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Abstract

Neurodegenerative diseases represent a severe global burden for millions of suffering patients and
their families, as well as a large sanitary emergency for governments. Despite significant differences
in clinical manifestation and prevalence, neurodegenerative diseases share a common pathological
mechanism that correlates cellular toxicity and the increase of neuronal collapse with the progressive
appearance of abnormal proteinaceous assemblies in brain tissue. Therefore, the blocking of the
conversion of normally soluble peptides and proteins into oligomers or intractable amyloid deposits
has emerged as a potential therapeutical strategy.

In this context, the focus of this PhD project centres on investigating the molecular mechanisms of
the aggregation of Ataxin-3, a ubiquitin-hydrolase involved in the protein quality control system of
the cell. Mutated Ataxin-3 typically accumulates in nuclear aggregates, mediating cytotoxicity and
leading to Spinocerebellar Ataxia type 3, the most common among inherited ataxias, belonging to the
group of polyglutamine neurodegenerative diseases. Although a large number of studies have
approached to the pathogenesis of this disease, the details of the supramolecular assembly process of
Ataxin-3 remains controversial, and a targeted and effective therapy for Spinocerebellar Ataxia type
3 is currently lacking.

Here, a multiplexed experimental approach based on molecular biology methods, nuclear magnetic
resonance, fluorescent spectroscopy, and advanced microscopy techniques was used to investigate
Ataxin-3 behaviour in different experimental conditions, focusing in particular on the effect of
temperature and buffer composition on different steps of Ataxin-3 self-assembly. The investigation
had the double aim of revealing new insights on Ataxin-3 aggregation, and setup a robust and
reproducible aggregation assays for screening anti-aggregating compounds. The aim was successfully
reached within the three years of the PhD fellowship.

Moreover, this project also aimed at characterizing Ataxin-3 in complex with polyubiquitin chains,
one of its recognized physiological partners, and investigating the effect of these chains on Ataxin-3
aggregation. Indeed, evidence suggests an existing competition among proteins' normal function and
their tendency to aggregate, thus encouraging the exploration of interactions between
neurodegeneration-related proteins and their natural binders as a new promising therapeutic
perspective. Accordingly, gold-standard Structural Biology techniques, such as SAXS and X-ray
crystallography, were employed to try to solve the structure of Ataxin-3 in complex with tri-ubiquitin
chains, to gain structural information on the binding surface involved into this crucial interaction.
SAXS experiments and preliminary models obtained by rigid body approach opened the way to

further investigation by X-ray crystallography, to obtain atomic details. A first crystal screening was



performed through access to the EMBL Grenoble’s High Throughput Crystallization and Fragment
Screening Facility. Crystal hints have been obtained and will be used for the next steps.

In parallel, the effect of polyubiquitin chains on Ataxin-3 aggregation was investigated by
fluorescence spectroscopy and atomic force microscopy. Interesting clues have been obtained, but

further optimization of the experimental setup is required to complete this part of the project.
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Introduction

1 Introduction

Neurodegenerative diseases have become a real burden for millions of suffering patients and their
families, as well as a large sanitary emergency for governments.

Notwithstanding large differences in clinical manifestation and prevalence, neurodegenerative
diseases share a common pathological mechanism that correlates cellular toxicity and the increase of
neuronal collapse with the progressive appearance of abnormal proteinaceous assemblies in brain
tissue.> As a consequence, the blocking of the conversion of normally soluble peptides and proteins
into oligomers or intractable amyloid deposits has emerged as a potential therapeutical strategy.?

In this context, the focus of this PhD project centres on investigating the molecular mechanisms of
the aggregation of Ataxin-3, a ubiquitin-hydrolase involved in the protein quality control system of
the cell. Mutated Ataxin-3 typically accumulates in nuclear aggregates, mediating cytotoxicity and
leading to Spinocerebellar Ataxia type 3 (SCA3), the most common among inherited ataxias,
belonging to the group of polyglutamine neurodegenerative diseases.®* Although a large number of
studies have approached the pathogenesis of this disease, the details of the supramolecular assembly
process of Ataxin-3 remain controversial, and a targeted and effective therapy for SCA3 is currently
lacking.

Here, a multiplexed experimental approach based on molecular biology methods, nuclear magnetic
resonance, fluorescence spectroscopy, and atomic force microscopy, was used to observe Ataxin-3
behaviour in different experimental conditions, gaining new insights into the molecular mechanisms
leading to pathological Ataxin-3 aggregation.

Moreover, this project also aimed at characterizing Ataxin-3 in complex with polyubiquitin chains,
one of its recognized physiological partners,®>~ and investigating the effect of these chains on Ataxin-
3 aggregation. Indeed, evidence suggests an existing competition among proteins' normal function
and their tendency to aggregate, thus suggesting that exploring interactions between
neurodegeneration-related proteins and their natural binders might offer promising therapeutic
perspectives.® 1% Accordingly, gold-standard Structural Biology techniques, such as SAXS and X-ray
crystallography, were employed to try to solve the structure of Ataxin-3 in complex with tri-ubiquitin
chains, such to gain insights into crucial interactions that could protect against aberrant aggregation.
The project was funded by a doctoral scholarship provided by Ri.MED Foundation, and was
conducted at the Ri.MED Structural Biology and Biophysics Unit (based in Palermo, Italy) under the
supervision of Dr Caterina Alfano (Head of the Unit). A period of six months was spent at the
European Synchrotron Radiation Facility in Grenoble (France), for which extra financial support was

received from the Erasmus+ Traineeship program.
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1.1 Neurodegenerative diseases

1.1.1 Overview on Neurodegenerative diseases

Neurodegenerative diseases (NDDs), which include but are not limited to Alzheimer's disease (AD),
Parkinson’s disease (PD), Huntington's disease (HD), and amyotrophic lateral sclerosis (ALS),
constitute a heterogeneous group of debilitating and largely intractable conditions that progressively
compromise the structure and function of the nervous system. This class of disorders shares a
common thread of relentless neuronal degeneration, manifesting in a spectrum of severe clinical
symptoms, encompassing cognitive decline, motor dysfunction, and, in some cases, a combination of
both.

The pathogenesis of NDDs involves the accumulation of abnormal protein aggregates in neuronal
cells, the selective loss of neurons, and the consequent disruption of neural circuitry.
Neurodegeneration is usually sporadic and progressive but the genetic background, familial
mutations, and environmental factors may contribute to early onset of the disease.!**° This generally
begins with dysfunction in a discrete area, that progressively involves larger regions, leading to
distinct pathological features. The molecular processes behind the pathophysiology of NDDs are
markedly intricate, and there exists a substantial amount of evidence indicating that these disorders
result from multifactorial conditions, including abnormal protein dynamics involving faulty protein
degradation and aggregation, oxidative stress, and consequent formation of free radicals,
compromised bioenergetics and mitochondrial dysfunction, and exposure to metal toxicity and
pesticides.'® The prevalence of neurodegenerative disorders is intricately tied to the ageing process,
with age standing out as the primary risk factor for their onset. As global demographics shift towards
an ageing population, thanks to the progress of biomedicine that promotes a lengthening in life
expectancy, the impact of these disorders on public health and societal well-being becomes
increasingly pronounced.

NDDs can be broadly defined by the interested anatomical areas and clinical presentations, such as
resting tremors, lack of movement control and rigidity (i.e. neuronal loss localized in the motor
pathway), or progressive loss of memory, of task performance, and speech (i.e. when the cognitive
pathway is affected).>"2% The severity of these symptoms, and the age-related rising prevalence,
place a growing burden on healthcare systems, caregivers, and the millions of suffering patients,
highlighting the urgency of unravelling the complex mechanisms that underlie neurodegeneration.
Despite the extensive efforts, many aspects of neurodegenerative pathologies remain elusive. This
lack of clarity hampers the development of targeted therapeutic interventions, emphasizing the need

for further exploration.
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1.1.2 Neurodegenerative diseases as proteinopathies

Over the last decades, the field of neurodegeneration research collected substantial evidence allowing
for the classification of well-known NDDs - such as Alzheimer’s disease (AD), Parkinson’s disease
(PD), Dementia with Lewy Bodies (DLB), Fronto-Temporal Dementia (FTD), Amyotrophic Lateral
Sclerosis (ALS), Huntington’s disease (HD) and Polyglutamine (polyQ) disorders - as cerebral
proteinopathies, referring to the aberrant accumulation and aggregation of specific proteins within
the neurons, leading to cellular dysfunction and eventually neuronal death.182-3

Indeed, despite the distinct clinical symptoms exhibited by each NDD, postmortem neuropathological
evaluation has unveiled first-hand observation of protein pathology, correlating the presence in
patients’ brains of histopathologically appreciable proteinaceous assemblies with neuronal collapse
for all the aforementioned disorders.3*-** Moreover, experiments involving the intracerebral injection
of human brain homogenates from patients in healthy animals have demonstrated the formation of
appreciable amyloid lesions also in the new host, suggesting that the introduction of misfolded
proteins is able to seed the aggregation process. Comparable results have been achieved through the
overexpression of suspected causative proteins in various animal models or by injecting recombinant
protein aggregates into them.*>! Alzheimer’s disease and other cerebral proteinopathies seem then
to arise from the misfolding and corruption of specific endogenous proteins.

Among the extensively studied proteins implicated in the pathological processes of NDDs, there are
amyloid-beta (aP), tau, a-synuclein (a-syn), TAR-DNA binding protein (TDP-43), polyQ-expanded
proteins (huntingtin and ataxins), and prion protein (Table 1.1).

These proteins constitute the primary components of various pathological structures such as amyloid
plaques and neurofibrillary tangles (AD), Lewy bodies (i.e. PD, FTD, and DLB), neuronal
cytoplasmic and intranuclear inclusion (ALS), nuclear inclusions (polyQ diseases), and spongiform
plaques (prionopathies as transmissible spongiform encephalopathy, kuru, etc) (Fig. 1.1).2°2% These
understandings have opened important avenues for targeted therapeutic interventions aimed at
mitigating the aggregation of the specific proteins associated with these devastating neurological
conditions. Nevertheless, despite notable progress in the field, several aspects remain elusive, posing
an ongoing challenge to the scientific community in the quest for an effective treatment. This
challenge is underscored by the intricate nature of the molecular processes leading to protein

aggregation, as thoroughly explored in the subsequent section 1.1.3.
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Neurodegenerative diseases

Aggregated proteins

Lesions and accumulation
sites

Amyloid-f§ peptide

Extracellular amyloid plaques

Alzheimer’s disease (AD)*!* Tau Cytoplasmic NFT
a-synuclein Cytoplasmic Lewy bodies
Parkinson’s disease (PD)* a-synuclein Cytoplasmic Lewy bodies

Huntington’s disease (HD)*

Huntingtin (polyglutamine

Nuclear inclusions

expansion)
Amyotrophic lateral sclerosis (ALS)** SODI, Fus, TDP43 Cytoplasmic and nuclear
inclusions
Dementia with Lewy bodies (DLB)* a-synuclein Cytoplasmic Lewy bodies

Spino-cerebellar ataxias (SCAs)?’

Ataxins (polyglutamine
expansion)

Nuclear and perinuclear
inclusions

Prion diseases?®

Protease-resistant prion
proteins

Extracellular prion plaques

Table 1.1 NDDs and related causative proteins. Adapted from Nigam et al. 2015.5°

Flgure 11 Type of protein deposits in NDDs. a) Senlle plaques of AB with amyI0|d core in AD brain;* b)
Phosphorylated tau in neurofibrillary-tangles in AD hippocampal neurons; ¢) a-syn accumulates in Lewy body in
substantia nigra of PD patients;>” d) TDP-43 nuclear inclusions in ALS;% e) nuclear inclusions in ventral pons in SCA3
brain; f) spongiform degeneration and vacuolation in Creutzfeldt-Jakob disease brain.®
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1.1.3 Failures and mechanisms leading to protein aggregation

The reaching and the maintenance of the proper folding by a protein is essential for the correct
exploitation of its physiological functions, that are strictly connected to its unique three-dimensional
conformation. To ensure adequate protein folding, sequestration, and degradation, the cell has
developed an elaborate protein quality control system, with a highly regulated cascade of events. In
healthy conditions, the biologically functional folding is thermodynamically favoured, because of the
long-range molecular interactions established between the amino acids (aa). Indeed, these interactions
bring to the formation of the conformation with the lowest energy content (i.e. the most stable one),
the so-called native form.5%%2 Thus, many proteins ball up into well-packed folded states, where
hydrophobic aa are predominantly located in the protein’s core, while polar aa are more commonly
exposed on the surface, reducing the entropy of the system.

The complexity of the hierarchical folding process is pictured as a funnelled energy landscape,®® a
conceptual model that provides a representation of how a protein navigates through different energy
states during the folding process, ultimately reaching its native and functional structure (Fig. 1.2).
The folding process is not a rigid step-by-step progression, but rather a dynamic exploration of
different structures and energy states: the higher regions of the funnel represent unfolded or partially
folded states of the protein. As the amino acid chain folds, it explores various conformations with
progressively reduced energy before reaching the native state, which can be reached by multiple
pathways and conformations available.52%% Errors in this intricate process can lead to the formation
of incompletely or incorrectly folded proteins (i.e. misfolded), that expose hydrophobic regions to the
solvent, increasing the probability to form cytotoxic self-aggregates.5 Once assembled, these higher-
order aggregates are resistant to disintegration and degradation being the most stable and energetically

favourable structures.?%:6°

Figure 1.2 Energy landscape of protein folding and
Q Unfolded(&p/)’ misfolding. Protein folding and protein aggregation represent
Qg\f/‘ %\r competing processes as a protein converts from an unfolded state
: to its native state. The folding dynamics are influenced by the
Chaperones 1 energetic landscape, where thermodynamic constraints drive the
4 i protein to adopt a conformation that minimizes the free energy of
% (N v Fhe sys_te_m. C_haperon_es play a crucial role in assisting_ the pro_tein
.4 f in attaining its fu_nctlonal structure. In_tramolecular interactions
intermedates % ‘ that are energetically favourable (in green) contribute to
' @3 increased conformational stability as the protein folds toward its
L%) by @@igomeu native state. Throughout this folding process, proteins may

D

Energy

Saes temporarily assume energetically favourable yet non-native
Amorphous conformations, resulting in the formation of kinetically trapped

Native aggregates

state states. These are susceptible to intermolecular interactions (in

‘% red) that can lead to protein aggregation, giving rise to various

Amyloid fibrs f(_)rms such as amorphm_ls aggregates, B-sheet-rich oligomers, and
highly stable amyloid fibrils. Image from Muntau et al. 2014. ¢

Intramolecular contacts Intermolecular contacts
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Although age is surely a critical factor, NDDs-related proteins do not misfold spontaneously, but the
increase in their aggregation propensity requires triggers, most of which are likely still unidentified.
Both environmental and genetic factors may affect the folding process, thereby rendering proteins
more aggregation-prone. If protein folding fails - due to misprocessing phenomena, aberrant
interactions, changes in environmental conditions (i.e. pH or temperature), and chemical modification
(oxidation, proteolysis)** - chaperones may sequester misfolded proteins and target them to the cell
degradation system.®® When this system fails, as in the case of NDDs, misfolded proteins, and their
toxic assemblies accumulate into proteinaceous inclusions. This may result in a loss of function, due
to the disappearance of functional protein, and/or in a toxic gain of function, associated with the
appearance of protease-resistant aggregates, addressing the cell to death.%-"°

Based on in vitro kinetic studies, multiple mechanisms have been put forward to explain protein
aggregation. Among them, the most important are nucleated polymerization, nucleated
conformational conversion, and native-like aggregation.”’”> The nucleated polymerization model
describes the growth of fibrillar structures through homogeneous (primary) nucleation, and depends
on completely or partially disordered monomers. These cluster into nuclei that, once reached a critical
size, fast assembly in large supramolecular structures.”>™ On the other hand, the conformational
conversion model assumes that the protein is stable both as folded and misfolded. Conformational
changes are then required for the formation of the initial oligomeric species.’® Lastly, in the native-
like aggregation, globular protein, characterized by compact structures with aggregation-prone region
normally buried in the core, converts into partially unstructured ensembles that are competent for
aggregation. Local unfolding, thermal fluctuation, or ligand release can push globular protein to
populate native-like conformation more aggregation-prone, without crossing major energy barrier.”
Alternative pathways are likely to exist for the stage at which conformational conversion from a non-
amyloid to an amyloid conformation occurs.”®

Multiple aggregation pathways are accessible and selected depending on experimental conditions,
protein sequence, and conformational state adopted by the amyloidogenic monomer.” The resulting
supramolecular aggregates present different structures and morphologies’’ ranging from amorphous
structures, mostly made up of disordered polypeptide chains,’®to highly organized amyloids.”? Both
species occur after protein homeostasis failure, and evidence shows that the pathways are
interconnected influencing each other, even if their relationship needs to be clarified.”

Despite NDDs-driving proteins present obvious differences in size, aa composition, sequence, or
structure, they all convert into final aggregates that share the same internal structure of amyloid

aggregates, characterized by a highly organized architecture rich in cross -sheet structure (Fig. 1.3).
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Figure 1.3 Cross p-sheet structure. The core of cross B-sheets consists of highly organized hydrogen-bonds
arrangement, in which B-strands run perpendicular to the protofilament axis, resulting in a series of B-sheets that propagate
along the direction of the fibril, allowing aggregates maturation in larger structures with unique Kinetic stability, defined
as amyloids. Image from Vahdat et al., 2019.%°

The kinetics of in vitro nucleated self-assembly processes, including amyloid formation, often follows
a sigmoidal trend that can be attributed to the nucleation and growth stages of the assembly process
(Fig. 1.4).1281 The observable quantities associated with aggregation are negligible during the initial
phase of the aggregation process, known as the “lag phase”. The signal then undergoes an abrupt

growth phase that reaches a plateau called “saturation phase” 8284

Amyloid fibrils

Saturation phase

Protofibrils

z

Misfoldea Oligomers

R &

Lag phase

Growth phase

Native

&

Aggregation state

Time

Figure 1.4 Kinetics profile of nucleation-dependent fibril formation process. The sequence of events along the
amyloid fibril formation pathway includes lag phase, growth phase, and saturation phase. The lag phase represents the
rate-limiting step of the process. During this phase, pathological monomers assemble to form small oligomeric aggregates,
soluble and diffusible species that represent the nuclei of aggregation. The length of the lag phase depends on several
factors, including chemical-physical properties of the system environment, and protein features such as amino acid
sequence, hydrophobicity, and the presence of unfolded regions.*2% The lag phase is followed by the growth phase, during
which B-structured oligomers associate into protofibrils and finally into stable amyloid fibrils. All the phases consist of
equilibrium of multiple species. Image from lannuzzi et al. 2015.%
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Although evidence clearly shows that NDD-driving proteins convert in amyloid aggregates, solid
literature reports as more toxic highly diffusible species, including soluble monomeric, fibrillar, and
oligomeric protein species.®”®8 These intermediate species are reported to be the primary toxic agents
underlying most proteinopathies, whereas amyloid fibrils may be considered inert or even
cytoprotective, inhibiting certain types of toxicity, including generation of reactive oxygen species
(ROS) and alteration of cell membrane permeability.3®-% The prevalence of amyloid aggregates as
toxic species in early literature could then be explained by their abundance in human postmortem
histopathology.®’

At any rate, the debate on the identification of the right core elements of pathological progression in
NDDs is still open. Any scientific progression on the topic is thus crucial for future therapeutics
development.

1.1.4 Genetics behind NDDs

While age stands out as the primary risk factor contributing to the onset of NDDs, years of studies
indicate that the interplay between an individual's genetic composition and environmental elements,
up to an emerging role for epigenetics components, equally play a significant role in elevating the
risk of NDDs.*

Aetiology of NDDs includes mutations affecting both the genes encoding for amyloidogenic proteins
and others involved in upstream and downstream-related pathways. For instance, approximately 10%
of early-onset AD patients (diagnosed before the age of 65 years) present a genetic aetiology of up to
100%,%%-1%1 while 15% of PD patients are affected by monogenic disease form.%21% Moreover,
advancement in genome sequencing and genome-wide association studies have enabled the
identification of 90 independent risk signals associated with sporadic PD,%*and 11 new susceptibility
loci associated with AD,® confirming a substantial role for genetic risk in the arousal of these
pathologies. 103108

The discovery in 1997 of mutations in the SNCA gene, responsible for encoding a-syn, marked the
onset of understanding autosomal-dominant PD.%" Subsequent identification of various SNCA
mutations revealed their association with aggressive early-onset cases.'%

In the case of AD, all three known familial forms exhibit autosomal-dominant inheritance, with
mutations affecting proteins involved in AP generation, the primary component of amyloid plaques.
Pathogenic mutations in the Amyloid Precursor Protein (APP, AP precursor protein), were first
identified in 1991.19°-1!! The spectrum of these mutations underscores various mechanisms leading
to increased levels of Ap, causing AD or related phenotypes. With the discovery of APP mutations,

it was predicted that other genes involved in AP processing would be responsible for subsets of

8
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familial cases. Indeed, this proved to be the case with the identification of PSEN1''? and
PSEN2,113114 both encoding components of the y-secretase complex, normally involved in APP
cleavage.

Apart from monogenic mutations, which are relatively easy to identify owing to a clear heritage
pattern, polymorphisms among multiple genes are also recognised as significant contributors to
NDDs aetiology. For instance, ApoE e4, an allele of Apolipoprotein E, normally associated with A
and tau clearance, present in 5-35% of the population, elevates the risk of AD threefold if
heterozygous and twelvefold if homozygous. Moreover, the ApoE e4 allele exacerbates PD dementia
and Lewy pathology.?*

Also, ALS and FTD present genetic risk, with respectively 10% and 40% of cases with familial
history.1*>11¢ 1t is now recognized that ALS and FTD are two diseases that form a broad
neurodegenerative continuum, as suggested by the clinical observation that both disorders can be
present within the same family or coexist in the same patient.!*” Over the past decade, cross-sectional
studies have indicated that cognitive impairment linked to FTD may develop in as many as 50% of
ALS patients. Likewise, motor dysfunction can manifest in up to 30% of FTD patients.!*® Thus, it is
not surprising that the two conditions share also some genetic critical players, such as TADBP (i.e.
gene encoding for protein TDP-43), FUS (i.e. encoding for Fused-In-Sarcoma protein), SOD1 (i.e.
superoxide dismutase 1), and C9orf72. All these genes are involved in RNA metabolism, autophagy,
and vesicles and inclusions formation, all typical hallmarks of these disorders.!’” In particular,
mutations in SOD1 and FUS are associated with predominantly lower motor neuron symptoms and
do not exhibit TDP-43 inclusions.!*® In contrast, carriers of the pathogenic mutation in C9orf72, a
hexanucleotide repeat expansion in a gene located on chromosome 9p21, show increased cognitive
and behavioural impairment, and characteristic distribution of TDP-43 pathology.'?® This repeat
expansion is the most common genetic cause of ALS, FTD, and ALS/FTD responsible for 11% of all
ALS and 13% of all FTD cases.'!’

Among NDDs, Huntington's disease (HD) - and all the other hereditary spinocerebellar ataxias
belonging to polyQ diseases - exemplify a peculiar case, as they occur exclusively in the presence of
a genetic factor (i.e., expansion of CAG repeats, encoding for the glutamine tract), that triggers the
molecular mechanism of pathological protein aggregation. Indeed, pathogenic expansion is detected
in 99% of cases with typical HD symptoms in large cohorts.*?! This feature makes polyQ diseases a
good model for studying pathological protein aggregation, given the opportunity for controlled and
easier in vitro manipulation of the primary triggering factor: the protein with an expanded polyQ tail.
Based on this, Ataxin-3, the protein responsible for Spinocerebellar Ataxia type 3, was selected as a

model in this PhD project. Indeed, Ataxin-3 provides an optimal system which recapitulates most of

9



Introduction

the features observed in misfolding diseases. Moreover, it has interesting aggregation properties since
it aggregates spontaneously when in isolation without the need of destabilizing agents. Ataxin-3 is
also the smallest protein among those related to polyglutamine diseases, making it more amenable to

straightforward manipulation through recombinant techniques and in vitro aggregation assays.

1.2 Spinocerebellar Ataxia type 3

1.2.1 Polyglutamine diseases

Spinocerebellar Ataxia type 3 belongs to the polyglutamine (polyQ) diseases family, a subset of nine
inherited NDDs among proteinopathies (Table 1.2). PolyQ diseases are all rare genetic disorders,
with average frequency of 1-10 cases per 100.000 people,'?? and comprises Huntington’s disease
(HD), dentato-rubral-pallido-luysian atrophy (DRPLA), spinal and bulbar muscular atrophy (SBMA)
and six distinct spinocerebellar ataxias, including SCA1/2/3/6/7 and 17.123124 They have all dominant
autosomal transmission (except SBMA, which is X-linked and sex-limited), affect mainly the central
nervous system, and unfortunately are all fatal diseases with still no treatment approved to alter the

disease course.!?®

Pathogenic Q
Disease Protein Protein architecture

length
HD126,127

Huntingtin 36-121 _

SCA1128.129 Ataxin-1 40-83 -
SCA3130:131 Ataxin-3 45-84 .

SCA2'% Ataxin-2 3559 -

SCA6'% A2 21-29 _
SCA7!34135 Ataxin-7 37-306 -
SCA17136.137 TBP 47-63 .
DRPLA* Atrophin 1 49-88 -

SBMA'¥ Androgen 40-62 -

receptor

Table 1.2 PolyQ diseases and related proteins. The polyQ tract is indicated in black. Adapted from Saunders et al.
2009.140

As all NDDs, polyQ diseases are accompanied by progressive death of neuronal cells in distinct
regions of the brain, with consequent neurological symptoms such as cognitive impairment and
physical/motility disorder.}*! The pathological features progressively worsen until the death of the

patient which usually occurs in 15 to 20 years from the disease’s onset.'#2
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In polyQ disorders, protein aggregates (or inclusion bodies) accumulate within the nuclei or
cytoplasm of affected neuronal cells. The dysfunctional accumulation is related to the abnormal
expansion of a polyQ stretch within the causative protein sequence, due to tandem CAG nucleotide
repeats in the exonic part of the coding gene.>'43144 The length of the expansion correlates with the
age of onset of the disease and with the severity of the symptoms, 142145147

Apart from the expansion of the polyQ tract, polyQ-containing proteins share no similarities in size,
biological functions, and cellular localization, supporting that the expanded polyQ tract itself plays a
crucial role in pathological aggregation.®!?* Although the details of the molecular mechanism are not
yet well understood, there are several hypotheses to explain this correlation. The underlying
mechanism is thought to reflect the toxic dominant properties of the causative proteins that, when
harbouring the expanded polyQ, interact differently with their natural binders, becoming more prone
to aggregate.* This may overload the protein quality control system, creating proteotoxic stress and
mitochondrial dysfunction.!® Other toxic effects may be directly caused by a loss of function
mediated by the sequestration of functional protein in supramolecular assemblies or by the production
of toxic polyQ-containing fragments.%

Other studies suggest an even more complex scenario where also polyQ-flanking domains play a
crucial role, mediating the formation of intermediate soluble aggregates. According to this, the
hypothesized aggregation mechanism consists of two steps: the first involves polyQ-flanking
domains, that produce SDS-soluble and small intermediates, and a further step, directly mediated by
the expanded polyQ tract, that leads to the formation of SDS-insoluble and stable inclusions.”14%:14%-
153 Additional complexity is given by in vitro and in vivo studies, including research on Drosophila
melanogaster and transgenic mice, which suggest a role in polyQ diseases also for caspases and
calpains proteases. Proteolytic cleavage of polyQ proteins by these proteases might indeed contribute
to the production of toxic polyQ-containing fragments, which are highly reactive and readily undergo
to misfolding and aggregation.>+1°

In spite of this complex scenario, it is crucial to find therapeutic strategies to interfere with the
pathogenic cascade of polyQ diseases, which although rare are devasting and fatal for affected

individuals.

1.2.2 The case of Spinocerebellar Ataxia type 3: clinical symptoms and pathophysiology

Spinocerebellar Ataxia type 3 (SCA3) is the most common among genetic ataxias, with a global
estimated prevalence of 1-5 cases per 100,000 people, and significant geographical and ethnic
variations. A higher number of cases has been reported in Brazil, Portugal, and Japan.'®%-163 The first

description of SCA3 occurred in 1972 among USA immigrants of Azorean origin,'®* and it was
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initially named Machado-Joseph disease from the name of the two families where it was first
identified.

SCAZ3 is caused by the expansion of CAG triplets in the exon 10 of the ATXNS3 gene, that codes for
the protein Ataxin-3 (Atx3).13%% |n healthy individuals, CAG repeats range from 12 to 44, whereas
in affected patients the CAG repeats range from around 56 to 87.147166.167 Individuals harbouring
CAG repeat lengths ranging from 45 to 55 present instead of incomplete penetrance of SCA3
symptoms. 168

The most affected brain regions in SCA3 patients are the cerebellar dentate neurons, basal ganglia,
brainstem, and spinal cord (Fig. 1.5a).1%°1"2 Symptoms onset typically begin in adulthood between
the third to the fifth decade of life and progresses slowly with age.'”® Patients suffer from impaired
balance and coordination (i.e. ataxia), gait abnormalities, and dysarthria (Fig. 1.5b). They may also
experience muscle stiffness, weakness, and tremors, further complicating motor functions. Moreover,
SCAZ3 is often associated with ophthalmological features, such as oculomotor disturbances and double
vision. In advanced stages, cognitive impairment, depression, and psychiatric symptoms also occur,

affecting the patient's overall quality of life."*

a) b)
SCA3 SCA3 Patient

Motor cortex [T Striatum/external capsule
Corpus callosum I Thalamus
Corticospinal tract Oculomotor nerve Dysphagia Ataxia and motor Dysarthria  Oculomotor

& Pons [ Spinal cord dysfunctions abnormalities
Cerebellum/cerebellar peduncles
Deep cerebellar nuclei

Figure 1.5 Brain areas interested by SCA3 and clinical symptoms. a) Central nervous system areas interested in SCA3
alterations. b) Among SCA3 wide clinical spectrum, progressive cerebellar ataxia is normally present. Other symptoms
include pyramidal syndrome, peripheral neuropathy, oculomotor abnormalities, extrapyramidal signs, motor-speech
impairments (dysarthria), swallowing difficulties (dysphagia), and sleep disorders. Figure edited with Biorender. Adapted
from a) Putka et al. 202375176 and b) Wan et al. 2020.17

As with the other polyQ diseases, in SCA3 the CAG repeat length inversely correlates with age of
disease onset and directly correlates with the severity of the symptoms,147:163.166
Genetic tests are the most definitive method for diagnosing SCA3, accompanied by neurological

examination and imaging studies. The histopathological hallmark of SCA3 is represented by the

accumulation of ubiquitinated protein aggregates containing mutant polyQ-expanded Atx3, that are
12
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found throughout vulnerable brain regions in SCA3.%*!"717® Intracellular inclusions contain both
normal and mutant Atx3, as well as other proteins, including ubiquitin, heat-shock proteins, and
transcription factors.!2>!7-18! Nuclear inclusions make up the majority of aggregates, though smaller
cytoplasmic inclusions and distal axonal aggregates also occur.!3!-1%3

To date, there is no effective treatment for SCA3 and the average life expectancy of SCA3 patients

is set around 20 years after onset.

1.2.3 Ataxin-3 architecture

SCAS3 causative protein Atx3 is encoded by the ATXN3 gene, located on the long arm of human
chromosome 14 (14g32.1). The ~48 Kb long ATXN3 gene possesses 11 exons, with the CAG repeat
located in the 10" exon,'®*& and is subjected to alternative splicing.'® The protein Atx3 produced
by the transcripts is about 42 kDa, depending on the polyQ expansion, and is ubiquitously expressed
throughout the body.*®’

Atx3 is a modular protein consisting of an N-terminal globular domain, called Josephin (Jos),
stretching from aa 1 to 182, followed by two ubiquitin-interacting motifs (UIMs) and the expandable
polyQ tract. A third UIM is present downstream of the polyQ tract in the brain-predominant isoform
(Fig. 1.6).177

Globular

| aa 182 aa
| NES NES NLS
— — e
PDB:/yzb J( ; :
PDB:2kzl ¢ i
:;Q > e -
|\ . \7 : ":‘ . \\-Y‘ : PDB:4wth . l;v
! ) . .
~) i /)' \‘.V ! S A
- i » ! -
L}{\Q < | )t , C AN
A a ‘ ) : ’“(la.' »._‘
<48 ’ ’ N i T
" i ! ~
é/ S 4 i ) !
\& Cl4 ; !
) i Helical Ubiquitin ! .
/ ‘//.\/ i Interaction gh)tifs : Folymorphic segment

Figure 1.6 Atx3 domain organization. Schematic representation of the modular structure of Atx3 composed of globular
Josephin domain (Jos, green) and a C-terminal flexible tail containing two or three ubiquitin interaction motifs (UIMs,
grey), depending on the isoform, and the polymorphic polyQ stretch (blue). Jos is a cysteine protease with a catalytic triad
consisting of C14, H119 and N134. Two NES sequences (77-99 aa, 141-158 aa, in black) and a NLS (282-285 aa, in red)
regulate Atx3 nuclear-cytoplasmic shuttling. Adapted from Carvalho et al 2018.8

The polyQ region has been observed to exhibit conformational flexibility, adopting a variety of
structural states, ranging from random coil to a-helical structures.'® This polymorphic characteristic

of the polyQ region in Atx3 is not unique and is also shared by polyQ segments found in other polyQ-

related proteins.'*
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The Josephin catalytic domain belongs to the papain-like cysteine proteases family, with the active
site consisting of strictly conserved aa, i.e. Cysl14, His119, and Asn134, representing the catalytic
triad involved in the substrate cleavage (Fig. 1.6).6%1%2 The first structure of Josephin was solved in
2005 by NMR and consists of two subdomains, one rich in a-helices and the other rich in p-strands
forming an antiparallel B-sheet, separated by a cleft (PBD: 1yzb).” Despite being a predominantly
rigid structure, Jos also possesses a flexible helical hairpin formed by a-2 and a-3 helices which
samples multiple conformations and can be found in a closed!®! (PDB 2aga), half-closed!®® (PDB
2dos), and open’ (PDB 1yzb) conformation.

NMR structure in solution was also solved for UIM1 and UIM2, which are separated by a short 2 aa
spacer, and revealed that they can fold into two a-helices separated by a flexible linker (PDB: 2klz).1%
Upon ubiquitin binding, this structure adopts a typical helix-loop-helix folding pattern, where
hydrophobic interactions dominate the complex formation. The presence of the third UIM in the
most prevalent brain isoform seems not to affect Atx3 binding affinity for Ub substrates, since no
differences in the catalytic activity were observed when 2 UIMs- and 3 UlMs-containing isoforms
were compared.t%

A nuclear localization sequence (NLS) is situated before the polyQ region and most likely allows
translocation to the nucleus also of C-terminal fragments generated by cleavage of expanded Atx3,
probably contributing to the formation of intranuclear aggregates.'®> Nucleus-cytoplasm shuttling is
regulated by the presence of two nuclear exporting signal motifs (NES) in the N-terminal region (aa
77-99 and aa 141-158), that address the protein to the cytoplasm, counterbalancing nuclear
translocation mediated by the NLS. This mechanism is finely regulated by interaction with specific

regulators,>®1%

1.2.4 Physiological roles of Ataxin-3

Despite Atx3 involvement in SCA3 being well assessed, its physiological roles are still debated. Atx3
is ubiquitously expressed throughout different organs, tissues, and cell types, and takes part in several
cellular pathways, establishing interaction both through its N-terminal domain and C-terminal regions
(Fig. 1.7).2%7

One of the many suggested functions sees Atx3 involved as de-ubiquitinase in the proteosome-
mediated protein degradation pathway. As cysteine protease, it is able to cleave Ubiquitin-Ubiquitin
isopeptide bonds in proteins tagged with Lys48-linked polyubiquitin chains for proteosome
degradation, recycling polyubiquitin (polyUb) chains and restoring the cytosolic pool of monomeric
Ubiquitin (Ub).!”® Atx3 also recognizes Lys63-linked polyUb, which are involved in protein function

regulation, subcellular localization, protein—protein interactions, and DNA repair.!*’
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Figure 1.7 Cellular pathways involving Atx3. a) The deubiquitinase (DUB) activity of Atx3, coupled with b) its
capability to bind polyUb chains, and c¢) the documented interactions with components of the ERAD and UPP protein
homeostasis systems, suggest a biological role in the proteome quality control mechanism. d) The association with
proteins linked to aggregasomes, along with its co-localization with aggregasome and pre-aggregasome particles, as well
as e) its interaction with cytoskeletal proteins, provides evidence for Atx3's involvement in aggregasome formation and
microtubule organization, respectively. f) Lastly, its interaction with transcription activators, repressors, and histones
signifies a role in the regulation of transcription. Image from Matos et al., 2011.3

The mechanism through which Atx3 is able to bind polyUb chains is still debated. Jos catalytic triad
is flanked by two Ub binding sites, Site 1 (residues 177, L91, W120, F163) and Site 2 (residues Y27,
F28, W87), contiguous but placed on the opposite surfaces (Fig. 1.8).” Site 1, located in proximity to
the catalytic region, plays a pivotal role in polyUb cleavage activity by binding to a Ub moiety and
facilitating its precise positioning within the catalytic site.” Meanwhile, Site 2 governs the preference
for linking ubiquitin chains and engages with the N-terminal domain of the ubiquitin-like domain of
HHR23A and HHR23B, the human homologues of yeast DNA repair protein Rad23, other actors of
the ubiquitin-proteasome pathway.?°>°2 Binding affinities of Jos and monomeric Ub are very weak,
supporting Atx3 mild deubiquitinase activity in vitro.’*> The two conserved UIMs located upstream
of the polyQ region seem also to be involved in Ub binding operating cooperatively, as shown by in-
vitro NMR and ITC studies.'”* Moreover, the identification in the UIMs of several serine residues as
phosphorylation sites, supports the hypothesis of finer regulation by post-translational modifications

that could influence Atx3 interactions.?%42%°
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Figure 1.8 Relevant Josephin sites involved in Ub chains binding. Surface representation of Josephin domain (PDB:
1yzb).” The active site residues (i.e., C14, H119, and N134) are shown in red, Ub binding site 1 (i.e. 177, L91, W120,
F163) is shown in cyan and Ub binding site 2 (i.e. Y27, F28, W87) is shown in orange. Site 1 is also defined as proximal
Ub binding site, due to its contiguity to the active site; conversely, site 2 is defined as distal site.

Atx3 also contains a sequence rich in arginine (‘RKRR”’) in its C-terminal region which is known to
interact with Valosin-containing protein (VCP, also known as p97), an AAA ATPase involved in
multiple cellular pathways, as the extraction of ubiquitinated proteins from endoplasmic reticulum to
address them to degradation.%2%.207 Intriguingly, targeting Atx3-VCP binding by protein decoy in
Drosophila model of SCA3 ameliorates the symptomatology, reducing the amount of Atx3
aggregates, 208209

Atx3 interactome hints at additional biological functions (reviewed in Matos et al. 2011).® This
includes interactions with histones,”?*? and transcription repressors'* and activators,?*? suggesting a
potential role of Atx3 in transcription regulation. Moreover, interactions with dynein,?? tubulin, and
MAP2,213214 and the observed morphological changes and adhesion loss in Atx3-silenced cell lines,
indicate involvement of Atx3 in cytoskeletal organization.

In SCAS, the intricate intracellular pathways involving Atx3 are strongly affected being many players
sequestrated in the nuclear and perinuclear inclusions formed by Atx3 aggregates. This results in a
loss of function, due to the disappearance of functional proteins, and in a toxic gain of function
associated with the appearance of protease-resistant aggregates, addressing the cell to death.5%"°

1.2.5 Ataxin-3 aggregation

Several studies in vitro demonstrate that expanded Atx3, responsible for SCA3, forms fibrils enriched
in B-structures, able to bind amyloid-specific dyes.?*> However, both non-expanded Atx3 and isolated
Jos domain are also able to fibrillate under physiological conditions.#%?16-28 Moreover, in cell
studies demonstrate that when the Jos domain of Atx3 is substituted with a similarly sized domain,
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the formation of large aggregates is inhibited. This body of evidence strongly supports the hypothesis
that even though the polyQ tract is per se toxic and linked to the pathology, also polyQ flanking
regions play a crucial role in the supramolecular assembly process of Atx3,2%° as also observed in
other polyQ proteins such as Atx1 and huntingtin.?16217:220-224 Accordingly, the Atx3 fibrillogenic
pathway has been characterized kinetically as nucleation-dependent polymerization consisting of a
two-stages aggregation mechanism which involves also the polyQ-flanking Jos domain (Fig.
1.9),152.163.225,226

The first aggregation stage is polyQ independent and leads to the formation of short, ThT-positive,
and SDS-soluble protofibrils. The process is mediated by aggregation-prone regions located in the
Josephin domain, and accordingly, it occurs in both expanded and non-expanded Atx3.!149216:226227 [y
the initial phases, Jos domain retains a native-like secondary structure but is deployed of its catalytic
activity pointing to a subtle conformational change before fibril assembly.!*’ The self-association of
Jos is initiated through dimerization. The more compact dimer further sustains linear oligomer
assembly by sequential monomer addition.??’ In the second aggregation stage, these oligomers
convert to amyloid-like fibrils due to the expanded polyQ tract which leads to the formation of longer,

mature, and detergent-resistant fibrils, stabilized by side-chain mediated hydrogen bonds.!>*?2

oo ey

Non-expanded Atx3

Monomer

1

Expanded Atx3

Rate-limiting step

Figure 1.9 Proposed multi-steps aggregation mechanism for Atx3. The first aggregation step is controlled by the Jos
domain, forming ThT-positive and detergent-soluble protofibrils. A second aggregation step is controlled by expanded
polyQ tract that destabilizes the Jos domain, leading to the formation of ThT-positive and SDS-resistant mature fibrils.
Image from Silva et al. 2017.2%°

According to in silico and experimental evidence, polyQ expansion favours fluctuation in dynamic

regions of Jos, influencing, in particular, three identified highly amyloidogenic peptides (76-81 aa,
91-96 aa, 153-160 aa) positioned on the opposite sides of the catalytic cleft. This results in a transient
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disruption of the hydrophobic packing in Jos between the helices al and a4 and the domain core.?*°
Moreover, mutations of single key residues on these peptides (i.e. [77A and S81A, clustered within
helix a4, and L93A located on strand 1) were shown to strongly affect the capability of expanded
Atx3 to aggregate.”*” Interestingly, these aggregation-prone regions are highly conserved through
evolution and contain two distinct surfaces involved in Ub binding (i.e. proximal Ub site 1, I77, L91,
W120, F163; and distal Ub site 2, Y27, F28, W87).283 Accordingly, the addition of an excess of
ubiquitin to Jos significantly slows down the aggregation kinetics.?*! Thus, the same regions are
important for physiological functions but, if left exposed, promote aggregation, opening new
possibilities to the design of potential therapeutics.®1°

Atx3 aggregation in SCA3 is also suggested to be caused by toxic polyQ-containing fragments,
believed to represent the starting point for aggregation, so mediating the pathogenicity. These
truncated species were shown to display an increased toxicity and aggregation propensity when
compared to the respective full-length protein.!3%133:157:232°234 - Apajogously to studies on HD, early
results on SCA3 showed that the expression of polyQ-expanded truncated Atx3 in cell models and
mice showed a markedly exacerbated phenotype compared to the expression of full-length Atx3.2%
Moreover, Atx3 aggregates in SCA3 post-mortem tissue were clearly detectable with antibodies
directed against the polyQ-containing C-terminus but not against the N-terminus of Atx3.!”’

The formation of these toxic fragments could be mediated by proteolysis acted by caspases and
calpains, or by partial degradation of full-length protein by autophagic-proteasomal system,!>+236-238
Many aspects of Atx3 aggregation in SCA3 remain then controversial, although significant efforts
devoted to comprehending the molecular mechanism of the process. More and incisive advancements

are needed for the development of an effective treatment.

1.2.6 Current therapeutic strategies against SCA3

Despite the significant efforts devoted to comprehending and mitigating the processes underlying
neuronal dysfunction and degeneration in SCA3 patients, currently, there is still no cure for SCAS3,
and treatments administered to patients are aimed at limiting the severity of symptoms. For example,
parkinsonism, restless legs syndrome, spasticity, sleep disorders, and depression can be treated
pharmacologically.?®® Dystonia and spasticity can be managed with local botulinum toxin
injections®* and speech therapy may also be of benefit for managing dysarthria.?*

Data show that, though arising from a simple, monogenic factor, SCA3 pathophysiological picture is
more complicated than expected, with polyQ expanded Atx3 disturbing several cellular systems, such
as ubiquitin-proteosome quality control system and autophagy pathways, and also impairing

mitochondrial and calcium homeostasis (extensively reviewed in Matos et al. 2019).174
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Current therapeutic strategies against SCA3 are addressed to eliminate the pathological expanded
Atx3 from the cells by suppressing its production,?** increasing its degradation,>* or by interfering
with the putative toxic roles of its proteolytic cleavage or aggregation.>!31-244.245

Approaches aimed at disease gene suppression seem promising, being mice lacking ATXN3
phenotypically normal.’®® Delivery of antisense oligonucleotide mRNA or duplex RNA has been
tested to inhibit aberrant Atx3 expression and slow down the progression of the disease in mouse
models.?#

Other approaches focus on downstream stages, inducing expanded Atx3 autophagy, attempting to

reduce the deleterious effect caused by its accumulation,?’

or inhibiting further post-translational
modifications as proteolytic cleavage by caspases and calpains, that produce soluble toxic polyQ-
containing fragments, 154159248

Debated results come from several studies in Drosophila, where molecular chaperones were used to
control Atx3 misfolding. Several chaperones were found to significantly reduce the accumulation of
mutant Atx3, resulting in lower toxicity.?49-2°! For instance, aB crystallin, a small heat shock protein,
is a suppressor of SCA3 toxicity in Drosophila,?° and is able to transiently interact with Jos in vitro,
altering the first polyQ independent aggregation step.'** However, later studies show that
overexpression of molecular chaperones mitigates toxicity mediated by C-terminal Atx3 fragments
rich in polyQ, otherwise increasing aggregation of full-length expanded Atx3.2°2 These results
reinforce the idea that expanded Atx3 mainly aggregates inside cells, but there are also other toxic
species formed somewhere along the self-assembly pathway.

A deeper comprehension of the physiological role of Atx3 is indispensable to elucidate further the
complex toxic cascade and the entailed molecular networks that could be affected by aberrant
aggregation. New insights on Atx3 interactions at the molecular level, will surely help in elaborating

more precise strategies to tackle pathological mechanisms.

1.3 Project aim and strategies

The focus of this PhD project was the investigation of the molecular mechanisms of Ataxin-3
aggregation, to gain new insights into its complex and still controversial supramolecular assembly
process.

Ataxin-3 is the protein responsible for Spinocerebellar Ataxia type 3 and also provides an optimal
system which recapitulates most of the features observed in misfolding diseases. Moreover, it has
interesting aggregation properties since it aggregates spontaneously when in isolation without the

need of destabilizing agents. Ataxin-3 is also the smallest protein among those related to
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polyglutamine diseases, making it more amenable to straightforward manipulation through
recombinant techniques and in vitro aggregation studies.

More specifically, within this PhD project it was investigated the effect of temperature and buffer
composition on different steps of Atx3 self-assembly, being two variables strongly influencing
protein stability, folding, and aggregation propensity. This had the double aim of revealing new
insights on Atx3 aggregation, and setup a robust and reproducible aggregation assay for screening
anti-aggregating compounds.

Moreover, this PhD project also aimed at characterizing Ataxin-3 in complex with polyubiquitin
chains, a recognized Atx3 partner,> and investigating the effect of these chains on Atx3 aggregation.
Indeed, evidence suggests an existing competition among proteins' normal function and their
tendency to aggregate, thus suggesting that exploring interactions between neurodegeneration-related

proteins and their natural binders might offer promising therapeutic perspectives.®1°
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2 Materials and Methods

2.1 Ataxin-3 and Josephin constructs

In the present study, three full-length Atx3 variants with distinct polyQ tract length, and the solely
Jos domain, were investigated. In particular, the following Atx3 variants were used: Atx3-Q14, Atx3-
Q55, and Atx3-Q70, where the number associated with “Q” reflects the number of glutamine residues
within the polyQ tract. The three variants were chosen to represent the non-pathological, mildly toxic,
and fully toxic Atx-3, respectively.

Expression plasmids for Jos, Atx3-Q14, and Atx3-Q55 were already available in Dr Alfano’s lab
(Annex III-V), while the expression vector for Atx3-Q70 was produced within this project (Annex
VI). In detail, Jos construct consists of fragment 1-182 of human Atx3 cDNA, cloned into a modified
pET9d plasmid vector to produce Jos with an N-terminal tag comprising six histidines (6xHis-tag),
glutathione S-transferase (GST) fusion protein, and the cleavage site for the recombinant Tobacco
Etch Virus (TEV) protease (ENLYLQG). This allows the enzymatic removal of the tag from purified
recombinant products since it might interfere with biophysical and structural studies. Atx3-Q14 and
-Q55 ¢cDNA were cloned in pMAL expression vectors, to produce recombinant proteins fused with
the highly soluble Maltose Binding Protein (MBP). In these two constructs, the 6xHis-tag is
positioned downstream of the MBP, and it is followed by the TEV protease cleavage site. Domains

organization of constructs is reported in Fig. 2.1.

1 aa 182 aa
TN c

| aa 182 aa 362 aa
SN Q- c

1 aa 182 aa 403 aa
0 @

1 aa 182 aa 418 aa

0 c

Figure 2.1 Organization of protein constructs used in the present work. N-terminal His-tag, consisting of six histidine
residues (yellow), the site recognized by TEV protease (cyan), Jos catalytic domain (dark green), glutathione S-transferase
(GST) and maltose-binding protein (MBP), used to increase protein solubility (pink), polyQ expansion (Q14, light green;
QS55, orange; Q70, red). a) Josephin domain; b) Non expanded Atx3-Q14; c) expanded Atx3-Q55; d) expanded Atx3-Q70.

2.2 Cloning for Atx3-Q70 variant
To obtain an expression vector for Atx3-Q70 variant, expansion of CAG repeats in Atx3-Q55
construct was performed using Synthesis of Long Iterative Polynucleotides (SLIP) method, as

5’253

described in Figura et al., 201 with minor modifications (Fig. 2.2).
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Figure 2.2 Schematic representation of the cloning method used to expand CAG repeats. Firstly, the starting

construct was obtained by cloning Atx3-Q55 ORF in pGEM-T Easy plasmid. Then, BsmBI and Eco01091 restriction sites,
located upstream and downstream to the polyQ tract of Atx3, were used to independently and parallelly digest two separate
aliquots of the starting construct. The digested constructs were mixed and used for a single PCR amplification cycle.
Polymerase action filled the gap caused by the non-perfect alignment of the constructs. This technique allows both CAG
expansion and contraction events. Figure from Figura et al., 2015.2%

Briefly, the starting construct containing Atx3-Q55 was prepared transferring Atx3-Q55 cDNA in
pGEM-T-Easy vector (Promega, Madison, WI, USA) between EcoO1091 and BsmBI restriction sites
according to manufacturers’ instructions. The two restriction sites, located upstream and downstream
of the polyQ sequence, were required for employing the SLIP method. The amplification of the
pGEM-T-Easy vector containing Atx3-Q55 cDNA (pGEM-T-Easy(Atx3-Q55)) was performed in
SCS110 E.coli dam-/dem- strain (Agilent) because EcoO1091 restriction enzyme activity is blocked
by dem methylation. The amplified plasmid was recovered by PureYield™ Plasmid Miniprep System
Kit (Promega). Then, two aliquots of pGEM-T-Easy(Atx3-Q55) were independently and parallelly
digested upstream and downstream of the repeats tract. In detail, EcoO1091 and BsmBI digestions
were performed separately using 100 ng of DNA and 6 and 3 units of enzyme (NEB) respectively,
incubating 12 h at 37°C. Thus, the successful digestion was checked by running the digestion mixture
on 1% agarose gel in TAE buffer. The digested products were then recovered from the gel bands by
using QIAquick® Gel extraction Kit at room temperature, according to the manufacturer’s

instructions. Digested and purified pools were mixed together and used in 25 pL. PCR master mix,

composed as reported in Table 2.1.

Component Final Concentration
Q5 reaction buffer 5 pL 1x
dNTPs 0.63 pL 0.25 mM
Q5 hot Start High fidelity DNA polymerase 1.25 puL 25U
Digested mix 18 uL 100 ng

Table 2.1 Master mix composition for single PCR step to extend CAG repeats.
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A single PCR cycle was performed alternating 3 min at 98°C (denaturation step), 10 min at 50 °C
(annealing step), and 3 min at 72°C (extension step). Q5 hot Start High fidelity DNA polymerase
(NEB) was selected to gap-fill repeats extension. The polymerase first removes mismatched
sequences immediately adjacent to the repeat tract and then extends the 3" end, resulting in repeat
tract elongation.?>* PCR product was used to transform DH5-o Competent Cells (NEB) by heat-shock
method. Colonies were screened by PCR using the following primers (Table 2.2):

Forward Atx3 colony primer Reverse Atx3 colony primer

5’- GGAAGAGACGAGAAGCCTAC- 3° 5’-TCACCTAGATCACTCCCAAGT-3’

Table 2.2 Primer sequences for colony screening.

Each screened colony was resuspended in 5 pLL PCR MasterMix (1x DreamTaq Buffer, 0.5 uM
primers, 0.2 mM dNTPs, 0.5 U DreamTaq Polymerase from ThermoFisher Scientific) and subjected
to 30 cycles PCR consisting of alternating 30 sec at 95°C (denaturation), 30 sec at 60°C (annealing)
and 1 min at 72°C (extension). The extent of the repeat length change is difficult to control or predict
and the method does not exclude CAG contractions. The quality of DNA was assessed by 3% agarose
gel in TBE buffer, and the exact number of CAG triplets was confirmed by sequencing (Annex I),
using the following primers (Table 2.3):

Reverse Atx3 pGEM primer Reverse M13 primer

5’-CTACTTCTTCCCTTCTGTTTTCAAATCATTTC-3’ 5’-CAGGAAACAGCTATGACC -3’

Table 2.3 Primer sequences for construct sequencing, targeting CAG expanded region.

2.3  Preparation of recombinant Ataxin-3 and Josephin samples

Expression in Escherichia coli and protein purification were achieved as previously published with
minor adjustments.”>> E.coli Rosetta2 (DE3) pLysS (NEB) and BL21 (DE3) (NEB) were used for
Atx3 and Jos protein expression, respectively. In particular, E.Coli Rosetta 2 (DE3) pLysS strain
(NEB) was chosen for Atx3 to enhance the expression of eukaryotic proteins that contain rare codons,
and for reducing background expression of the proteins before induction, thus avoiding potential
toxicity sources for the cells. Competent cells were transformed by the heat-shock method, according
to the manufacturer’s instructions. A single colony was resuspended in 5 ml LB supplemented with
antibiotics and used to test different expression conditions. Bacteria growth was achieved by
incubating the cell culture at 37 °C under shaking. Protein expression was induced when ODso: 0.6-
0.8, adding 0.5 mM and 1 mM IPTG for Atx3 and Jos, respectively. Cells were harvested after 4 hours

at 37°C, except for Atx3-Q70 construct for which expression was carried out at 18°C, overnight.
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Bacterial pellets were resuspended in 20 mM TRIS, 300 mM NacCl, 5% glycerol, ] mM DTT, 5 mM
MgCIl2 at pH 7.2, supplemented with 0.5 mg/ml Lysozyme, 10 pg/ml DNase I, and Complete EDTA-
free protease inhibitor cocktail. After short sonication by ultrasonic homogenizer, and centrifugation,
the soluble fraction was purified by Immobilised Metal ion Affinity Chromatography (IMAC) using
HisTrap FF SP columns pre-packed with Nickel-Sepharose resin (Cytiva). Proteins binding to the
column was performed in 20 mM Tris-HCI, 300 mM NaCl, 5% Glycerol, 1 mM DTT, pH 7.2 (Buffer
A). To wash out unspecific bounded components, before elution, the column was washed with 20
column volume of Buffer A supplemented with 5 mM Imidazole. or 1 M NaCl for Jos and Atx3
variants, respectively. His-tagged proteins were collected after isocratic elution with 20 mM TRIS,
300 mM NaCl, 5% glycerol, 1 mM DTT, and 250 mM imidazole, pH 7.2 (500 mM imidazole for
Atx3). The N-terminal tag was removed by overnight digestion with Tobacco Etch Virus (TEV)
protease at 4°C in a ratio of 1:10 TEV: Atx3 and 1:20 TEV: Jos. TEV digestion was performed during
sample dialysis in 20 mM Sodium Phosphate, 300 mM NaCl, 1 mM DTT, pH 7.2. Digested proteins
were then separated from undigested protein, tags, and TEV by reverse IMAC and recovered from
the flow through. This was then concentrated, aliquoted, and stored at — 80°C until use (Suppl. Fig.
S1-S3).

Atx3-Q70 was purified according to the previous protocol, with some modifications, including the
introduction of 10 pg/ml RNase during cells lysis, elimination of DTT from purification buffers, and
an additional purification step by anionic exchange chromatography. Moreover, to reduce protein
high-propensity to aggregate, all the purification steps were performed at 4°C and keeping 5%
glycerol also during o.n. TEV digestion. This was performed under dialysis using a 1:5 protein: TEV
ratio. The untagged sample was recovered in the flowthrough of reverse IMAC, and diluted with 20
mM Tris-HCI pH 7.2, and 5% glycerol, such to reduce NaCl concentration down to 50 mM for further
purification by Capto Q ionic exchange column (Cytiva). Elution from Capto Q was performed by
60 CV linear gradient up to 100% of buffer B (20 mM Tris-HCI pH 7.2, 1 M NaCl, 5% Glycerol).
Fractions around 20/30% buffer B concentration were selected, aliquoted, and stored at —80 °C until
use (Suppl. Fig. S4).

Shortly before the biophysical investigation, all protein samples were subjected to a final purification
step by size exclusion chromatography (SEC) to isolate monomeric protein from aggregates. SEC
was performed by Hi Load 16/600 75s or Increase 10/300 75s pre-equilibrated in aggregation buffer
(i.e. 20 mM Sodium Phosphate, pH 6.5 or 20 mM Hepes pH 7.5, 150 mM NacCl). Protein quality was
assessed by SDS-PAGE during each purification step. Protein concentration was determined by UV
absorption at 280nm using the predicted molar extinction coefficients (Josephin &: 25440 M ™! cm ™!,

Ataxin-3 €: 26930 M ecm™).
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2.4 Screened compounds

In this work it was extensively evaluated the effect on Atx3 aggregation of Dithiothreitol (DTT),
Tris(2-carboxyethyl) phosphine hydrochloride (TCEP), and 3,4-Dihydroxy-1,6-dithiane (hereafter
oxidized DTT, DTTox). DTT was purchased as powder from Fisher Scientific (product 10386833),
while TCEP was purchased from Sigma-Aldrich (product C4706). Stock solutions of DTT and TCEP
were prepared dissolving the powder in 20 mM Sodium Phosphate, pH 6.5 or in 20 mM Hepes, pH
7.5, 150 mM NacCl, and stored at -20°C. DTTox was obtained by incubating 4.76 mM DTT solution
at 60°C for 120 hours. The efficacy of the oxidation protocol was assessed by the acquisition of mono-
dimensional "H NMR spectrum, as well as the stability at 37 °C of freshly dissolved DTT and TCEP.
NMR experiments were acquired on 1 mM samples by 800 MHz Bruker spectrometer, in testing
buffer supplemented with 10% D>O. For evaluation of the compound’s stability at 37 °C overtime,
550 pl samples were incubated in 5 mm diameter NMR tubes (Norell select series, Sigma Aldrich)
inside the magnet maintained at 310 K. Sequential mono-dimensional 'H NMR spectra were acquired
every 6 h up to 160 h. Structure and representative 'H NMR spectrum at 37 °C for each of the three

afore-mentioned compounds are shown in Fig. 2.3.

a) b) c) O _OH
S-S
OH
/\/=\/SH HOY\/P\/\frOH
HS™ HO OH ) 3
OH
Dithiothreitol Oxidized Dithiothreitol Tris(2-carboxyethyl)phosphine
(DTT) (DTTox) (TCEP)

35 38 37 36 35 34 33 32 31 30 29 28 27 2 a7 a6 35 34 33 3z 31 30 29 ppm 27 28 25 24 23
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Figure 2.3 Structures and representative 1D 'H NMR spectra of screened compounds. a) DTT; b) DTTox; C) TCEP.
NMR spectra were acquired at 800 MHz proton frequency in 20 mM Sodium Phosphate buffer at 37°C.

2.5 Thioflavin T aggregation assays

Protein aggregation was monitored by Thioflavin T (ThT, Sigma-Aldrich T3516) fluorescence
emission, still considered the golden standard approach to assess amyloids formation kinetics.?>¢ 25

ThT works as a molecular rotor: when it is bound to cross-3 sheets structures, the torsional motion of
the ThT benzothiazole and aminobenzene rings relative to each other is decreased, favouring the

reaching of excited states, giving a strong fluorescence signal whose intensity in first approximation

is proportional to the amyloid structures content of the sample (Fig. 2.4).%°
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Figure 2.4 Structure of Thioflavin T molecule. ThT molecule is characterized by a benzothiazole ring (I), a benzene
ring (II), and a dimethylamino group (III). Atoms forming torsion angles ¢ (N5-C6-C12-C13) are used to characterize the
potential ThT configurations in the ground and the excited states. Image from Sulatskaya ef al., 2010.2%

ThT fluorescence intensity measurements were performed either at 50°C or at 37°C on freshly
purified protein samples concentrated 14 uM, in aggregation buffer containing 26 uM ThT.
Experiments at 50 °C were performed in large volume sample (1.2 ml) in 20 mM Sodium Phosphate
pH 6.5, supplemented with 1 mM TCEP. Protein solution was incubated at 50 °C, without stirring, in
1 cm path quartz in Jasco FP-8500 spectrofluorometer equipped with a Jasco ETC-815 Peltier as
temperature controller. Spectra were recorded every 5 minutes under excitation at 440 nm in the range
435-700 nm, using 0.5 nm wavelength intervals, excitation bandwidth of 2.5 nm, emission bandwidth
of 5 nm, scan speed of 100 nm/min, and integration time of 1 s. For each sample, absorption and
fluorescence spectra were acquired at room temperature both before and after the kinetics experiments
to exclude a significant effect of ThT hydroxylation,?$! which may hinder a reliable evaluation of the
fibrils amount.

Measurements at 37°C were performed in static mode using a CLARIOstar Plus MicroPlate reader
(BMG LabTech), incubating the samples in sterile clear-bottomed 96 well black plates
(Perkin/Elmer), sealed with a transparent tape to prevent samples evaporation (Perkin Elmer,
6050185). Measurements were performed at least in triplicate, using 200 ul sample for each replicate.
ThT emission was measured every 30 minutes at 480 nm under excitation at 440 nm, from the plate
bottom. Aggregation kinetics experiments were performed either in 20 mM Sodium Phosphate, pH
6.5, or in 20 mM Hepes, pH 7.5, 150 mM NaCl.

Compounds for screening were added to the sample at a final concentration ranging from 0.25 mM

to 1 mM.

2.6 Atx3-Q14 stability tests

Atx3-Q14 stability at 37 °C and 50 °C was monitored by timepoints evaluation by SDS-PAGE. 14
uM freshly purified protein was diluted in 20 mM Sodium Phosphate, pH 6.5 supplemented with 1
mM TCEP and aliquoted in PCR tubes, fulfilling them up to 330 pul and sealed such to prevent
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evaporation. Protein samples were incubated in parallel in two static thermo-blocks, one set at 37 °C
and one at 50 °C. Aliquots of 5 pl were then taken from the bottom of each PCR tube, corresponding
to a different timepoints (i.e. 2 h, 6 h, 12 h, 24 h, 48 h, and 72 h), and run on SDS-PAGE.

The effect of different reducing agents on Atx3-Q14 stability during incubation at 37°C was
monitored by timepoints evaluation by SDS-PAGE. 14 uM freshly purified protein was diluted in 20
mM Sodium Phosphate, pH 6.5 supplemented with 1 mM TCEP or 1 mM DTT. Stock solution was
aliquoted in PCR tubes, fulfilling them up to 330 pl, and sealed such to prevent evaporation. Aliquots
of 5 ul were then taken from the bottom of each PCR tube, corresponding to a different timepoints

(i.e. 61 h, 67 h, 79 h, 85 h, 97 h, and 160 h) and run on SDS-PAGE.

2.7 Atomic Force Microscopy measurements

Aggregates morphology of Jos wild type incubated in different reducing conditions, as well Jos in
complex with di- and tri-Ub chains, was investigated by Atomic Force Microscopy (AFM). Protein
samples were deposited on mica substrate previously functionalized with 1 M MgCl,, to favour
protein adhesion to the substrate. The endpoints of the ThT kinetics were diluted in 20 mM Hepes,
pH 7.5, and. deposited on mica substrate. The excess of solution was removed after 10 min of
incubation, then sample-loaded mica was rinsed with milliQ water and gently dried by flushing
gaseous Na. All the phases of sample preparation were performed at RT. AFM measurements were
carried out in the air using a Bruker FAST-SCAN microscope. Scans were obtained in the soft tapping
mode using a FAST-SCAN-A probe with an apical radius of about 5 nm. Each image was obtained
with a resolution comparable to the tip radius, spring constant of 18 N/m, and resonance frequency
of 1,400 KHz. Each sample was typically characterized by acquiring images from three distinct
regions of the sample. Dilutions were typical for each sample. In detail: Jos incubated with different

reducing agents (1:100), monomeric Jos (1:500), triUb (1:1000), complex (1:1000).

2.8 Saturation Transfer Difference NMR

Saturation Transfer Difference NMR (STD-NMR) experiments were employed to assess the binding
affinity of monomeric Jos for DTT, TCEP, or DTTox, being STD-NMR one of the most suitable
NMR techniques to study weak ligand-protein interactions in solution (equilibrium dissociation
constant (Kp) ranging from 10® mol L™! to 10 mol L™"). The main advantage of this technique
consists of focusing just on the NMR signals of the ligands, requiring only a small amount of non-
labelled protein. Two experiments are acquired for STD-NMR analysis: 1) a spectrum in which the
protein is selectively saturated (i.e. on resonance spectrum), by irradiating at a region of the spectrum

that contains only resonances typical of the protein; ii) a spectrum recorded without protein saturation
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(i.e. off resonance or reference spectrum). It is then performed a subtraction of the on resonance
spectrum to the reference one. Based on the existence of an equilibrium among free and bound ligand,
the difference spectrum reports only the signals of the ligand that received saturation during the
irradiation. This irradiation transfer happens only if protein-ligand binding occurs.2622%3

Here. samples for STS-NMR experiments were prepared adding 10 uM freshly purified protein to
500 UM compound to ensure a protein: ligand stoichiometric ratio of 1:50. Experiments were
recorded at 310 K on an 800 MHz Bruker NMR spectrometer locking on D.O added to the samples.
Saturation was achieved with irradiation frequency of — 40.0 ppm (off resonance experiment) and
9.00 ppm (on resonance experiments) for DTT and DTTox, or 10.00 ppm for TCEP. All the
experiments were acquired using 3 s saturation time and 256 scans. Free compound samples were
used as controls. All experiments were performed in 20 mM Sodium Phosphate, pH 6.5.

DTTox binding affinity for Jos aggregates was also assessed. In this case, 14 uM of freshly purified
monomeric Jos was added to 700 uM DTTox, still maintaining a 1:50 protein: ligand ratio. The
mixture was incubated at 310 K into the NMR spectrometer and monitored for 160 h, acquiring one

STD-NMR experiment each hour.

2.9 NMR Chemical shift perturbation analysis

NMR Chemical Shift Perturbations (NMR-CSP) analysis was employed to test the binding of DTT,
TCEP, and DTTox to the Jos domain, being NMR-CSP a pivotal approach in elucidating molecular
interactions, particularly between small molecules and proteins. Indeed, when a ligand binds to a
protein, it induces changes in the local electronic environment of specific atomic nuclei within the
protein. These alterations manifest as shifts in the NMR resonance frequencies, i.e. Chemical Shift
Perturbations.

The most employed NMR experiment in CSP analysis is the "N Heteronuclear Single Quantum
Correlation (**N-HSQC), which provides the correlation between nitrogen and amide protons. The
resulting spectrum is two-dimensional (2D) with one axis for the proton (‘H) and the other for the
5N, and contains a peak for each unique proton attached to the hetero-nucleus. Each amino acid in
the protein sequence can therefore produce an observable peak in the spectrum related to its own
backbone amide, except proline which misses the amide proton. In addition, sidechains with nitrogen-
bound protons will also produce peaks (i.e. glutamine, asparagine, lysine, and arginine).?%*

In CSP analysis, it is performed a comparison of the HSQC of the free protein with one of the proteins
bound to the ligand, which can lead to the observation of changes in the chemical shifts of some
peaks. The chemical shift change, which can be measured accurately, is very sensitive to structural

change and provides the information about almost genuine binding when interactions between the
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protein and the ligand occur. By comparing the NMR spectra of the free protein with those in the
presence of the ligand, it is then possible to identify shifted peaks, revealing those protein residues
influenced by the binding event. The magnitude of the chemical shift perturbation is correlated with
the strength of the interaction, aiding in the determination of binding affinities.?%> This method is very
useful in structural biology and drug discovery, enabling the mapping of binding sites and the
characterization of conformational changes associated with molecular recognition events. In essence,
CSP analysis serves as a valuable tool for unravelling the intricacies of molecular interactions at the
atomic level.

To perform CSP analysis, ’N-labelled Jos was produced by growing transformed E. coli competent
cells in minimal medium containing >N ammonium sulphate as the sole nitrogen source. Protein
expression and purification were carried out as described in 2.3. Bi-dimensional 'H-'’N HSQC
spectra were recorded at 298 K on an 800 MHz Bruker NMR spectrometer. 50 pM >N Jos sample in
20 mM Sodium Phosphate pH 6.5 was progressively titrated with the compound, following
stoichiometric ratio protein: compound of 1:0, 1:0.25, 1:0.5, 1: 0.75, 1:1, 1:1.5. "H-'>N HSQC spectra
were acquired for each titration point, and processed with CcpNmr Analysis 2.4.2 software.?6
Resonances assignment was performed by semi-automatically transferring the published chemical

shifts list (bmrb accession number: 6241)7. CSP were analysed according to the following equation:

CSP; = 1/ (A8 )+ Adx)?
where Adu; and Adni indicate the observed chemical shift changes for the proton and the nitrogen of
the residue i, respectively, weighted by a factor a. According to standard practice, a cut-off greater
than or equal to two folds of the standard deviation (26) was set to establish which chemical shift

perturbations are large enough to be considered a significative indicator of binding.?**

2.10 Josephin point mutants

Four points mutants of Jos were prepared within this project using Site Directed Mutagenesis by PCR.
In each mutant, one of the four cysteine residues in Jos sequence was substituted by an alanine
residue: C14A, C18A, C114A, and C172A. Dedicated primers were designed as reported in Table 2.4
and purchased from Integrated DNA Technologies, IDT.

Site-directed mutagenesis was performed using QS5 hot start high fidelity DNA polymerase (NEB).
The PCR mixture was prepared according to manufacturers’ instructions: 500 nM of corresponding
forward and reverse primers, 0.42 ng Jos WT plasmid as template, 200 uM dNTPs, Q% buffer, Q5
GC enhancer, and 0.02 units of polymerase. After initial denaturation for 30 sec at 98°C, 30 PCR

cycles were performed, annealing at 65°C for 20 sec, and 2 min 20 sec of extension at 72°C. The PCR
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product was then treated with a mix of Kinase, Ligase, and Dpnl enzymes from New England Biolabs
(KLD Kit, NEB Cat N.° M0554S). After transformation in E.coli DH50 competent cells (NEB Cat
N.° C2987H), plasmids were isolated from the resulting colonies by plasmid extraction and
purification kit (QIAquick® Gel extraction kit, Cat N.° 28704). The desired modification of cysteine

with alanine residues was confirmed by Sanger sequencing (Annex II). All the steps were monitored

by agarose gel electrophoresis.

Mutation Forward primer sequence Reverse primer sequence
Cl4A 5" .GGCTCACTTGCTGCTCAACATTGCCTGAATAACTTATTG-3" | 5'-ATGTTGAGCAGCAAGTGAGCCTTCTTGTTICTCGTGGAA-3’
CI8A 5°-GCT CAA CAT GCG CTG AAT AAC TTA TTG-3’ 5-ACA AAG TGA GCC TTC TTG TTT CTC GTG-3’
Cl114A 5°-CAT TTA TAG CGA ATT ATA AGG AAC ACT G-3° 5°-ATC TTT CAT TTA TAG GAT CGA TCC TG-3’
C172A 5°-CCA GAT GCA GAA GCT GAC CAA C-3° 5 CAGATCACCCTTAACAACAAATATAGAATAACCTTC-3’

Table 2.4 Primers designed for Jos point mutants to substitute cysteine residues with alanine.

2.11 Circular Dichroism

Circular dichroism (CD) measurements were performed to evaluate if Jos point mutants maintain the
same secondary structure of the wild type protein. Each mutant was tested at a concentration of 14
uM in 20 mM Sodium Phosphate pH 6.5. CD measurements were performed in 1 mm quartz cuvette
(Hellma Analytics), at RT, using a Jasco J-1500 spectropolarimeter equipped with a Jasco CTU-100
temperature controller. Each spectrum was recorded from 260 to 195 nm, using scan speed 50
nm/min, 2 nm bandwidth, and data pitch 0.1 nm. Each spectrum is the result of an average of 10

accumulations.

2.12 Evaluation of crosslinking disulfide bridges

Aggregation endpoint of wild type and mutants Jos samples after ThT-assays at 37°C were run on
SDS-PAGE to evaluate the presence of crosslinking disulfide bridges in the final aggregates. Briefly,
aliquots from final Jos samples after incubation at 37°C in different reducing conditions (i.e. in
absence of reducing agents, and in presence of 1| mM DTT, 1 mM DTTox, or 1| mM TCEP) were
taken and treated with non-reducing loading buffer. After boiling for 5 minutes, 5 pL samples were
loaded on NuPAGE Novex, Bis-Tris 4-12% gel (Thermofisher). All gels were stained using Instant

Blue staining solution (Abcam).
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2.13 Lysine48-linked di- and tri-ubiquitin chains production and purification

Lysine48-linked di- and tri-ubiquitin chains (K48-diUb and K48-triUb, respectively) were produced
to investigate their binding mode to Jos and their impact on Jos pathological aggregation. The chains
were produced by enzymatic reaction, according to the protocol first reported by Pickart group with
minor adjustments (Fig. 2.5).25"2° Briefly, 25 mg of lyophilized monoUb, purchased by Sigma (Cat
N.° U6253) and derived from bovine erythrocytes, was resuspended in 50 mM Tris-HCI, pH 7.5
obtaining a 2.5 mM monoUDb solution. This was used as a substrate for the polymerization reaction
acted by E1 and CdC34 enzymes. Reagents were mixed together as concentrations reported in Table
2.5, and incubated at room temperature for 1 hour to allow the reactions summarized in Fig. 2.5.
Reaction was then stopped by adding DTT at a final concentration of 50 mM, and the mix was
incubated on ice for 30 min to release all E1- and E2-linked polyUb chains. Precipitated enzymes
were then separated by centrifugation at 5000 rpm for 5 min at 4 °C, and discarded, while K48-diUb

and K48-triUb were recovered from the supernatant.

monoUb 480 uM
El 2 uM
CdC34 40 uM
MgCL/ATP 10 mM
DTT 0.5 mM
Reaction buffer 10 x 1x

Table 2.5 Reaction mix for Ub polymerization. Reaction buffer 1x consists of 50 mM Tris-HCI, pH 7.5

Monomeric
Ubiquitin

Ny
SH . —— s .
E1 class enzymes
Ubiquitin- activating
enzyme
Ub| Substrate
Ub
Ub . Elongated K48
\\\‘ Ub polyUb chain
_— —_—
SH . s . Ub

Ub
E2 class enzymes

Ubiquitin- conjugating
enzyme

Figure 2.5 K48-polyUb chains production by enzymatic reaction. E1 is the ubiquitin-activating enzyme and CdC34 is
the specific ubiquitin-conjugating enzyme for Lysine48-linkage. The formation of the polyUb chain occurs through the
linkage between the lysine 48 residue of one Ub monomer and the C-terminal glycine residue of another Ub monomer.
In detail, in the first step, the C-terminal Gly residue of one Ub moiety is activated in an ATP-dependent process by E1.
Ub binds a Cys residue of E1 forming a thiol-ester linkage, releasing AMP. In the second step, activated Ub is next
transferred to an active Cys residue of E2 (Cdc34), that directly transfers Ub to the lysine 48 of a successive Ub in order
to obtain Lys48-linked polyUb chains.?"!
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The separation of ubiquitin chains of different lengths was performed by ion exchange
chromatography. PolyUb chains pool was diluted 1:15 with 50 mM Sodium Acetate, pH 4.5, and
loaded onto a 5 ml prepacked cationic exchange chromatography Hi trap SP column (Cytiva, Cat. N.
17115201). A linear gradient of 48 column volumes (CV) of 50 mM Sodium Acetate, 0.5 M NaCl,
pH 4.5 was performed to separate the polyUb of different lengths. The eluted sample was then
concentrated and subjected to size exclusion chromatography (SEC) for final polishing. SEC was
performed in 20 mM Hepes, pH 7.5, 150 mM NaCl, and 1 mM DTT using Increase 10/300 75s (Suppl.
Fig. S5). Fractions were pooled based on SDS-PAGE analysis. Sample quantification was assessed
by BCA assay (Thermo Scientific), because of the absence of tryptophan in the protein sequence.
K48-triUb pool was lyophilized by a vacuum concentrator system (Speedvac, Eppendorf) and stored
at -80°C until use.

2.14 Preparation of Jos-diUb and Jos-triUb complexes

Jos-diUb and Jos-triUb complexes were produced for SAXS measurements, ThT assays, and crystal
trials. Jos point mutant C14A was used for sample preparation, inhibiting the catalytic activity of Jos
for cleavage of polyUb substrate. Freshly purified Jos C14A was incubated for one hour at RT either
with K48-diUb or K48-triUb in a molar ratio of 1:1.2 (in the case of ThT assays and SAXS) or 2:1
(in the case of crystallographic trial). Complexes were formed in different buffers, according to the
technique used for the following characterization: 20 mM Tris, pH 6.5, 1% sucrose, 2 mM TCEP
(SAXS), 20 mM Hepes, pH 7.5, 150 mM NacCl (ThT assays, Suppl. Fig. S6) and 20 mM Sodium
Phosphate, pH 6.5, 1 mM TCEP (crystal trials). After complex formation, the component in excess
was removed by SEC. Cytiva Increase 10/300 75s column was used in the case of ThT assays and
crystal trials samples. Agilent AdvanceBio SEC 130A column was used in the case of SAXS. Samples
quality was assessed by SDS-PAGE analysis. Concentration was measured by UV absorption at 280
nm using the predicted molar extinction coefficients (complex Jos-diUb MW: 38.1 kDa, &: 28420 M
cm!; complex Jos-triUb MW: 46.6 kDa, £: 29910 M ! cm™).

2.15 SAXS data collection and analysis

Small-angle X-ray scattering (SAXS) was employed to characterize Jos-diUb and Jos-triUb
complexes structures. SAXS data were collected at the European Synchrotron Radiation Facility
(ESRF), BioSAXS beamline 29 (BM29) at 20°C and at a wavelength of 0.99 A™!, with an incident
energy of 12.5 keV. To exclude aggregated species, the samples were subjected to SEC in line with
SAXS. In detail, samples were applied to an AdvanceBio SEC 130A (Agilent) at a concentration of
5 mg/ml and run at a flow rate of 0.2 ml/min in 20 mM Tris pH 6.5, 1% sucrose, and 2 mM TCEP.
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During the elution, 750 frames were taken with 2 s exposure. Individual frames were systematically
controlled for systematic changes and averaged for better statistics. Analogous patterns of the buffer
were collected before and after every collection of the samples and used to subtract any contribution
from the solvent and the sample environment. Absolute intensity units were determined by measuring
the scattering signal of water (0.01632 cm™ at 20 °C). The ESRF in-house software BsxCuBE
(Biosaxs Customized Beamline Environment), connected to EDNA data processing pipeline,>’* was
used to control the real-time data display (two dimensional and one dimensional), and to provide the
first automatic data processing. Normalization of beamline to water and calibration were performed.
The averaged buffers were then subtracted from the averaged samples to give a final subtracted data
set for each sample. Java-based software ScAtter IV (https://bl1231.als.1bl.gov/scatter/) was used to
upload SAXS buffered subtracted data files (*.dat), and perform primary data analysis including
Guinier analysis, normalized Kratky plots, Porod-Debye volume and Dmax calculations (Fig. 2.6).2"
Further data analyses were performed by the online-available ATSAS package version 3.2.1
(https://www.embl-hamburg.de/biosaxs/software.html). The maximum distance (Dmax) was selected
by letting the P(r) curve decay smoothly to zero. R, was estimated from the SAXS profile according

to Guinier's estimation.
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Figure 2.6 Schematic representation of P(r) and Kratky plot. The scattering patterns generated from a dilute solution
of macromolecules are typically presented as radially averaged one-dimensional curves, that are used to extract
information about a three-dimensional particle. When interpreting SAXS data, more curve-fitting routines are applied to
lend robustness to the conclusions.?’”* Two possible representations of SAXS data are the Pair distribution function (a)
and the Kratky plot (b). a) Pair distance distribution functions represent the distribution of the intra-atomic distances (r)
in the particle, extracted from the scattering curve 1(q), which in turn represents its Fourier transform. Where P(r) goes to
zero is the maximum linear extent (Dmax), or roughly the diameter of the scattering species. P(r) is indicative of the
particle shape: globular particles yield bell-shaped profiles (green) with a maximum at approximately Dmax/2, while
multi-domain particles (red) often yield profiles with multiple shoulders and oscillations corresponding to intra and inter-
subunit distances. Asterisks indicate the corresponding Dmax.

b) Kratky plot calculation provides information as to the conformation of the molecule and whether the molecule is
globular, extended, or highly flexible. Proteins with highly extended conformations are characterized by large average
sizes compared to globular proteins with a tightly packed core. In the case of a globular protein, the Kratky plot appears
as a bell-shaped Gaussian (blue). Deviations from this behaviour suggested a higher level of flexibility. Indeed, the Kratky
plot will not converge to the q axis if the protein has a pronounced flexibility (green, orange). Proteins with multiple
domains could have additional peak(s) (or shoulders) at low q but the Kratky plot will still converge to the q axis at high
q (red). Adapted from Jackson et al., 2015%7* (a) and from https://www-ssrl.slac.stanford.edu®’> (b).
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2.16 Molecular modelling and SAXS data fitting

To investigate K48-diUb and K48-triUb binding mode to Jos, preliminary complexes models were
created using rigid body modelling software available in the ATSAS package: CORAL?*’® and
SASREF.?”7 For Jos-diUb complex unrestrained modelling was performed using the NMR-based
structure of Jos (PDB: 1yzb)’ and the crystallographic structure of Lys48-linked diUb in the open
conformation (PDB: 3aul).?’® For restrained modelling, constraints among Ub binding sites 1 and 2
of Jos, and diUb were imposed based on PDB: 2jri. This derives from a HADDOCK structure of Jos
in the presence of two monomeric Ub.?”° For Jos-triUb complex modelling, firstly monoUb structure
PDB: 1UBQ?! was used to produce a Lys48-triUb chain by CORAL, imposing as restraints the G76-
Lys48 linkage and considering the last five residues of each monomeric Ub as dummy residues. Then,
the CORAL-derived triUb structure was used as entry PDB for further unrestrained Jos-triUb
complex models. DENSS (DENsity from Solution Scattering, https://tdgrant.com/) was used as an

algorithm for calculating 3D particle electron densities directly from 1D solution scattering. The final
figures were generated using UCSF Chimera 1.16.%%° Volume correlation was calculated according to

DENSS manual instructions.

2.17 Crystal trials for Jos-triUb complex

Jos-triUb complex was prepared as described in 2.14. SEC fractions of the complex complex were
pooled together and concentrated up to 11.5 mg/ml by Vivaspin™ 500 Centrifugal Concentrators
(Sartorius). Crystallization trials were performed at the High-throughput crystallisation and ligand
screening (HTX) facility at EMBL, in Grenoble. Access was granted by the Instruct-ERIC
application. Six different 96 well kits were screened: Classics-Suite (QIAGEN), JCSG (Hampton
Research, Cat. N° HR2-145), and PACT (Molecular Dimensions, Cat. N° MD1-36-FX) as standard
screening kits; Midas-plus (Molecular Dimensions, Cat. N° MD1-107-FX), Morpheus (Molecular
Dimensions, Cat. N° MD1-47-FX), and ProPlex (Molecular Dimensions, Cat. N°® MD1-42-FX) as
optimized screening for complexes. 2 ul of each sample were taken to run a quality control assay
based on thermal shift assay. Crystallization set-up was performed in automated mode using a 1:1

sample: precipitant ratio (100 nl/ well) at RT.?®!
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3 Results and Discussion

In the following sections, the results obtained in this work are described and discussed.

The first part of the project aimed at investigating the molecular mechanisms of Ataxin-3 aggregation,
trying to elucidate its supramolecular assembly process in vitro. In particular, it was investigated the
effect of temperature and buffer composition on different steps of Atx3 self-assembly, being two
variables strongly influencing protein stability, folding, and aggregation propensity. This had the
double aim of revealing new insights on Atx3 aggregation, and setup a robust and reproducible
aggregation assay for screening anti-aggregating compounds.

Protein aggregation was followed by ThT-based fluorescence spectroscopy, and morphological
analysis of final aggregates was performed by atomic force microscopy. Several variants of Atx3
were investigated, including Josephin domain, non-expanded Atx3-Q14, and two distinct expanded
Atx-3 variants (i.e. the mild toxic Atx3-Q55, and the fully toxic Atx3-Q70). This was possible thanks
to the employment of DNA recombinant technology which allowed the in-house preparation of the
recombinant proteins. The high purity grade of the samples, crucial for in vitro aggregation studies,
was achieved through sequential steps of purification by chromatographic techniques.

Moreover, this PhD project also aimed at characterizing Ataxin-3 in complex with polyubiquitin
chains, one of the recognized Atx3 partners,®>’ and investigating the effect of these chains on Ataxin-
3 aggregation. Indeed, evidence suggests an existing competition among proteins' normal function
and their tendency to aggregate, thus suggesting that exploring interactions between
neurodegeneration-related proteins and their natural binders might offer promising therapeutic
perspectives.2 1% To evaluate if the specific interaction among Ataxin-3 and poly-ubiquitin chains
could affect the aberrant aggregation, may thus represent the first piece of the puzzle for the design
of potential therapeutics against Spinocerebellar Ataxia type 3.

Here, Lysine48-linked di- and tri-Ub chains were prepared in-house by enzymatic reaction, and gold-
standard Structural Biology techniques, such as Small Angle X ray Scattering and X ray
crystallography, were employed to assess sample quality and to try to solve the structure of the
complex. In parallel, the effect of di- and tri-Ub chains on Atx3 aggregation was investigated. Even
in this case, the protein aggregation was followed by ThT-based fluorescence spectroscopy and

morphological analysis of final aggregates was performed by atomic force microscopy.

3.1 New insights on Ataxin-3 aggregation

As detailed in the Introduction chapter, despite extensive exploration of Atx3 aggregation

149,152,153,215,216,218,226-228,230,282-286

processes, many aspects of the intricate pathway of Atx3 self-
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assembly remain controversial, hampering the development of targeted therapeutic interventions and
emphasizing the need for further investigation.

This study focussed on the effect of temperature and buffer composition on the Atx3 aggregation
process, gaining new insights for delving into this complex mechanism and finding conditions that

can modulate the pathology at the molecular level.

3.1.1 Atx3 aggregation at S0°C is polyQ-independent

In the present study, the aggregation kinetics of Atx3 variants with distinct polyQ tract length was
investigated at 50°C using ThT-based assay, being ThT a fluorescent probe known to selectively bind
amyloid structures.? In particular, the following variants were used: Atx3-Q14, Atx3-Q55, and Atx3-
Q70, where the number associated with “Q” reflects the number of glutamine residues within the
polyQ tract. The three variants were chosen to represent the non-pathological, mildly toxic, and fully
toxic Atx3, respectively,!66:167.287-290

The selected Atx3 variants contain three UIMs in the C-terminal region, as the isoform predominantly

expressed in brain tissue,?!*

and were prepared recombinantly expressing them in E.coli cells. The
expression vectors for Atx3-Q14 and Atx3-Q55 were already available, as well as optimized
protocols for their expression and purification. The production of Atx3-Q70 required, instead, cloning
work for producing the correspondent expression vector, and the setup of the expression and
purification procedures.

The manipulation of the length of CAG repeats encoding for the Q70 tract was not an easy task,
because of the hairpin structure formed by the repeats,”> DNA polymerase slippage on repeated
sequences,””*, and sequence instability in cells.? To face these issues, the expansion of the polyQ
tract was achieved by the in vifro method known as Synthesis of Long Iterative Polynucleotide
(SLIP), optimizing the approach used in Figura et al., 2015.2> This approach takes advantage of
highly repeated CAG/CAA sequences tendency to form hairpin structures, and consists in repeated
cycles of plasmid digestion with a restriction enzyme, a single PCR cycle, bacterial transformation,
and subsequent colony screening to identify colonies that present an altered number of repeats.

In more detail, the cDNA encoding for Atx3-Q55 was firstly transferred into pPGEM-T-Easy vector
between BsmBI and EcoO109I restriction sites, according to Figura et al. 2015 procedure.>>* Two
aliquots of the starting construct were independently and parallelly digested, one with BsmBI and one
with EcoO1091 restriction enzyme, allowing cutting of the construct upstream and downstream to
CAG expansion, respectively. Then, the two digested products were processed together by a single
cycle of PCR to allow the filling of gaps due to imperfect annealing of DNA. To ensure the removal

of not annealed fragments of the specific sequence flanking the repeated tract, a polymerase with 3’
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exonuclease activity was used. The PCR product was then used to transform competent E.coli cells,
and contraction/expansion of CAG triplets was evaluated by colony screening (Fig. 3.1a). As a result
of an extensive screening campaign, colonies expressing more expanded forms of Atx3 were
identified (Fig. 3.1b), and the precise length of the polyQ tract was confirmed through Sanger
sequencing (Annex I). The final cDNA encoding Atx3-Q70 was successfully transferred in pMAL

expression vector (Fig. 3.1c¢).
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Figure 3.1 Production of recombinant Atx3 variants. Expression plasmids for Atx3-Q14 and Atx3-Q55 were already
available in Dr Alfano’s group (Fondazione Ri.MED). Plasmid for Atx3-Q70 was instead cloned within this project by
the SLIP method, and here it is reported: a) 3% agarose gel of colony screening by PCR reveals CAG triplets’ expansion;
b) Agarose gel of polyQ expanded constructs. The Q55 starting construct is shown in lane 1. Q70 constructs (lane 3) were
obtained by several cycles of expansion passing through an intermediate Q63 expanded form (lane 2); c) Agarose gel that
shows the correct transferring of expanded Atx3-Q70 construct in pMAL expression vector.

Expression tests for pMAL-Atx3-Q70 were then conducted in E.coli Rosetta2 pLysS cells at two different temperatures.
Evaluation was performed by SDS-PAGE analysis, here reported in d) IPTG induction for 4 h at 37°C, on the left and
IPTG induction o.n. at 18°, on the right. Not induced cells were used as negative control (Control). Induced cells were
lysed and analysed such as (Ind. - total) and after separation by centrifugation of Soluble and Insoluble fractions.

All Atx3 variants samples underwent SEC immediately before the aggregation assay, to avoid the impact of possible
seeds of aggregation and to ensure sample quality. Here, SEC profiles and related SDS-PAGE are reported in e) Atx3-
Q14; ) Atx3-Q55; g) Atx3-Q70. Asterisks correspond to the purest fractions selected for the ThT assay. SEC was
performed by Hi load 16/600 75s for Atx3-Q14 and -Q55, and with Increase 10/300 75s for Atx3-Q70.
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Once completed the molecular cloning for Atx3-Q70, all the three Atx3 variants were expressed and
purified to proceed with ThT-assays. The preparation of recombinant Atx3-Q70 required
optimization of the protocols already available for both Atx3-Q14 and Atx3-QS55. In particular,
protein expression conducted at 18 °C overnight resulted in increased production of the protein in the
soluble fraction of bacterial lysate with respect to expression at 37 °C (Fig. 3.1d). All the purification
steps were performed at 4°C and in the presence of 5% glycerol to reduce protein aggregation.
Moreover, due to the high contamination by nucleic acids, that likely remain attached to the protein
because of the long positively charged polyQ tail, both DNase and RNase were used in the cells lysis
step. The remaining nucleic acid contaminants were removed by an additional anionic exchange
chromatography step with Capto Q column (Suppl. Fig. S4).

All protein samples (i.e. Atx3-Q14, Atx3-Q55, and Atx3-Q70) underwent Size Exclusion
Chromatography (SEC) immediately before the ThT aggregation assay, to avoid the impact of
possible seeds of aggregation and to ensure sample quality (Fig. 3.1e-g).

The aggregation kinetics measurements were carried out in large volume (3ml) incubating 14 uM
monomeric protein at 50°C in 20 mM Sodium Phosphate pH 6.5 supplemented with 1 mM TCEP.
The three Atx3 variants resulted to exhibit aggregation with comparable kinetics despite the
difference in polyQ length, suggesting that at 50°C the aggregation mechanism is mainly controlled
by the solely Jos domain, while the contribution of polyQ length is abolished (Fig. 3.2). Moreover,
the aggregation kinetics lack of a lag phase indicating a fast aggregation process mediated by

heterogeneous nucleation.
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Figure 3.2 ThT aggregation assays of Atx3-Q14, -Q55, and -Q70. Time evolution of the ThT fluorescence intensity
for 14 uM samples incubated at 50 °C for ~6 hours (spectra are acquired every 5 minutes in the detection range 435 —
700 nm, under A cxc: 440 nm). a) Single curves for each experiment are reported. Each Atx3 form was tested in triplicate.
ThT intensity at 480 nm is reported after normalisation to the maximum value and plotted against time. The slight level
of variability among replicates is consistent with the use of in-house prepared protein batches, which may lead to minor
events of stochastic nucleation. b) Each curve represents the mean of three independent experiments. Error bars represent
the standard deviation of replicates.
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These findings deviate significantly from documented results on Atx3 aggregation at
37°C.149152.153.226 Tndeed, Atx3 fibrillogenic pathway has been characterized kinetically at 37°C as
polymerization mediated by homogeneous nucleation, and consisting in a two-stages aggregation
mechanism: the first stage is polyQ-independent and mediated by the Jos domain, while the second
stage is mediated by the expanded polyQ stretch. Accordingly, deep differences in the aggregation
kinetics at 37°C among non-expanded and expanded Atx3 have been reported. !32:153:217:225.226

At 50 °C, the differences in the aggregation kinetics among non-expanded and expanded Atx3 are
ironed out, and the aggregation process results are mediated by the solely Jos domain. Performing
ThT-assays at 50°C can then result very useful when investigating the effect of anti-aggregating
molecules designed to target the early phase of Atx3 self-assembly, which is mediated by Jos. Indeed,
aggregation kinetics performed at 50°C reach completion in less than 5 hours for all three variants,
while they last 35 hours at 37 °C when investigating non-expanded Atx3 variants.!*>!>3 This is
because higher temperature reduces electrostatic repulsion and increases random Brownian motion
and collision frequency.?”® Measurements at 50°C are thus much less time-consuming, resulting in
very convenient experimental setup when a considerable number of potential anti-aggregating

molecules needs to be screened.

3.1.2 At physiological temperature, Atx3 hydrolysis competes with aggregation of full-length
Atx3

To be able to screen also molecules targeting the aggregation phases mediated by the polyQ trait,
here ThT assays at 37°C were also attempted. Measurements were performed in small volume (200pul)
using a CLARIOstar Plus microplate reader (BMG Labtech), incubating Atx3-Q14 samples at 37°C
in the same buffer used for previous experiments at 50°C (i.e. 20 mM Sodium Phosphate buffer, pH
6.5, supplemented with 1 mM TCEP).

Surprisingly, the aggregation kinetics profile showed profound differences compared to what was
already reported in the literature at the same temperature for Atx3.!°>!153 In particular, after 160 h of
continuous incubation at 37°C, ThT fluorescence value remains quite low, never reaching the plateau
phase during the observed period (Fig. 3.3a). In contrast, published data report that, in similar
experimental conditions, non-expanded Atx3 shows a sigmoidal aggregation kinetics profile typical
of a nucleated growth polymerization mechanism, with a plateau phase reached in about 35 h.!52133

Atx3-Q14 stability and its progressive supramolecular assembly were then evaluated by SDS-PAGE
analysis in a time-course experiment in batch at both 37°C and 50°C. More specifically, 14 uM
protein stock was aliquoted in two PCR tubes, fulfilling them up to 330 pl and sealing such to prevent

evaporation. The two aliquots were incubated in parallel in static thermo-blocks, one set at 37°C and
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one at 50°C. 5 ul samples were then taken from each testing tube at different timepoints (i.e. 2 h, 6 h,
12 h, 24 h, 48 h, and 72 h), and run on SDS-PAGE in reducing conditions (Fig. 3.3b).

After 2 hours of incubation at 50°C, corresponding to the elongation phase of the ThT kinetics
previously shown in Fig. 3.4, high molecular weight and SDS-insoluble species were detected. On
the other hand, SDS-PAGE bands of the sample incubated at 37°C revealed no sign of aggregates for
all tested timepoints and the presence of a prevalent species at a molecular weight much lower than

the expected one for monomeric Atx3-Q14 (17-28 kDa vs 42 kDa).

a) b) 50°C 37°c

200,000 -
150,000 A
100,000

o .L—/

0

ThT fluorescence @480 nm (a.u.)

0 20 40 60 80 100 120 140 160
Time (h)

Figure 3.3 Atx3-Q14 aggregation kinetics at 37°C. a) Time evolution of the ThT fluorescence intensity at 480 nm for
14 uM Atx3-Q14 sample incubated at 37 °C for ~160 hours (spectra are acquired every 30 minutes at A em: 480 nm, under
A exe: 440 nm). Assays were performed in triplicate and the curve here reported represents the mean of the three
independent experiments. Error bars represent the standard deviation of replicates. b) SDS-PAGE analysis of Atx3-Q14
stability overtime both 37°C and 50°C SDS-PAGE in reducing conditions reveals the formation of high molecular weight
(MW) and SDS-insoluble aggregates for the sample incubated at 50°C, which remains trapped in the stacking part of the
gel (red asterisk). For the sample incubated at 37°C, no sign of aggregates is visible, and instead, a prevalent band appears
at a MW much lower than the one expected for monomeric Atx3-Q14 (17-28 kDa vs 42 kDa, black asterisk).

Intriguingly, the lower MW species observed on SDS-PAGE runs very similar to the solely Jos
domain which has a MW of ~ 21 kDa, suggesting that at 37 °C Atx3-Q14 is subjected to a cleavage
process and loses its intrinsically disordered C-terminal region. This agrees with previous findings
showing that Atx3 has also autoproteolytic activity, sustained by the same residues responsible for its
deubiquitinating activity.?”’ The cleavage attack is reported to interest the carboxyl side of apolar,
acidic, and polar uncharged residues, clustered in the unstructured C-terminal domain of the protein.
The Josephin domain is thus preserved from auto-hydrolysis. 27

According to aggregation kinetics data (Fig. 3.3a), the product resulting from cleavage at 37 °C was
also able to slowly form aggregates, which were not revealed in the SDS-PAGE analysis likely
because of their SDS-soluble nature. The kinetics profile of these aggregates resulted very similar to
the one of the isolated Jos domain in the same conditions (Fig. 3.4), supporting the hypothesis that

the two species share most of their amino acid sequence. However, the literature reports a sigmoidal
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aggregation kinetics profile typical of a nucleated growth polymerization mechanism also for the Jos
domain and other Atx3 variants missing the polyQ tail.'*>!5*28 It remains then puzzling why a similar

profile was not observed here.
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Figure 3.4 Comparison of aggregation Kinetics at 37°C of isolated Jos and Atx3-Q14. Time evolution of the ThT
fluorescence intensity at 480 nm for both Atx3-Q14 and Jos samples incubated at 37 °C for ~160 hours. Isolated Jos and
Atx3-Q14 show very similar aggregation profiles at 37 °C, further confirming that at this temperature Atx3 undergoes to
a hydrolysis process that leads to a cleaved product mostly overlapping with the Jos domain. Experiments were performed
in triplicates and the curve represents the mean of replicates. The standard deviation is reported as error bar.

Altogether, the data here presented show that at the physiological temperature of 37 °C, Atx3
hydrolysis competes with aggregation of Atx3 full length. The hydrolysis leads to a domain of similar
size to Jos, which is able to form SDS-soluble aggregates. However, the kinetics aggregation profile
showed by this domain contrasts significantly with previous data on aggregation at 37°C of Jos and
other Atx3 variants missing the polyQ trait, highlighting the need for further investigation. On the
other hand, at 50°C the formation of oligomers might outpace hydrolysis events, potentially hindering

Atx3 degradation through fibrillation.

3.1.3 TCEP both favours Atx3 hydrolysis at 37 °C and inhibits amyloid fibrils formation

To rationalize the findings reported in the previous paragraph, was performed a comparison among
the composition of the buffer used in this PhD project until this stage (i.e. 20 mM NaPh, 1 mM TCEP),
and that of buffers used in previous studies on Atx3 aggregation (Table 3.1). Indeed, experimental
conditions, including buffer composition, are known to affect protein aggregation behaviour in
vitro. 3% Accordingly, recent research published in 2022 by Figuereido et al.?*® shows that even
small changes in buffer composition significantly modify Atx3 aggregation kinetics in vitro, altering
both the oligomerization processes and the balance between ordered fibrillar structures and
amorphous aggregation.
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Reference | Protein variants Buffer composition Proteln. T pH
concentration

20 mM Hepes, 200 mM NaCl, 5

Ax3-Q14 MMEDTA, 1mMDTT,1mM  7uM 37°C 75
PMSF
100 mM Tris—HCI, 80 mM NacCl,

AS-QHQ, ADS- 00 (iv) glycerol, 5 mM EDTA, 80, 60, 40, 30, 10 M 37°C 7.4

Q13, Atx3-Q64 15 mM BME, 2 mM PMSF

20 mM sodium phosphate, 10 mM
TCEP, and 0.025% NaN3

100 mM Tris, 80 mM NaCl, 10%
(v/v) glycerol, 5 mM EDTA, 15 30 uM 37°C 7.5

Jos, Atx3-Q18 14 uM 50°C 6.5

Jos, Atx3-Q15, Atx3-

Q64 mM BME, 2 mM PMSF
20 mM Sodium Phosphate, 150 o
Atx3-Q13 mM NaCl. 1 mM DTT 10,7,5,4,2 uM 37°C 7.5
[PRIERIIBAN Jos, Atx3-Q14, Atx3- 20 mM Sodium Phosphate, 1 mM 14 uM 37°C,50°C 6.5

project Q55, Atx3-Q70 TCEP

Table 3.1 Composition of buffers used in in vitro Atx3 aggregation experiments. Atx3-QHQ stands for Atx3 without
polyQ trait.

The comparison resulted in high variability in the buffer composition among studies on Atx3
aggregation, with differences in salt concentration, pH, type of reducing agent (i.e. BME, DTT, or
TCEP), and presence of additives such as glycerol, EDTA, and PMSF.

According to the findings in Figuereido et al.,*® only differences regarding the type of reducing agent
were worth taking into account to get clues about the Atx3 behaviour observed at 37 °C in this PhD
work. Indeed, Figuereido et al. report that, in their assay conditions, varying the NaCl concentration
between 50 and 200 mM, or the pH between 7.0 and 8.5, does not strongly affect Atx3 amyloid
assembly, and neither does not EDTA and PMSF. In contrast, glycerol is reported to have a major
role in decreasing ataxin-3 fibril assembly, even at concentrations as low as 0.5% (v/v).

No findings are reported about the effect of the type of reducing agent on Atx3 assembly.
Intriguingly, the reducing agent TCEP resulted in being used only in this PhD work and in previous
work from Pastore’s group performed at 50 °C.'* Here, it was then investigated if TCEP might have
a role in the hydrolysis of Atx3 observed at 37 °C, and consequently in the aggregation behaviour of
the protein.

In more detail, firstly Atx3 stability was evaluated by SDS-PAGE in a time-course experiment in
batch at 37°C in 20 mM Sodium Phosphate pH 6.5, either supplemented with 1 mM TCEP or 1 mM
DTT. It resulted in a clear difference depending on the reducing agent present in the aggregation

buffer. More specifically, in the presence of DTT, full-length Atx3 appears intact up to 97 hours,
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whereas, following incubation with TCEP, it appears already cleaved in the first observed timepoint
(Fig. 3.5a).

These results clearly suggest that the presence of TCEP correlates with Atx3 full-length degradation
at physiological temperature, probably favouring its reported autocatalytic activity,>’ thus
discouraging its use when studying the aggregation of Atx3 full length at 37 °C. On the other hand,
Atx3 cleavage is inhibited when in the presence of DTT, suggesting that this condition is crucial to
investigate aggregation of full-length Atx3 in vitro at 37 °C. Accordingly, the typical nucleation-
mediated aggregation profile of Atx3 at 37 °C was obtained when repeating the ThT assay in the
presence of DTT (Fig. 3.5b).
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Figure 3.5 Effect of DTT and TCEP on Atx3 aggregation at 37°C. a) SDS-PAGE stability analysis of Atx3-Q14 in
the presence of TCEP (left) and DTT (right). In the presence of 1 mM DTT, it is possible to notice integer bands
corresponding to Atx3 full length up to 97 h; in the presence of TCEP, Atx3 is already degraded at the first observed
timepoint. b) Time evolution of the ThT fluorescence intensity at 480 nm for Atx3-Q14 samples incubated at 37 °C for
~160 hours in 20 mM Sodium Phosphate pH 6.5, in the presence of 1 mM DTT (green curve) and 1 mM TCEP (grey
curve). In the presence of DTT, Atx3 follows the typical nucleation-mediated aggregation mechanism previously reported
in the literature. Experiments were performed in triplicates and the curves here reported represent the mean of replicates.
The standard deviation is reported as error bar.

To understand if TCEP has also a role in Atx3 self-assembly, ThT assays on the Jos domain were
performed at 37 °C in the presence of TCEP, in the presence of DTT, and with no reducing agent
(Fig. 3.6). In this case, Jos was chosen as testing protein because of the hydrolysis activity observed
for Atx3 full length when in presence of TCEP. Measurements were performed in two distinct buffer
conditions (i.e. 20 mM NaPh pH 6.5 and 20 mM Hepes pH 7.5, 150 mM NaCl), which differ for the
buffering species (NaPh vs Hepes), for pH (6.5 vs 7.5), and for ionic strength (0 mM NaCl vs 150
mM NaCl).

Interestingly, results showed significant differences depending only on the specific redox
environment. In the presence of DTT, the aggregation kinetics displayed the expected sigmoidal
profile for aggregation mediated by homogeneous nucleation (Fig. 3.6, green curves). Conversely,

when in the presence of TCEP, the aggregation kinetics was significantly slowed down and mediated
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by heterogeneous nucleation, failing to reach a plateau even after 160 hours of incubation (Fig. 3.6,
grey curves). Intermediate behaviour was observed when in the absence of reducing agents and was
characterized by an exponential curve indicating an aggregation process mediated by heterogenous
nucleation (Fig. 3.6, red curves). The general trend was maintained in both tested buffers, with

expected differences linked only to distinct environments encountered by the dye, stemming from

differences in ThT binding sites that might result in varying dye quantum yields.**
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Figure 3.6 Jos aggregation at 37°C in different redox conditions. a) Time evolution of the ThT fluorescence intensity
at 480 nm for Jos samples incubated at 37 °C for ~160 hours in 20 mM Sodium Phosphate, pH 6.5 in the absence of
reducing agent (red curve), in the presence of | mM DTT (green curve) and in presence of 1 mM TCEP (grey curve). b)
Time evolution of the ThT fluorescence intensity at 480 nm for Jos samples incubated at 37 °C for ~160 hours in 20 mM
Hepes, pH 7.5, 150 mM NaCl in the absence of reducing agent (red curve), in the presence of | mM DTT (green curve)
and in presence 1 mM TCEP (grey curve). Jos aggregation follows a nucleated growth polymerization mechanism when
in the presence of DTT, with a shorter lag phase in Hepes buffer as previously reported by Figuereido et al.>*®
Heterogeneous nucleation is instead observed both when in the presence of TCEP and when in the absence of reducing
agents. All the conditions were tested in triplicates. Each curve represents the mean of replicates, and standard deviation
represents the error bar.

The differences in aggregation profile revealed by the ThT-assay, resulted well correlated with
differences in the morphology of the aggregates (Fig. 3.7). Indeed, investigation of the kinetics
endpoints by Atomic Force Microscopy (AFM) revealed a homogeneous distribution of curvilinear
wormlike fibrils ~60-100 nm length for samples incubated in presence of DTT (Fig. 3.7c¢). In contrast,
fibrils were not observed in samples incubated with TCEP, which instead resulted characterized by
the presence of monomeric protein and dispersed amorphous aggregates (Fig. 3.7d). An intermediate
behaviour was again observed for samples incubated with no reducing agent, in which both fibrils
and some shorter, less mature aggregates, were observed (Fig. 3.7b).

The fibrils morphology observed in the presence of DTT is consistent with previous studies. For

instance, Ellisdon et al.'>?

report curvilinear oligomers ~100 nm length, detected by Transmission
Electron Microscopy (TEM), for a variant of Atx3 devoid of polyQ trait incubated at 37°C in 100
mM Tris pH 7.4, 80 mM NacCl, 10% glycerol, 2 mM PMSF, SmM EDTA, and 15 mM BME. Similar

species are reported by Figuereido et al.?*® and Silva et al.>* for non-expanded Atx3 incubated at 37
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°C in 20 mM Hepes pH 7.5, 150 mM NaCl, ImM DTT, and in 20 mM NaPh pH 7.5, 150 mM NaCl,
ImM DTT, respectively.
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Figure 3.7 Reducing agents affect Jos aggregates morphology. The morphology of Jos aggregates, obtained by
incubating the protein at 37 °C in different redox environments, was investigated by AFM. Samples were diluted and
deposited on mica previously treated with MgCl,, to favour negative-charged aggregates adhesion on the substrate.
Samples were then rinsed with ultrapure water and gently dried flushing gaseous N,. Images were acquired in the air in
tapping mode by a Bruker FastScan AFM. AFM height image 1 um x 1 pm (left), and AFM height image 0.5 um x 0.5
pum (right) are reported for a) monomeric Jos, and aggregation endpoints of Jos incubated at 37 °C b) in the absence of
reducing agent; ¢) in presence of 1| mM DTT; and d) in presence of | mM TCEP. Scale bar: 100 nm.

Monomeric Jos consists of globular particles of 3 nm height (a), while Jos samples after incubation with no reducing
agent result heterogeneous, with both wormlike fibrils (60-70 nm length) and some shorter, less mature aggregates (b).
Samples which followed incubation in the presence of 1| mM DTT, present instead a homogeneous distribution of tiny
curvilinear wormlike fibrils, 3 nm height and 60-100 nm length (c). A different scenario is observed for samples incubated
in the presence of TCEP, which consist of monomeric Jos and amorphous aggregates (d).

As shown, the use of DTT or TCEP, despite both being commonly used reducing agents, proved to
have a strong impact on the aggregation of Atx3, changing the kinetics profile and morphology of the
final aggregates. Therefore, these data strengthen the importance of careful selection of each buffer
component to perform a robust in vitro aggregation assay, since they may ultimately influence protein

stability and aggregation propensity.
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3.1.4 Atx3 fibrils formation is favoured by nuclei covalently linked through disulfide bridges
The different effects of DTT and TCEP observed on Atx3 aggregation, directed the investigation
towards the role of disulfide bridges in the self-assembly process of the protein. Indeed, both
compounds are notoriously used as reducers of disulfide bridges formed among thiol side chains of
cysteine residues in proteins. However, they are chemically very different as well as their redox
mechanism (Fig. 3.8). DTT and TCEP can therefore exhibit different redox efficacy depending on
the features of the protein under study and on the experimental conditions of pH and temperature.>*
Moreover, DTT has a very short half-life in aqueous solution (e.g. around 10 h at pH 7.5 and around
1.5 h at pH 8.5),3% therefore it must be considered if it undergoes modifications or degradation during

prolonged experiments such as the ThT-assays performed at 37 °C in this PhD work.
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Figure 3.8 Structure and redox mechanism of DTT and TCEP. a) DTT, also known as Cleland’s reagent, is a reducing
agent based on thiols, which allows easy and specific reduction of intra- and inter-molecular disulfide bonds in proteins.
The reaction proceeds by two sequential thiol-disulfide exchanges achieved by means of a SN, nucleophilic substitution.
It therefore requires deprotonation of the thiol group of DTT (-SH - -S°). The conversion of the thiol group in thiolate is
pH-dependent, thus pH is a crucial variable when performing cleavage of disulfide bonds mediated by DTT and other
thiols. Once the thiolate is formed, the nucleophilic attack occurs on the most electrophilic sulphur atom involved in the
protein disulfide bond, forming an intermediate mixed-disulfide species. The reaction then proceeds thanks to the high
reactivity of the second thiol of DTT, which leads to the formation of a stable six-membered ring with an internal disulfide
bond (3,4-dihydroxy-1,6-dithiane, fully oxidized DTT).3%3% In very rare cases, a DTT adduct may be formed (i.e. the
two sulphur atoms of DTT may form disulfide bonds to different sulphur atoms in the protein). In such cases, DTT cannot
cyclize since it has no remaining free thiols. b) TCEP is a reducing agent based on phosphines. The nucleophilicity of the
phosphine in the reduction process is crucial since, as in the case of thiol-based reducing agents, the reaction involves a
SN2 mechanism. The reaction proceeds with an initial nucleophilic attack of the phosphorus on one of the sulphurs of the
S-S bond, with the formation of thio-phosphonium carbocation and the release of the first sulfhydryl. The phosphonium
ion then undergoes hydrolysis to afford the phosphine oxide and the release of the second sulfhydryl. This second step is
irreversible because of the stability of the oxidized phosphine.?*-3!! TCEP is commercially available as hydrochloride
(TCEP-HCI), which has multiple advantages over other disulfide-reducing agents. It is crystalline, solid, non-volatile,
odourless, and water-soluble, and it is not susceptible to air oxidation. Moreover, it has a greater reducing capacity than
DTT, the reduction reaction is faster, and it can be run in a wide pH range. However, TCEP-HCI is quite expensive for
routine use in protein preparation, making DTT still the most extensively used disulfide reducing agent.
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Firstly, the compound's stability at 37 °C was assessed by monitoring changes overtime in their 1D
"H NMR spectra (Fig. 3.9). Samples were tested at a concentration of 1mM, which corresponds to
the concentration of the reducing agent used in the ThT assays, and were subjected to continuous
incubation at 37 °C. NMR spectra were recorded in both Hepes pH 7.5 and NaPh pH 6.5, using an
800 MHz Bruker spectrometer. Analysis of the NMR spectra acquired for TCEP revealed no changes
in the structure of the compound, according to its well-known stability (Fig. 3.9a). As expected,
equivalent analysis for DTT revealed, instead, a progressive disappearance of the NMR peaks related
to the reduced form of the compound, and a concomitant appearance of the NMR peaks characteristic
of the 6-membered ring of oxidized DTT (Fig. 3.9b). The irreversible oxidation was observed already

after 6 hours of incubation at 37 °C and reached completion in between 120-138 h.
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Figure 3.9 Stability at 37°C of TCEP and DTT assessed by monitoring changes overtime in the 1D 'H NMR spectra
of the two compounds. a) 1D "H NMR spectra acquired overtime on 1 mM TCEP solution during continuous incubation
of sample at 37°C. The compound is stable up to 160 h of incubation at 37 °C. b) 1D "H NMR spectra acquired overtime
on 1 mM DTT solution during continuous incubation of sample at 37°C. Irreversible oxidation is observed already after
6 hours of incubation at 37 °C and reaches completion in between 120-138 h. Black asterisks indicate proton NMR peaks
of reduced DTT (3.74 ppm, 2.76 — 2.63 ppm), while red asterisks indicate proton NMR peaks of oxidized DTT (3.66
ppm, 3.15 ppm, 2.95 ppm).
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The time window during which stability of reduced DTT at 37 °C was guaranteed, resulted much
shorter than the 160 h of ThT kinetics assays employed to investigate Atx3 aggregation. This result
dictated to investigation of whether oxidized DTT could have a role in the formation of Atx3 fibrils
at 37 °C. To this purpose, aggregation kinetics was monitored by ThT-assay for both Jos and Atx3-
Q14 samples incubated at 37 °C both in the presence of freshly prepared DTT and in the presence of
fully oxidized DTT (Fig. 3.10a). The lag phase of the aggregation process was nearly abolished when
in the presence of oxidized DTT, while persisting for long periods when incubating the proteins with
freshly prepared DTT, varying linearly with the concentration of the compound (Fig. 3.10b).

Despite this difference, AFM experiments performed on the aggregation endpoints revealed that Atx3
aggregates maintain the same morphology of curvilinear wormlike fibrils (3 nm height, 60-100 nm
length) both when adding in the aggregation buffer freshly prepared DTT and when adding oxidized
DTT (Fig. 3.10c), suggesting that the two tested samples follow the same aggregation pathway in the

two conditions.
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Figure 3.10 Effect of oxidized DTT on Atx3 aggregation. a) ThT assays of Jos and Atx3-Q14 in 20 mM Sodium
Phosphate, pH 6.5 in the presence of 1 mM of freshly prepared DTT (green curves), and 1 mM of oxidized DTT (blue
curves). Each curve represents the mean of replicates normalized to the maximum value reached. b) ThT assays of Jos in
the presence of 0. 25 mM (red curve), 0.5 mM (green curve), and 1 mM DTT (blue curve). Each curve represents the
mean of replicates normalized to the maximum value reached. ¢) Morphological analysis by AFM of the aggregation
endpoints after 160 h incubation at 37°C in the presence of 1 mM DTT (on the left) and 1 mM DTTox (on the right).
AFM height image 0.5 pm x 0.5 um. Scale bar: 100 nm. d) 1D 'H NMR spectrum of the Jos sample incubated in the
presence of 1| mM DTT after incubation at 37°C. Red asterisks indicate the proton NMR peaks of oxidized DTT.

Altogether, these results strongly suggest that oxidized DTT somehow speeds up Atx3 aggregation.

On the other hand, when incubating the sample in the presence of freshly prepared DTT, the latter

gradually gets oxidized during the aggregation lag phase, and only when in its oxidized form is able
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to affect the aggregation process. Consistently, 1D 'H NMR spectrum of the kinetics endpoint of
Atx3-Q14 incubated with freshly prepared DTT, revealed the complete disappearance of reduced
DTT in favour of its fully oxidized form (Fig. 3.10d).

DTT loses then its reducing reactivity during Atx3 aggregation kinetics experiments, with the
consequence that the formation of both intra- and inter-molecular Cys-Cys disulfide bridges may
occur. Indeed, the only Jos domain contains four cysteine residues, including the catalytic Cys-14,
which may be involved in the formation of disulfide bonds in a suboptimal reducing environment.
This may lead to the formation of covalently linked small oligomers during the lag phase of the
aggregation process, which then act as nuclei for the formation of mature fibrils.

This hypothesis was verified by testing Jos samples by non-reducing SDS-PAGE after 160 h
incubation at 37 °C in i) the absence of reducing agents, and in the presence of ii) freshly prepared
DTT, iii) oxidized DTT, and iv) TCEP (Fig. 3.11). For the two conditions with DTT, it resulted in a
marked presence of high MW species trapped in the stacking region of the polyacrylamide gel, which
correlates with supramolecular assemblies linked by disulfide bridges. In the case of TCEP, Jos
samples run as monomers consistently with the stability of the reducing agent which prevents from
cysteines oxidation. When in the absence of reducing agents, both supramolecular assemblies linked
by disulfide bridges and monomeric protein are visible as bands of the SDS-PAGE. Moreover,
unpublished data kindly shared by Dr Sandra Macedo-Ribeiro - recognized international expert on
Atx3 aggregation — reveal that Atx3 aggregation strongly decreases in any reducing condition when

all cysteines in the protein sequence are substituted by serines (data not shown).
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Figure 3.11 SDS-PAGE analysis of Jos aggregation endpoints. Jos samples were tested by non-reducing SDS-PAGE
after 160 h incubation at 37 °C in the absence of reducing agents (control), in the presence of freshly prepared DTT
(DTT), in presence of oxidized DTT (DTTox), and in the presence of TCEP (TCEP). For the two conditions with DTT,
it resulted in a marked presence of high MW species trapped in the stacking region of the polyacrylamide gel, which
correlates with supramolecular assemblies linked by disulfide bridges.

In conclusion, all evidence collected here strongly supports that Jos aggregation is mediated by the

formation of inter-molecular disulfide bridges. All four cysteine residues within Jos sequence can
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potentially form intermolecular bridges capable of crosslinking monomers, thereby promoting the
formation of aggregation nuclei which then mediate the formation of mature fibrils.

This mechanism might be directly implicated in the formation of pathological aggregates in SCA3,
as similarly reported for infectious from prion protein,!? tau pathologies,*!* and superoxide dismutase
SOD1 aggregates associated with amyotrophic lateral sclerosis.>!**!> The same mechanism has been
reported to be relevant also to the formation of inclusion bodies by the neuropathological protein
TDP-43, which is also associated with amyotrophic lateral sclerosis and frontotemporal lobar
degeneration. The thiol-disulfide exchange mediated by oxidation in the RRM2 domain of TDP-43
favours the formation of disordered RRM2 dimers, suggesting that disulfide bridges shift the
equilibrium to species that serve as nuclei of aggregation.*!® A similar behaviour may take place for
Atx3 aggregation. However, while RRM2 of TDP-43 contains only 2 cysteines, the solely Jos domain
contains four cysteine residues, all potentially able to form intermolecular disulfide bonds: C14,
belonging to the catalytic triad, C18, C114 and C172 (Fig. 3.12a).

To discern if a specific couple of cysteines is involved in Jos aggregation, here four point mutants,
where each cysteine is replaced by an alanine, were produced: Jos-C14A, -C18A, -C114A and -
C172A. All the mutants maintain the overall Jos folding according to circular dichroism (CD) analysis

(Fig. 3.12b).
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Figure 3.12 Point mutation of cysteine residues in Jos domain. To discern if a specific couple of cysteines is involved
in Jos aggregation, four point mutants of Jos were produced. a) Jos NMR structure (PDB: 1yzb) with C14, C18, C114
and C172 highlighted in red. b) Circular dichroism analysis of the new Jos mutants. CD spectra well overlap for all the
four mutants revealing no significative changes in secondary structure with respect to the wild type protein.

Aggregation kinetics at 37 °C of the different Jos mutants were then tested by ThT assay. The
investigation was carried out in i) 20 mM Hepes pH 7.5, 150 mM NaCl, and in the same buffer
supplemented with ii) freshly prepared DTT, and iii) TCEP (Fig. 3.13). All four mutants resulted to
follow a similar aggregation pathway to Jos wild type, independently of the mutated cysteine (Fig.
3.13a). Consistently, non-reducing SDS-PAGE performed on the kinetics endpoints revealed the
same trend already observed for Jos wild type (Fig. 3.13b).
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Figure 3.13 Aggregation of Jos mutants. a) Time evolution of the ThT fluorescence intensity at 480 nm for Jos point
mutants incubated at 37 °C for ~160 hours in 1) 20 mM Hepes pH 7.5, 150 mM NacCl, and in the same buffer supplemented
with ii) freshly prepared DTT and iii) TCEP. All the conditions were tested in triplicate and mean values are reported.
Error bars are equivalent to the standard deviation of replicates. b) Non reducing SDS-PAGE of Jos mutants final
aggregates in 1) 20 mM Hepes pH 7.5, 150 mM NaCl (control), and in the same buffer supplemented with ii) ImM DTT,
iii) ImM DTTox and iv) ImM TCEP.

Based on the investigation of cysteine point mutants, the Atx3 aggregation process does not seem to
involve a main culprit cysteines pair. Additional investigation on cysteine double mutants, maybe
useful in discerning if specific cysteine residues in Jos sequence are more significantly involved in

the protein aggregation.
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3.1.5 Oxidized DTT weakly binds both monomeric and oligomeric Jos

Evidence collected in this project supports that Jos aggregation in vitro is mediated by the formation
of inter-molecular disulfide bridges. This is prevented when in the presence of TCEP in the testing
buffer, being TCEP a very stable molecule which well performs its reducing activity all over the long
incubation period required for Atx3 aggregation assay at 37 °C. On the other hand, the formation of
small oligomers covalently linked by disulfide bonds occurs when the testing buffer is supplemented
with DTT, being DTT very prone to oxidation which impairs its reducing activity.

Here, the binding affinity of monomeric Jos for DTT, TCEP or oxidized DTT was also investigated
by NMR Chemical Shift Perturbation (NMR-CSP) and Saturation Transfer Difference NMR (STD-
NMR) experiments.

To perform NMR-CSP analysis, the "N-labeled protein was titrated with a progressively higher
amount of unlabelled compound and chemical shift perturbations at each titration point were
monitored by the acquisition of two-dimensional (2D) Heteronuclear Single Quantum Correlation
(HSQC) spectrum. The analysis resulted in no CSP for any Jos amino acid residue, indicating that the
amide backbone of the protein is not interested in binding events with any tested compound (Fig.

3.14).
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Figure 3.14 "'N-HSQC spectra for CSP analysis. Overlap of the HSQC spectra acquired on '>N-Jos in the absence of
the compound (in blue), and in the presence of the compound in a molar ratio protein: compound of 1: 1.5 (in red). No
significant CSP (>0.1ppm) were found, suggesting that none of the compounds interacts with the amide backbone of the
protein. a) Jos/DTT; b) Jos/oxidized DTT; c) Jos/TCEP.
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The binding affinity of monomeric Jos for DTT, TCEP or oxidized DTT was then investigated by
STD-NMR experiments at 37 °C. This is because STD-NMR experiments, in contrast to CSP-NMR,
are designed to reveal binding events not necessarily interesting to the amide backbone of the protein.
Results from STD-NMR confirmed that both DTT and TCEP do not bind to monomeric Jos, while
in the case of oxidized DTT a low but non-null STD signal is present (Fig. 3.15). This suggests that
oxidized DTT not only allow the formation of inter-molecular disulfide bonds because of its missing
reducing activity, but might also trigger aggregates formation by weak and likely non-specific

interaction with Jos side chains.
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Figure 3.15 STD-NMR experiments to assess the binding affinity of monomeric Jos for DTT, TCEP or oxidized
DTT. STD-NMR experiment is carried out by recording a control spectrum of the compound, called off resonance
spectrum. A second spectrum, called on resonance spectrum, is then recorded, in which the protein is saturated by
selective irradiation. The subtraction of on resonance spectrum from that off resonance yields the so-called STD spectrum,
consisting of peaks of the compound protons, whose intensity is therefore the difference in the intensities among off and
on resonance spectra. A finite value for this difference reflects the spatial proximity of the compound with protein, i.e.
bound ligand, while this value vanishes for unbound compounds. Here off resonance (in blue) and STD spectra (in red)
in the presence of Jos are reported for a) DTT; b) oxidized DTT; and ¢) TCEP. The asterisk in a) indicates an unidentified
buffer contaminant present in the DTT sample. The presence of peaks with residual intensity in the STD spectrum for
oxidized DTT indicates a binding event among the compound and the protein.

STD-NMR experiments were also acquired overtime such to assess variation in STD signals intensity
in function of time, and to test whether oxidized DTT is able to bind also Jos oligomeric species that
progressively appear during incubation at 37°C. A progressive decrease in the protein signals was
observed overtime, consistent with the gradual aggregation of Jos, along with an increase in the STD
signals up to 48 h (Fig. 3.16). This suggests that oxidized DTT might have more affinity for Jos

oligomers than for the monomeric protein. However, further investigations are necessary to establish

if the increased intensity of the STD signals is indicative of enhanced affinity, rather than an effect
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of spin diffusion due to the increased size of the protein, and consequential improved magnetization

transfer.
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Figure 3.16 STD-NMR spectra of oxidized DTT in the presence of Jos. STD-NMR experiments were acquired in the
function of time at 37 °C to monitor changes in the intensity of the STD signals in the presence of progressively larger
Jos aggregates.

3.2 Characterization of Jos in complex with polyUb chains

In the present work, it was investigated the potential protective role of polyUb, one of the known
Atx3 partners, against Atx3 aberrant aggregation. Indeed, evidence shows that the presence of the
natural interactors could represent a protective constraint for protein structure, suggesting that
physiological interaction with natural partners and aggregation tendency are strictly connected and
could represent two competitive processes.® ! Moreover, it has been demonstrated that some Atx3
residues involved in processing polyUb chains, belong to the same hydrophobic patch involved in
aggregation, suggesting that interaction among Atx3 and polyUb could stabilize the native state of
Atx3, thereby reducing its aberrant supramolecular assembly.?’!

An example of partner-orphan mediated aggregation is represented by annexin A1l (ANXA11), an
exponent of the family of Ca?* binding annexins, involved as TDP43, SOD and FUS in ALS.3Y Under
normal physiological conditions, ANXAL1 interacts with calcyclin through a calcium-regulated
mechanism. In the presence of calcium, the N-terminus, which is an intrinsically disordered region
rich in Gly, Pro and Tyr, become available to interact with calcyclin forming a helical structure. On
the contrary, in the absence of calcium, the N-terminal domain maintains its low-complexity
structure, folds back and interacts with the C-terminal, inhibiting the binding with the natural partner.
Some ALS-related mutations in ANXAL11 interesting key aa in the N-terminal region (i.e. G38R,
D40G), impair the proper binding with calcyclin. This results in exposing regions that are normally
protected, and in increasing protein propensity to form pathological aggregates.>!

Another example comes from TDP-43, another ALS-related protein, for which pathological
aggregation also appears to be inhibited by natural interactors.3'831° TDP-43 works as RNA binding

protein and it usually localizes in the nucleus, but in pathological conditions, it changes subcellular
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localization forming cytoplasmic inclusions.®?°32% Selected sequence-specific RNA aptamers with
high binding affinity significantly affect the aggregation rate, suggesting that tight and specific RNA-
TDP-43 interactions could work as chaperones. Otherwise, pathological mutations that affect this
protective interaction leave the protein exposed to an aberrant self-assembly mechanism.
Partner-orphan mediated aggregation has been observed also for tau, a protein correlated with AD
and physiologically involved in microtubules stabilization and transport along axons. Tau
hyperphosphorylation induces dissociation of tau from tubulin, causing the loss of the microtubule-
stabilizing function, possibly contributing to neuronal degeneration.?*32> When dissociated from
microtubules, tau can acquire various conformations, bringing together the N- and C-terminal
portions of the protein,3?® and exposing the hexapeptide motifs of microtubule-binding domain, which
have a propensity to form B-sheets®?’. Furthermore, several tau missense mutations that impair
microtubules interactions lead to neurodegeneration.®?

These findings strengthen the idea that the physiological function of a protein can actively compete
with the formation of abnormal aggregates. Therefore, partner-orphan model of aggregation could be
very useful for drug design aimed at targeting the region of the aggregation-prone protein involved
in the interaction with its natural partners. Accordingly, structure characterization of Jos in complex
with Lys48-linked di- or tri-Ub (K48-diUb and K48-triUb, respectively) was attempted to get
molecular details of the interaction interface. This is mainly because this information offers valuable
clues for designing synthetic peptides targeting Jos binding sites for polyUb that could serve as
effective drugs for treating SCA3 pathology.

3.2.1 K48-triUb decreases Jos aggregation at 50 °C

Here, the effect of K48-triUb on Jos aggregation was investigated at 50°C. The Jos point mutant
C14A was used as testing protein to impair the proteolytic activity of the protein towards the K48-
triUb substrate. Aggregation kinetics experiments were performed in large volume (3ml) at 50 °C by
ThT-assay for both monomeric Jos and Jos in complex with K48-triUb. Interestingly, results showed
that K48-triUb markedly slows down the aggregation kinetics, supporting the hypothesis of
interference of polyUb chains on Jos aggregation pathway (Fig. 3.17).
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Figure 3.17 Aggregation kinetics at S0 °C of apo Jos and Jos in complex with K48-triUb. Time evolution of the ThT
fluorescence intensity at 480 nm for Jos samples incubated at 50 °C for ~5 hours in 20 mM Sodium Phosphate pH 6.5
supplemented with 1 mM TCEP. Red curve refers to Jos in its apo form, while green curve refers to Jos in complex with
K48-triUb. ThT intensity is reported after normalisation to the maximum value reached. Error bars correspond to 5% of
each measurement.
Based on these encouraging preliminary data, polyUb impact on Jos aggregation was also
investigated at physiological temperature. In particular, it was compared the aggregation kinetics of
Jos in its apo form with the aggregation kinetics of both Jos/K48-diUb and Jos/K48-triUb complexes
(Suppl. Fig. S6). Aggregation kinetics experiments were performed by ThT assays in small volume
(200ul) in 20 mM Hepes pH 7.5, 150 mM NaCl and 1 mM DTT, according to Figueiredo et al.>*®
and the insights on Jos aggregation obtained in the first part of the project (section 3.1).

In contrast with results obtained at 50 °C, results at 37 °C showed that complexes follow similar

aggregation kinetics of isolated Jos, consisting in a nucleation-mediated polymerization (Fig. 3.18).
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Figure 3.18 Aggregation kinetics at 37°C of Jos-polyUb complexes. Time evolution of the ThT fluorescence intensity
at 480 nm for Jos samples incubated at 37 °C for ~96 hours in 20 mM Hepes pH 7.5, 150 mM NaCl, 1 mM DTT. Green
curve refers to Jos in its apo form, while blue and red curves refer to Jos/K48-triUb and Jos/K48-diUb, respectively. ThT-
assay was also performed for isolated K48-triUb and K48-diUb, orange and grey curves, respectively. Each curve
represents the mean of triplicates. Fluorescence values are normalized at maximum value. Error bars correspond to the
standard deviation of replicates.
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To deepen the meaning of these results, the ThT-assay endpoints were analysed by AFM.
Morphological analysis confirmed that both isolated K48-diUb and K48-triUb do not form aggregates
after incubation at 37°C. Only spherical species with a size ranging in the interval 0.5 — 2 nm height
were detected, compatible with the expected size of monomeric forms (Fig. 3.19a). On the other hand,
in the case of complexes samples, it was possible to detect fibrils comparable in size to the ones

formed by isolated Jos, and a large amount of small species on the background (Fig. 3.19b-c).
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Figure 3.19 AFM images of ThT-assay endpoints of Jos/K48-diUb and Jos/K48-triUb complexes. a) AFM height
images 0.5um x 0.5um for freshly purified Jos (left), and ThT-assay endpoints of isolated K48-diUb (middle), and isolated
K48-triUb (right). b) AFM height images 0.5um x 0.5um for ThT-assay endpoints of Jos (left), Jos/K48-diUb complex
(middle), and Jos/K48-triUb complex (right). c) AFM phase images 0.5um x 0.5um for ThT-assay endpoints of Jos (left),
Jos/K48-diUb complex (middle), and Jos/K48-triUb complex (right). Scale bar: 100 nm. Morphological analysis
confirmed that both isolated K48-diUb and K48-triUb do not form aggregates after incubation at 37°C. On the other hand,
in the case of complexes samples fibrils comparable in size to the ones formed by isolated Jos are detectable. Complexes
samples also contain a considerable number of small species on the background, which very likely correspond to
monomeric polyUb chains. These can be particularly appreciated in the AFM phase images in c).

Interestingly, the small species observed on the background in both Jos/K48-triUb and Jos/K48-diUb
samples had an estimated size close to the one of isolated K48-triUb and K48-diUb, respectively,
suggesting a possible dissociation of these species from the complex. Analytical SEC was thus

performed on ThT-assay endpoints of Jos/K48-triUb and Jos/K48-diUb samples to assess if complex
dissociation occurred (Fig. 3.20a). Analysis of the SEC fractions by SDS-PAGE confirmed that ThT-

57



Results and Discussion

assay endpoints of Jos/K48-triUb and Jos/K48-diUb contain SDS-soluble aggregates formed by only
Jos, while K48-Ub chains eluate as free species (Fig. 3.20b).
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Figure 3.20 SEC analysis of ThT-assay endpoint of Jos/K48-triUb complex. a) SEC profiles of ThT-assay endpoint
of Jos/K48-triUb complex (in blue), and freshly prepared complex (in orange). Retention volumes for Jos/K48-triUb
complex and free K48-triUb correspond to 11ml and 12.5, respectively. b) SDS-PAGE analysis of SEC fractions of
Jos/K48-triUb ThT-assay endpoint. S corresponds to the pre-SEC sample; P1-P3 are related to the indicated peaks in the
SEC profile. Results show that P1 contains isolated Jos, P2 contains free K48-triUb and P3 presumably corresponds to
the DTT added to the sample to perform the ThT-assay.

Altogether, results show that at 37 °C and a concentration of 14 uM, Jos/K48-triUb dissociates in
favour of Jos aggregation. Indeed, the Jos binding site for K48-triUb involves the hydrophobic patch

231 that, when exposed, allows interaction among monomers

of Jos identified as aggregation prone
with consequent formation of oligomeric species. According to the new insights obtained in this work
(section 3.1), these oligomers are stabilized by disulfide bonds thus impairing the re-association of
the complex with K48-triUb in favour of Jos self-assembly. Further analysis should be carried out
using a higher concentration of complex or cross-linking triUb and Jos, thus creating a more stable

complex.
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3.2.2 Structural characterization of Jos/K48-diUb and Jos/K48-triUb

Structural characterization of Jos/K48-diUb and Jos/K48-triUb complexes was firstly performed by
Small Angle X ray Scattering (SAXS), being this a quick method to characterize protein samples
through the extraction of several overall parameters related to the size, oligomeric state, and overall
shape of the molecule.?3%3!

SAXS experiments were performed on 5 mg/ml complex sample in TRIS buffer supplemented with
1% sucrose to reduce radiation damage. Given the high concentration of sample, the buffer was also
supplemented with 2 mM TCEP to avoid disulfide bridges formation and to consequently reduce Jos
aggregation propensity. Indeed, sample mono-dispersity is strictly required to avoid misinterpretation
of SAXS data, since the presence of aggregates in solution could lead to a wrong estimation of SAXS-
derived parameters, such as radius of gyration (Rg). In addition, samples were subjected to size-
exclusion chromatography coupled SAXS (SEC-SAXS) to remove potential aggregated species and

maximize sample purity (Fig. 3.21a).32% 332
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Figure 3.21 Preparation of SAXS samples. Samples for SAXS were subjected to size-exclusion chromatography
coupled SAXS (SEC-SAXS) to remove potential aggregated species and maximize sample purity. a) SEC profiles for Jos
C14A (in green), K48-diUb (in orange), K48-triUb (in grey), Jos/K48-diUb complex (in red), Jos/K48-triUb complex (in
blue); b) SDS-PAGE analysis of samples before loading on SEC-SAXS.
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SAXS data were collected for both Jos/K48-diUb and Jos/K48-triUb complexes, and isolated Jos,
diUb and triUb as constituents of the complexes. The R; and 1(0) parameters were then derived by

Guinier analysis of the SAXS radially averaged one-dimensional curves, and used for the scaling of

both the Krakty and P(r) plots (Fig. 3.22).
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Figure 3.22 Kratky and P(r) plots derived from SAXS curves. Jos C14A (in green), diUb (in orange), triUb (in grey),
Jos-diUb complex (in red), Jos-triUb complex (in blue). a) Guinier-based normalized Kratky plot. In order to compare
different proteins, the dimensionless representation of the Krakty plot is used, where the scattering intensity is scaled by

(q x R)?/1(0) and the scattering vector q is multiplied by Rg.3 33 In dimensionless Kratky plots, globular proteins always
have a maximum at q x R, = 32 and (q x Ry)?I(q)/I(0) = 1.104. These coordinates are marked by the cross. b) P(r) plot
of the different samples.

In the case of Jos, as expected for a globular protein, the dimensionless Kratky plot appears as a bell-
shaped peak. Broadening of the bell-shaped curve and a shift of the maxima to larger q x Rg values
were instead observed in the case of isolated K48-diUb and K48-triUb, suggesting a higher level of
flexibility for these two molecules (Fig 3.22a).>3* In the case of the complexes, the curves resemble
a multi-modal distribution, typical of multi-domain proteins. The main component is superimposed
with the bell-shaped peak of the isolated Jos, while the shoulder indicates the presence of a flexible
domain, constituted by the Ub chain partner.

These results were confirmed by the analysis of P(r) plots, where it is reported the distance

distribution function (Fig. 3.22b). A P(r) bell-shaped profile, typical of globular particles, was
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obtained for Jos, while profiles with multiple shoulders and oscillations, corresponding to intra and
inter-subunit distances, were obtained for all the other samples under analysis. In particular, the
complexes resulted in more extended than isolated Jos (>*Dmax), but more compact with respect to
the corresponding free Ub chain.

The size parameters calculated for all the samples resulted to be consistent with the expected values

derived from the monomeric species and their estimated molecular masses (Table 3.2).

MW (kDa) Rq (A) Dmax (A) Volume (A?) ‘
Monomeric Jos 21 19.37 63 33,359
diUb 17 20.42 68 23,763
triUb 25.5 29.28 127.5 90,356
Jos-diUb complex 38 22.65 77.5 56,877
Jos-triUb complex 46.5 25.56 80 84,818

Table 3.2 Size parameters calculated for both Jos/K48-diUb and Jos/K48-triUb complexes. R;, Dmax and Volume
values estimated by SAXS profiles using ScAtter IV software. Samples are ordered in ascending order by expected MW.
R is the root-mean-square distance of the macromolecular mass from its centre of mass. It is a measure of the overall
size or spatial extent of the macromolecule, and it is useful for understanding the conformation, flexibility, and
compactness of the macromolecular structure in solution. Dmax represents the largest distance between any two points
of the particle, describing the size or maximum extent of a macromolecule or particle in solution.?*

Altogether these results show that both K48-diUb and K48-triUb chains are stably attached to Jos,
yielding complexes that are more tightly packed than the corresponding polyUb chains.

Based on the observation that Atx3 seems to work better with longer polyUb chains,>*”

suggesting
that the functional complex requires longer substrate chains, SAXS-derived structure modelling was
performed only for Jos/K48-triUb complex. Specifically, both Jos ubiquitin binding site 1 (I77, L91,
W120, F163) and site 2 (Y27, F28, W87), and Ub hydrophobic patch L8, 144, V70, present on each
Ub subunit, were considered as potential interaction surfaces.

Structure modelling was attempted by a combination of CORAL approach, and DENsity from
Solution Scattering (DENSS, https://tdgrant.com/), an algorithm for calculating 3D particle electron
densities directly from 1D solution scattering data. In particular, CORAL is a method for rigid body
modelling of multidomain protein complexes against multiple scattering curves, where also symmetry
and contacts can be taken into account.

Unfortunately, in the case of K48-triUb, the only available experimental structure is reported for
cyclic triUb (PDB: 7CAP),*** wherein the potential interaction surfaces are not solvent-exposed and
do not align with the experimental SAXS profile (Fig. 3.23a). Therefore, as entry substructure for
complex modelling, it was used a linear K48-triUb obtained by CORAL using three subunits of Ub
(PDB 1UBQ)*! and K48-triUb SAXS profile (Fig. 3.23b).
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b)

uBQ1

uBQ1

Figure 3.23 Modelling of linear K48-triUb. a) Crystallographic structure of K48-triUb in cyclic conformation (PDB:
7CAP). Each Ub subunit is represented in a different colour (Ub1, purple; Ub 2, pink; Ub 3, grey). The hydrophobic patch
L8-144-V70 is in cyan and is not exposed to solvent. b) model for linear K48-triUb obtained by CORAL using three Ub
subunits (PDB: 1UBQ). Final five residues of each subunit were treated as dummy residues (spheres) to increase the

flexibility of the system. In cyan, L.8-144-V70 patch, that is more solvent-exposed than in cyclic K48-triUb.

The structural model obtained for linear K48-triUb was then used as entry structure for complex
modelling together with Jos NMR structure (PDB 1yzb). Unrestrained approach reached convergence
after 57 iterations (x*: 1.115), but multiple reconstructions (i.e. 4 CORAL runs with the same
parameters) showed that unfortunately, this approach is not sufficient to solve the ambiguity of the
system (Fig. 3.24a). Indeed, four statistically equivalent models were obtained, all correlating around
80% with the SAXS-derived electron density shape, each displaying K48-triUb in a different position
(Fig. 3.24b).

Despite the diversity, all models indicate both Jos catalytic site and ubiquitin binding site 1 as

preferred interaction surface (Fig. 3.24a).
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b)

triUb Coral 1
triUb Coral 2
triub Coral 3
triUb Coral 4

Figure 3.24 Structure modelling of Jos/K48-triUb complex. Exemplification CORAL run to obtain a rigid-body model
of Jos/K48-triUb complex. a) in the first row, ribbons representation of one of the CORAL of Jos-triUb complex obtained
with unrestrained modelling. Jos (PDB: 1yzb) is represented in green; triUb is represented in purple. Jos: catalytic site
(C14-H119-N134), in red; Ub binding site 1 (I77, L91, W120, F163), in blue, Ub binding site 2 (Y27, F28, W87), in
orange; triUb: L8-144-V70, in cyan. In the second row, molecular surfaces representation, respecting the previous colour
code. Dark grey shell is the electron density function extracted from Jos-triUb complex SAXS profile with DENSS
algorithm. Shell volume is adjusted in Chimera 1.16, according to SAXS experimental volume: 84818 A3. b) ribbon
representation of all the four Jos-triUb CORAL obtained. Jos of all the models is aligned and represented in green. In
blue, pink, yellow and grey triUb of the different rigid body models show that triUb could be located in different positions
with respect to Jos.

Although modelling from SAXS curves was not conclusive for determining the binding mode
between K48-triUb and Jos, the results confirmed the formation of the complex and the sample
quality, allowing to obtain access to the EMBL High-throughput crystallization and fragments
screening (HTX) facility in Grenoble. A first wide crystallization screening was performed selecting

both standard kits for primary screening (i.e. Classics-Suite, JCSG, PACT) and kits specialized for
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complexes (i.e., Midas-plus, Morpheus, ProPlex). Screenings were performed at RT, being the Tm
of the complex 55°C, as assessed by thermal shift assay.

Surprisingly, kits specialized for complex formation gave poorer results than conventional kits, which
instead led to the formation of microcrystals (Fig. 3.25b). These will be added to refinement screens
or to sparse matrix screens, to increase the probability of obtaining better crystallization hits.

Based on the results of this screening, therefore, it will be necessary to proceed with additional trials,
using a higher sample concentration and focusing on the chemical conditions (buffer composition and

precipitant percentages) that allowed the identification of promising traces of crystallization.

a) P2
= 200
£
P P1 25kDa - TriUb
© 20kDa - Jos
< 100
15 kDa -
0 T T T v T J
8 9 10 1" 12 13 14
Volume (ml)

Figure 3.25 Jos-triUb crystallization trial. a) SEC profile and correspondent SDS-PAGE of Jos-triUb sample. Since
preliminary screenings had indicated the dissociation of the complex in favour of polyUb crystal formation, in this case,
the complex was prepared by incubating Jos: triUb in 2: 1 molar ratio, thus maintaining an excess of Jos. Subsequently,
SEC with Increase 10/300 75s in 20 mM Sodium Phosphate, pH 6.5 and 1 mM TCEP was performed, and the fractions
containing the pure complex (P1) were pooled down together and concentrated to produce a crystallization sample of 11.5
mg/ml in 100 pL. b) Some examples of crystal hints obtained by this first crystallization trials, after 20 days. On the left,
sea urchin micro-crystals (size ~ 20 um) in 0.01 M nickel chloride, 0.1 M Tris pH 8.5, 1 M lithium sulphate; in the middle,
an irregular single crystal (size ~ 230 um) in 0.2 M magnesium chloride, 0.1 M Hepes sodium salt pH 7.5, 30%
isopropane; on the right micro-crystals (size ~ 20 pm) in 40% glycerol ethoxylate; phase separation is visible on the
background.
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4 Conclusions

This PhD thesis was aimed at investigating the molecular mechanisms of Ataxin-3 aggregation, to
gain new insights into its complex and still controversial supramolecular assembly process.
Moreover, the potential protective role of polyUb chains against Atx3 aggregation was evaluated.
Notably, Atx3 exhibits a strong inclination to form oligomeric structures, and even slight adjustments
to in vitro experimental conditions have been reported to alter its amyloid assembly kinetics.?2%:3%3
Tight control of the multiple variables and aggregation buffer components is thus critical to the
development of reproducible assays to monitor protein aggregation and for further evaluation of
potential anti-aggregating molecules.?®®

In this context, this project focused on the effect of temperature and buffer composition on different
Atx3 aggregation steps, highlighting the role of reducing environment in the aggregation process.
Aggregation kinetics experiments in vitro of non-expanded and expanded Atx3 variants revealed that
at 37 °C Atx3 hydrolysis, presumably due to reported Atx3 autocatalytic activity,?®’ competes with
aggregation of Atx3 full length. The hydrolysis leads to a domain of similar size to Jos, which is able
to form SDS-soluble aggregates. On the other hand, at 50°C the formation of oligomers outpaces
hydrolysis events, hindering Atx3 degradation through fibrillation. Moreover, results revealed that
Atx3 aggregation at 50 °C follows a polyQ-independent mechanism, thus representing a good strategy
for vast screening of potential anti-aggregating molecules interfering solely with the Jos-dependent
aggregation mechanism.

Intriguingly, Atx3 hydrolysis observed at 37 °C resulted to occur only when using TCEP as a reducing
agent in the aggregation buffer, while resulting in inhibition when incubating the protein in the
presence of DTT. This suggests that, although both TCEP and DTT are commonly used reducing
agents for proteins, their well-known difference in stability®®* could expose Atx3 to a different
reducing environment, influencing its autocatalytic activity, in particular in the case of long-duration
experiments as aggregation kinetics at 37°C. Of note, from an extensive comparison of aggregation
buffers composition used in previous studies on Atx3 aggregation, TCEP resulted in being used only
in this PhD work and in previous work from Pastore’s group performed at 50 °C.14°

Morphological analysis of final aggregates through atomic force microscopy revealed that in the
presence of DTT curvilinear short fibrils are formed. On the other hand, when in the presence of
TCEP, Atx3 is less prone to aggregation and only a few amorphous aggregate species are formed.
Interestingly, stability tests performed on DTT through 1D *H NMR spectra revealed that the
compound oxidizes within the lag phase of the Atx3 aggregation kinetics at 37 °C, forming 3,4-

Dihydroxy-1,6-dithiane (here indicated as oxidized DTT, DTTox) which is devoid of reducing
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activity. Accordingly, in aggregation kinetics experiments performed in the presence of DTTox, the
lag phase was almost abolished, suggesting that Jos aggregation is triggered by oxidized DTT rather
than its reduced form. This result led to investigating the involvement of intermolecular disulfide
bridges in Jos supramolecular assembly. Indeed, cysteines could potentially form intermolecular
bridges capable of crosslinking monomers, thereby promoting the formation of aggregation nuclei.?%*
29 Contribution of disulfide bridges in Jos aggregation was assessed by analysis of the aggregation
endpoints by SDS-PAGE in non-reducing conditions, which led to the conclusion that Jos self-
assembly process is mediated by the formation of intermolecular disulfide bridges, that could stabilize
aggregation intermediates, serving as nuclei for further aggregation steps, adding a new piece to the
intricate Atx3 aggregation process.

Aggregation propensity was then investigated for four Jos point mutants, where each cysteine residue
(C14, C18, C114, C172) was substituted by alanine, to assess if a specific cysteines pair could be
involved in the formation of intermolecular disulfide bridges. This was not the case, as results
revealed that all Jos cysteines can be equally involved in the formation of cross-linking disulfide
bridges.

In this experimental work, it was also investigated the binding mode of Jos with K48-diUb and K48-
triUb, and the effect of this interaction on Atx3 aggregation propensity. In particular, Jos C14A was
used as testing protein, thus inactivating the protein catalytic site.?’ This was intended to inhibit the
cleavage of Ub chains, allowing the study of the interaction among the protein and its natural partner.
Due to the lack of available structures of Atx3-polyUb complexes in the Protein data bank (PDB),
firstly it was verified the formation of stable complexes among Jos and polyUb chains by small angle
X rays scattering, thus proceeding with preliminary structural characterization of Jos/K48-triUb
complex by rigid body modelling. The results did not allow the univocal identification of interaction
surface among K48-triUb and Jos, but allowed to obtain access to the EMBL High-throughput
crystallisation and fragments screening (HTX) facility in Grenoble to setup crystallization trials.

In parallel, the effect of different K48-diUb and K48-triUb on isolated Jos aggregation was evaluated
at both 37 °C and 50 °C. Surprisingly, results showed that at 50 °C K48-triUb markedly slows down
Jos aggregation kinetics, supporting the hypothesis of interference of polyUb chains on Jos
aggregation pathway, while at 37 °C K48-triUb dissociated from the complex leaving unbound Jos
exposed to the solvent and free to form self-assemblies. This opens the way to further optimization
of the presented experimental setup, using higher protein concentration or crosslinking polyUb and

Jos, obtaining a covalently- bound and stable substrate.
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6 Supplementary Information

Purification steps of recombinant Josephin
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Supplementary Figure S1. Purification steps of recombinant Jos. On the left, chromatographic profile. Left axis
indicates absorbance at 280 nm, while right axis indicates % elution buffer. On the right, SDS-PAGE analysis related to
the fractions a) Affinity chromatography of the first IMAC step performed on cell lysate, to isolate recombinant tagged
protein. Elution 1 (El.1) consists of two steo with 10% and 20% bufferB; elution 2 is a final isocratic step with 100%
buffer B. b) Second IMAC step performed after tag removal. Before TEV and after TEV refers to tagged protein digestion
by TEV. c) Size exclusion chromatography by Increase 10/300 75s. Peak 2 (P2, 11-12 ml) was selected for further

experiments. GST-Jos: 49 kDa; Jos: 21 kDa.
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Purification steps of recombinant Atx3-Q14
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Supplementary Figure S2. Purification steps of recombinant Atx3-Q14. On the left, chromatographic profile. Left
axis indicates absorbance at 280 nm, while right axis indicates % elution buffer. On the right, SDS-PAGE analysis related
to the fractions a) Affinity chromatography of the first IMAC step performed on His-tagged protein. b) Second IMAC
step performed after tag removal. Before TEV and after TEV refers to tagged protein digestion by TEV. ¢) Size exclusion
chromatography by Hi load 16/600 75s. Monomeric Atx3-Q14 elutes in peak comprising 55-60 ml. MBP-Atx3-Q14: 85
kDa; Atx3-Q14: 41 kDa.
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Purification steps of recombinant Atx3-Q55
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Supplementary Figure S3. Purification steps of recombinant Atx3-Q55. On the left, chromatographic profile. Left
axis indicates absorbance at 280 nm, while right axis indicates % elution buffer. On the right, SDS-PAGE analysis related
to the fractions a) Affinity chromatography of the first IMAC step performed on His-tagged protein. b) Second IMAC
step performed after tag removal. Before TEV and after TEV refers to tagged protein digestion by TEV. c) Size exclusion
chromatography by Hi load 16/600 75s. Monomeric Atx3-QS55 elutes in peak comprising 52-58 ml. MBP-Atx3-Q55: 90
kDa; Atx3-Q55: 46 kDa.
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Purification steps of recombinant Atx3-Q70
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Supplementary Figure S4. Purification steps of recombinant Atx3-Q70. On the left, chromatographic profile. Left
axis indicates absorbance at 280 nm, while right axis indicates % elution buffer. On the right, SDS-PAGE analysis related
to the fractions. a) Affinity chromatography of the first IMAC step performed on His-tagged protein. b) Second IMAC
step performed after His-tag removal. Before TEV and after TEV refers to His-tagged protein digestion by TEV to remove
the His tag. c) lonic exchange purification step by Capto Q. On the left, detail of elution step with progressively higher
concentration of salt (buffer B, 1 M NaCl); Asterisk indictates the fractions selected for the last purification step. d) Size
exclusion chromatography by Increase 10/300 75s. Monomeric Atx3 Q70 elutes around 10 ml. MBP-Atx3-Q70: 92 kDa;
Atx3-Q70: 48 kDa.

83



Supplementary Information

PolyUb chains purification steps
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Supplementary Figure S5. PolyUb chains purification steps. On the left, chromatographic profile; on the right, related
SDS-PAGE. In chromatograms: blue curves indicate A280 values, grey curves correspond to buffer B percentage. a)
Cationic exchange purification step. Even using a long gradient different polyUb chains coelute (i.e. mix 1 and mix 2)
due to the the similar pI; b) polyUb clean-up by SEC. Even using SEC, part of polyUb chains with different MW still
coelute. The combination of ionic exchange chromatography with a long high salt gradient allows the separation of the
different polyUb species formed, that tend to co-elute because of their pl similarity. Thus, size exclusion chromatography
steps were performed to better separate the different polyUb species according to different MW.
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Purification of Jos-diUb and -triUb complexes
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Supplementary Figure S6. Jos-diUb and -triUb complexes purification. On the left, chromatographic profile; on the
right related SDS-PAGE. Both complexes were performed by Increase 10/300 75s. a) Jos-diUb complex purification.
Retention volume: 12-12.5ml, MW: 38 kDa; b) Jos-triUb complex purification. Retention volume:11-11.5 ml, MW: 46.5
kDa. Asterisks marked the fraction used for aggregation assays.
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Annex |
Sanger sequencing pMAL Atx3 Q70 3UIMs

MEP- SIS -HisTag - TEV c.s- Atx3 Q70

Sequence_malE (fwd primer)

VAR K A l’mh“i‘,)

100 300 400 500 1000

NNNGNNCAANGCGCAGATNATTCGAGCTCGAACAACAACAACAATACACAATAACAACAACCTCGGGEEE

BB 7T CACATCACCATCATCACCACGAAAACCTGTACT TTCAGGGCATGGAGTCCATCTTCCACGAGA

CGAGTGTTAGAAGCAAATGATGGCTCAGAATGTTAGACGAAGATGAGG
AGGACTTGCAGAGGGCTCTGGCACTAAGTCGCCAAGAAATTGACATGGGAAGATGAGGAAGCAGATCTCCGCA
GGGCTATTCAGCTAAGTATGCAAGGTAGTTCCAGGAAAACATATCTCAGGATATGACACAGACATCNNGTACA
AAATCTTACTTNAGAAAGAGCTNNGAAGAAGAACGANAANCCTACTTTGAAAAAACAGCAGCAAAGCAGNAAC
AGCAGCAGCAGCAGCAGGCAACTNGCAG

Sequence_pMalrev (rev primer)

Jml\i.' it A 1 ‘ il ‘l.;'l.“ | 'Mnb ' J'l,l‘“‘lu!)‘w%

SDU

i

JU

GTNNAGCANTGCCTNNAGNNNGNNNNNNNNTATCNNNNNNCGTCCAANNNNNNNCAGNTCGNNNNNNATNAAG
ATCNTAATGCATATAGAACNNTGGNNNCAGTTANNNTAGGNNCAGNNTTNNNTGANTNTCTCTGACGGTTCAN
NNNATATCAGATNCATATCTGCACTTTCTGGCTNATACCACCNNAAGGGTATCTATATTGTCGNTANGGTGAT
CTGCCAGATTGCGAAGCTGACCAACTCTACAGATGATTAGGGTCCAACAGATGCATCGACCCAAACTTATICE

8
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BARACAGCAGCAAAAGCAGCAACAGCAGCAGCAGCAGCAGCAACAGCAGCAGCAGCAGCAGCAGCAGCAGCAGC
AGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCA
GCAGCAGCAGCAGCAGCAGCAGCAACAGCAGCAGCAGCAGCAACAGCAGCAGCAGCAGCAGCAGCAGECEEAT

RACACAACCCARCAACHEG 2~ TTCCCTGCAGGTAATGAATTCCCTGCAGGTAATTAAATAAGCTTCAAATAA
AACGAAAGGGCTCAGTCGATATANACTGGGCCTTTCGTTTTATNCTGTTGCTTGNNG

Sequence_p170 (fwd primer)

It »wuw Wu\‘lhh ! 4!'...

'lhmumlmlnunmnJa1uuiujhnunnmmml..hm,n nm.m.mmnummmnm.mnnm.n..muum.mnmu.nu|»u.muummuhumnu.mnltmnmhnmmm |

360 380 400 420 440 460 480 500 520 540 S60

CNNNNTTNAANNAGNATTAGGGTCCNACAGATGCATCNNNTCNARACTTATTCCACAACAATTACCACAACTA

GGTACARATCTTACTTCAGAAGAGCTTCGGAAGAGACGAGAAGCCTACTTTGAAAACACC AL CAAAAL AT

AACAGCAGCAGCAGCAGCAGCAACAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCA
GCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG

CAGCAACAGCAGCAGCAGCAGCAACAGCAGCAGCAGCAGCAGCAGCAGEECCACCTATCACCACACACTTICAC

GAATTCCCTGCAGGTAATGAATTCCCTGCAGGTAATTAAATAAGCTTCAAATAAAACGAAAGGCTCAGTCGAA
AGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCNNNGGAGCGG
ATTTTGAACGTTGCGAAGCAACGGTCNNNGTTGGCGGGNNNNACGCCCGCATNAACTGCAGGCATCAAATTAA
GCAGAANNNATCCTGACGGATGNNNN
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Sequence_qg71 (rev primer)

g1
700 400 300 200 10

NNGNCNNNNNTNNNTNNCCTGNNTNANNNNNNNCATGGATNGCCANNNNNNNATATCNCCNTNGCCANAGCNN
GCNTNANNTAAAGGCGAACAGCGATNNCANNNNNNNCGTNGGGCANGNNNNNATCGACNNNAGCAAAGTNNNN
NANNNGTAACGGGTACTGCCGANNNNNGGGGTCAACCCANCCANCCGTTTCGTTGGCGTGCTGAGCGCAGGTA
TTAACGCCNCCAGTCCGAACAAAGAGCTGGCAAAAAGAGTTCCTCGAAAACTATCTGCTGACTGATGAAAGGT
CTGGAAAGCGGTTAATAAAGACAAACCCGCTGGGTGCCGTAGCGCTGAAGTCTTAC GAGGAAGAGTTGGG-

EAACACEEEEREAE T~ ~ TTCGAGCTCGAACAACAACAACAATAACAATAACAACAACCTCGGG
Mll2TTTCACATCACCATCATCACCACGAAAACCTGTACTTTCAGGGCATGGAGTCCATCTTCCACGAGARACA
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Translated merged sequence
..aaagatccgcgtattgccgccactatggaaaacgcccagaaaggtgaaatcatgeccgaac

atcccgcagatgtcececgetttectggtatgeccgtgegtactgecggtgatcaacgeccgecagce

ggtcgtcagactgtcgatgaagccctgaaagacgcgcagactaattcgagectcgaacaac
N S S S N N
aacaacaataacaataacaacaacctcgggatcgagggaaggatttcacatcaccatcat
N N N N N N N N L G I S H H H H
caccacgaaaacctgtactttcagggcatggagtccatcttccacgagaaacaagaaggc
H H
tcactttgtgctcaacattgcctgaataacttattgcaaggagaatattttageccectgtg

gaattatcctcaattgcacatcagctggatgaggaggagaggatgagaatggcagaagga

ggagttactagtgaagattatcgcacgtttttacagcageccttctggaaatatggatgac

agtggttttttctctattcaggttataagcaatgccttgaaagtttggggtttagaacta

atcctgttcaacagtccagagtatcagaggctcaggatcgatcctataaatgaaagatca

tttatatgcaattataaggaacactggtttacagttagaaaattaggaaaacagtggttt

aacttgaattctctcttgacgggtccagaattaatatcagatacatatcttgcacttttce

ttggctcaattacaacaggaaggttattctatatttgtcgttaagggtgatctgeccagat

tgcgaagctgaccaactcctacagatgattagggtccaacagatgcatcgaccaaaactt

attggagaagaattagcacaactaaaagagcaaagagtccataaaacagacctggaacga

gtgttagaagcaaatgatggctcaggaatgttagacgaagatgaggaggacttgcagagg

gctctggcactaagtcgccaagaaattgacatggaagatgaggaagcagatctccgcagg

gctattcagctaagtatgcaaggtagttccagaaacatatctcaagatatgacacagaca

tcaggtacaaatcttacttcagaagagcttcggaagagacgagaagcctactttgaaaaa

cagcagcaaaagcagcaacagcagcagcagcagcagcaacagcagcagcagcagcagecag
Q © O K O O 9 O O 9O O O 0 9 O 9O 9O O 0O 0
cagcagcagcagcagcagcagcagcagcagcagcagcagcagcagcagcagcagcageag
Q O 90 ©0 O 0 o 0 ©0 9 0 0 0 O 0 9O 9 O 0O O
cagcagcagcagcagcagcagcagcagcagcagcagcagcagcagcaacagcagcagecag
Q O 90 ©0 O 0 o 0 ©0 9 0 0 0 O 0 9O 9 O 0O O
cagcaacagcagcagcagcagcagcagcagggggacctatcaggacagagttcacatcca

Q 0 0 0 0 0 0 0 o o ENENENSHCHNONSISIENE

tgtgaaaggccagccaccagttcaggagcacttgggagtgatctaggtgatgctatgagt

gaagaagacatgcttcaggcagctgtgaccatgtctttagaaactgtcagaaatgatttyg

aaaacagaagggaagaagtag

ANNEX 1. Sanger sequencing results of Atx3-Q70. Atx3 Q70 construct was sequenced using malE and p170 as forward
primers and pMAL and q71 as reverse primers. In purple, MBP sequence; in brown, Factor X sequence, in yellow, MBP
sequence: in cyan, TEV cleavage site and in green, Atx3 coding sequence. CAG repetitions coding for glutamine (Q) are
underlined in red. Merged sequencing results show in frame Atx3-Q70 construct, that is translated as expected.
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Annex 11

Sanger sequencing Jos C14A

6His-GST-TEVes-Jos1-182 C14A

Sequence_pGEX (fwd primer) in bold, GCA coding for Alanine 14

GNNNNNNNGNCNCTCCTCCACTAGTGGATCTGGTGGTGGTGGCGGATCCATGAGCGAGAATCTTTATTTTCAG

clelelele

GCGGCCGCGAGCTCGGATCCGGCTGCTA
ACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTC
TAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATATCCACAGGACGGGTGTGGTCGC
CATGATCGCGTAGTCGATAGTGGCTCCAAGTAGCGAAGCGAGCAGGACTGGGCGGCGGGCAAAGCGGTCGGAC
AGTGCTCCGAGAACGGGTGCGCATAGAAATTGCATCAACGCATATAGCGCTAGCAGCACGCCATAGTGACTGG
CGATGCTGTCGGAATGGACGATATCCCGCAAGAGGCCCGGCAGTACCGGCATAACCAAGCTATTGCCTACAGC
ATCCAGGGGGAACGGGGCCGAGGATGGACGATGAACCGANNTGTTAGAATTTATATANN

i A ||\ }
\ ||
il ﬂ‘ 1L ‘l ll (‘ lm h M i |\|" "“IM 'N 'l“ ‘ H dl | ‘,\ M-Ilm |I i l|| .1 Al Uhl, |||I‘|,,

mc 300 200 1000

|]‘}

s ~o
4 ~
’ S
’ S

. -~
AAG G C TCAC TTGCAGC TCAACAT

120

Sequence_T7 (rev primer) in bold, GCA coding for Alanine 14

NTAGCTTGCCAAGCCCAACCATTTGGGTGGTGGCCAAAAGAGCGGCAGAGATTTCAATGTTGAAGGAGCGGTT
TGGATATTAAATGCGGTGTTCGAAAATTGCATATAGTAAAGCTTTGAAACTCTCAAGTTGATTTTCTTAGCCA
GNTACCTGAAATGCTGAAAATGTTCGAAGATCGTTATGTCATAAAACATATTTAAATGGTGATCATGTAACCC
ATCCTGACTTCATGTTGTATGACGCTCTTGATGTTGTTTTATACATGGACCCAAATGTGCCTGGATGCGTTCC

CCARAATTAGTTTTGTTTTANAAAACGTATT A O A CORERT
TATATAGCATCECCTTTECAGGGCTERCAAGCCACGT TTGETGETEECGACCATCCTCCA " 7 137 17~
GTGGTGETGGCGGATCOATGACC BAGAATCTTTATTTTCAGEGC oC CATGEACTCOATON TCCACEAGARACH




Annexes

=

cC

“(“w"w\

50Q -

i LTI AEREC ARt
1L

LU LU L e LT
- - - 200 - -

7100

ni
|
|
I il H
300 400 00 o
~

M) '“i i L'Wl'.[," ”!'.‘l.',','ﬁ}"’f,

T

|

JJ I
-
-

Merged sequence

ATGAAACATCACCATCACCATCACAACACTAGTAGCAATTC CHICHCEE G ACEH AT ICEANATA
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Translated sequence

atgaaacatcaccatcaccatcacaacactagtagcaattccatgtcccecctatactaggt

M K B B B B B 8 N T s sy s

tattggaaaattaagggccttgtgcaacccactcgacttcttttggaatatcttgaagaa

aaatatgaagagcatttgtatgagcgcgatgaaggtgataaatggcgaaacaaaaagttt

gaattgggtttggagtttcccaatcttccttattatattgatggtgatgttaaattaaca

cagtctatggccatcatacgttatatagctgacaagcacaacatgttgggtggttgtcca

aaagagcgtgcagagatttcaatgcttgaaggagcggttttggatattagatacggtgtt

tcgagaattgcatatagtaaagactttgaaactctcaaagttgattttcttagcaagcta

cctgaaatgctgaaaatgttcgaagatcgtttatgtcataaaacatatttaaatggtgat

catgtaacccatcctgacttcatgttgtatgacgctcttgatgttgttttatacatggac

ccaatgtgcctggatgcgttcccaaaattagtttgttttaaaaaacgtattgaagcectatce

ccacaaattgataagtacttgaaatccagcaagtatatagcatggcctttgcagggctgg

caagccacgtttggtggtggcgaccatcctccaactagtggatctggtggtggtggecgga
T S G S G G G G G
tccatgagcgagaatctttattttcagggcgccatggagtccatcttccacgagaaacaa
M S A
gaaggctcacttgcagctcaacattgcctgaataacttattgcaaggagaatattttage

A
cctgtggaattatcctcaattgcacatcagctggatgaggaggagaggatgagaatggceca

S

gaaggaggagttactagtgaagattatcgcacgtttttacagcagccttctggaaatatg

gatgacagtggttttttctctattcaggttataagcaatgccttgaaagtttggggttta

gaactaatcctgttcaacagtccagagtatcagaggctcaggatcgatcctataaatgaa

agatcatttatatgcaattataaggaacactggtttacagttagaaaattaggaaaacag

tggtttaacttgaattctctcttgacgggtccagaattaatatcagatacatatcttgca

cttttcttggctcaattacaacaggaaggttattctatatttgttgttaagggtgatctg

ccagattgcgaagctgaccaactcctgcagatgattaggtaa
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Sanger sequencing Jos C18A

6His-GST-TEVes-Jos1-182 C18A

Sequence_T7 (rev primer) in bold GCG coding for alanine 18

ATGTGCNGAAACAAAAAGGTTGAATGGTTTGAGGTTNCCATCTNNNNNATATTGATGGNNATGNNN
NTACCCAGTCCTATGGCCATCATCGTTATAAAGCTGANAGCCACAACATGTTGGGTGGTTGTCCCA
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o
=
=
=
Q

5 |

Q

H

AGTGGATCTGGTGGTGGTGGCGGATCCATGAGC GCC
ATCATTACCHEEGCGGCCGCGAGCTCGGATCCNGCNGCTAACARAAGCCCGARAGGAAGGCTANGTN
TTGCNNCNT

l l,“" I Iﬁ 1 11.\"'. L L .r | } H'"” /! |' ‘ H ‘.’",l ‘I'M i ﬂl( Ili ?\”\J'ik!&lmh.u

I 100
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AGATTCTCGCTCATGGATC CGC

Merged sequence

e e
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Translated sequence
atgcttgaaggagcggttttggatattagatacggtgtttcgagaattgcatatagtaaa

gactttgaaactctcaaagttgattttcttagcaagctacctgaaatgctgaaaatgttc

gaagatcgtttatgtcataaaacatatttaaatggtgatcatgtaacccatcctgactte

atgttgtatgacgctcttgatgttgttttatacatggacccaatgtgcctggatgcgtte

ccaaaattagtttgttttaaaaaacgtattgaagctatcccacaaattgataagtacttg

aaatccagcaagtatatagcatggcctttgcagggctggcaagccacgtttggtggtgge

gaccatcctccaactagtggatctggtggtggtggcggatccatgagcgagaatctttat

BRI r s ¢ s 6 6 G G G s M S EINILIY

tttcagggcgccatggagtccatcttccacgagaaacaagaaggctcactttgtgctcaa
A

catgcgctgaataacttattgcaaggagaatattttagccctgtggaattatcctcaatt

H A

gcacatcagctggatgaggaggagaggatgagaatggcagaaggaggagttactagtgaa

gattatcgcacgtttttacagcagccttctggaaatatggatgacagtggttttttctcect

attcaggttataagcaatgccttgaaagtttggggtttagaactaatcctgttcaacagt

ccagagtatcagaggctcaggatcgatcctataaatgaaagatcatttatatgcaattat

aaggaacactggtttacagttagaaaattaggaaaacagtggtttaacttgaattctcte

ttgacgggtccagaattaatatcagatacatatcttgcacttttcttggctcaattacaa

caggaaggttattctatatttgttgttaagggtgatctgccagattgcgaagctgaccaa

ctcctgcagatgattaggtaa

O
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Sanger sequencing Jos C114A

6His-GST-TEVcs-Jos1-182 C114A

GTGCTCCGAGAACGGGTGCGCATAGAAATTGCATCAACGCATATAGCGCTAGCAGCACGCCATAGTGACTGGC
GATGCTGTCGGAATGGACGATATCCCGCAAGAGGCCCGGCAGTACCGGCATAACCAAGCCTATGCCTACAGCA
TCCAGGGTGACGGTGCCGAGGATGACGATGAGCCGCATTGTAGATTTCATACACGGTGCCTGACTGCGTAGCA

+|'|

.‘HH b 'I|_}I‘jl 1 | Al Al ";""' ‘i I‘ U‘H ” “ “ ‘l‘;.h b '; L j ’m ;,'udl ], H\ ll!’”

Merged sequence

ATGARACATCACCATCACCATCACAACACTAGTAGCAATTCCHICHCCOOIAIACTACCTIATTCCARNNTTA
IO EO SOOI . /. T GGAT CTGGTGGTGGTGRCGGATCCATGAGCE

\O
(93]






Sanger sequencing Jos C172A

6His-GST-TEV cs-Jos1-182 C172A

Sequence pGEX (fwd primer) in bold GCA coding for alanine 172

GGNNNNGCACTCCTCCACTAGTGGATCTGGTGGTGGTGGCGGATCCATGAGCGAGAATCTTTATTTTCAGGGC

5CCATGGAGTCCATCTTCCACGAGARACAAGAAGGCTCACTTTGTGCTCAACATTGCCTGAATAACTTATTGE

GCGGCCGCGAGCTCGGATCCGGCTGCTAACA
AAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAA
ACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATATCCACAGGACGGGTGTGGTCGCCAT
GATCGCGTAGTCGATAGTGGCTCCAAGTAGCGAAGCGAGCAGGACTGGGCGGCGGCCAAAGCGGTCGGACAGT
GCTCCGAGAACGGGTGCGCATAGAAATTGCATCACGCATATAGCGCTAGCAGCACGCCATAGTGACTGGCGAT
GCTGTCGGAATGGACGATATCCCGCAGAGGCCCGGCAGTACCGGCATAACCAAACCTATGCCTACAGCATCCA
GGGTGACGGTGCCGAGGATGGACGATGAGCCGCATTGTTAGATTTCATACACCGGCGCCTGACTGCGTTAGCG

b ’.|| N

..'Ll
1Y

|

I\ H“l"
(ORI 1A T UL M nl‘l Al

100 300

Sequence T7 (rev primer) in bold GCA coding for alanine 172

AACAAGCANNAAACATTGTTGGGNTGGTGGTCCAAAGNGGNGGGCAGAAGATTTCAATGCTTGAAGGAGCGGT
TTTGGATATTAGATACGGTGTTTCGAGAATTGCATATAGTAAAGACTTTGAAACTCTCAAAGTTGATTTTCTT
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Translated sequence

atgaaacatcaccatcaccatcacaacactagtagcaattccatgtcccecctatactaggt

M K B B B B B 8 N T s sy s

tattggaaaattaagggccttgtgcaacccactcgacttcttttggaatatcttgaagaa

aaatatgaagagcatttgtatgagcgcgatgaaggtgataaatggcgaaacaaaaagttt

gaattgggtttggagtttcccaatcttccttattatattgatggtgatgttaaattaaca

cagtctatggccatcatacgttatatagctgacaagcacaacatgttgggtggttgtcca

aaagagcgtgcagagatttcaatgcttgaaggagcggttttggatattagatacggtgtt

tcgagaattgcatatagtaaagactttgaaactctcaaagttgattttcttagcaagcta

cctgaaatgctgaaaatgttcgaagatcgtttatgtcataaaacatatttaaatggtgat

catgtaacccatcctgacttcatgttgtatgacgctcttgatgttgttttatacatggac

ccaatgtgcctggatgcgttcccaaaattagtttgttttaaaaaacgtattgaagcectatce

ccacaaattgataagtacttgaaatccagcaagtatatagcatggcctttgcagggctgg

caagccacgtttggtggtggcgaccatcctccaactagtggatctggtggtggtggecgga
T S G S G G G G G
tccatgagcgagaatctttattttcagggcgccatggagtccatcttccacgagaaacaa
M S A
gaaggctcactttgtgctcaacattgcctgaataacttattgcaaggagaatattttage

S

cctgtggaattatcctcaattgcacatcagctggatgaggaggagaggatgagaatggceca

gaaggaggagttactagtgaagattatcgcacgtttttacagcagccttctggaaatatg

gatgacagtggttttttctctattcaggttataagcaatgccttgaaagtttggggttta

gaactaatcctgttcaacagtccagagtatcagaggctcaggatcgatcctataaatgaa

agatcatttatatgcaattataaggaacactggtttacagttagaaaattaggaaaacag

tggtttaacttgaattctctcttgacgggtccagaattaatatcagatacatatcttgca

cttttcttggctcaattacaacaggaaggttattctatatttgttgttaagggtgatctg

ccagatgcagaagctgaccaactcctgcagatgattaggtaa
A

ANNEX II. Sanger sequencing results of four point mutants of Jos. In purple, GST sequence; in yellow, His tag
sequence; in cyan, TEV cleavage site and in green, Jos coding sequence. Alanine coding triplets (CGA or CGG) are
reported in bold.
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Annex 111

human Josephin 1-182 in modified pET9d
Aminoacidic sequence HisTag-B8i- TEV-human Jos 1182

10 20 30 40 50 60
FAAAENNTSS  NSMSPILGYW — KIKGLVQPTR — LLLEYLEEKY —EEHLYERDEG — DKWRNKKFEL
70 80 90 100 110 120

130 140 150 160 170 180

190 200 210 220 230 240
CLDAFPKLVC ~FKKRIEAIPQ IDKYLKSSKY IAWPLOGWOR TFGGGDHPE™  : 50uiccil
250 260 270 280 290 300
SENLYFQGAM ~ ESTIFHEKQEG ~ SLCAOHCLNN ~ LLQGEYFSPV ~ ELSSIAHQLD  EEERMRMAEG
310 320 330 340 350 360

370 380 390 400 410 420
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after TEV cleavage

Number of amino acids 431 184

Molecular weight 49647.63 21163.96

Theoretical pI 5.41 4.67

Amino acid composition Ala (A) 18 4.2% Ala (A) 8 4.3%
Arg (R) 17 3.9% Arg (R) 8 4.3%
Asn (N) 16 3.7% Asn (N) 9 4.9%
Asp (D) 26 6.0% Asp (D) 9 4.9%
Cys (C) 8 1.9% Cys (C) 4 2.2%
Gln (Q) 20 4.6% Gln (Q) 14 7.6%
Glu (E) 34 7.9% Glu (B) 17 9.2%
Gly (G) 32 7.4% Gly (G) 12 6.5%
His (H) 16 3.7% His (H) 4 2.2%
Ile (I) 24 5.6% Ile (I) 11 6.0%
Leu (L) 52 12.1% Leu (L) 24 13.0%
Lys (K) 26 6.0% Lys (K) 6 3.3%
Met (M) 15 3.5% Met (M) 5 2.7%
Phe (F) 21 4.9% Phe (F) 11 6.0%
Pro (P) 19 4.4% Pro (P) 6 3.3%
Ser (S) 30 7.0% Ser (S) 15 8.2%
Thr (T) 13 3.0% Thr (T) 5 2.7%
Trp (W) 7 1.6% Trp (W) 3 1.6%
Tyr (Y) 21 4.9% Tyr (Y) 6 3.3%
val (V) 16 3.7% Val (V) 7 3.8%
Pyl (O) 0 0.0% Pyl (O) 0 0.0%
Sec (U) 0 0.0% Sec (U) 0 0.0%

Total number of

negatively charged(Asp +

Glu) 60 26

Total number of

positively charged (Arg +

Lys) 43 14

Ext. coefficient at 280

nm

(assumigg all pairs of 70290 25690

Cys residues form

cysteines)

Abs 0.1% (=1 g/1)

(assuming all pairs of

Cys residues form 1.416 1.214

cysteines)

Ext. coefficient at 280

nm

(assuming all Cys 69790 25440

residues are reduced)

Abs 0.1% (=1 g/1)

(assuming all Cys 1.406 1.202

residues are reduced)

ANNEX III. Josephin construct sequence and Protparam
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Annex IV

human Atx3 Q14 3UIMs in pMAL

Aminoacidic sequence NBE-FAGI0RXE-His Tag -TEV-human Atx3 full-length Q14 3UIMSs.
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HisTag-TEV-human

are reduced)

T
Number of amino acids 763 362
Molecular weight 85589.01 41307.03
Theoretical pI 4.95 4.69
Amino acid composition Ala (A) 63 8.3% Ala (A) 19 5.2%
Arg (R) 27 3.5% Arg (R) 21 5.8%
Asn (N) 46 6.0% Asn (N) 13 3.6%
Asp (D) 47 6.2% | Asp (D) 23 6.4%
Cys (C) 5 0.7% | Ccys (C) 5 1.4%
Gln (Q) 49 6.4% Gln (Q) 39 10.8%
Glu (E) 67 8.8% Glu (E) 38 10.5%
Gly (G) 54 7.1% | Gly (G) 23 6.4%
His (H) 16 2.1% His (H) 7 1.9%
Ile (I) 39 5.1% Ile (I) 15 4.1%
Leu (L) 75 9.8% Leu (L) 43 11.9%
Lys (K) 51 6.7% Lys (K) 15 4.1%
Met (M) 20 2.6% Met (M) 13 3.6%
Phe (F) 28 3.7% Phe (F) 12 3.3%
Pro (P) 30 3.9% Pro (P) 9 2.5%
Ser (S) 47 6.2% Ser (S) 31 8.6%
Thr (T) 33 4.3% Thr (T) 14 3.9%
Trp (W) 11 1.4% Trp (W) 3 0.8%
Tyr (Y) 23 3.0% Tyr (Y) 7 1.9%
vVal (V) 32 4.2% Val (V) 12 3.3%
Pyl (O) 0 0.0% Pyl (O) 0 0.0%
Sec (U) 0 0.0% Sec (U) 0 0.0%
Total number of negatively 114 1
charged(Asp + Glu)
Total number of positively 78 6
charged(Arg + Lys)
Ext. coefficient at 280 nm
(assuming all pairs of Cys 95020 27180
residues form cysteines)
Abs 0.1% (=1 g/l1) (assuming
all pairs of Cy§ residues 1.110 0.658
form cysteines)
Ext. coefficient at 280 nm
i i 94770
(assuming all Cys residues 26930

ANNEX 1IV. Ataxin-3 Q14 construct sequence and Protparam
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Annex V

human Atx3 full length ©55 3UIMs in pMAL

Aminoacidic Sequence MIBE-HisTag -TEV-human /At full-length Q55 3UIMS
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--HisTag -TEV-human human Atx3 Q55
Atx3 full length Q55 After TEV cleavage
Number of amino acids 804 403
Molecular weight 90842 .37 46560.45
Theoretical pI 4.95 4.69
Amino acid composition Ala (A) 63 7.8% Ala (A) 19 4.7%
Arg (R) 27 3.4% Arg (R) 21 5.2%
Asn (N) 46 5.7% Asn (N) 13 3.2%
Asp (D) 47 5.8% Asp (D) 23 5.7%
Cys (C) 5 0.6% Cys (C) 5 1.2%
Gln (Q) 90 11.2% Gln (Q) 80 19.9%
Glu (E) 67 8.3% Glu (E) 38 9.4%
Gly (G) 54 6.7% Gly (G) 23 5.7%
His (H) 16 2.0% His (H) 7 1.7%
Ile (I) 39 4.9% Ile (I) 15 3.7%
Leu (L) 75 9.3% Leu (L) 43 10.7%
Lys (K) 51 6.3% Lys (K) 15 3.7%
Met (M) 20 2.5% Met (M) 13 3.2%
Phe (F) 28 3.5% Phe (F) 12 3.0%
Pro (P) 30 3.7% Pro (P) 9 2.2%
Ser (S) 47 5.8% Ser (S) 31 7.7%
Thr (T) 33 4.1% Thr (T) 14 3.5%
Trp (W) 11 1.4% Trp (W) 3 0.7%
Tyr (Y) 23 2.9% Tyr (Y) 7 1.7%
val (V) 32 4.0% Val (V) 12 3.0%
Pyl (0O) 0 0.0% Pyl (O) 0 0.0%
Sec (U) 0 0.0% Sec (U) 0 0.0%
Total number of
negatively charged(Asp + 114 61
Glu)
Total number of
positively charged(Arg +
Tys) 78 36
Ext. coefficient at 280
nm
éassumigg all pairs of 95020 27180
ys residues form
cysteines)
Abs 0.1% (=1 g/1)
(assuming all pairs of
Cys residues form 1.0406 0.584
cysteines)
Ext. coefficient at 280
nm
(assuming all Cys 94770 26930
residues are reduced)
Abs 0.1% (=1 g/1)
(assuming all Cys
residues are reduced) 1.043 0.578

ANNEX V. Ataxin-3 QS5 construct sequence and Protparam
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Annex VI

human Atx3 full length Q70 3UIMs in pMAL

Aminoacidic sequence WIBB HisTag TEV-ABSQ70FuIlNength

370 380 390 400

BERBRGE << oo vl BreHENLYE QOMESTRHERIOEGSTOROHS

80 690 700 710 720

_QQQKQQQ Q000000000 QOOOOO0000

730 740 750 760 770 780
0000000000 0000000000 Q000000000 0000000000 Q0QEPESEOS ISHPCERPATS
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iBP- FEEHORNIGS] - Atx3 Q70
HisTag — TEV c.s- After TEV cleavage
Atx3 Q70
Number of amino acids 819 418
Molecular weight 92792.38 48482 .41
Theoretical pI 4.95 4.69
Amino acid composition Ala (A) 63 7.8% Ala (A) 19 4.7%
Arg (R) 27 3.4% Arg (R) 21 5.2%
Asn (N) 46 5.7% Asn (N) 13 3.2%
Asp (D) 47 5.8% Asp (D) 23 5.7%
Cys (C) 5  0.6% Cys (C) 5  1.2%
Gln (Q) 105 12.8% Gln (Q) 95 22.7%
Glu (E) 67 8.3% Glu (E) 38 9.4%
Gly (G) 54 6.7% Gly (G) 23 5.7%
His (H) 16 2.0% His (H) 7 1.7%
Ile (I) 39 4.9% Ile (I) 15 3.7%
Leu (L) 75 9.3% Leu (L) 43 10.7%
Lys (K) 51 6.3% Lys (K) 15 3.7%
Met (M) 20 2.5% Met (M) 13 3.2%
Phe (F) 28 3.5% Phe (F) 12 3.0%
Pro (P) 30 3.7% Pro (P) 9 2.2%
Ser (S) 47 5.8% Ser (S) 31 7.7%
Thr (T) 33 4.1% Thr (T) 14 3.5%
Trp (W) 11 1.4% Trp (W) 3 0.7%
Tyr (Y) 23 2.9% Tyr (Y) 7 1.7%
Val (V) 32 4.0% val (V) 12 3.0%
Pyl (O) 0 0.0% Pyl (O) 0 0.0%
Sec (U) 0 0.0% Sec (U) 0 0.0%
Total number of negatively 114 61
charged(Asp + Glu)
Total number of positively 78 36
charged(Arg + Lys)
Ext. coefficient at 280 nm
(assuming all pairs of Cys 95020 27180
residues form cysteines)
Abs 0.1% (=1 g/1) (assuming
all pairs of Cys residues 1.024 0.561
form cysteines)
Ext. coefficient at 280 nm
(assuming all Cys residues 94770 26930
are reduced)
Abs 0.1% (=1 g/l1) (assuming
all Cys residues are reduced) 1.021 0.555

ANNEX VI. Ataxin-3 Q70 construct sequence and Protparam

107



Acknowledgements

Acknowledgements

I would like to express my gratitude to my supervisor Dr Caterina Alfano, whose careful supervision
and expertise have guided me through these three years of not only professional but also personal
growth. I also want to thank my co-tutor, Prof Valeria Vetri, for her great availability and support. I
extend my thanks to my supervisor at the ESRF in Grenoble, Prof Annalisa Pastore, who has been a
source of inspiration and valuable advice.

I would like to also thank the members of the Structural Biology group at the European Synchrotron
Radiation Facility in Grenoble for their warm hospitality and in particular Dr Mark Tully, Dr Erika
Foldesne Dudas and Dr Antonino Calido for their careful supervision and support in SAXS
measurements. A special thanks to Dr Giorgio Schird, for his availability and his valuable suggestion
on modelling.

I would also thank Martyna Podlasiak for the productive exchange of ideas and the i3S Histology and
Electron Microscopy platform team for their technical support in microscopy. My thanks also go to
Prof Buscarino, Dr Gulli and the ATeN Center AFM laboratory that supported me in the acquisition
of AFM measurements shown in this work.

My deepest and most sincere gratitude goes to my colleagues in the Biophysics and Structural Biology
group at Fondazione Ri.MED: to Elisa and Raffaele for their daily support and technical expertise, to
Maria for her competent tutoring on NMR spectroscopy and to all of them for the time spent together
and for the maintenance of high spirits even during the most challenging moments.

A special thanks also to all the members of the Biophysics group at the University of Palermo, always
available and supportive, and particularly to Giuseppe, with whom I shared a wonderful period in the
mountains of Grenoble. Thanks to all the colleagues of the XXXVI doctoral cycle, with whom I had
the pleasure of sharing this journey.

Last but not least, a heartfelt thank you to my family, to Emmanuele, and to my lifelong friends, who
have accompanied me on this journey with patience and optimism, sharing with me the joys and the

challenging moments.

108



