
last analyzer, an orthogonal time of flight filters the m/z of the fragment ions generated
upon CID fragmentation. C) Peptide fragmentation (Biemann, 1992, 1988; Roepstorff
and Fohlman, 1984) and intermolecular cross-link nomenclature, with the longer o and
shorter B peptides shown (Schilling et al., 2003). For clarity, only a type 2 inter-peptide
cross-link is shown, however a and f nomenclature also applies when intramolecular
(type 1) or dead-end (type 0) cross-links are present on one or both peptides.
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2.4 Peptide Therapy

2.4.1 Advantages & Drawbacks

The development of peptidic mini-chaperones is justified by the increased pursuit
and potential of peptide therapy. However, currently peptides only make up a small
minority of the current drug market at 2%, while small molecules lead at 80% and
biologics make up the remaining 18% (Di, 2015). Small molecules have dominated the
market due to their low cost, permeability, stability, good oral bioavailability, and easier
synthesis. Nonetheless, they are prone to off-target binding and can produce toxic
metabolites. While antibodies, for example, have exquisite selectivity, their invasive
administration routes, poor permeability, and distribution leave much to be desired.
Peptides, sized between these two classes, share some of the advantages of both groups
and, while they have their own share of drawbacks, are amenable to modification and
thus are full of potential (Table 5). One of the most significant attractions for peptide
therapeutics is their targeting of shallow or flat hydrophobic protein-protein interfaces
(PPIs, Pérot et al., 2010; Yan et al., 2008). Indeed, peptides bind PPIs with stronger,
multiple point binding as compared to smaller molecules (J. Wilson, 2009), as they likely
benefit from the linear correlation witnessed of small molecule size and potency in PPI
binding (Wells and McClendon, 2007). Aptamers, another smaller, emerging class of
therapeutics composed of single-stranded nucleic acids, are able to bind some PPIs
despite their 10-30 kDa size (Bunka and Stockley, 2006; Reverdatto et al., 2015).
However, they have rapid renal clearance and may lead to hepatotoxicity (Morita et al.,

2018). In addition, the identification of selective candidates proves arduous.
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Advantages Drawbacks
e Adept for flat PPI interaction e Chemically and physically unstable
e High specificity & potency e Rapid renal clearance
e Minimal side effects e Sensitive to enzyme degradation
e Low tissue accumulation e Poor BBB permeability
e Chemically modifiable to address e Poor oral availability 2
some drawbacks predominantly given intravenously
e High throughput standard production e Synthesis cost (small molecules >
e Low immunogenicity peptides > large biologics)
e Ease of synthesis e Can be aggregation prone
e Minimal cross-reactivity e Can be poorly water-soluble
e Potential for diagnostic imaging due e Natural conformational flexibility
to strong, reversible binding
e Predictable metabolism — potentially
lower toxicity than small molecules

Table 5: Advantages and drawbacks of peptides for therapeutics.
PPI protein-protein interface; BBB blood-brain barrier. Adapted from (Craik et al., 2013;
Di, 2015; Erak et al., 2018; Fosgerau and Hoffmann, 2015; McGonigle, 2012).

2.4.2 Peptide optimization strategies

As mentioned above, unmodified peptides have considerable drawbacks for
therapeutic applications due to their naturally unfavorable pharmacokinetic properties.

To this end, many optimization strategies have been developed accordingly (Figure 19).

One prominent category of strategies involves modifying the peptide backbone.
First, the amide bond can be replaced with a bioisosteric or bioisoelectronic proxy that
mimics the natural peptide bond, leading to endoprotease resistance (Gongora-Benitez et
al., 2014). Next, cyclization, via head-to-tail, head-to-side chain, side chain-to-tail, or
side-chain-to-side-chain interactions, provides structural rigidity and exo or endoprotease
resistance. Cyclization is also possible through the amide nitrogen (Gongora-Benitez et
al., 2014). Exoprotease resistance can be conferred through N-ter or C-ter modifications,

notably through N-acetylation or C-amidation (Corbi-Verge et al., 2017; Erak et al., 2018).

Other peptide alterations that involve the side chains commonly rely on the use of

non-canonical amino acids (NCAAs). NCAAs can contain shorter or longer side chains
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that better fit PPIs, decrease peptide fragility, improve cell penetration, and which can be
used for subsequent chemical reactions for structural modifications (Corbi-Verge et al.,
2017; Erak et al., 2018). One type of NCAAs employed is D-amino acids for improved
protease resistance. However, substitutions with D-amino acids are likely to lose affinity,
as the D-peptide would no longer recognize the L-target. In applicable instances, a D-
target can be produced for affinity screening with L-peptides, which, when synthesized

with D-amino acids should bind the original L-target of interest (Weinstock et al., 2012).

Structural modifications fight against one major problem in peptide therapeutics,
namely, the lack of an adopted structure in the absence of the rest of the protein. If a
peptide is supposed to have a specific tertiary structure, stabilizing it may restore or even
improve substrate affinity and/or its protease resistance (Verdine and Hilinski, 2012).
One NCAA strategy also addresses this issue through a hydrogen-bond surrogate (HBS)
strategy, creating a permanent hydrogen bond involved in a-helices for structure
stabilization (Géngora-Benitez et al., 2014; Tsomaia, 2015). Additionally, a-helix, turn
and B-sheet mimetics have been invoked, albeit with varying results (Cunningham et al.,
2017). B-sheet mimetics are less common due to their tendency for aggregation (Modell
et al., 2016). However, turn inducers and especially a-helix stabilization are prominently
evoked. Peptide stapling is a common strategy for structural reinforcement (Ali et al.,
2019). NCAAs with hydrocarbons or cysteine residues already present in the sequence
or added purposefully can be exploited for peptide stapling to stabilize a-helical structure
(Gongora-Benitez et al., 2014; Verdine and Hilinski, 2012). Another method involves
N-terminal capping, where a covalent bond replaces the hydrogen bond between the
carobxyl group of the N-ter and the amide group of the i + 3 amino acid, ensuring a-helix
formation (Cunningham et al., 2017). The choice of a stapling method depends on the

amount of a-helix faces necessary for substrate recognition. For example, staples with
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hydrocarbons, triazole linkages, and lactams require one face for stabilization and thus
leave two for recognition. On the other hand, stapling with HBS through the peptide
backbone and the use of strategically placed a- and f-amino acids leave all three faces of

the a-helix available for substrate binding (Modell et al., 2016).

Many of the above modifications are primarily used for protease resistance,
structure stability, and improved affinity. Other modifications such as lipidation, i.e., the
addition of fatty acids, or the addition of hydrophilic polymers like polyethylene glycol
(PEQG), drastically improve serum-half life (Weinstock et al., 2012; Witt et al., 2001).
Lipids, through binding to serum albumin, bypass the size cut-off for renal clearance.
Their capacity to oligomerize also allows for subcutaneous administration (Erak et al.,
2018). PEGylation, along with improved renal clearance, also improves solubility due to
its binding to water molecules. Both lipidation and PEGylation are some of the most
commonly used modifiers for peptide therapeutics, with the former notably used for
insulin medications and the latter used in 15 FDA approved protein or peptide drugs (Erak

etal., 2018).

Lastly, most peptides are administered intravenously, presenting a challenge for
peptide therapeutic acceptance as compared to small molecules that are easily orally
available. Nonetheless, some approved, modified peptides have avoided this fate and can

be administered subcutaneously, by inhalation or even orally (Erak et al., 2018).
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Figure 19: Peptide optimization strategies.

Modified from Fairlie and Dantas de Araujo, 2016; Gongora-Benitez et al., 2014. In
green boxes are the benefits from the associated optimization strategies; “+” meaning
increased.

2.4.3 Current peptide marketplace

The advantages mentioned above of the use of peptides as therapeutic agents, as
well as the wide range of modifiers available for pharmacokinetic enhancement, have led
to the recent development and market approval of different peptides for a variety of
diseases. As of March 2017, there were 155 peptides in clinical trials and 60 approved
peptides in the United States, Europe and Japan (Lau and Dunn, 2018). The average
peptide length from approved peptides since 2010 is 20 amino acids, doubled from the
1980s (Lau and Dunn, 2018). Today, there are peptides of all lengths in clinical

development. 30% of peptides in clinical development in the last ten years are conjugated.
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Despite the ability of certain conjugates to aid in cell penetration, 91% of peptides

entering clinical studies in the 2000s had extracellular targets (Tsomaia, 2015).

Peptides in CNS diseases

Potential CNS disease treatments are often rejected due to drug-drug interactions
and safety, but peptides are less affected by these problems; accordingly, peptides thus
have potential in this field to make it to market (Morimoto, 2018). Nonetheless, very few
peptides have been approved for CNS diseases up to this point: three, to be exact,
according to data from March 2017 (Lau and Dunn, 2018). In particular, CNS peptides
need to be cell permeable in order to cross the BBB. BBB crossing can be achieved
passively or actively, although most peptides cannot cross passively due to their
hydrophilic nature (Vlieghe et al., 2010). BBB permeability can be engineered through
cyclization, as mentioned above, or the addition of cell penetrating peptides like PepNeg,
HIV-Tat, or AngioPep-2, among others (Dutot et al., 2010; Heitz et al., 2009; McGonigle,
2012; Morimoto, 2018; Neves-Coelho et al., 2017) or moities that hijack exposed
receptors such as the LDL receptor binding domain of apolipoprotein B (Spencer and

Verma, 2007).

I will next detail the three approved peptide drugs with CNS targets. First is
glatiramer, a random polymer of 5 — 9 kDa composed of the four amino acids EKAP at a
precise molar ratio. It was originally created from myelin basic protein to create an
experimental autoimmune encephalomyelitis model to study multiple sclerosis.
Surprisingly, it led to reduced inflammation and was later suggested to do so through
binding to histocompatibility complex class II molecules, thereby competing with myelin
antigens and myelin basic protein (Rommer et al., 2019). It was approved for multiple

sclerosis via subcutaneous administration in 1996. Second is taltirelin, an analog to the
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smallest hormonal peptide, thyrotropin-releasing hormone (TRH, pEHP-NH3). It targets
the TRH receptor and was approved for spinocerebellar degeneration via oral
administration in 2000. Recently, it was shown to be neuroprotective in a SH-SYSY cell
model using 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, Zheng et al., 2018),
a neurotoxin capable of inducing Parkinsonism in humans (Langston et al., 1983). Last,
is ziconotide, a 25 amino acid peptide that is the synthetic equivalent of a peptide
originating from the venom of a cone snail (CKGKGAKCSRLMTNCCTGSCRSGKC).
It is a selective antagonist of the N-type voltage-sensitive calcium channel, providing pain
relief when administered intrathecally, due to its weak ability to cross the BBB (Mcgivern,

2007). It was approved in 2004.

While multiple CNS peptides are in biochemical, cellular or pre-clinical stages,
only 5% of all peptides in clinical development from a 2012 data set were for CNS
diseases (Tsomaia, 2015). I will next detail some peptides for CNS therapeutics shown
to cross the BBB in animal models. The most advanced peptide drug in CNS diseases is
in two Phase 3 clinical trials and has shown to be neuroprotective for stroke. The NMDA
receptor, involved with excitotoxicity-induced neuronal damage, binds to post-synaptic
density scaffolding protein 95 (PSD-95) intracellularly, leading to downstream signaling.
The peptide NA-1, a nine amino acid peptide fused to the eleven amino acid HIV-Tat
peptide for cell permeability and brain distribution (Morimoto, 2018), interferes with the
NMDA-PSD95 interface. After successful studies in rats and macaques, patients
undergoing aneurysm repair surgery in the NA-1 group had a statistically significant

decline in the number of lesions than the control group (Hill et al., 2012).

Next is the peptide named TFP5 or CT-526, a 24-amino acid peptide fused to the
eleven amino acid HIV-Tat cell penetrating sequence. TFP5 blocks the interaction

between its origin protein, p25 (itself a truncated version of p35), and cdkS5, therefore
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preventing cdk5-overstimulation-induced neurodegeneration (Morimoto, 2018). Notably,
TFP5 does not inhibit regular p35/cdk5 function, suggesting that side effects would be
minimal. TFPS5 has been shown promising in animal models for stroke (Ji et al., 2017),
MPTP-induced Parkinsonism (Binukumar et al., 2015), AD (Shukla et al., 2013) and ALS

(Binukumar et al., 2019).

Additionally, the peptide known as P8 is eight amino acids long, rich in
glutamates and aspartates, and originates from the N-ter of Presenilin-1, part of the y-
secretase complex. P8 disrupts the interaction of y-secretase and APP, leading to reduced
APi-40, and APi-42 production in APP transgenic mice and WT rats (Dewji et al., 2018,
2015). This highly specific interaction did not affect the catalytic activities of  nor y
secretase nor the level of APP (Dewji et al., 2015). P8, despite a lack of modifications,
was shown to be stable in plasma and radiolabeled P8 was found in all areas of the rat
brain. Finally, it was found that the peptide had better pharmacokinetic properties when

administered intracutaneously (Dewji et al., 2018). P8 is still in pre-clinical trials.

Last of the BBB-crossing peptides highlighted here is the unmodified peptide
Ilantide of ten amino acids, derived from the N-ter domain of human interleukin-1
receptor antagonist. It had anti-inflammatory properties in HeLa cells, crossed the BBB,

and improved social memory in an AB-induced rat model (Klementiev et al., 2014).

In summary, multiple short peptides, some unmodified, are able to cross the BBB,
specifically bind to their targets and block their interactions with other proteins in animal
models or humans, leading to therapeutic effects of interest. These peptides demonstrate
that it is possible to retain binding properties of the parent protein in vivo, suggesting the
development of mini-chaperones from parent proteins capable of binding amyloid fibrils

could be therapeutic candidates for propagation inhibition.
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Obijectives

Amyloid fibrils composed of the proteins aSyn, Tau and mHTT, implicated in
synucleinopathies, tauopathies and HD, respectively, are able to propagate between
neuronal cells, contributing to the progression of these fatal diseases. These fibrils have
a multitude of protein and lipid partners at the cell membrane, where they initiate the
cycle of propagation. Propagation inhibition could thus be targeted through the binding
of moieties that alter the fibril surface properties, therefore disrupting interactions with a
wide array of potential partners. Molecular chaperones, part of the cellular PQC system
designed to prevent or eliminate protein aggregates, are good starting points to identify
fibril binding partners. Therapeutically speaking, whole chaperones, due to their
pleiotropic cellular roles, are not good candidates and should be reduced to bioactive
domains or peptides to avoid off-target interactions. To this end, polypeptidic mini-
chaperones containing the residues responsible for amyloidogenic protein binding could
be pursued. Thus, the objective of my thesis was to identify molecular chaperones
capable of binding fibrillar aggregates and, through a bottom-up approach, develop

polypeptides capable of inhibiting fibril propagation.

Previous work in our lab using chemical cross-linking and MS identified binding
sites of the molecular chaperone Hsc70 to monomeric aSyn. Furthermore, Hsc70 was
shown to bind aSyn fibrils. In parallel, a pull down and MS approach using primary
neuronal cells elucidated a binding site for the NKA a3 subunit and aSyn fibrils. These
studies led to the development of three sub domains and nine peptide candidates, tested,
in chapter 3, for a combination of fibrillation inhibition, fibril binding and/or propagation

inhibition, the latter of which I contributed to.

While some molecular chaperones have been shown to bind various amyloid

fibrils, this binding has not always been well characterized and its effects on propagation
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have been largely untested in cellular models. In chapter 4, which covers my primary
research project, I focused on identifying molecular chaperones of diverse origins,
oligomeric status and of small size that are capable of binding aSyn amyloid fibrils. I
then estimated the dissociation constants for aSyn fibrils and the molecular chaperones
aBc and CHIP. With these chaperones, I evaluated the impact of chaperone-fibril binding
on aSyn fibril internalization by a neuronal cell line. Finally, I worked to elucidate
residues involved in aSyn fibril-aBc and aSyn fibril-CHIP interfaces through chemical
cross-linking and MS for the development of mini-chaperones. I performed the cross-
linking experiments and Dr. Virginie Redeker performed the MS experiments and

analysis.

Lastly, in chapter 5, I further examined the structure of aSyn aggregates formed
in presence of aBc or CHIP. In addition, I pursued the binding of my original set of
molecular chaperones with Tau or HTTExon1Q48 fibrils and found that, in addition to
aSyn fibrils, aBc finds to Tau and HTTExon1Q48 as well. 1 thus estimated the

dissociation constants for the chaperone-fibril pairs.

All together, these studies aim to develop rationally designed, polypeptidic

inhibitors of amyloid fibril propagation.
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Abstract

a-Synuclein (aSyn) fibrils spread from one neuronal cell to another. This prion-like
phenomenon is believed to contribute to the progression of the pathology in Parkinson’s
disease and other synucleinopathies. The binding of aSyn fibrils originating from affected
cells to the plasma membrane of naive cells is key in their prion-like propagation
propensity. To interfere with this process, we designed polypeptides derived from
proteins we previously showed to interact with aSyn fibrils, namely the molecular
chaperone Hsc70 and the sodium/potassium pump NaK-ATPase and assessed their
capacity to bind aSyn fibrils and/or interfere with their take-up by cells of neuronal origin.
We demonstrate here that polypeptides that coat aSyn fibrils surfaces in such a way that
they are changed affect aSyn fibrils binding to the plasma membrane components and/or
their take-up by cells. Altogether our observations suggest that the rationale design of
aSyn fibrils polypeptide binders that interfere with their propagation between neuronal

cells holds therapeutic potential.
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Introduction

The aggregation of proteins into fibrillar high molecular-weight species is involved in
human degenerative diseases, including Alzheimer’s, Parkinson’s, or Huntington’s [1].
During the last decade, it has become evident that those protein aggregates traffic between
neuronal cells and amplify by seeding the aggregation of their constituting proteins [2—
5]. This prion-like phenomenon is thought to be responsible for the stereotypic
progression of the pathology in the brain [2,5]. Impeding this phenomenon would be
valuable to slow down the progression of disease [6,7].

The spread of amyloid fibrils is a vicious circle involving different steps. First, protein
aggregates form with time within neuronal cells [8]. They next escape actively, through
export, or passively, upon cell death, the cells where they form [9-12]. The extracellular
aggregates dock next to the membrane of naive neuronal cells [13,14]. This membrane
binding steps is followed by the internalization of the fibrils, mainly through endocytosis
[15,16]. Once in the cells the aggregates reach the cytoplasm, where they recruit the
otherwise soluble endogenous protein they are made of [17], after compromising endo-
lysosomal integrity [18]. Alternatively, they imbalance neuronal proteostasis and trigger
the de-novo aggregation of other aggregation prone proteins involved in
neurodegenerative diseases [19]. The circle completes when amplified aggregates escape
into the extracellular media, targeting new cells.

Every single step of the prion-like propagation process is a potential target for the
development of new drugs that would delay the progression of disease. The binding of
the extracellular aggregates to the membrane is especially attractive for different reasons
[7]. As it takes place in the extracellular environment, it is more easily targetable than
intracellular mechanisms [20]. Its underlying molecular mechanisms have been

particularly well studied over the past few years [21]. The fibrils bind laterally to the
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plasma membrane [13]. The binding is mediated by interaction with the plasma
membrane lipids [22], with different proteins partners [23—26] and with the extra cellular
matrix components [27,28]. The efficiency of the binding depends both on the aggregates
characteristics, such as their primary sequence [29,30], their net charge [22], their size
[13] or their conformation [17], and on the properties of the membrane, with an emphasis
on the role of the membrane curvature [31] and a specific lipid [32] and protein [24,25]
composition.

As different membrane components are involved in the interaction with extracellular
aggregates in their prion-like propagation process, it seems unlikely that targeting one of
them would exert an effect. We therefore decided to target the fibrils themselves, coating
them with peptide ligands so that their surface properties are changed and their interaction
with membrane partners is compromised. We decided to develop polypeptide binders of
fibrils as from a clinical point of view such binders are specific and safe, and their poor
pharmacokinetics properties are amenable to optimization [33,34]. Incidentally over 60
peptide drugs have now reached the market [35]. Using a cross-linking and mass
spectrometry strategy, we previously mapped the surface interfaces between aSyn
monomers or fibrils and two protein partners, namely, the molecular chaperone Hsc70
[36-38] and the sodium/potassium pump Na+/K+-ATPase (NKA) [25]. Here, we
designed a set of polypeptides based on the Hsc70 and NKA surface areas we identified
to interact with aSyn. We assessed the interaction of the polypeptides derived from Hsc70
and NKA with fibrillar aSyn in vitro. We identify Hsc70-derived polypeptides that bind
best aSyn fibrils. We also show that an NKA-derived peptide affect fibrils binding to
Neuro-2a cells. Overall, our results lay the basis for developing further such polypeptides
and improving their affinity for aSyn fibrils, so that their interactions with and uptake by

Neuro-2a neuronal cells are affected.
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Results

Hsc70 binds to aSyn fibrils with a high affinity, preventing their interaction with the
plasma membrane and their take-up by cultured cells

We previously brought evidence for Hsc70 interaction with fibrillar aSyn using a
sedimentation assay [36]. The dissociation constant we measured was 0.1 uM. Here we
confirmed the interaction between Hsc70 and fibrillar aSyn using the same sedimentation
assay followed by quantitative analysis of the proteins in the pellet and the supernatant
fractions by SDS-PAGE (Figure 1A). Hsc70 alone remains in the supernatant, whereas
it is pulled into the pellet when incubated for 1h at room temperature with pre-formed
aSyn fibrils. To determine the affinity of Hsc70 for fibrillar aSyn we incubated preformed
aSyn fibrils (1 uM) with increasing amount of ATTO488-labeled Hsc70 (0-2 uM) for 1h
at room temperature. The samples were then filtered through cellulose acetate membranes
that retains fibrillar aSyn along with their binders, and the amount of ATTO488-Hsc70
was quantified by fluorescence measurements (Figure 1B). We measured a dissociation
constant (Kp) between Hsc70-ATTO488 and aSyn fibrils of 0.49 £+ 0.02 uM, consistent
with previously published values [36,39]. We demonstrated that the binding between the
two partners was not affected by Hsc70 labelling. Indeed, unlabeled Hsc70 competed in
a dose-dependent way with the binding of labeled Hsc70 to aSyn fibrils (Figure 1C), and
the Kp between Hsc70 and aSyn fibrils was identical to the Kp between Hsc70-ATTO488

and aSyn fibrils (0.45 £ 0.08 uM).
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Figure 1. Hsc70 binds to aSyn fibrils with high affinity. A, Hsc70 binds to aSyn fibrils
in vitro. SDS-PAGE analysis of the pellet (P) and supernatant (S) fractions of Hsc70 (10
uM), fibrillar aSyn (100 uM), and fibrillar aSyn (100 pM) incubated with Hsc70 (10 uM)
for 1 h at RT. B, Quantification of Hsc70-ATTO488 binding to aSyn fibrils using the
cellulose acetate filter trap assay. Hsc70-ATTO488 was diluted with unlabeled Hsc70
(labeled:unlabeled molar ratio of 1:50) to different final concentrations (0-2 uM) and
incubated with or without aSyn fibrils (1 uM) for 1h at RT. Each sample was filtered in
triplicate through a cellulose acetate membrane and the amount of Hsc70-ATTO488
trapped onto the membrane was quantified. The mean amount of Hsc70-ATTO488 bound
to the aSyn fibrils and the associated standard error values were calculated from 3
independent experiments. C, Unlabeled Hsc70 compete with Hsc70-ATTO488 for
binding to aSyn fibrils. A fixed concentration of Hsc70-ATTO488 (0.2 pM) was
incubated with increasing concentrations of unlabeled Hsc70 (0-10 uM) and with or
without aSyn fibrils (1 uM). Each sample was then filtered in triplicate through a

cellulose acetate membrane. The mean amount of Hsc70-ATTO488 bound to the aSyn
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fibrils and the associated standard error values were calculated from 2 independent

experiments.

We next assessed the consequences of Hsc70 interaction with aSyn fibrils on fibrils
binding to the cell membrane and subsequent internalization. We set-up two different
assays to assess separately aSyn fibrils binding and internalization (Figure 2). Preformed
Alexa488-labeled aSyn fibrils bound to cultured Neuro-2a cells within 30 min incubation
in a dose-dependent manner as assessed by quantification of fluorescent foci at cell
membranes (Figures 2A and S1A). The addition of Trypan blue quenched all the
fluorescence, indicating that the fibrils are located at the plasma membranes. This robust
cellular binding assay was next used to monitor the effect Hsc70-fibrillar aSyn interaction
on fibrils binding to Neuro-2a cells. aSyn fibrils (I pM) were pre-incubated with
increasing amounts of Hsc70 (0-10 uM). Neuro-2a cultured cells were then incubated for
30 min with this mix. The data presented in Figures 2B and S1B clearly demonstrate that

Hsc70 affects aSyn fibrils binding to Neuro-2a cells in a dose-dependent manner.
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Figure 2. Hsc70 binding to aSyn fibrils interferes with their interaction with the
plasma membrane and their subsequent internalization. A, Dose-dependent binding
of aSyn fibrils to the plasma membrane of Neuro-2a cells. Neuro-2a cells were exposed
for 30 min to aSyn-Alexa488 fibrils (0-2 uM). The cells were extensively washed and
the fluorescence quantified. Representative images are shown in Figure S1A. For each
concentration the mean percentage of Neuro-2a cells bound with at least 1 aSyn-
Alexa488 fibrils foci and its associated standard error value was calculated from 3
independent experiments. The results and the associated significances are expressed
relative to maximum binding. B, Hsc70 prevents aSyn fibrils binding to the plasma
membrane. aSyn-Alexa488 fibrils (1 uM) were incubated with increasing concentrations
of Hsc70 (0-10 pM) in DMEM for 30 min at 37°C. Neuro-2a cells were next exposed to
the mixture for 30 min. Fluorescence was quantified after extensive washing.
Representative images are shown in Figure S1B. For each Hsc70 concentration, the mean

percentage of Neuro-2a cells with at least one aSyn-Alexa488 fibrils foci and its
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associated standard error value was calculated from 3 to 5 independent experiments. The
results and the associated significances are expressed relative to fibrils binding in the
absence of Hsc70. C, aSyn fibrils take-up by Neuro-2a cells. Neuro-2a cells in 96-wells
plates were exposed for 4 hours to increasing concentrations of aSyn-Alexa488 fibrils.
Trypan blue was added after extensive washing to quench the fluorescence of plasma
membrane-bound aSyn fibrils. The amount of internalized aSyn-Alexa488 was measured
on a fluorescence plate reader. Means and their associated standard error values were
calculated from 5 independent wells. The results are expressed relative to maximum
internalization (I uM aSyn fibrils). Significances are calculated in comparison to the
absence of internalization (no oSyn). D,E, Chlorpromazine (D) and 1’5-N-ethyl-
isopropyl-amiloride (EIPA; E) prevent aSyn fibrils internalization by Neuro-2a
cellsCI[INeuro-2a cells in 96-wells plates were exposed for 1 hour to increasing
concentrations of chlorpromazine (0-10 pg/ml) or EIPA (0-50 uM) before addition of
aSyn-Alexa488 fibrils (0.5 uM). After 4 hours of incubation and extensive washing,
Trypan blue was added to quench the fluorescence of plasma membrane-bound aSyn
fibrils. The amount of internalized aSyn-Alexa488 was measured on a fluorescence plate
reader. Means and their associated standard error values were calculated from 5
independent wells. The results and the associated significances are expressed relative to
the absence of inhibitors. F, Hsc70 prevents aSyn fibrils internalization by Neuro-2a
cells. aSyn-Alexa488 fibrils (0.5 uM) were incubated with increasing concentrations of
Hsc70 (0-10 uM) in DMEM for 30 min at 37°C. Neuro-2a cells in 96-wells plates were
exposed for 4 hours to the mixture. Trypan blue was added after extensive washing to
quench the fluorescence of plasma membrane-bound aSyn fibrils. The amount of
internalized aSyn-Alexa488 was measured on a fluorescence plate reader. Means and

their associated standard error values were calculated from 3 independent experiments.
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The results and the associated significances are expressed relative to internalization in the

absence of Hsc70.

Fibrillar aSyn uptake by cells can be assessed quantitatively by fluorescence microscopy
after quenching of the fluorescence at cells plasma membrane by Trypan blue (Figure
S2). To increase statistical power we set-up a robust 96-wells plate assay. Neuro-2a cells,
in 96-wells plate, were exposed for 4h to Alexa488-labeled aSyn fibrils pre-incubated
with Hsc70 or not, prior to Trypan blue addition and quantification of Alexa488
fluorescence in a plate-reader. The amount of internalized fibrils was determined in a
dose- (Figure 2C) and time-dependent manner. Fibrillar aSyn take-up was inhibited in a
dose-dependent manner by chlorpromazine and 1’5-N-ethyl-isopropyl-amiloride (EIPA),
suggesting that the fibrils are taken up by -clathrin-mediated endocytosis and
macropinocytosis (Figures 2D,E). Preincubation of Alexa488-labeled aSyn fibrils with
Hsc70 significantly affected their take-up (Figure 2F). We used Hoechst staining to
ascertain that the number of cells remained constant (see Material & Methods).

We conclude from these observations that Hsc70 binding to aSyn fibrils affects their
binding and take-up by neuronal Neuro-2a cells in a dose-dependent manner. The use of
full-length Hsc70 for therapeutic purposes has drawbacks because of its pleiotropic
effects within cells. We thus aimed at generating fragments of Hsc70 that retain aSyn

fibrils binding capacity.

Hsc70 Substrate Binding Domain and sub-domains retain aSyn fibrils binding
capacity
In a first step toward the design of Hsc70-derived peptides that would potentially retain

their ability to bind aSyn fibrils, we assessed the affinity of different Hsc70 sub-domains
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for aSyn fibrils (Figures 3, 4). Hsc70 is composed of two domains, a Nucleotide Binding
Domain (NBD), responsible for the chaperone ATPase activity, and a Substrate Binding
Domain (SBD), that binds Hsc70 clients. We previously used lysine-reactive chemical
cross-linkers and mass-spectrometry to map the surface areas within Hsc70 that interact
with monomeric aSyn; all the identified areas were within the SBD (Figures 3A) [37,38].
To determine whether Hsc70 SBD retains the ability to bind aSyn fibrils we expressed
and purified it. Hsc70 SBD (Figure 3B, left) can be subdivided in 2 sub-domains, a j3-
strands/sheet rich (SBD; Figure 3B, middle) and an a-helical domain, named “SBD-
lid” (Figure 3B, right). Lysine residues from both of these sub-domains are located
within the Hsc70-aSyn interaction interface suggesting that they both contribute to aSyn

binding. We therefore expressed and purified SBD} and SBD-lid.
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Figure 3. Hsc70 domains and peptides used throughout this study. A, aSyn-binding
sites on Hsc70. The binding sites were determined by cross-linking Hsc70 to monomeric
aSyn with chemical cross-linkers and identifying the surface interfaces by mass-
spectrometry [37,38]. Only the substrate-binding domain (SBD) of Hsc70 is shown.
Cross-linked lysines are depicted in yellow (space fill). Hsc70 model was built as
described in [37]. B, Hsc70 SBD sub-domains. SBD B-sandwich (SBDp) and lid (SBD-
Lid) sub-domain are coloured. C, Hsc70-derived peptides. 10 peptides, which primary
structure is given in Table 1, reproducing Hsc70 amino acid stretches involved in aSyn

binding and the canonical Hsc70 client proteins binding sites [40], were synthesized.

A B
100
Measured secondary structure
Hsc70 Hsc70 Length . . .
d A composition (predicted values in brackets)
omains | sequence (aa) a-helix B-strand Other E
265 %

382 - 646 28 (30) % 26 (31) % 46 (39) %

50 Ky of ATTO488-labelled

polypeptides for aSyn fibrils

Bound protein
(% of maximal binding)

SBDB  382-526 144 5(9) % 41 (39) % 54.(52) % Hsc70:  0.49+0.02 uM
sBD-lid  524-646 123 51 (52) % 11 (0) % 38 (48) % SBDB:  0.50£0.03 uM
SBD-lid:  0.45+0.05 uM
D0 0.5 1 15 2 25
Flgu red [protein] (M)

Figure 4. Hsc70 domains and their binding to aSyn fibrils. A, Secondary structure of
Hsc70 SBD and sub-domains. The CD spectra used for deconvolution are shown in
Figure S3A. B, Determination of Hsc70 domains — aSyn interactions Kp. The
experiments were performed as in Figure 1B. In each case the mean amount of labeled
Hsc70 domain bound to the fibrils and the associated standard error values were
calculated from 3 independent experiments. Representative raw data are shown in Figure

S4.

The secondary structure content of Hsc70 SBD, SBDB and SBD-lid was assessed by
circular dichroism measurements. The data suggest that the polypeptide conformation is

retained (Figures 3B, 4A and S3A). We next assessed SBD, SBD} and SBD-lid binding
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to aSyn fibrils as described for full-length Hsc70 and derived dissociation constants from
those measurements (Figures 4B and S4). All three domains bind aSyn fibrils. Moreover,
the Kp were similar to that we determined for full-length Hsc70 (Figure 4B). Thus, both
Hsc70 SBDp and SBD-lid contribute to fibrillar aSyn binding as for monomeric aSyn

[37,38].

aSyn fibrils Hsc70-derived peptides binders

To identify peptides derived from Hsc70 that have all that is necessary and sufficient to
bind aSyn fibrils, we synthesized ten 11 to 24 residues Hsc70-derived polypeptides
(Table 1; Figure 3C) based on the regions that contribute to aSyn binding (Figure 3A).
Some peptides were overlapping to maximise binding. Hsc-1, 2, 3, 9 and 10 encompass
Hsc70-aSyn interaction surface interfaces [37,38]. Hsc-4, 5 and 6 reproduce Hsc70
canonical client binding cavity [40]. Hsc-7 and 8 decal the rest of Hsc70 SBDp loops.
Hsc-4 and 9 were found insoluble in PBS. Their interaction with aSyn was not further
studied. The secondary structure content of the 8 remaining peptides was assessed by
circular dichroism measurements (Table 1 and Figure S3B). The peptides were
predominantly unstructured, with the exception of Hsc-1 and 10 (52 and 46 % o-helical,
respectively). The presence of an a-helical conformation in the Hsc-1 peptide is coherent
with the structure of this peptide within Hsc70 while Hsc-10 was expected to adopt a

hairpin structure (Figure 3C).
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Table 1. Hsc70-derived peptides primary and secondary structures. The CD spectra

used for deconvolution are shown in Figure S3B.

Secondary structure

Peptide Hsc70 Sequence composition
sequence a-helix B-strand Other
Hsc-1  510-525 LSKEDIERMVQEAEKY 52% 0% 48%
Hse-2  553-566 VEDEKLQGKINDED 6% 13% 81%
Hsc-3 548 -571 NMKATVEDEKLQGKINDEDKQKIL 9 % 7% 84 %
Hsc-4  400-415 SLGIETAGGVMTVLIK
Hse-5 428 -439 FTTYSDNQPGV 0% 15% 85%
Hsc-6 422 -444 TKQTQTFTTYSDNQPGVLIQVYE 0% 20% 80%
Hsc-7 461 -475 LTGIPPAPRGVPQIE 10% 17% 73%
Hsc-8  457-477 GKFELTGIPPAPRGVPQIEVT 7% 24% 69 %
Hse-9  489-500 SAVDKSTGKENK
Hsc-10 484 -505 GILNVSAVDKSTGKENKITITN 46% 13% 41%

Hsc70 binding to monomeric aSyn affects assembly into fibrils [36]. We therefore first

assessed Hsc70-derived peptide capacity to interact with monomeric aSyn through their

ability to affect assembly into fibrils (Figure 5). Monomeric aSyn assembly into fibrils

was monitored using Thioflavin T (ThT) binding at 37°C in the absence or the presence

of equimolar amounts of each peptide. Hsc-6 significantly slowed down aSyn assembly

into fibrils while Hsc-10 accelerated aggregation (Figure 5 A, B). The fibrillar nature of

the assemblies obtained at the end of the reactions were assessed by transmission electron

microscopy (Figure 5C). We conclude from these observations that 2 out of the 8 Hsc70-

derived peptides we tested (Hsc-6 and 10) interact with monomeric aSyn in such a way

that the time course of assembly into fibrils is significantly affected.
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Figure 5. Effect of Hsc70 SBD-derived peptides on aSyn aggregation. A, Time-course
of aSyn aggregation in the absence or presence of Hsc70 SBD-derived peptides. Soluble
aSyn (50 uM) was incubated with or without Hsc70-derived peptides (50 uM) at 37°C
and 600 rpm in PBS. The assembly reactions were monitored by Thioflavin T binding.
Means and their associated standard errors values were calculated from 4 independent
experiments. The lines through the data points represent the best fits to a sigmoid
function. B, Effect of Hsc70-derived peptides on the half-time (¢12) of aSyn aggregation.
For each independent experiment, the 71> parameter was extracted from the best fit to a

sigmoid function. The means and their associated standard error values were calculated
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from 4 independent experiments. C, Negative stained electron micrographs of aSyn
assembled alone (left) or in the presence of equimolar concentration of Hsc-6 (right).

Scale bar, 200 nm.

We next assessed Hsc70-derived peptides binding to fibrillar aSyn. Fibrillar aSyn (100
uM) was incubated with each peptide (200 uM). The fibrils were sedimented and
resuspended and the bound Hsc70-derived peptides were quantified by reversed phase
chromatography. The results are presented in Table 2 and Figure S5A-C. Hsc-1, 2, 3, 5,
7 and 8, did not bind to aSyn fibrils. Hsc-6 and 10 did bind to the fibrils. As a positive
control we used the aromatic molecule Surfen, which is known to bind to the SEVI
amyloid fibrils and to prevent their interaction with cells [41]. Surfen was found to bind
to aSyn fibrils (Table 2).

Table 2. Binding of the Hsc70-derived peptides to aSyn fibrils assessed by phase

reverse chromatography analysis

Bound peptides

Sample uM %)

Hsc-1 1.2 0.6 %
Hsc-2 1.0 0.5 %
Hsc-3 1.2 0.6 %
Hsc-5 2.8 1.4 %
Hsc-6 68 34 %
Hsc-7 1.2 0.6 %
Hsc-8 1.6 0.8 %
Hsc-10 72 36 %
Surfen 176 88 %

The affinities of Hsc-6 and 10 for aSyn fibrils were determined and the Kp was over 100
uM (Figure SSE,F). Nonetheless, to determine whether Hsc70-derived peptides affect
fibrillar aSyn uptake by cells, Alexa488-labeled aSyn fibrils were pre-incubated with up

to 10 molar excess of the different Hsc70-derived peptides and fibrils uptake by Neuro-
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2a cells was quantified. None of the Hsc70-derived peptides had an effect on aSyn fibrils

take-up (Figure 6). This is consistent with the poor affinity of the best fibrillar aSyn

peptide binders. In contrast, preincubation of aSyn fibrils with Surfen affected, in a dose-

dependent way, their take-up by Neuro-2a cells (Figure 6).

Figure 6
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Figure 6. Effect of Hsc70 SBD-derived peptides on aSyn fibrils take-up by Neuro-

2a cells. Each Hsc70 SBD-derived peptide (2 or 10 uM) was incubated with Alexa488-
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labeled aSyn fibrils (1 uM) in DMEM for 30 min at 37°C. Neuro-2a cells grown in 96-
wells plates were exposed to the mixture for 2 hours. After extensive washing trypan blue
was added to quench the fluorescence of plasma membrane-bound aSyn fibrils. The
amount of internalized aSyn-Alexa488 was measured using a fluorescence plate reader.
Means and their associated standard error values were calculated from 3 independent

experiments. The same experiment was carried out with Surfen.

Peptide derived from an aSyn fibrils membrane partner, the a3 subunit of the
Na*/K*-ATPase (NKA)

We previously brought evidence for interaction of fibrillar aSyn with the a3-subunit of
the membrane ion pump NKA by pull-down [25]. a3NKA amino acid stretch that
interacts with aSyn was identified by cross-linking and mass spectrometry. It consists of
the extracellular loop connecting the transmembrane helices 7 and 8 [25]. Interaction of
fibrillar aSyn with this extracellular loop of a3NKA was further confirmed by
mutagenesis studies [25]. To determine whether NKA derived peptides affect aSyn fibrils
binding to and take-up by Neuro-2a cells, we synthesized a 27 amino acid residues long
peptide (NKApep) that reproduces this loop within a3NKA (Figure 7A). NKApep is
soluble in PBS; it is disordered with some [B-strand content, as assessed by circular

dichroism (Figures 7B and S3C).
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Figure 7. Effect of a peptide derived from the a3 subunit of the NKA on aSyn fibrils
binding and take-up by Neuro-2a cells. A, Structure of the a3 subunit of the NKA Bos
taurus (PDB 4xe5) where the 27 amino acid residues long peptide NKApep
corresponding to the extracellular loop previously shown to interact with aSyn fibrils [25]
is coloured in red. B, Secondary structure content of NKApep determined by circular
dichroism. The CD spectra used for deconvolution is shown in Figure S3C. C, Effect of
NKApep on aSyn fibrils binding to the plasma membrane of Neuro-2a cells. aSyn-
Alexa488 fibrils (1 pM) were incubated without or with increasing concentrations of
NKApep in DMEM for 30 min at 37°C. Neuro-2a cells were next exposed to the mixture
for 30 min. Fluorescence was quantified after extensive washing. Representative images
are shown in Figure S1B. For each peptide concentration, the mean percentage of Neuro-
2a cells with at least 1 aSyn-Alexa488 fibrils foci and its associated standard error value
was calculated from 3 independent experiments. The results and the associated
significances are expressed relative to fibrils binding in the absence of peptide. D, Effect
of NKApep on aSyn fibrils take-up by Neuro-2a cells. aSyn-Alexa488 fibrils (0.5 uM)

were incubated with increasing concentrations of NKApep (0-10 pM) in DMEM for 30
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min at 37°C. Neuro-2a cells grown in 96-wells plates were exposed to the mixture for 4
hours. After extensive washing trypan blue was added to quench the fluorescence of
plasma membrane-bound aSyn fibrils. The amount of internalized aSyn-Alexa488 was
measured using a fluorescence plate reader. Means and their associated standard error
values were calculated from 4 independent experiments. The results are expressed relative

to the internalization in the absence of peptide.

NKApep neither affected aSyn aggregation (not shown) nor bound to preformed aSyn
fibrils (Figure SSD). Preincubation of preformed aSyn fibrils with NKApep resulted in
a dose-dependent reduction in fibrillar aSyn binding to Neuro-2a cells (Figures 7C and
S1C) but did not affect fibrils take-up (Figure 7D). Altogether, although designed to
affect fibrillar aSyn binding to cells, NKApep acts somewhat differently, possibly

through interactions with other membranous components.

Discussion

aSyn fibrils are able to spread from one neuronal cell to another [2—4]. This process is
believed to contribute to the spatiotemporal progression of pathology in the central
nervous system [2,5]. The binding of aSyn fibrils to naive cells, after their formation and
release from affected counterparts, is key and has been actively documented as it
constitutes a potential target for therapeutic interventions [7,13]. We hypothesized that
ligands that change the surface properties of aSyn fibrils should affect binding to cell
membranes. We previously showed that Hsc70 binding to aSyn fibrils affects the viability
of cultured cells of neuronal origin [36]. We demonstrate here that Hsc70 interaction with
aSyn fibrils compromises their binding and take-up by cells. The pleiotropic functions of
full-length Hsc70 limit its therapeutic potential [42,43]. We therefore generated

polypeptides reproducing Hsc70 sub-domains and surfaces that we previously showed to
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interact with aSyn through cross-linking studies [37,38] and assessed their effect on aSyn
fibrils binding to and take-up by cells of neuronal nature. We show here that two peptides
derived from Hsc70 SBD interact with aSyn without affecting, most probably because of
their limited affinity, their take-up by Neuro-2a cells [44,45].

We previously identified through unbiased pull-down and cross-linking strategies fibrillar
aSyn neuron membrane proteins interactome [25]. Polypeptides reproducing aSyn
protein partners may interfere with fibrils binding to their targets. We therefore assessed
the shielding propensity of NKApep, an NKA-derived peptide that encompasses a region
we showed to interact with fibrillar aSyn [25]. NKApep did not bind to aSyn fibrils under
our experimental conditions, nonetheless, we show here that it interferes with fibrillar
aSyn binding to cells. This suggests that NKApep affects aSyn fibrils binding to the cell
indirectly, possibly through the redistribution of other aSyn fibrils target proteins [21].
Overall, our results suggest that polypeptides that bind aSyn fibrils must have a very high
affinity to affect fibrils uptake by cells and hold therapeutic potential. Advantageously,
the affinity of polypeptides is amenable to improvements. They can be trimmed and
modified by replacing a number of amino acid residues and reassessing affinity in an
iterative manner [46]. To limit their folding landscape, they can be stapled using unnatural
amino acids bearing alkyl tethers of various lengths at either one or two helix turns [47]
or compatible with covalent crosslinking via click chemistry [48], or fused to a
scaffolding protein such as thioredoxin [49]. Alternatively, their avidity could be
increased by generating tandem repeats of the same or different peptides that bind aSyn
fibrils. Many other modifications can be made so that pharmacokinetic properties of
polypeptides that interfere with aSyn fibril binding and take-up by cells are improved.
Thus, such peptide could yield new therapeutic tools to slow down the progression of

synucleinopathies and other neurodegenerative diseases.
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Materials and Methods

Expression and purification of aSyn, Hsc70 and Hsc70 subdomains

Recombinant human wild-type aSyn was purified as described [50]. Recombinant Hise-
tagged Hsc70 was purified as described [36]. The activity of the purified Hsc70 was
assessed using a luciferase refolding assay, as described in [36].

Genes encoding the Hsc70 domain and subdomains SBD, SBDP and SBD-lid were
amplified from the pPRO-EXHTb (Invitrogen) Hsc70 vector [36] and inserted into a pET-
MI11 vector with an N-terminal 6xHis tag followed by a tobacco etch virus (TEV)
protease cleavage site. Recombinant His-tagged proteins were expressed at 37°C in E.coli
strain BL21(DE3) (Stratagene, Santa Clara, CA) and purified as follow. Cells were
harvested and resuspended in buffer A (30 mM HEPES pH 7.5, 300 mM NaCl, 10%
glycerol, 20 mM imidazole). After sonication and centrifugation, lysate supernatants were
filtered and loaded onto a 5 mL Talon metal affinity resin column (Clontech, Saint-
Germain-en-Laye, France), equilibrated in buffer A. His tagged proteins were eluted with
buffer A supplemented with 500 mM imidazole, and then dialysed in PBS. The His tags
were cleaved with addition of His-TEV protease, produced using the plasmid pRK 1043
(Addgene, Cambridge, MA), at a 1:25 His-TEV:chaperone molar ratio. 100% cleavage,
as assessed by SDS-PAGE, was achieved upon incubating the mixtures for 1h at 37 °C.
The untagged proteins were purified by collecting the flow through of a 5 mL HisTrap
FF column.

Proteins concentrations were determined spectrophotometrically using the following
extinction coefficients at 280 nm (M!.cm™): 5960 for aSyn; 39310 for Hsc70; 12950 for
SBD; 2980 for SBDf; and 9970 for SBD-lid. Pure proteins in PBS were filtered through

sterile 0.22-um filters, aliquoted and stored at -80 °C.
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Synthetic peptides and Surfen

All the peptides we designed were purchased from GL Biochem Ltd. (Shanghai, China).
Peptides were dissolved in PBS at 0.5 mM, aliquoted, and stored at -20 °C. Surfen
(S6951) was purchased from Sigma, dissolved in DMSO at 5 mM, aliquoted, and stored

at -20°C.

Circular Dichroism

Far-UV CD spectra were recorded at 20 °C using a JASCO J-810 dichrograph equipped
with a thermostated cell holder using a 0.01-cm path length quartz cuvette. Each spectrum
was the average of 10 acquisitions recorded in the 260—195 nm range with 0.5-nm steps,
a bandwidth of 2 nm, and at a speed of 50 nm/min. All spectra were buffer corrected. The

spectra were deconvoluted with the Dichroweb software [51].

Assembly of aSyn into fibrils and labelling

For fibril formation, aSyn was incubated at 200 uM in PBS at 37 °C under continuous
shaking in an Eppendorf Thermomixer set at 600 rpm for 2 weeks. The completion of the
aggregation reaction was monitored by withdrawing an aliquot (100 pL), subjecting it to
centrifugation in a 5415R tabletop centrifuge (Eppendorf) at 20,000 g and 20°C for 30
min and assessing spectrophotometrically the amount of aSyn remaining in the
supernatant. The proportion of soluble aSyn was systematically less than 10%. The
fibrillar nature of the aggregates obtained at the end of the aggregation reaction was
assessed using a Jeol 1400 transmission electron microscope (Jeol Ltd.) following
adsorption of the samples onto carbon-coated 200-mesh grids and negative staining with

1% uranyl acetate. The images were recorded with a Gatan Orius CCD camera (Gatan).
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For cellular binding and internalization experiments, the fibrils were labeled by addition
of the aminoreactive fluorescent dye Alexa 488 (Invitrogen, Carlsbad, CA, USA) using a
protein:dye molar ratio of 10:1 based on initial monomer concentration. Labelling was
performed following the manufacturer’s recommendation. The reaction was stopped by
adding Tris-HCI1 pH 7.5 (20 mM final concentration). Finally, the fibrils were sonicated
with an ultrasound sonicator (Hielscher Ultrasonic, Teltow, Germany) set at an amplitude

of 75 and 0.5 s cycles for 1 min.

Binding of Hsc70, SBD, SBDp and SBD-lid to preformed aSyn fibrils and Kp
determination

For binding assay, aSyn fibrils (100 uM) alone, Hsc70 alone (10 uM) or aSyn fibrils and
Hsc70 (100 and 10 uM, respectively) were incubated for 1h at RT in PBS. Samples were
spun for 30 min at 50,000 g and 20°C in a TL100 tabletop ultracentrifuge (Beckman) and
the proportion of Hsc70 present in the pellet vs the supernatant was analysed by SDS-
PAGE.

The Kp for Hsc70, SBD, SBDP and SBD-lid interaction with aSyn fibrils were measured
as follow. Hsc70 and its subdomains were first labeled by addition of the aminoreactive
fluorescent dye ATTO488 (Invitrogen, Carlsbad, CA, USA) using a protein:dye molar
ratio of 1:5. The reaction was stopped by adding Tris-HCI pH 7.5 (20 mM final
concentration). The unreacted fluorophore was removed by NAPS5 desalting column.
Under these conditions the majority of primary amines unaffected by the labelling as 0.05
to 0.08 dye molecules were incorporated on average within Hsc70 or its subdomains, as
assessed by absorbance spectroscopy. Binding of ATTO488-labeled polypeptides to
fibrillar aSyn was then followed by a filter retardation assay where fibrils and associated

proteins are retained on a membrane [52]. The different ATTO488-labeled polypeptides
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were diluted with their unlabeled counterpart (labeled:unlabeled polypeptides ratio of
1:50) at different final concentrations (0-2 uM) and incubated with or without aSyn fibrils
(1 uM) in PBS for 1h at RT. 200 pl of each sample were filtered in triplicate through
cellulose acetate membranes (0.2 um pore size, Millipore Corp., Bedford, MA) using a
48-slot slot-blot filtration apparatus (GE Healthcare). The amount of labeled polypeptide
retained on the membrane was visualized using a ChemiDocTM MP (BioRad). Images
were processed and quantified using Image Lab.

Alternatively, to ensure that the labelling did not affect the binding properties of Hsc70
to aSyn fibrils, a fixed concentration of Hsc70-ATTO488 (0.2 uM) was incubated with
increasing concentrations of unlabeled Hsc70 (0-10 pM) and with or without aSyn fibrils

(1 uM) in PBS for 1h at RT. The experiment was then performed as above.

Assessment of synthetic peptides effect on aSyn assembly

aSyn (50 uM monomer concentration) was incubated in the absence or in the presence of
peptides (50 pM) in PBS at 37 °C under continuous shaking in an Eppendorf
Thermomixer set at 600 rpm. Aliquots (10 pL) were withdrawn at different time intervals
from the assembly reaction and mixed to a Thioflavin T solution (10 uM; 400 pL).
Thioflavin T fluorescence was recorded with a Cary Eclipse spectrofluorimeter (Varian
Medical Systems Inc.) using excitation and emission wavelengths set at 440 and 480 nm,
respectively. The nature of the fibrils obtained at the end of the aggregation reaction was
assessed by electron microscopy as described above. The proportion of aSyn assembled
into fibrils was assessed by ultracentifugation in a TL100 tabletop centrifuge (Beckman)
at 50,000 g and 20°C for 30 min and analyse of the supernatant and pellet fractions by
SDS-PAGE. Following Coomassie staining / destaining the gels were visualized using a

ChemiDocTM MP (BioRad). Images were processed and quantified using Image Lab.
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Binding of peptides derived from Hsc70 and NKA and Surfen to preformed aSyn
fibrils and Kp determination

Hsc70-derived peptides, the NKApep peptide or the Surfen molecule (0 or 200 uM) were
incubated with or without aSyn fibrils (100 uM) for 1h at RT in PBS. The samples were
centrifuged for 30 min in a 5415R tabletop centrifuge (Eppendorf) at 20,000 g and 20°C.
The pellets were first washed by 100 uL of 0.1% TFA and then dissolved for 30 min in
30 uL of pure TFA. After TFA evaporation, the samples were resuspended in 0.1% TFA
and stored at -20°C. The composition of each sample was assessed by phase reverse
chromatography on a C18 column (Jupiter C18 300A from Phenomenex, Torrance, CA,
USA). The solvant composition was 0.1% TFA for solvent A and 80% acetonitrile, 0.09%
TFA for solvent B, and the flow was set at 200 pl/min. The column was equilibrated in
5% B. The peptides were eluted by a gradient from 5% to 80% of solvent B. The amount
of aSyn-associated ligand present in each sample was determined by comparing their
respective absorbance at 215 nm (peptides) or 260 nm (Surfen) to the absorbance of a
known amount of the same ligand. For Kp measurements the same experiment was

performed using a range of peptide concentrations (0-200 uM).

Cell culture

Murine neuroblastoma Neuro-2a cells (ATCC, Manassas, VA) were culture at 37 °C in
humidified air with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% foetal bovine serum, 2 mM glutamine, 100 units.ml! penicillin and 100
pg.ml! streptomycin. All materials used for cell culture were from PAA Laboratories

GmbH (Pasching, Austria).
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Binding of aSyn fibrils to Neuro-2a cells

Alexa488-labeled aSyn fibrils (1 pM equivalent monomer concentration) were first
incubated for 30 min at 37°C in DMEM without or with the ligands (Hsc70 or the
NKApep peptide) at different concentrations. Neuro-2a cells cultured on ibidi-p-Dishes
(ibidi, Martinsried, Germany) were then incubated for 30 min with this mix. Then, the
cells were washed and immediately imaged in serum-free, phenol red-free DMEM on a
Zeiss Axio Observer Z1 epifluorescence microscope equipped with an Incubator XLmulti
S2 RED LS (Carl Zeiss) and an Orca-R2 camera (Hamamatsu) at a 20x magnification.
The percentage of cells with bound Alexa488 foci was estimated by randomly counting
at least 500 cells in 1015 fields and the experiments were reproduced independently 3
times. For each field the number of foci was automatically assessed using the software

Fiji [53,54] and an in-house built plugin.

Internalization of aSyn fibrils by Neuro-2a cells

Neuro-2a cells cultured on ibidi-p-Dishes (ibidi, Martinsried, Germany) were exposed for
4h to Alexa488-labeled aSyn fibrils (1 uM equivalent monomer concentration) at 37°C
in DMEM. The cells were washed twice with serum-free, phenol red-free DMEM and
0.1% Trypan Blue (Sigma-Aldrich) was added to quench Alexa488 fluorescence at the
plasma membrane. The cells were then imaged and the percentage of cells with
internalized Alexa488 foci was estimated as described above.

The uptake of Alexa488-labeled aSyn fibrils (0.5 uM equivalent monomer concentration)
pre-incubated or not for 30 min at 37°C in DMEM with the ligands (Hsc70, peptides or
Surfen) at different concentrations to Neuro-2A cells was also assessed using a 96-well
plate assay. The cells cultured on 96-wells plates were incubated with the fibrils,

preincubated or not with the ligands for 30 min at 37°C in DMEM, in 5 independent
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wells. After 4 hours the media was removed and Hoechst (Sigma-Aldrich) diluted at 0.2
pg/ml in serum-free, phenol red-free DMEM was added for 30 min. The cells were
washed twice with serum-free, phenol red-free DMEM and 0.1% Trypan Blue (Sigma-
Aldrich) was added to quench the fluorescence of plasma membrane-bound Alexa488-
labeled aSyn fibrils. For each wells Alexa488 and Hoechst fluorescences were recorded
on a Clariostar microplate reader (BMG LABTECH GmbH, Germany). For each
condition Alexa488 fluorescence value was considered and averaged over the 5 wells
only if the Hoescht value was not significantly different from the one of untreated cells.

To assess to role of endocytosis in aSyn fibrils internalization, Neuro-2a cells cultured
on 96-wells plates were first incubated with increasing concentrations of chlorpromazine
or 1’5-N-ethyl-isopropyl-amiloride (EIPA). After 1 hour Alexa488-labeled aSyn fibrils
(0.5 uM equivalent monomer concentration) was added. The experiment was then

performed as above.

Statistical Significance
Statistical significance was determined through an unpaired student’s t-test. Annotations
used throughout the manuscript to indicate level of significance are as follows: * p<0.05;

** p<0.01; *** p<0.001 ; **** p<0.0001.
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Supporting Information

Figure S1. Representative epifluorescence and phase contrast images for the binding
of aSyn fibrils to Neuro-2a cells. A, Dose-dependent binding of aSyn fibrils to the
plasma membrane of Neuro-2a cells. Neuro-2a cells were imaged after exposure for 30
min to aSyn-Alexa488 fibrils (0-2 uM equivalent monomer concentration) and extensive
washing. B, aSyn fibrils binding to the plasma membrane of Neuro-2a cells in the
presence or the absence of Hsp70 and NKApep. aSyn-Alexa488 fibrils (1 uM equivalent
monomer concentration) were incubated in the absence (top pannels) or in the presence
of Hsc70 (10 uM; middle panels) or NKApep (10 uM; bottom panels) in DMEM for 30
min at 37°C. Neuro-2a cells were imaged after exposure to the mixture for 30 min and

extensive washing. Scale bars, 20 pM.

Figure S2. Internalization of aSyn fibrils assessed by fluorescence microscopy.
Neuro-2a cells were exposed for 4 hours to aSyn-Alexa488 fibrils (1 pM equivalent
monomer concentration). The cells were washed twice with serum-free, phenol red-free
DMEM then 0.1% Trypan Blue was added to quench the fluorescence of plasma

membrane-bound Alexa488-labeled aSyn fibrils. Scale bars, 20 pM.

Figure S3. CD spectra of domains and peptides used throughout this study. A, Hsc70

domains SBD, SBDf and SBD-lid. B, Hsc70 peptides. C, NKApep.

Figure S4. Quantification of SBD-ATTO488 (A), SBDB-ATTO488 (B) and SBD-lid-
ATTO488 (C) binding to aSyn fibrils. ATTO488-labelled Hsc70 SBD domain and sub-
domains were diluted with the corresponding unlabelled proteins (at a molar ratio 1:50)

to different final concentrations (0-5 pM) and incubated with or without aSyn fibrils (1
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uM) for 1h at RT. Each sample was then filtered in triplicate through a cellulose acetate
membrane and the amount of ATTO488-labelled Hsc70 domain trapped onto the
membrane was quantified. In each case a representative experiment is shown. Kp values

presented in Figure 4B were derived from 3 independent experiments.

Figure S5. Binding of the peptides Hsc-6 (A), Hsc-7 (B), Hsc-10 (C) and NKApep (D)
to aSyn fibrils and Kp determination (E,F). aSyn fibrils (100 pM) were incubated 1h
with each peptides (200 uM) at RT. The samples were centrifuged for 30 min at 20.000
g and 20°C. The pellets were dissolved in TFA 100%. After evaporation, the samples
were resuspended in TFA 0.1%, and analysed by reversed phase chromatography on a
C18 column (bold traces). The elution profile of TFA dissolved aSyn fibrils is depicted
(thin traces). The retention time of each peptide was determined by an injection of 1
nmole of the peptide and is indicated by an arrow. Hsc-6 and Hsc-10 co-sediment with
aSyn fibrils, whereas Hsc-7 and NKApep do not. E-F, Determination of Hsc-6 and Hsc-
10 - aSyn fibrils Kp. Measurements as described above were performed for increasing
peptide concentrations (0-200 pM). The amount of aSyn fibrils-bound Hsc-6 and Hsc-10
is plotted against the total peptide concentration. The lines through the data points

represent the best fits to a linear function and are drawn for visual guidance only.
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Chapter 4: Interaction of aBc and CHIP with a-Synuclein
fibrils

4.1 Article 2 Preface

The previous work involved polypeptides based on previously identified regions
of interest from interacting partners with aSyn monomers or fibrils. In this study, we first
identify potential partners of aSyn fibrils whose binding impacts cellular internalization.
Then, we use chemical cross-linking to determine regions of interaction. As dictated in
section 2.3.3, chemical cross-linking can be accomplished with a large choice of agents.
The agents used in this study provided a range of reactivity, spacer arm lengths and
reversibility (Preface Figure 1A). The mass increments and reactions for the covalent
bond formation between proteins and cross-linking agents are shown in Preface Figure

1A-B.

The software used in our study was StavroX (Gotze et al., 2012). This software
has multiple advantages over its alternatives, such as GPMAW, CTB, and MS-Bridge.
First off, it can identify cross-links through user-selected amino acids instead of only pre-
determined amino acids, which is particularly useful for cross-linking agents such as
glutaraldehyde, with poor specificity. Furthermore, it calculates masses of cross-links of
multiple amino acids with variable modifications simultaneously, simplifying data
analysis. Indeed, StavroX searches for matches based on mass increments between a pre-
calculated list of theoretical cross-links, as mentioned above, and precursor ion masses.
Nomenclature of cross-linked peptides is given as described previously (Schilling et al.,
2003). Finally, StavroX can open MS/MS data, permitting manual verification within the

software.
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Preface Figure 1: Cross-linking agents and reactions in this study.
A) Agent chemical structures, associated mass increments and legend. B) Chemical

reactions for crosslinking of amine- and carboxyl-specific chemical cross-linking with
the agents in this study. BS2G  bis(sulfosuccinimidyl) glutarate; BS’
bis(sulfosuccinimidyl) suberate; DTSSP 3,30-dithiobis(sulfosuccinimidylpropionate);
EDC N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride; Sulfo-NHS N-
hydroxysulfosuccinimide; GA glutaraldehyde.
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Abstract

Fibrillar a-Synuclein (aSyn) is the molecular hallmark of Parkinson’s Disease and other
synucleinopathies. Its prion-like propagation between cells is linked to disease
progression and thus should be targeted. In this study, we looked to molecular chaperones
to identify proteins capable of binding aSyn fibrillar aggregates in order to disrupt their
propagation. We further assessed the effect of the fibril-binding chaperones on
internalization of aSyn fibrils by neuronal cells. We demonstrate that the interaction of
aggregating aSyn with aB-crystallin (aBc) or Carboxyl terminus of Hsc70-interacting
protein (CHIP) led to the formation of fibrils that are less internalized by cells. Finally,
using an optimized chemical cross-linking and mass spectrometry strategy, we identified
the interaction areas between fibrillar aSyn and either aBc or CHIP. Our results pave the
way for the development of rationally designed polypeptide inhibitors of aSyn fibril

propagation.
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Introduction

Parkinson’s disease and other synucleinopathies are associated with the aggregation of
the protein alpha-synuclein (aSyn) into high molecular weight fibrillar aggregates [1,2].
aSyn aggregates traffic between neuronal cells, seed the aggregation of endogenous
monomeric aSyn, and amplify [3-5]. This prion-like phenomenon is presumed to
contribute to the stereotypic progression of synucleinopathies [5,6]. aSyn aggregates
propagate through exosomes [7,8], tunneling nanotubes [9,10] and following their release
to the extracellular space through export by living cells or liberation by dying cells [11—
13]. The latter aggregates bind to the cell membrane and are internalized, primarily
through endocytosis [14,15]. They eventually compromise the endo-lysosomal integrity
[16] and reach the cytosol where they amplify by recruiting endogenous monomeric aSyn
[17,18]. The resulting aggregates find then their way into naive, unaffected cells,
perpetuating the cycle [17,19]. The formation and trafficking of fibrillar aSyn assemblies
represent targets for therapeutic interventions [20]. Those assemblies bind to cell
membranes through numerous partners, including protein partners [21-24] and lipid
partners [25,26], many of which are essential to cell physiology.

aSyn aggregates form in the crowded cellular environment in the presence of a vast
number of proteins, including molecular chaperones. Molecular chaperones, the first line
of defense in protein homeostasis, interact with aggregating proteins [27]. Extensive
research has reported that various chaperones, such as Hsp90, Hsp70, Hsp27 and alphaB-
crystallin (aBc), interfere with the assembly of monomeric aSyn into fibrils [28-33].
Those molecular chaperones may bind aggregated aSyn in vivo as they have been shown
to be present within aSyn-rich deposits within cells [34-36]. This justifies characterizing
thouroughly the interactions between molecular chaperones and oSyn [37-40],

demonstrating chaperone binding to aSyn fibrils in vitro.
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We previously demonstrated that Hsc70 binds fibrillar aSyn with high affinity
(Pemberton et al. 2011; Redeker et al. 2012) and that Hsc70-coated aSyn fibrils are less
toxic to cells compared to naked fibrils [33]. We further identified inter-molecular
surfaces of the interaction between Hsc70 and aSyn [41,42]. In the research presented
here, we focused on human sHSP chaperone aBc and human C-terminus Hsc70-
interacting protein (CHIP).
aBc is one of the 2 subunits of the chaperone a-crystallin, a prominent component of the
human eye lens that prevents aggregation of lens proteins, including itself. It consists of
a mixture of oligomers ranging in size from 10 to 40 monomers [43]. aBc colocalizes
with Lewy bodies in Parkinson’s disease patients’ neurons [35]. In vitro, aBc slows down
the aggregation of many different proteins [28,31,44] and binds to preformed aSyn fibrils
[38,39]. Like all sHSPs, the 20 kDa aBc monomer contains a highly conserved a-
crystallin domain (aBc-core) flanked by disordered N- and C-terminal domains. Isolated
aBc-core is dimeric and retains, in vitro, the anti-aSyn aggregation activity of the mother
protein [38,45].

CHIP is a human dimeric chaperone of 34.8 kDa per monomer with E3 ubiquitin ligase
activity [46]. It colocalizes with aSyn in Lewy bodies in Dementia with Lewy Body
patient brains [34]. CHIP also targets aSyn oligomers for degradation and has a rescue
effect in aSyn-induced-toxicity in different cellular models [34,47].

We thus assessed the uptake of aSyn fibrils assembled in the presence of aBc and CHIP
by Neuro-2a cells. We demonstrated that both chaperones diminish aSyn fibrils take-up
by cells. Using an optimized cross-linking and mass spectrometry strategy, we identified
the interaction interfaces between aSyn fibrils and aBc or CHIP. The two chaperones
bind different aSyn polypeptides exposed at the surface of fibrils: at a flexible segment

located just before the fibrillar core for aBc, and at a solvent accessible surface of the
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fibrillar core itself for CHIP. Our results may allow for the development of peptide
ligands that can interfere with aSyn fibril prion-like propagation and subsequent disease

progression.

Methods

Cloning

A synthetic gene encoding aBc was purchased from GeneArt (Thermo Fisher Scientific).
The vector allowing the bacterial expression of aBc was obtained by subcloning the
corresponding synthetic gene into a pET14b vector (Novagen) at the Ncol-Xhol
restriction sites. The pET151/D-TOPO vector (Invitrogen) allowing the bacterial
expression of Hiss, N-terminal-tagged CHIP with a V5 epitope was a gift from Jeffrey L.
Brodsky. The Hiss tag is followed by a tobacco etch virus (TEV) protease cleavage site.

Constructs were verified by DNA sequencing (Eurofins Genomics).

Expression & purification of recombinant proteins

Recombinant human wild-type a-Synuclein (aSyn) was expressed and purified as
described [438].

Recombinant human wild-type aBc was expressed at 37 °C in E.coli strain BL21(DE3)
(Stratagene) upon induction with IPTG (0.5 mM) for 3 hours. Cells were harvested and
resuspended in buffer A (50 mM Tris-HCI pH 8.5, I mM EDTA). After sonication and
centrifugation, lysate supernatants were subjected to PEI precipitation (0.12% v/v). The
supernatants were filtered and loaded onto a Q-sepharose FF column (GE Healthcare
Lifesciences) equilibrated with buffer A, and eluted with buffer B (50 mM Tris-HCI pH
8.5, 1 mM EDTA, 100 mM NaCl). Fractions containing aBc were pooled and
concentrated with a 3 kDa cutoff (Millipore), then loaded onto a size exclusion

chromatography column (Superose 6 10/300 GL, GE Healthcare Lifesciences). aBc was
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eluted with an apparent molecular weight corresponding to a multimer of 20-35
monomers. Gel filtration standards from Sigma-Aldrich (MWGF1000) were used for
apparent molecular weight determination.

Recombinant Hiss, N-terminal-tagged CHIP was expressed at 30 °C in E.coli strain
BL21(DE3). Protein expression was induced by IPTG (0.5 mM) for 2 hours. The cells
were harvested and resuspended in buffer D (50 mM NaPO4 pH 8.0, 300 mM NaCl, 3
mM B-mercaptoethanol [BME]). After sonication and centrifugation, lysate supernatants
were filtered and loaded onto a 5 mL Talon metal affinity resin column (Clontech),
equilibrated in buffer D. The protein was eluted in buffer D supplemented with 200 mM
imidazole, then dialyzed in PBS. The Hiss-tag was cleaved by addition of Hiss-tagged
TEV (His-TEV) protease, produced using the plasmid pRK793 (Addgene), at a 1:20 His-
TEV:chaperone molar ratio. 100% cleavage, as assessed by SDS-PAGE, was achieved
upon incubating the mixtures for 1 hour at 37 °C. The untagged proteins were purified by
collecting the flow through of a 5 mL Talon metal affinity resin column.

After purification, all proteins were immediately filtered through sterile 0.22 um filters,
aliquoted and stored at -80 °C. The purity of all proteins was confirmed by SDS-PAGE
and MALDI mass spectrometry (not shown). Protein concentrations were determined
spectrophotometrically using the following extinction coefficients at 280 nm (M!.cm™):

5960 for aSyn; 13980 for aBc and 29380 for CHIP.

Assembly of aSyn into fibrils and labeling
For kinetics and internalization experiments, monomeric aSyn was labeled by addition
of the aminoreactive fluorescent dye Alexa Fluor 488 (Alexa488, Invitrogen) using a

protein:dye molar ratio of 10:1 based on initial monomer concentration. Labelling was
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performed following the manufacturer’s recommendation. The reaction was quenched
with Tris-HCI pH 7.5 (40 mM final concentration).

aSyn (100 uM monomer concentration) was incubated with increasing concentrations of
aBc or CHIP (0-100 uM) in PBS at 37 °C under continuous shaking in an Eppendorf
Thermomixer set at 600 rpm for 2 weeks. Aliquots were withdrawn at different time
intervals from the assembly reactions and mixed with a primuline solution (10 uM).
Primuline fluorescence was recorded with a Cary Eclipse spectrofluorimeter (Varian
Medical Systems, Inc.) using excitation and emission wavelengths set at 400 and 480 nm,
respectively. The nature of the fibrils obtained at the end of the aggregation reaction was
assessed by transmission electron microscopy (TEM) as described below. The proportion
of aSyn assembled into fibrils was assessed through a partition assay by
ultracentrifugation. To this aim, aliquots were withdrawn, subjected to centrifugation in
an Eppendorf 5415R centrifuge at 20,000 g and 20 °C, and the amount of protein in the

supernatant and pellet fraction determined by SDS-PAGE analysis.

Transmission electron microscopy (TEM)
Fibrils were imaged by TEM in a Jeol 1400 transmission electron microscope (Jeol SAS)
after adsorption onto carbon-coated 200 mesh grids and negative staining with 1% uranyl

acetate. The images were recorded with a Gatan Orius CCD camera (Gatan, Inc.).

Cell culture and internalization
Murine neuroblastoma Neuro-2a cells (ATCC) were cultured at 37 °C in humidified air
with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich)

containing 10% fetal bovine serum (Gibco, Thermo Fisher Scientific), 2 mM glutamine,
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100 units.ml™! penicillin (PAA Laboratories) and 100 ug.ml™! streptomycin (PAA
Laboratories). All materials used for cell culture were from PAA Laboratories.

The internalization of Alexa488-labeled aSyn (1 uM equivalent monomer concentration)
assembled in the presence or absence of aBc or CHIP was assessed. All fibrils were
sonicated for 20 min in a VialTweeter powered by an ultrasonic processor UIS250v (250
W, 2.4 kHz; Hielscher Ultrasonic) set at 75% amplitude, 0.5 s pulses before dilution in
DMEM. Neuro-2a cells cultured on 96-well plates were then incubated with these
mixtures distributed in 5 independent wells. After 2 hours, the medium was removed and
Hoescht (Sigma-Aldrich), diluted at 0.2 pg/ml in serum-free, phenol red-free DMEM,
was added for 30 min. The cells were washed twice and 0.1% Trypan Blue (Sigma-
Aldrich) was added to quench the fluorescence of Alexa488-labeled aSyn fibrils that were
plasma membrane-bound. For each well, Alexa488 and Hoechst fluorescence values were
recorded on a Clariostar microplate reader (BMG LABTECH). For each condition, the
Alexa488 fluorescence value was considered and averaged over the 5 wells only if the
Hoescht value was not significantly different from the one of untreated cells. Three

independent experiments were conducted.

Chemical cross-linking and western blotting

Cross-linking experiments of chaperones with fibrillar aSyn were performed in PBS
using aSyn alone (100 uM), chaperones alone (either 50 uM for aBc, or 33 uM for CHIP),
or aSyn (100 uM) assembled into fibrils in the presence of chaperones (either 50 uM of
aBc, corresponding to an aSyn:aBc molar ratio of 2:1; or 33 uM of CHIP, corresponding
to an aSyn:CHIP molar ratio of 3:1) as described above. After 2 weeks of assembly,
fibrillar aSyn samples were centrifuged at 100,000 g in a TL100 tabletop ultracentrifuge

(Hitachi) for 30 minutes at 20 °C. The pellets were allowed to swell in PBS overnight
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before gentle resuspension. The final concentrations of aSyn fibrillar material and
chaperones in the pellets were assessed by a partition assay by ultracentrifugation as
described above.

The samples were exposed to various crosslinkers: glutaraldehyde (GA, ~5 A spacer arm
for monomeric glutaraldehyde, Sigma-Aldrich); bis(sulfosuccinimidyl) glutarate (BS2G,
7.7 A spacer arm, Pierce); bis(sulfosuccinimidyl) suberate (BS3, 11.4 A spacer arm,
Pierce); 3,30-dithiobis(sulfosuccinimidylpropionate) (DTSSP, 12 A spacer arm, Pierce);
or N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) with N-
hydroxysulfosuccinimide (Sulfo-NHS) (0 A spacer arm, Thermo Fisher Scientific) at a
1:1.25 EDC:Sulfo-NHS molar ratio. For GA, BS2G, BS? and DTSSP, reactions were
quenched with the addition of Tris-HCl pH 7.5 (50 mM final concentration). For
EDC/Sulfo-NHS, reactions were quenched with the addition of PME (20 mM final
concentration) and Tris-HCI pH 8.2 (50 mM final concentration).

A specific aSyn-aBc cross-linked complex was obtained with GA exposition for 30 min
at RT using a total protein:GA molar ratio of 1:1, corresponding to the following GA
concentrations: 32 uM for aBc alone; 88 uM for aSyn fibrils alone; and 100 uM for aSyn
fibrils formed in the presence of aBc. Total protein:GA molar ratios of 1:2 and 1:5,
corresponding to 77/82/100 uM and 192/408/500 uM GA, led to the formation of higher
order intermolecular cross-links among chaperones and fibrils alone.

A specific aSyn-CHIP cross-linked complex was obtained with EDC/Sulfo-NHS
exposition for 30 min at RT using a total protein:EDC:Sulfo-NHS molar ratio of
1:10:12.5, corresponding to the following EDC/Sulfo-NHS concentrations: 320/400 uM
for CHIP alone; 823/1029 uM for aSyn fibrils alone; 1178/1473 uM for aSyn fibrils
formed in the presence of CHIP. A total protein:EDC:Sulfo-NHS molar ratio of 1:20:25

or at fixed concentrations of 2945/3683 uM (corresponding to total protein:EDC:Sulfo-
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NHS molar ratios of 1:91:115, 1:36:45 and 1:25:31, respectively) led to the formation of
higher order intermolecular cross-links among chaperones and fibrils alone.

In order to solubilize protein samples before SDS-PAGE analysis, all samples were first
vacuum-dried then dissociated by addition of 10 to 20 pl of pure hexafluoroisopropanol
(HFIP, Sigma-Aldrich). After incubation for 1 hour in HFIP at RT, samples were
evaporated before resuspension in denaturing Laemmli buffer, with the exception of
DTSSP cross-linked samples which were resuspended in the same buffer without PME.
Samples were heated for 5 min at 80°C and loaded onto 7.5% Tris-Tricine gels.

For western blot analysis, proteins separated by SDS-PAGE were transferred to
nitrocellulose membranes (GE Healthcare). The membranes were first analyzed using an
anti-aSyn antibody, stripped, and then revealed with an anti-aBc or anti-CHIP antibody.
Briefly, the membranes were blocked in 3% skim milk in TBS-Tween 0.5%, probed with
a primary then secondary antibody and developed with the enzyme-coupled luminescence
technique (ECL, Thermo Fisher Scientific) using a ChemiDoc™ MP Imaging System
(BioRad). The primary and secondary antibodies combinations used were the following:
SYNI antibody (1/5000, 610787 BD Biosciences) followed by anti-mouse-HRP (1/5000,
GTX 213111-01 Genetex) for aSyn detection, and generated, in-house-immunopurified
rabbit polyclonal antibodies (1/5000, Covalab) followed by anti-rabbit-HRP (1/5000,
A120-101P Bethyl) for aBc or CHIP detection. For polyclonal antibody
immunopurification, 1-10 mg of purified antigen protein was separated into a 15% SDS-
PAGE gel and further transferred to a nitrocellulose membrane (GE Healthcare). The
antigen-containing membrane was pre-incubated with 100 mM glycine pH 2.5 for 10
minutes before being blocked with 5% skim milk in TBS-Tween 0.05% and further
incubated overnight in the anti-aBc or anti-CHIP antibody-containing serum. Polyclonal

antibodies against aBc or CHIP were eluted with 2 mL 100 mM glycine pH 2.5 for 2
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minutes. After immediate neutralization with addition of Tris-HCI pH 8.5, the
immunopurified antibodies were dialyzed into PBS pH 7.4, 30% glycerol. Stripping of
the membrane between two immunodetections was achieved with 100 mM BME, 62.5

mM Tris-HCI pH 6.8, 2% SDS for 1 hour at 50 °C.

Peptide preparation and NanoLC-MS/MS identification of cross-linked peptides
Bands of interest were excised and cut in pieces of about 2 mm?. Each band was subjected
to washing and in-gel tryptic digestion as described [49], without reduction and
alkylation. Tryptic digestion was performed overnight at 37 °C using Trypsin Gold
(Promega) at a concentration of 10 ng/ul in 25 mM ammonium bicarbonate. Tryptic
peptides were extracted using two volumes of 60% acetonitrile (ACN), 0.1% formic acid
for 1 hour. The supernatant was recovered and a second extraction was performed by
addition of one volume of 100% ACN for 30 min. The two supernatants of extracted
peptides were pooled and vacuum dried. Tryptic peptides were resuspended in 0.1%
formic acid (v/v) prior to nanoLC-MS/MS analysis.

Tryptic peptides were analyzed with a Data Dependent acquisition method by selecting
the 20 most intense precursors for CID fragmentation using a Triple-TOF 4600 mass
spectrometer (ABSciex) coupled to a nanoRSLC ultra performance liquid
chromatography (UPLC) system (Dionex, Thermo Fisher Scientific) as previously
described [50], with the following exceptions: The analytical column was an Acclaim
PepMap RSLC C18 (75 pmi.d.x 50 cm, 2 um, 100 A, Thermo Fisher Scientific). Peptides
were loaded at 6 pl/min and separated with a gradient of 5 to 35% 0.1% formic acid in

100% ACN.
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NanoLC-MS/MS data analysis

NanoLC-MS/MS raw data were converted into mgf data files using the MS Data
Converter software (Peakview, ABSciex). Sequence coverage of the proteins was
determined through database searching using the Mascot search engine (Matrix Science;
version 2.6) with the SwissProt mammalian database (SwissProt 2018 10 database
release) together with a decoy database search. Only peptides with a mascot score above
20 were considered. Inter-molecular cross-linked peptides between aSyn and chaperones
were searched using the StavroX software (version 3.6.6.6) [51]. For GA, which exists as
a mixture of monomers (free aldehyde or cyclic hemiacetal forms) or different polymers
[52], we set the mass modification to 64.031 or 82.042 to search for inter-protein peptides
cross-linked by a free aldehyde or a cyclic hemiacetal GA, respectively, on a list of
potentially reactive amino acids for sites 1 and 2 as reported in the literature, or as
indicated by their physico-chemical properties (Lysine, Serine, Threonine, Tyrosine,
Arginine, Tryptophan, Phenylalanine, Proline, and N-terminus). One interprotein cross-
link by a cyclic hemiacetal monomer of GA was identified and confirmed. For EDC, mass
modification was set to 18.01 Da for interprotein cross-linked peptides modified on
Lysine, Serine, Threonine, Tyrosine, and N-terminus for site 1 and Aspartate, Glutamate
and C-terminus for site 2. For both Mascot and StavroX searches, the parent and fragment
ion mass tolerances were 25 ppm and 0.05 Da, respectively, oxidation of methionine was
set as a variable modification, and trypsin cleavage was semi-specific. Candidate cross-
linked peptides were validated after confirmation of their absence in the control samples

and manual analysis of their MS/MS spectra.

Results
Extensive studies have reported that chaperones interact with amyloid-forming proteins

and are thus good candidates to prevent either the aggregation reaction or the interaction
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of the resulting amyloids with binding partners within the cytosol or at the plasma
membrane. Previous work in our laboratory showed that the molecular chaperone Hsc70
reduces aSyn assembly and affects preformed fibril-induced toxicity (Pemberton et al.
2011).

We wanted to assess if the ability to bind preformed aSyn fibrils is a generic property of
molecular chaperones, in the perspective of expanding our arsenal of chaperones able to
modify aSyn fibril surfaces and interfere with their cell-to-cell propagation. We selected
two different molecular chaperones that we considered promising based on previous data
demonstrating their association or colocalization with aggregated aSyn, either in vitro or
in pathological lesions or inclusions observed in the brains of patients with
synucleinopathies [31,34,35,38,39,47]: the human sHSP chaperone aBc and human E3

ubiquitin ligase CHIP.

Effect of aBc and CHIP on aSyn fibrils take-up by Neuro-2a cells

We first assessed the effect of aBc and CHIP on the assembly of aSyn into fibrils at
different aSyn:molecular chaperone molar ratios (Figure 1). We used Alexa488-labeled
monomeric aSyn for these assembly reactions, in order to obtain labeled aSyn fibrils in
complexes with unlabeled chaperones and assess the uptake of the resulting fibrils by
Neuro-2a cells. The kinetics of aggregation were followed by primuline fluorescence.
Notably, the assembly kinetics of unlabeled and Alexa488-labeled aSyn into fibrils, as
well as the fibrils’ abilities to seed, are comparable [53]. The resulting fibrils display
similar morphologies undistinguishable by transmission electron microscopy (Figure
S1).

Fibrillation kinetics of aSyn in presence of increasing concentrations of aBc show that

aBc significantly slows down aSyn aggregation, starting from an aSyn:aBc molar ratio
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of 10:1 (Figure 1A, C). Ata 2:1 aSyn:aBc molar ratio, aBc did not significantly modify
neither the amount (Figure 1E) nor the morphology (Figure 1H) of fibrillar aSyn. While
CHIP had no significant effect either on aSyn kinetics of aggregation (Figure 1B,D) or
on the amount (Figure 1F) of aggregated aSyn, it had an effect on the morphology of
fibrils. They appeared more twisted than those formed without molecular chaperones
(Figure 11I). Increases of aBc or CHIP concentrations induced an increase of the amount
of chaperones bound to aSyn fibrils, as identified through a sedimentation assay (Figure

1E, F).

We next assessed the internalization of aSyn fibrils formed in the presence of aBc or
CHIP by Neuro-2a cells (Figure 2A and B, respectively). Neuro-2a cells, in 96-well
plates, were exposed for 2 hours to Alexa488-labeled aSyn fibrils (1 uM Cf) formed in
absence or presence of aBc (1 or 0.5 uM Cf) or CHIP (0.3 or 0.1 uM CY), prior to Trypan
blue addition and quantification of Alexa488 fluorescence in a plate-reader. aSyn fibril
fluorescence quenching by Trypan blue allowed us to determine accurately the amount
of internalized fibrils in a dose-dependent manner. We used Hoescht staining to ascertain
that the number of cells remained constant (see Material & Methods). As a positive
control for this experiment, we examined the effect of heparin, a ligand of cell membrane
heparan sulfate proteoglycans that have been implicated in aSyn internalization [21].
When preformed aSyn-Alexa488 fibrils (1 uM) were pre-incubated with 0.2 pg/mL
heparin, we observed an 83% reduction of their internalization (Figure S2), in agreement
with previous reports [21]. aSyn-Alexa488 fibrils assembled in presence of increasing
amounts of aBc or CHIP take-up by Neuro-2a cells decreased in a chaperone
concentration-dependent manner (Figure 2). We conclude from these experiments that
aBc or CHIP affect fibrillar aSyn uptake by Neuro-2a cells, most probably by binding

the fibrils and changing their surface properties.
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Figure 1
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Figure 1: aSyn fibrillation in presence of chaperones. (A-B) Time-course fibrillation

of aSyn-Alexa488 (100 uM) in the presence of increasing concentrations of aBc (A) or
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CHIP (B) was followed by primuline fluorescence. Chaperone concentrations of 0 uM,
10 uM, 20 puM, 33 uM, 50 uM are represented as aSyn:chaperone molar ratios of 1:0
(black), 10:1 (blue), 3:1 (pink) or 2:1 (orange) respectively. Means and their associated
standard error values were calculated from three independent experiments. Lines through
the data points are the best sigmoidal fit. (C-D) Half-time (#12) of aSyn-Alexa488
aggregation in the presence of increasing concentrations of aBc (C) or CHIP (D). For
each independent experiment, the ¢, parameter was extracted from the best fit to a
sigmoid function. Means and their associated standard error values were calculated from
three independent experiments. Statistical significance was determined through an
unpaired student’s t-test with equal variance. Annotations indicating level of significance
are as follows: *p<0.05; **p<0.01. Legends state aSyn:chaperone molar ratios. (E-F)
Supernatant and pellet samples at the end of the aggregation reactions in absence or
presence of aBc (E) or CHIP (F) resolved by SDS-PAGE and Coomassie blue staining.
Legends state aSyn and chaperone concentrations. (G-I) TEM micrographs of aSyn-
Alexa488 fibrils formed alone (G), fibrils formed in presence of aBc (2:1 aSyn:aBc
molar ratio (H)), and fibrils formed in presence of CHIP (3:1 aSyn:CHIP molar ratio (I)).

Gray insets are of chaperones alone. Scale bars: 100 nm.
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Figure 2: Effect of aBc and CHIP on aSyn fibril uptake by Neuro-2a cells. aSyn-
Alexa488 fibrils were assembled at 100 uM in the absence or in the presence of 50 or 100
uM aBc or 10 or 33 uM CHIP. After 2 weeks of fibril formation, the mixture was diluted
100x in DMEM and incubated for 30 min at 37 °C. Neuro-2a cells in 96-well plates were
exposed for 2 hours to aSyn-Alexa488 fibrils assembled in the presence of aBc (A) or
CHIP (B). Trypan blue was added after extensive washing to quench the fluorescence of
plasma membrane-bound aSyn-Alexa488 fibrils. The amount of internalized aSyn-
Alexa488 was measured on a fluorescence plate reader. Means and their associated
standard deviation values were calculated over 5 wells. In each case, we performed three
independent experiments; one representative experiment is shown. The results and the
associated significances are reported relative to the internalization in the absence of
chaperone. Statistical significance was determined through an unpaired student’s t-test
with equal variance. Annotations indicating level of significance are as follows: *p<0.05;

*4p<0.01; **%p<0.001.

Identification of interaction surfaces between fibrillar aSyn, aBc and CHIP through
chemical cross-linking

We next mapped the surface interfaces between aBc or CHIP and fibrillar aSyn to further
characterize the interactions. We used chemical cross-linking and mass spectrometric
identification of cross-linked peptides to this aim [41,42,54,55].

aSyn fibrils (100 uM) formed in presence or absence of aBc (50 uM) or CHIP (33 uM)
were exposed to different cross-linkers at different total protein to cross-linker molar
ratios. aSyn fibrils, aBc and CHIP were exposed individually to the cross-linkers in
control reactions. The cross-linkers we wused had distinct structural-chemical

characteristics. Three homobifunctional water soluble NHS-ester cross-linkers specific to
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nucleophilic groups (predominantly primary amines e.g. proteins’ N-terminus and Lysine
residues, but also Tyrosine, Serine and Threonine) with varying spacer arm lengths: 7.7,
11.4 and 12 A for BS2G, BS? and DTSSP, respectively, were used. We further used the
heterobifunctional zero length carbodiimide cross-linker EDC that cross-links primary
amines to carboxyl groups (e.g. Glu, Asp and proteins C-terminus) in the presence of
Sulfo-NHS. Finally, we also used GA, known for its efficiency, but also its limited
specificity and molecular heterogeneity with a ~5A spacer arm for the monomer [52].
The cross-linking reactions products were analyzed by SDS-PAGE to identify fibrillar
aSyn-aBc or fibrillar aSyn-CHIP complexes, observed neither in the fibrillar aSyn nor
in the chaperone control samples subjected to identical cross-linking conditions. The total
protein to cross-linker ratio was optimized. A 1:1 and 1:10:12.5 total protein to cross-
linker ratios were selected for fibrillar aSyn-aBc cross-linking with GA and for fibrillar
aSyn-CHIP cross-linking with EDC/Sulfo-NHS, respectively. Finally, as the reaction
involved cross-linking fibrillar aSyn to the molecular chaperones, the cross-linked high

molecular weight complexes were dissociated to allow their analysis by SDS-PAGE.

Specific cross-linked complexes were observed with GA and fibrillar aSyn with aBc
(Figure 3A) upon staining the polyacrylamide gel with Coomassie blue and on western
blots using antibodies directed against aSyn and aBc. The exposure of aSyn fibrils alone
to GA yielded protein bands representing monomers, dimers, trimers and tetramers, while
that of aBc alone did not affect the intensity of the dimeric form of the protein. Higher
concentrations of GA led to the formation of cross-linked higher molecular weight aSyn
and aBc species (Figure S2A). When an aSyn-aBc complex was cross-linked with GA,
a unique and specific protein band appeared at around 40 kDa (arrow). Western blot
analyses with antibodies directed against aSyn and aBc confirmed that this specific band

contains both proteins and thus corresponds to a covalent aSyn-aBc complex. Its apparent
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molecular mass of 40 kDa suggested it was formed of one aSyn and one aBc monomer.
The band of interest corresponding to the aSyn-aBc complex was thus cut off the gel and
subjected to trypsin digestion. The resulting peptides were analyzed by nanoliquid
chromatography coupled to tandem mass spectrometry (nanoLC-MS/MS). For the aSyn-
aBc complex, using database searching as described in Materials & Methods, we obtained
a sequence coverage of 100% for aSyn and 97% for aBc. Using the StavroX software
[51], we identified one aSyn-aBc inter-protein cross-linked peptide that was absent from
control bands (monomeric or dimeric aSyn or aBc with or without GA cross-linking) and
was validated manually. This peptide was identified as a quadruple peptide ion with a
mass-to-charge of 622.847, consistent with an inter-peptide cross-link that covalently
binds two peptide sequences and thus is highly charged (Figure 3B). Its fragmentation
spectrum, presented in Figure 3B, identified the cross-linked peptides and sites. The y
and b fragments ions series reported in Figure 3C identified the aSyn [33-43] and aBc
[153-163] sequences of the cross-linked peptide with a cross-link between Lys-34 from
aSyn and Thr-162 from aBc. The mass deviation of -3.02 ppm measured between the
experimental and the theoretical mass of this cross-linked peptide further validated the
identification. Interestingly, the aBc peptide [153-163] ,in which Thr-162 (in purple,
space fill, Figure 3D) is cross-linked to aSyn fibrils, is located in the flexible,
unstructured C-terminus of the chaperone [44], and the aSyn peptide [33-43], in which
Lys-34 (in red, Figure 3E) is cross-linked to aBc, is located within a flexible loop and is
exposed to the solvent in the fibrillar structures of aSyn (PBD code 6rt0 and 6rtb) we

recently solved [56].
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Figure 3: Cross-linking of aBc to aSyn fibrils by glutaraldehyde.

(A) Cross-linked reaction protein products were separated on a 7.5% Tris-Tricine SDS-
PAGE and detected by Coomassie blue staining and immunodetection by western blot
using detections with either SYNI anti-aSyn or in-house-immunopurified rabbit
polyclonal anti-aBc antibodies. aBc alone, aSyn fibrils (F-aSyn) alone or aSyn fibrils
formed in the presence of aBc (2:1 aSyn:aBc molar ratio) were exposed to the
glutaraldehyde (GA) cross-linker at the same total protein:GA molar ratio (1:1). The
arrows show the band of the aSyn-aBc complex of interest. (B-C) NanoLC-MSMS
analysis and data analysis using the StavroX software identified the peptide [153-163]
from aBc cross-linked with peptide [33-43] from aSyn fibrils. In B, the fragmentation
spectrum of the quadruple-charged cross-linked precursor ion at the monoisotopic m/z
622.847 (on the top) is annotated with the identified fragments and their charge state.

Loss of water (asterisks) and internal fragments (i) are indicated. In C, the identified
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fragments are indicated on the cross-linked sequences. The a and 3 sequences correspond
to the aBc [153-163] and aSyn [33-43] peptides, respectively. The identified cross-link
involves residues Thr-162 and Lys-34 from aBc and aSyn, respectively. (D) Location of
the cross-linked Threonine in a model structure of an aBc 24-mer (PDB accession number
2ygd, 9.4 A resolution). Thr-162 (T162) is represented by a purple sphere. (E) Location
of the cross-linked Lysine in aSyn fibrils (PDB accession number 6rt0). Lys-34 (K34) is
in a flexible portion of the sequence, not resolved by cryo-EM, and sketched by a dotted
black line; K34 itself is represented by a red line. Figures D-E were generated with

PYMOL (http://www.pymol.org).

Fibrillar aSyn-CHIP cross-links obtained using EDC/Sulfo-NHS were resolved by SDS-
PAGE and detected both by Coomassie blue staining and western blot using antibodies
against aSyn and CHIP (Figure 4A). A dimeric form of CHIP was observed upon
treatment of the protein with EDC/Sulfo-NHS, confirming its dimeric state. Higher
concentrations of EDC/Sulfo-NHS led to the formation of cross-linked higher molecular
weight aSyn and CHIP (Figure S2B). When an aSyn-CHIP complex was cross-linked
with EDC, a unique and specific protein band appeared at an apparent molecular mass
around 55 kDa (arrow). Western blot analyses with antibodies directed against aSyn and
CHIP confirmed that this specific additional band contained both proteins and thus
corresponded to a covalent aSyn-CHIP complex. Its apparent molecular mass of about
55 kDa suggested it was constituted by one aSyn and one CHIP monomer. The band of
interest corresponding to the aSyn-CHIP covalent complex was cut off the gel and in-gel
digested using trypsin and the resulting peptides were further analyzed by nanoLC-
MS/MS as described above. By database search as described in Material and Methods,

we obtained a sequence coverage of 100% for aSyn and 85% for CHIP. Using the
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StavroX software [51], we identified one aSyn-CHIP inter-protein cross-linked peptide
that was absent from control bands (monomeric or dimeric aSyn or CHIP with or without
EDC cross-linking) and was validated manually. This peptide was identified as a
quadruple charged ion with a mass-to-charge of 616.136 (Figure 4B). Its fragmentation
spectrum, presented in Figure 4B, identified the cross-linked peptides and sites. The y
and B fragments ions, reported in Figure 4C, identified the aSyn [61-80] and CHIP [254-
262] sequences of the cross-linked peptide with a cross-link between Glu-61 from aSyn
and Lys-254 from CHIP. Finally, the mass deviation of 4.17 ppm measured between the
experimental and the theoretical mass of this cross-linked peptide further validated the
identification. Interestingly, CHIP peptide [254-262], in which Lys-254 (in purple, space
fill, Figure 4D) was cross-linked to fibrillar aSyn, is located within the CHIP U-box
domain [46] while aSyn peptide [61-80], in which Glu-61 (red sphere, Figure 4E) was
cross-linked to CHIP, is located in the non-amyloid component (NAC) region and is
accessible to the solvent in the fibrillar structures of aSyn (PBD code 6rt0 and 6rtb) we

recently solved [56].
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Figure 4: Cross-linking of CHIP to aSyn fibrils by EDC/SulfoNHS-ester.

Figure 4

(A) Cross-linked reaction protein products were separated on a 7.5% Tris-Tricine SDS-
PAGE and detected by Coomassie blue staining and immunodetection by western blot
using detections with either SYNI anti-aSyn or in-house-immunopurified rabbit
polyclonal anti-CHIP antibodies. CHIP alone, aSyn fibrils alone or aSyn fibrils formed
in the presence of CHIP (3:1 aSyn:CHIP molar ratio) were exposed with EDC/SulfoNHS-
ester cross-linker at same total protein:EDC:Sulfo-NHS molar ratio (1:10:12.5). The
arrows show the band of the aSyn-CHIP complex of interest. (B-C) NanoLC-MSMS
analysis and data analysis using the StavroX software identified the peptide [254-262]
from CHIP cross-linked with peptide [61-80] from aSyn fibrils. In B, the fragmentation
spectrum of the quintuple-charged cross-linked precursor ion at the monoisotopic m/z
616.136 (on the top) is annotated with the identified fragments and their charge state.

Loss of water (asterisks) and internal fragments (i) are indicated. In C, the identified
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fragments are indicated on the cross-linked sequences. The a and 3 sequences correspond
to the aSyn [61-80] and CHIP [254-262] peptides, respectively. The cross-link involves
residues Lys-254 and Glu-61 from CHIP and fibrillary aSyn, respectively. (D) Location
of the cross-linked Lysine in a CHIP dimer (Protein Data Bank accession number 2C2L,
of murine CHIP, sharing 98% sequence identity with human CHIP). Lys-254 (K254) is
represented by a purple sphere. The helical hairpin domains are in light orange, the
tetratricopeptide repeat (TPR) domains are in yellow; the U-box domains are in bright
orange. (E) Location of the cross-linked Glutamate in aSyn fibrils (PDB accession
number 61t0). Glu-61 (E61) is represented by a red sphere. Figures D-E were generated

with PYMOL (http://www.pymol.org).

Discussion

The aggregation of distinct proteins is the hallmark of neurodegenerative diseases [27].
Molecular chaperones interfere with this process and/or are a component of the resulting
aggregates [27,31,34,35,44,57,58]. aSyn fibrillar aggregates are capable of propagating
between neuronal cells and consequently contribute to disease progression in
synucleinopathies [3,4]. Therefore, identifying the contribution of molecular chaperones
within this process and determining whether they bind aSyn fibrils and affect their
propagation is of particular interest. In that regard, it has been previously shown that
Hsc70 not only reduces aggregation of aSyn [33] into fibrils, but also binds the fibrils
and affects their toxicity [33]. Furthermore, we also identified inter-molecular interaction
surfaces between Hsc70 and aSyn using covalent cross-linking and mass spectrometry

[41,42].

The binding of molecular chaperones to preformed aSyn fibrils has been assessed on rare

occasions [37—40]. In particular, the molecular chaperone aBc that we used here has been
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shown to bind to preformed aSyn fibrils [38,39]. This clearly raises the need for further
investigation, as the propagating aSyn aggregates form within the cells, in the presence
of cytosolic molecular chaperones. Here, we thus went further and assessed the take-up
by cultured cells of neuronal origin of fibrillar aSyn assembled in the presence of
molecular chaperones. We showed that the molecular chaperones aBc and CHIP bind
efficiently to aSyn fibrils generated in their presence and affect their take-up by Neuro-
2a cells. Also, we further identified the inter-molecular interaction interfaces between

fibrillar aSyn and aBc or CHIP.

Our cross-linking studies show that aBc interacts with aSyn fibrils. A unique
intermolecular peptide was identified, where Thr-162 from aBc and Lys-34 from aSyn
fibrils were cross-linked by GA. Lys-34 from aSyn is located within a flexible loop
exposed to the solvent and aSyn fibril binders in the aSyn fibrillar structures (PBD code
6rt0 and 6rtb) we recently solved (Figure 3E) [56]. Thr-162 from aBc lies in the
unstructured C-terminal domain of aBc (Figure 3D). aBc has been shown to interact with
monomeric aSyn through a different region, namely a conserved B4/B8 surface lying
within its core [59]. Indeed, aBc-core prevents the aggregation of aSyn [38,45]. Another
heat shock protein, Hsp27, prevents the aggregation of aSyn and binds aSyn fibrils
[38,60]. Interestingly, and in contrast with the whole protein, truncated Hsp27 containing
only the conserved B4/B8 a-crystallin core domain loses its ability to bind aSyn fibrils
[60]. Furthermore, dimeric, untruncated mutant Hsp27 binds aSyn fibrils, suggesting that
residues outside of the core region of the conserved a-crystallin domain play a role in

aSyn fibril binding [60].

As in the case of aBc, we mapped the interfaces between aSyn fibrils and the molecular
chaperone CHIP. One inter-molecular peptide was identified, where Lys-254 from CHIP

and Glu-61 from aSyn fibrils were cross-linked by EDC. Glu-61 from aSyn is located at
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one tip of the aSyn non-amyloid component (NAC) region and is exposed to the solvent
(Figure 4E) [56]. Lys-254 from CHIP is located in the C-terminal U-box domain of the
chaperone (Figure 4D), responsible for CHIP binding to ubiquitin-conjugating enzymes
[46]. This result is coherent with previously published data. Indeed, a CHIP variant
devoid of the Hsp70-binding N-terminal tetratricopeptide repeat domain (TPR, in yellow
in Figure 4D) but in which the U-box domain was still present, was able to

immunoprecipitate aSyn [47].

It is worth noting that the interaction areas we identified within the aBc-aSyn fibril or
CHIP-aSyn fibril complexes are not exhaustive as the cross-linking coupled with mass
spectrometry strategy we applied to fibrillar assemblies remains challenging.
Nonetheless, identifying polypeptides derived from molecular chaperones at close
proximity with exposed polypeptide stretches at aSyn fibril surfaces may pave the way
for the development of finely targeted ligands. Notably, peptides are tunable: their
affinity for their protein targets can be optimized and their pharmacokinetics properties
can be adjusted [61]. Such flexibility holds promise for ligands that can interfere with

aSyn fibril prion-like propagation and subsequent disease progression.
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Supporting Information

Figure S1

s

oA

Figure S1: TEM micrograph of unlabeled aSyn fibrils. aSyn fibrils were assembled

at 100 pM. Scale bar: 100 nm.
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Figure S2: Internalization of preformed aSyn-Alexa488 fibrils preincubated with
heparin. aSyn fibrils were assembled at 100 pM. After two weeks of fibril formation,
the fibrils were labeled with Alexa488 before a 100x dilution in DMEM followed by
incubation for 30 min at 37 °C with 0 or 0.2 uM heparin. Neuro-2a cells in 96-well plates
were exposed for 2 hours to aSyn-Alexa488 fibrils in absence or presence of heparin.
Trypan blue was added after extensive washing to quench the fluorescence of plasma
membrane-bound aSyn-Alexa488 fibrils. The amount of internalized aSyn-Alexa488
was measured on a fluorescence plate reader. Means and their associated standard

deviation values were calculated over 5 wells. The results and the associated significances
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were reported relative to the internalization in the absence of heparin. Statistical
significance was determined through an unpaired student’s t-test with equal variance.

Annotations indicating level of significance are as follows: **p<0.01.
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Figure S3: Cross-linking at higher concentrations of aBc or CHIP to aSyn fibrils by
glutaraldehyde or EDC/SulfoNHS-ester.

(A, B) Cross-linked reaction protein products were separated on a 7.5% Tris-Tricine SDS-
PAGE and detected by Coomassie blue staining. The black arrows show the band of the
aSyn-chaperone complexes of interest while the gray arrows show the bands of
oligomeric cross-linked chaperones. (A) aBc alone, aSyn fibrils (F-aSyn) alone or aSyn
fibrils formed in the presence of aBc (2:1 aSyn:aBc molar ratio) were exposed to the
glutaraldehyde (GA) cross-linker at the same total protein:GA molar ratios (1:1, 1:2, 1:5).
(B) CHIP alone, aSyn fibrils alone or aSyn fibrils formed in the presence of CHIP (3:1
aSyn:CHIP molar ratio) were exposed with EDC/SulfoNHS-ester cross-linker at same
total protein:EDC:Sulfo-NHS molar ratio (1:10:12.5; 1:20:25) or the same fixed
concentration (2945/3683 uM, corresponding to total protein:EDC:Sulfo-NHS molar

ratios of 1:91:115, 1:36:45 and 1:25:31, respectively).
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Chapter 5: Complementary results

5.1 Chaperone binding to preformed aSyn amyloid fibrils

Introduction

In Chapter 4, we characterized the binding between chaperones and fibrils formed in their
presence. However, the binding of molecular chaperones to preformed aSyn fibrils have
been tested only on rare occasions and for few chaperones (Aprile et al., 2017; Cox et al.,
2016; Gao et al., 2015; Waudby et al., 2010). In this work, we examined binding to
preformed aSyn fibrils to an expanded number of chaperones in order to design new
molecular tools able to interfere with the propagation process of aSyn fibrils. We selected
the two chaperones discussed in Chapter 4, aBc and CHIP, as well as the core domain of
aBc, the bacterial chaperone CsgC, and a truncated version of the neurosecreted
chaperone proSAAS (proSSASe2-180), altogether chosen for their limited sizes, diverse
origins, various oligomeric states, and the promising research previously published,
discussed for aBc and CHIP in Chapter 4. The highly conserved a-crystallin domain of
aBc, or aBc-core, has been shown to be dimeric and retains the in vitro anti-aggregation
activity of the mother protein against aSyn assembly into fibrils (Cox et al., 2016;
Hochberg et al., 2014). CsgC is a 11.3 kDa monomeric bacterial chaperone that inhibits
CsgA amyloid fibrillation in the curli system (Taylor et al., 2016). In vitro, it fully inhibits
aSyn fibril formation at sub-stoichiometrical ratios (Chorell et al., 2015; Evans et al.,
2015). Lastly, proSAAS is a 19 kDa small secretory neuronal peptide precursor that
colocalizes with Lewy bodies of Parkinson’s disease patient brains (Jarvela et al., 2016).
The truncated variant proSAASe>-180 has a stronger chaperone ability on aSyn fibrillation

than the whole protein (Jarvela et al., 2016).
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Methods

Cloning

Synthetic genes encoding for the a-crystallin core of aBc (aBc-core, encompassing
residues 68-153 of aBc), a truncated version of proSAAS (proSAASe-130) and CsgC were
purchased from GeneArt (Thermo Fisher Scientific). The vector allowing the bacterial
expression of aBc was obtained by subcloning the corresponding synthetic gene into a
pET14b vector (Novagen) at the Ncol-Xhol restriction sites. The vector allowing the
bacterial expression of Hiss, N-terminal-tagged aBc-core was obtained by subcloning the
corresponding synthetic gene into a pET22b+ vector (Novagen) at the Ndel-Xhol
restriction sites. The vectors allowing the bacterial expression of Hise, N-terminal-tagged
CsgC and proSA ASe>-130 were obtained by subcloning the corresponding synthetic genes
into a pETM-11 vector (EMBL) at the Ncol-Xhol or Ncol-BamHI restriction sites,
respectively. All Hisg tags are followed by a tobacco etch virus (TEV) protease cleavage
site. Cloning for aBc and CHIP were as described in Chapter 4. Constructs were verified

by DNA sequencing (Eurofins Genomics).

Expression & purification of recombinant proteins
Recombinant human wild-type aSyn, aBc and CHIP were expressed and purified as

described in Chapter 4.

Recombinant Hiss, N-terminal-tagged aBc-core and proSA ASes-130 were expressed at 37
°C in E.coli strain BL21(DE3). After three hours of induced protein expression, cells
were harvested and resuspended in buffer C (50 mM Tris-HCI pH 7.5, 200 mM KCl, 10%
glycerol, 10 mM imidazole). After sonication and centrifugation, lysate supernatants

were filtered and loaded onto a 5 mL Talon metal affinity resin column (Clontech, Saint-
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Germain-en-Laye, France), equilibrated in buffer C. Hise-tagged proteins were eluted
with a gradient of 10 — 500 mM imidazole and then dialyzed in PBS. The Hise-tags were
cleaved with addition of Hiss-tagged tobacco etch virus (His-TEV) protease, produced
using the plasmid pRK793 (Addgene), at a 1:20 His-TEV:chaperone molar ratio. 100%
cleavage, as assessed by SDS-PAGE, was achieved upon incubating the mixtures for 1 h
at 37 °C. The untagged proteins were purified by collecting the flowthrough of a 5 mL

Talon metal affinity resin column.

Recombinant Hiss, N-terminal-tagged CsgC was expressed at 18 °C in E.coli strain
BL21(DE3). After 16 hours of induced protein expression, cells were harvested and
resuspended in buffer C. Purification of the of the Hiss-tagged protein, Hiss-tag cleavage
and purification of the Hise-tag cleaved protein was then performed as described for aBc-

core and proSAASes.1s0.

Assembly of aSyn into fibrils

Fibrils were formed as described in Chapter 4.

Binding of the chaperones to preformed aSyn fibrils & Kp determination

Binding of aBc, aBc-core, CHIP, CsgC or proSAASe>-150 to aSyn fibrils was assessed by
a supernatant pellet partition assay. For each chaperone / aSyn fibrils pair, aSyn fibrils
alone (50 uM), chaperone alone (15 uM) or aSyn fibrils and chaperone (50 and 15 puM,
respectively) were incubated for 2 h in PBS at RT. Samples were subjected to
ultracentrifugation at 100,000 g in a TL100 tabletop ultracentrifuge (Hitachi, Tokyo,
Japan) for 30 min at 20°C. The pellet was resuspended in denaturating Laemmli buffer

and the supernatant was diluted v/v in the same buffer. The proportion of chaperone
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present in the pellet vs the supernatant was analyzed by SDS-PAGE. Following
Coomassie blue staining / destaining, the gels were visualized using a ChemiDoc™ MP
Imaging System (BioRad). Images were processed and the intensity of each protein band
was quantified using Image Lab (BioRad). For Kp measurements, the same experiment
was performed using 20 uM aSyn fibrils and a range of chaperone concentrations (0 —

130 uM).

The truncated chaperone proSAASe2-150 migrates at the same apparent molecular weight
as aSyn by SDS-PAGE (not shown). Thus, binding of proSA ASe>-180 to aSyn fibrils was
examined following the same partition assay as described above, except that the presence
of proSAASe-1530 in the supernatant and in the pellet was assessed by dot blot analysis
using a generated, in-house-immunopurified rabbit polyclonal antibody against
proSAASe2-150 (1/5000, Covalabs) followed by anti-rabbit-HRP antibody (1/5000,

Bethyl). Polyclonal antibody immunopurification was done as indicated in Chapter 4.

Results & Discussion

Different chaperones display various binding abilities to preformed aSyn fibrils

Using a sedimentation assay, we tested the binding ability of five various chaperones to
preformed aSyn fibrils. Chaperones were incubated for 2 hours with or without
preformed fibrils. The samples were centrifuged and the supernatant and pellet fractions
analyzed by SDS-PAGE (aBc, aBc-core CHIP, CsgC) or dot blot (proSAASe-150)
(Comp. Results Figure 1A). The amount of pelleted chaperone in presence minus in
absence of fibrils is defined as bound chaperone and is represented. aBc and CHIP
significantly bind to aSyn fibrils. Strikingly, aBc-core completely loses this fibril binding
ability. Finally, CsgC and proSAASe>-180 are not able to bind aSyn fibrils neither. Thus,

the capacity to bind aSyn fibrils is not an innate property of molecular chaperones.
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Hsp27, an HSP like aBc, also required its NTE and/or CTE for aSyn fibril binding (Cox
et al., 2018), suggesting that the regions in these HSPs, and potentially other HSPs, that
are responsible for binding aggregating amyloidogenic proteins and fully formed amyloid

fibrils are separate.

To further characterize the interaction between aBc or CHIP and aSyn fibrils, the same
experiment was performed at different chaperones concentrations and the dissociation
constants (Kp) were retrieved (Comp. Results Figure 1B,C). We measured an affinity
of aBc for preformed aSyn fibrils of 31 £ 8 uM (Comp. Results Figure 1B). The affinity
of CHIP for aSyn fibrils was 37 + 1 uM (Comp. Results Figure 1C). Binding of aBc to
preformed aSyn fibrils has been already reported (Cox et al., 2016; Waudby et al., 2010).
We show for the first time a direct, although moderate, in vitro binding between CHIP

and aSyn fibrils.
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Comp. Results Figure 1: Chaperone binding abilities to aSyn fibrils.

(A) Chaperones aBc, aBc-core, CHIP, CsgC and proSAASe>-180 (15 uM) were incubated
with or without preformed aSyn fibrils (50 pM equivalent monomeric protein
concentrations) for 2 hours at RT before centrifugation and supernatant pellet partition.
Shown are SDS-PAGE gels from one representative experiment of the amount of bound
chaperone, determined by sedimentation and densitometry quantification of the pelleted
chaperones, alongside quantifications from two independent experiments. (B-C) aBc (B)
or CHIP (C) were incubated for 2 hours at different final concentrations with or without
aSyn fibrils (20 uM) before centrifugation, supernatant pellet partition and quantification
of the pelleted fibril-bound chaperones. One representative Kp determination experiment
is shown with the fibril-bound chaperone plotted against the total chaperone
concentration and a representative SDS-PAGE gel in the inset. Kp values and their
associated standard errors are calculated from three (B) or two (C) independent
experiments.
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5.2 Internalization of preformed aSvyn fibrils in presence of aBc or CHIP

Introduction

We previously demonstrated that Hsc70 binds to aSyn fibrils with high affinity,
preventing their interaction with the plasma membrane and their uptake by cultured cells.
We concluded that the binding of the chaperone to the fibrils modified their surface
properties and shielded them from interacting with their partners at the plasma membrane
(Chapter 3, Figures 2B,F). We thus tested if the binding of aBc or CHIP to preformed

aSyn fibrils could have the same effect.

Methods

Assembly of aSyn into fibrils and labeling

Fibrils were formed as described in Chapter 4. Fibrillar aSyn was labeled by addition the
aminoreactive fluorescent dye Alexa Fluor 488 (Alexa488, Invitrogen) using a
protein:dye molar ratio of 10:1 based on initial monomer concentration. Labelling was
performed following the manufacturer’s recommendation. The reaction was quenched

with Tris-HCI pH 7.5 (40 mM final concentration).

Cell culture and internalization

Cell culture was done as described in Chapter 4. Fibril internalization assays were done
as described in Chapter 4 with the following exception: preformed Alexa488-labeled
aSyn fibrils (1 pM equivalent monomer concentration) were preincubated for 30 min at

37 °C in DMEM in the absence or in the presence of 2 or 10 uM aBc or CHIP.
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Results & Discussion

Pre-incubation of aSyn fibrils with aBc or CHIP does not affect their uptake by
cultured cells

Neuro-2a cells, in 96-well plates, were exposed for 2 hours to Alexa488-labeled aSyn
fibrils (1 uM) pre-incubated or not with aBc or CHIP (0, 2 and 10 uM), prior to Trypan
blue addition and quantification of Alexa488 fluorescence in a plate-reader. aSyn fibril
fluorescence quenching by Trypan blue allowed us to determine accurately the amount
of internalized fibrils in a dose-dependent manner (Chapter 3, Figure 2C). We used
Hoescht staining to ascertain that the number of cells remained constant (see Materials
and Methods).

Neither aBc (Comp. Results Figure 2A) nor CHIP (Comp. Results Figure 2B) were
able to significantly decrease the internalization of aSyn-Alexa488 fibrils (1 M) after
pre-incubation with 2 uM or 10 uM chaperones. Considering that the protein
concentrations used in this experiment are well below the Kps we measured for these

interactions, these results were expected.

A

W

120 120 -
= =
& 10— 1 t Fiof——
S 5 &
© = 80 = 80L
8 N N
£ Teol S g0l
L 5 @
2 £ 40| £ a0l
S o o
w =2 >
© 201 © 201
© ©
e o
0 ! ! ! ! ! 0 ! ! ! ! !
0 2 4 6 8 10 0 2 4 6 8 10

[aBc] (M) [CHIP] (M)

Comp. Results Figure 2: Effect of aBc and CHIP on aSyn fibril uptake by Neuro-2a
cells.

Internalization of aSyn fibrils was measured after pre-incubation of aSyn fibrils with aBc
(A) and CHIP (B). Preformed aSyn-Alexa488 fibrils (I uM equivalent monomer
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concentration) were incubated with increasing concentrations of aBc (A) or CHIP (B) (0-
10 uM) in DMEM for 30 min at 37 °C. Neuro-2a cells in 96-well plates were exposed
for 2 hours to the mixture. Trypan blue was added after extensive washing to quench the
fluorescence of plasma membrane-bound aSyn fibrils. The amount of internalized aSyn-
Alexa488 was measured on a fluorescence plate reader. Means and their associated
standard deviation values were calculated over 5 wells. In each case we performed three
independent experiments; one representative experiment is shown. The results and the
associated significances are reported relative to the internalization in the absence of
chaperone.

5.3 Exploring the structure of fibrils formed with chaperones

Introduction

Chapter 5.2 demonstrated that preformed aSyn fibrils preincubated with aBc or CHIP
were internalized at similar rates as fibrils alone by Neuro-2a cells. This is likely due to
the moderate affinity of the chaperones for aSyn fibrils, under our experimental
conditions. However, aSyn fibrils formed with aBc or CHIP were less internalized than
aSyn fibrils formed alone. The first explanation for this difference is that the chaperones
alone could indirectly block internalization of fibrils. This is the case for the NKA peptide
from Chapter 3, as it was demonstrated to not bind aSyn fibrils yet reduced aSyn fibril
membrane binding. In the experiments with fibrils formed in presence of chaperones, the
chaperones were significantly less concentrated than during the experiments with
preformed fibrils preincubated with chaperones, implying that there is no indirect

reduction of internalization.

Another explanation for this difference is that the chaperones induce structural changes
in the fibrils, therefore affecting their ability to bind the cell membrane and subsequent
internalization. Structural differences, as seen for fibrils and ribbons, for example,
displayed unique permeabilization and toxic properties (Bousset et al., 2013). The

phenomenon of chaperone-induced structural changes was observed previously for
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HTTExon1Q48 fibrils formed with Hsc70. Hsc70 incubation during fibrillation led
HTTExon1Q48 fibrils to display less amyloid B-sheet levels than HTTExon1Q48 fibrils
formed alone. Indeed, the FT-IR signal of HTTExon1Q4S8 fibrils formed in the presence
of Hsc70 was more similar to the one of fibrils formed from a non-pathological variant
of HTTExonl, HTTExon1Q25 (Comp. Results Figure 3). In addition, Hsc70-formed-
HTTExon1Q48 fibrils were less capable of inducing seeding, when added to aSyn-
CherryFP-expressing cells, than fibrils formed alone (Monsellier et al., 2015). However,
these experiments were possible because Hsc70 does not bind to fibrils, therefore
permitting isolation of the fibrils for structural studies. In the current experiments, on the
other hand, both aBc and CHIP bind aSyn fibrils, rendering further pursuit of fibril

structural studies challenging.

Secondary structure content of different types of HttEx1Qn fibrils esti-
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Comp. Results Figure 3: HTTExon1Q48 fibrils have different secondary structures
when formed in presence of Hsc70.
FT-IR spectrum and associated measurements from various mHTT fibrils formed in

absence or presence of Hsc70. HTTExon1Q48 fibrils formed in presence of Hsc70 more
closely resemble the spectrum of HTTExon1Q25 fibrils than those of HTTExon1Q48
fibrils formed alone. Figure from Monsellier et al., 2015.

Nonetheless, multiple techniques can be used to elucidate structural differences between
aSyn fibrils formed alone or in presence of chaperones. First, high magnification TEM
can discern obvious morphological differences, such as straight or twisted filaments, as

seen with aSyn fibrils and ribbons (Bousset et al., 2013). The morphology of fibrils
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formed with aBc could not be elucidated, possibly due to coating by large oligomers or
differential coloration (Chapter 4, Figure 1H). On the other hand, more twisted
filaments were observed for fibrils formed in the presence of CHIP compared to fibrils

formed alone (Chapter 4, Figure 11).

More specific details about the secondary structure of fibrils can be obtained by other
means, such as spectroscopic methods like CD and FT-IR. However, CD is not adapted
to B-rich samples (Kelly et al., 2005), and FT-IR requires a significant amount of material.
In both cases, if the chaperone undergoes any structural changes upon binding to the
fibrils, its spectra could not be removed from the spectra of fibrils formed in presence of
chaperones and thus would leave the results inconclusive. To avoid chaperone spectra
and to obtain results with better precision, ss-NMR with isotopically labelled aSyn fibrils

could be deployed.

Lastly, another common, more accessible way to identify structural differences is through
limited proteolysis and western blots, as fibrils with different structures will have unique
regions exposed to the solvent, leading to individual limited proteolysis profiles (Bousset

etal., 2013).

Methods

Limited proteolysis

aSyn fibrils at 100uM, formed for two weeks in absence or presence of either 100uM
aBc or 33uM CHIP, were digested by proteinase-K (pK) at a 1:0.038 total protein:pK
molar ratio for 0, 1, 5, 15 and 60 minutes at 37°C before stopping the reaction with the
addition of 100uM Cf of the protease inhibitor phenylmethylsulfonyl fluoride. Samples
were then vacuum-dried before solubilization by addition of 20 pl of pure HFIP. After 1

hour of incubation in HFIP at RT, samples were evaporated before resuspension in
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denaturing Laemmli buffer, heating at 80°C for 5 minutes and loading onto 12% Tris
Glycine SDS-PAGE gels. Gels were then transferred onto nitrocellulose membranes for
western blots, as described in Chapter 4, in order to see the proteolytic profiles of aSyn

fibrils and chaperones separately.

Results & Discussion

aSyn fibrils formed in presence of aBc and CHIP have different limited proteolyic
profiles than fibrils formed alone

Limited proteolysis over 1 hour of aSyn fibrils formed alone and formed in presence of
aBc reveals similar profiles until 60 minutes (Comp. Results Figure 4A). As seen by
antibody recognition of residues 91-99, profiles are strikingly similar from the 0- to 15-
minute time points. Full length aSyn resists degradation until before 60 minutes in both
cases. At 60 minutes, however, a small peptide with an apparent molecular mass below
10 kDa is observed for fibrils formed alone but not for fibrils formed with aBc.
Furthermore, a peptide around 12 kDa is more intense for fibrils formed in presence of
aBc than fibrils formed alone. aBc epitopes recognized by the polyclonal antibodies, are
not fully degraded until after the 15-minute time point, likely due to the chaperone’s

oligomeric state.

In contrast, limited proteolysis of aSyn fibrils formed in presence of CHIP reveals
significant differences (Comp. Results Figure 5B). Full length aSyn remained intact for
longer than 15 minutes for both types of fibrils. However, starting at the 1-minute time
point, substantially fewer polypeptides with intact epitopes were formed. In contrast, the
epitopes recognized by the polyclonal antibodies against CHIP are no longer present

before 5 minutes.
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Thus, proteolytic profile differences for fibrils formed in presence of aBc and more so in
presence of CHIP lead to two possible hypotheses: (i) aSyn fibrils formed in presence of
chaperones do not have the same structure as aSyn fibrils formed alone, as the regions
accessible to pK are different, or (ii) chaperone binding to aSyn fibrils interferes with pK

cleavage, for example by protecting some cleavage sites or by interacting with the enzyme.

While the first hypothesis is probable given the morphological differences visible to TEM,
it still needs to be confirmed through other complementary methods, especially due to the
presence of chaperones during the limited proteolysis. Thus, to further address the first
hypothesis would require separation of the bound chaperones from the fibrils, through
use of high salt buffers, for example. However, this could potentially alter the structure
of the fibrils, instigating doubt in the relevance of the results. A potential way to address
the second hypothesis would be to examine limited proteolysis profiles of preformed
fibrils pre-incubated with chaperones. If the profiles are identical to those shown here,
we could conclude that the different profiles could be due to chaperone binding impeding
access to fibrils by pK or by chaperones interacting with the enzyme and not due to
induced structural changes. However, if the profiles are different from what is shown
here, we would still be unable to differentiate between the two hypotheses, as binding to

fibrils formed in presence of chaperones may be different from fibrils formed apart.
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Comp. Results Figure 6: Proteinase-K limited proteolysis profiles for aSyn fibrils
formed in presence of aBc and CHIP.

(A) Western blots against aSyn or aBc of proteinase-K limited proteolysis products of
100uM aSyn fibrils formed in presence of 0 or 100uM aBc (1:0 or 1:1 aBc). (B) Western
blots against aSyn or CHIP of proteinase-K limited proteolysis products of 100uM aSyn
fibrils formed in presence of 0 or 33uM CHIP (1:0 or 3:1 CHIP). The arrows point to the
divergent proteolysis products for aSyn fibrils formed in presence of chaperones. For
both A and B, the membranes were stripped between aSyn and chaperone western blots.

5.4 Chaperone binding to preformed Tau and HTTExon10Q48 amyloid fibrils

Introduction

The fibril binding properties of five different molecular chaperones to aSyn fibrils were
tested in Chapter 5.1. Previously, work with chaperones and Tau or mHTT fibrils has
shown that Hsp70 bound fibrillar Tau with nanomolar affinity, as identified through total
internal reflection fluorescence (TIRF) microscopy (Kundel et al., 2018). Furthermore,

DNJ-13, HSP-1 and HSP-110 chaperones bound fibrillar HTTExon1Q48 (Scior et al.,
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2018), however the binding was less characterized as it was only identified through
immunogold labelling and TEM. On the contrary, Hsc70 did not bind to preformed
HTTExon1Q48 fibrils (Monsellier et al., 2015). It is thus of interest to expand the
reservoir of known chaperones capable of binding Tau and mHTT amyloid fibrils for the
development of fibril propagation strategies. Consequently, this chapter looks at testing
the original range of chaperones for binding to Tau 1N4R and HTTExon1Q48 amyloid

fibrils.

Methods

Expression & purification of recombinant proteins

Recombinant human wild-type Tau 1N4R (Tau) was expressed and purified as previously
described (Tardivel et al., 2016). Likewise, recombinant human exon 1 of the huntingtin
protein with a 48-residues-long poly-glutamine expansion (HTTExonl1Q48) was

expressed and purified as previously described (Monsellier et al., 2015).

Assembly of Tau and HTTExon1Q48 into fibrils

Tau was incubated in PBS and 1 mM DTT with a Tau:Heparin molar ratio of 4:1 at 37
°C under continuous shaking in an Eppendorf Thermomixer set at 600 rpm for 5 days.
HTTExon1Q48 was incubated overnight in PBS at 37 °C without shaking. For Tau, the
completion of the aggregation reactions was monitored by withdrawing aliquots,
subjecting them to centrifugation in an Eppendorf 5415R centrifuge at 20,000 g and 20
°C, and assessing spectrophotometrically the amount of remaining protein in the
supernatant. For HTTExonl1Q48, the completion of the aggregation reaction was
monitored by withdrawing aliquots and assessing the amount of soluble material by SDS-

PAGE as described in (Monsellier et al, 2015).
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Binding of the chaperones to preformed fibrils & Kp determination
These experiments were done as stated in Chapter 4. For HTTExon1Q48 fibrils, gels

were stained with SYPRO Orange (1/5000 for 1h, Thermo Fisher).

Results & Discussion

aBc binds to preformed mHTT and Tau fibrils

Using a sedimentation assay, we tested whether these various chaperones could bind to
Tau or HTTExon1Q48 fibrils. Chaperones were incubated for 2 hours with or without
preformed fibrils. The fibrils were centrifuged and the supernatant and pellet fractions
analyzed by SDS-PAGE (Comp. Results Figure 7B-C). The amount of pelleted
chaperone in presence minus in absence of fibrils is defined as bound chaperone and is
represented in Comp. Results Figure 8A. aBc was shown to significantly bind to both
Tau and HTTExon1Q48 fibrils. NMR studies demonstrated that aBc binds to Tau K19
(244-372; 3R) and aSyn (Liu et al., 2018) through the B4 (residues 88-94) and 8
(residues 133-6) strands of aBc-core. However, at least in the case of aSyn, aBc binds
to fibrils through its C-terminus, not present in aBc-core, which correlates with the lack
of binding of aBc-core to aSyn fibrils. It is thus not surprising that aBc-core loses aBc’s
Tau fibril binding ability. Thus, the dual binding mode for aggregating and fibrillated
proteins might apply to Tau as well as aSyn. CHIP, to a weak extent, binds Tau and even
less so HTTExon1Q48 fibrils. Finally, CsgC and proSAASe.-130 are not able to bind
either of the preformed fibrils tested.

To further characterize the interaction between aBc and Tau or HTTExon1Q48 fibrils,
the same experiment was performed at different chaperone concentrations and the
dissociation constants (Kp) were retrieved (Comp. Results Figure 9). We measured an

affinity of aBc for preformed Tau or HTTExon1Q48 fibrils of 72 £ 13 uM or 78 £+ 10
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uM, respectively. These dissociation constants are of the same order of magnitude as

those calculated for aSyn fibrils. Thus, aBc appears to have moderate affinity for three

types of amyloid fibrils.
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Comp. Results Figure 10: Chaperone binding to Tau and HTTExon1Q48 fibrils.
(A-C) Chaperones aBc, aBc-core, CHIP, CsgC and proSAASe-150 (15 uM) were
incubated with or without preformed Tau and HTTExon1Q48 fibrils (50 uM equivalent
monomeric protein concentrations) for 2 hours at RT before centrifugation and
supernatant pellet partition. SDS-PAGE gels with pellet samples from one representative
experiment as well as quantification of the amount of bound chaperone from two
independent experiments, determined by sedimentation and densitometry quantification
of the pelleted chaperones, are shown. HTTExon1Q48 aggregates are found in the well
(Monsellier et al, 2015). Gels for Tau and HTTExon1Q48 were colored with Coomassie
blue and SYPRO Orange, respectively.
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Comp. Results Figure 11: aBc binding abilities to Tau and HTTExon1Q48 fibrils.
(A-B) aBc (2-100 uM) was incubated with or without preformed Tau fibrils (20 uM
equivalent monomeric protein concentrations) for 2 hours at RT before centrifugation and
supernatant pellet partition. Shown are SDS-PAGE gels with pellet samples from one
representative experiment as well as the calculation for the Kp through sedimentation and
densitometry quantification of the pelleted chaperones. (C-D) The experiments were
done as above, but with HTTExon1Q48 fibrils. HTTExon1Q48 aggregates are found in
the well (Monsellier et al, 2015). Gels for Tau and HTTExon1Q48 were colored with
Coomassie blue and SYPRO Orange, respectively.
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A multitude of studies have demonstrated that various amyloid fibrils implicated
in NDs are capable of propagating between cells and this propagation correlates with
disease progression. During my PhD, I contributed to studies aimed at identifying
polypeptide binders of aSyn fibrils that, when bound to the surface of fibrils, lead to a
reduction in cell entry. The common approach of the studies is the following: after protein
partners of fibrils were identified, they were tested for their effect on aSyn fibril
membrane binding and/or internalization by neuronal cells. Furthermore, the interaction
zones implicated in the partner-aSyn fibril binding were elucidated. Finally, peptides

from these partners were rationally designed based on the interaction zones.

Molecular chaperones, known to interact with aggregating and aggregated species,
were investigated as potential aSyn fibril binding partners. Some, but not all molecular
chaperones were able to bind aSyn fibrils. When the affinity between chaperones and
aSyn fibrils was high, such as for Hsc70, pre-incubation of fibrils with chaperones led to
reduced membrane binding and internalization. On the other hand, the low affinity
between the chaperones aBc and CHIP and aSyn fibrils explains the absence of a fibril
internalization neutralization by the chaperones. An alternative mode of interaction, with
fibrils formed in presence of the chaperones aBc and CHIP, led to fibrils that were less
internalized than those formed alone. Some potential reasons behind this effect were
discussed in Chapter 5. Notably, additional studies could explore in more detail the

structure of fibrils formed in presence of chaperones.

Furthermore, interaction zones between the oligomeric chaperones aBc or CHIP
and aSyn fibrils were elucidated through an optimized chemical cross-linking and mass
spectrometry strategy. This led to the identification of residues implicated in chaperone-
fibril binding, which could be used to develop polypeptidic mini-chaperones potentially

capable of inhibiting aSyn fibril propagation. Some Hsc70-derived peptides retained
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aSyn binding properties of the parent protein, albeit with weaker affinity, supporting the
validity of this approach. Although I showed that these peptides were unable to affect
fibril internalization, peptides with improved affinity for aSyn fibrils would likely have

an effect.

The primary perspectives from these studies are to create a range of peptides
containing the aSyn fibril binding sites from aBc and CHIP and test them as was done in
the first study with Hsc70-derived peptides. Then, retained peptide candidates, along
with the two Hsc70-derived peptides of interest, can be optimized for affinity and stability.
Point mutations and variations on peptide length can be tested for improved affinity. In
addition, multiple peptides can be linked together to increase the fibril-binding surface
area and subsequent avidity. Importantly, improving stability also contributes to affinity
and can be accomplished through multiple measures. Secondary structural features like
a-helices can be stabilized through hydrogen-bond surrogates, turn-inducers and/or
carbon stapling through the use of unnatural amino acids (Ali et al., 2019; Cunningham

et al., 2017; Gongora-Benitez et al., 2014; Tsomaia, 2015).

These approaches could be of particular interest in the case of the NKApep from
the first study. It was derived from the a3-subunit of the Na*/K*-ATPase, identified as a
binding partner of aSyn fibrils in an unbiased mass-spectrometry pulldown from primary
neuronal cultures. The isolated peptide, however, was unable to bind aSyn fibrils. This
could potentially be due to the adoption of a different secondary structure, as illustrated

by its B-sheet and a-helix content compared to the peptide in the parent protein.

Once optimized for affinity and/or avidity, peptides derived from fibril binding
partners could be further tested in cells to see how their binding affects aSyn fibril
membrane binding, internalization, seeding and toxicity in neuronal cells. Eventually,

candidate peptides could be modified for improved pharmacokinetics for in vivo studies,
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notably improving half-life via lipidation or addition of polymers (Weinstock et al., 2012;
Witt et al., 2001) and blood brain barrier permeability through CPPs (Heitz et al., 2009;

Neves-Coelho et al., 2017), for example.

In addition, our optimized chemical cross-linking and mass spectrometry strategy
for amyloid fibrils could be applied to more chaperone-fibril pairs. First, aBc and Tau or
HTTExon1Q48 fibrils, which I showed bind with similar affinity as aBc and aSyn fibrils,
would be of interest. Furthermore, cross-linking with different agents could be performed
with CHIP and aSyn fibrils in order to identify other binding sites located at longer
distances than what was identified with the zero-angstrom cross-linker. Lastly, applying
this approach to chaperone-fibril pairs such as Hsp27 and aSyn would be of particular
interest due to previous data demonstrating the lateral binding of the chaperone along the

fibrils (Cox et al., 2018).
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Résumé en francais

Les protéinopathies sont des maladies caractérisées par des protéines méplices
dont I’agrégation dans le systéme nerveux central est la cause de plus d’une vingtaine de
maladies neurodégénératives. Les fibres amyloides composées des protéines aSyn, Tau
et mHTT, impliquées respectivement dans les synucleinopathies comme la maladie de
Parkinson, dans les Tauopathies comme la maladie d’Alzheimer, et dans la maladie
d’Huntington, toutes des maladies incurables, sont capables de se propager entre les
cellules neuronales d’une maniére spatio-temporelle spécifique a chaque protéine et
maladie. Par conséquent, inhiber d’une fagon appropriée la propagation des fibres
pourrait aider a ralentir la progression de telles maladies. En effet, le cycle de propagation
comprend la liaison a la membrane cellulaire puis 1’entrée dans la cellule, le recrutement
des protéines endogénes et leur intégration parmi les fibres amyloides, puis encore
I’export des agrégats et ainsi de suite. Cibler la premiére étape dans ce cycle, c’est-a-dire
la liaison des fibres amyloides extracellulaires a la membrane, est ainsi une stratégie
viable dans une perspective thérapeutique. De surcroit, puisque les fibres amyloides
peuvent interagir avec une multitude de partenaires protéiques et lipidiques au niveau de
la membrane cellulaire, I’inhibition de la propagation pourrait étre entreprise par la liaison
d’agents qui altéreraient les propriétés de surface des fibres, dés lors perturbant leurs

interactions avec une grande gamme de partenaires potentiels.

Les chaperons moléculaires, ¢léments du systéme de contrdle de qualité des
protéines dans la cellule dont le but spécifique est d’empécher ou éliminer les agrégats
protéiques, sont de bons points de départ pour I’identification de partenaires capables de
se lier aux fibres. Bien que certains chaperons moléculaires se soient avérés capables de
se lier a certaines des fibres amyloides, de telles liaisons n’ont pas toujours été bien

caractérisées et leurs effets sur la propagation n’ont pas encore été testés dans des modeles
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cellulaires. D’un point de vue thérapeutique, les chaperons entiers ne sont
malheureusement pas de bons candidats a cause de leurs roles cellulaires pléiotropiques.
Afin donc d’éviter les interactions hors-cible, les chaperons moléculaires entiers doivent

étre réduits a des sous-domaines ou a des dérivés peptidiques bioactifs.

Dans la premiére phase de cette recherche, le chaperon moléculaire Hsc70, trois
de ses domaines et huit de ses dérivés peptidiques ont été testés dans le cadre d’une
combinaison d’expériences concernant I’inhibition de la fibrillation d’aSyn, la liaison aux
fibres d’aSyn et/ou I’inhibition de la propagation des fibres d’aSyn -- cette derniére série
d’expériences comprenant celles auxquelles j’ai personnellement contribu¢. En outre,
nous avons également test¢ un peptide dérivé de la sous-unité a3 de la pompe
sodium/potassium Na*/K*-ATPase (NKApep), dont I’interaction avec I’aSyn fibrillaire
dans des cultures de neurones primaires avait déja été élucidée. Alors que tous les trois
sous-domaines de Hsc70 ont retenu leurs capacités de liaison aux fibres, seuls deux
peptides dérivés de Hsc70 ont d’une part affecté la cinétique de la formation de fibres et
d’autre part se sont liés aux fibres d’aSyn, quoiqu’avec une affinité significativement plus
faible que celles des sous-domaines ou de la protéine mere. De surcroit, la pré-incubation
des peptides n’a eu aucun effet sur I’internalisation des fibres d’aSyn, ce a quoi il fallait
bien s’attendre avec des affinités aussi basses. Quant au NKApep, il n’a pas pu se lier
aux fibres d’aSyn. Cependant, il a pu quand méme réduire la liaison des fibres d’aSyn a
la membrane de maniére indirecte, mais sans effet sur leur internalisation. En résumé de
la premiére partie de cette recherche, des partenaires protéiques divers d’aSyn ont mené
au développement de peptides qui sont capables d’interagir avec les fibres d’aSyn mais
qui nécessiteront davantage de modifications afin d’améliorer leurs niveaux d’affinité et

permettre un effet cellulaire significatif.
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Dans la deuxieéme partie de cette recherche, qui a constitué mon projet de thése
principal, plusieurs chaperons moléculaires de petite taille et d’origines et statuts
oligomériques divers ont été testés pour leurs capacités de liaison aux fibres amyloides
d’aSyn, et les constantes de dissociation ont été estimées pour les candidats retenus. Des
fibres d’aSyn préformées et pré-incubées avec deux de ces chaperons, aB-crystallin (aBc)
et CHIP, ont été internalisées de maniére similaire aux fibres laissées seules dans une
lignée cellulaire neuronale. En revanche, les fibres d’aSyn formées en présence de I'un
ou I’autre chaperon ont été moins internalisées que les fibres formées seules. Il a fallu
des lors identifier les résidus responsables de cet effet cellulaire. De ce fait, une stratégie
optimisée du pontage chimique entre aBc ou CHIP et les fibres d’aSyn formées en
présence des chaperons, couplé a la spectrométrie de masse, a permis ’identification des
résidus impliqués dans I’interaction fibres-chaperons. Dans le cas d’aBc, c’est son C-
terminus flexible qui s’est avéré impliqué dans la liaison aux fibres, alors que son noyau
structuré avait été précédemment impliqué dans I’inhibition de la fibrillation d’aSyn, ce
qui indique un double mode de liaison du chaperon pour aSyn, tant agrégeant que
fibrillaire. Cette approche a également permis d’identifier un site de liaison aux fibres
d’aSyn dans le domaine U-box de CHIP. Donc tant aBc que CHIP se liaient aux fibres
d’aSyn, mais le premier en amont du cceur fibrillaire et le deuxiéme en son centre. Ces
sites de liaison peuvent donc étre utilisés pour le développement de mini-chaperons

peptidiques potentiellement capables d’inhiber la propagation des fibres d’aSyn.

Enfin, la gamme originale des chaperons a été testée pour leur liaison aux fibres
amyloides de Tau ou HTTExon1Q48 et seul aBc s’est avéré capable de se lier a ces deux
types de fibres amyloides, avec des constantes de dissociation similaires a celle des fibres

amyloides d’aSyn. Les études cellulaires et de pontage chimique couplé a Ia
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spectrométrie de masse décrites au-dessus pourraient donc étre conduites fructueusement

sur les fibres amyloides de Tau et HTTExon1Q48 avec aBc.
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Appendix figures

Genetic landscape of Parkinson’s Disease
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Appendix 1: Genetic risk factors for PD.
From (Bras et al., 2015).
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Appendix 2: Time course of PD clinical symptoms.

EDS=excessive daytime sleepiness. MCI=mild cognitive impairment. RBD=Rapid eye

movement (REM) sleep behavior disorder. From Kalia and Lang, 2015.
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Appendix 3: Risk genes associated with AD.
From (Barragan Martinez et al., 2019). Their internal color dictates the pathway
associated with the gene while the outside color indicates potential implicated pathways.
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Alzheimer’s disease

Amyotrophic lateral sclerosis and parkinsonism-dementia complex
Argyrophilic grain disease

Chronic traumatic encephalopathy

Corticobasal degeneration

Diffuse neurofibrillary tangles with calcification

Down’s syndrome

Familial British dementia

Familial Danish dementia

Frontotemporal dementia and parkinsonism linked to chromosome 17
(caused by MAPT mutations)

Frontotemporal lobar degeneration (some cases caused by C90RF72 mutations)
GerstmanneStrausslereScheinker disease

Guadeloupean parkinsonism

Myotonic dystrophy

Neurodegeneration with brain iron accumulation

Niemann-Pick disease, type C

Non-Guamanian motor neuron disease with neurofibrillary tangles
Pick’s disease

Postencephalitic parkinsonism

Prion protein cerebral amyloid angiopathy

Progressive subcortical gliosis

Progressive supranuclear palsy

SLC9AG6-related mental retardation

Subacute sclerosing panencephalitis

Tangle-only dementia

White matter Tauopathy with globular glial inclusions

Appendix 4: Tauopathies.
From (Clavaguera et al., 2014).
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Appendix 5: HD evolution & influence of polyQ length.
CAP score CAG age product. Correlation between polyQ length and age of onset. (Bates
et al., 2015; Kuiper et al., 2017)
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oSyn AB Remarks Tau AB Remarks mHTT AB Remarks

EP1536Y pSer129 MC1 Conformation dependent EM48 mHTT aggregates
antibody (AA 312-322) (AA 1-256)
MIJF-R13 pSer129 MC6 pSer235 MW7 Proline-rich

domain, high MW
mHTT structures

8la pSer129 PHF-1 pSer396/pSer404
pSyn#64 pSer129 PGS pSer409
5038 pSer129 TG3 PHF-Tau (pThr231,
conformation specific)
AT8 pSer202/pSer208/pThr205
AT100 pThr212/pSer214; detects
fibrils
Gallyas Stains most pathological
silver fibrillar tau structures

Appendix 6: Antibodies for propagation studies.

A non-exhaustive list of antibodies used for propagation studies. The above antibodies
are those used in the papers from Table 2. (Delic et al., 2018; Falcon et al., 2015; Jicha
et al., 2002; Ko et al., 2018; Kovacs, 2015; Li and Li, 1998; Lin et al., 2017).

L
a3-NKA 857 FSYFVILAENGFLP EGNLVE GIRE LNE WDDR ETVNDLE EDSYGQQWTYEQRKVVEFTF 908
al-NKA 867 FTYFVILAENGFLP FHLL; GIR}ET;WDDR WINDV; EDSYGQQWTYEQRKI VEFTC 918

a3/al-NKA-a  a3/a1-NKA-b a3/al- NKA-c

B a3-NKA C a3/a1-NKA-a D a3/a1-NKA-b E  a3/a1-NKA-c

1 — - -
> = Control = Control / = Control / = Control
§ 0.8 | — Fibril (***) — Fibril (***) / ~— Fibril (ns) / — Fibril (***)
g
e 0.6
o
204
S
3
£0.2 -
3
o o s - _ . 5 _ ) =

104 103 102 10! 104 103 102 10! 1074 103 102 10~1 104 103 102 10!

Diffusion Coefficient (umzls) Diffusion Coefficient (umzls) Diffusion Coefficient (umzls) Diffusion Coefficient (umzls)

Appendix 7: Residues in the a3 subunit of NKA involved in aSyn fibril binding.
(A) a3 and al sequences for the transmembrane 7-8 extracellular loops. al/a3 chimeras
are represented by the boxes. (B—E) Single particle tracking experiments using quantum
dots on a3-NKA (non-chimeric) and chimeric a3-NKA-a/b/c. From (Shrivastava et al.,
2015).
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Résumé : L'a-Synuclein (aSyn) fibrillaire, impliqué dans la maladie de Parkinson et
d’autres synucleinopathies, peut se propager entre cellules de maniére « prion-like » et
cette propagation est liée a la progression de la maladie. Durant cette étude, nous nous
sommes tournés vers les chaperons moléculaires impliqués dans 1’agrégation de 1’aSyn
ou bien dans sa toxicité afin de trouver des candidats capables d’interférer avec la
propagation. Nous avons ensuite testé 1’effet des chaperons capables de se lier aux fibres
d’aSyn sur I’internalisation des fibres d’aSyn par les cellules Neuro-2a. Nous
démontrons que D’interaction avec 1’aSyn agrégeant avec aB-crystallin (aBc) ou
Carboxyl terminus of Hsc70-interacting protein (CHIP) a mené a la formation de fibres
qui sont moins internalisées par les cellules. Enfin, en passant par une stratégie de
pontage chimique optimisé couplé a la spectrométrie de masse, nous avons identifié les
zones d’interaction entre 1’aSyn fibrillaire et soit aBc, soit CHIP. Ces résidus issus des
chaperons, se trouvant a proximité des fibres d’aSyn dans les complexes, pourraient étre
développés dans des mini-chaperons peptidiques, capables d’enrober la surface des fibres
et ainsi de bloquer la liaison a la membrane et I’internalisation des fibres. De surcroit,
des polypeptides issus des partenaires précédemment identifiés d’aSyn ont été testé pour
leur liaison aux fibres et leur effet sur la propagation des fibres.
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Abstract: Fibrillar a-Synuclein (aSyn) is the molecular hallmark of Parkinson’s Disease
and other synucleinopathies. Its prion-like propagation between cells is linked to disease
progression. In this study, we looked to molecular chaperones previously implicated in
aSyn fibrillation and/or toxicity to identify proteins capable of binding aSyn fibrillar
aggregates in order to target their propagation. We further assessed the effect of the fibril-
binding chaperones on internalization of aSyn fibrils by Neuro-2a cells. We demonstrate
that the interaction of aggregating aSyn with aB-crystallin (aBc) or Carboxyl terminus
of Hsc70-interacting protein (CHIP) led to the formation of fibrils that are less
internalized by cells. Finally, using an optimized chemical cross-linking and mass
spectrometry strategy, we identified the interaction areas between fibrillar aSyn and
either aBc or CHIP. These chaperone residues, located proximally to aSyn fibrils, could
be subsequently developed into peptidic mini chaperones, capable of coating the fibril
surface and thereby blocking fibrillar cell binding and internalization. Furthermore,
polypeptides derived from previously identified aSyn binding partners were tested for
their binding to aSyn fibrils and subsequent effect on fibril propagation.
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