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CHAPTER I: THE STUDY OF BIOMOLECULAR CONDENSATES TO
UNDERSTAND THE AGGREGATION OF PROTEINS IN
NEURODEGENERATIVE DISEASES

I.1 Brief presentation of neurodegenerative diseases

I.1.1 Definition and socio-economic impact of neurodegenerative diseases

Neurodegenerative diseases are incurable medical conditions caused by progressive and
irreversible neuronal death. Loss of nerve cells can happen in various parts of the brain,
engendering a diverse set of pathologies, with symptoms ranging from speech problems,
impaired movement, cognitive deteriorations, etc. The societal impact of these illnesses is
substantial. The two most prevalent neurodegenerative conditions (Alzheimer’s and
Parkinson’s) alone are estimated to affect more than 30 million people worldwide, with
associated annual costs reaching hundreds of billions of euros (/). Age is the main risk factor
for the development of these diseases, and the predicted increase in geriatric population over
the next decades is expected to drive an increase in both their victim toll and socio-economic

burden (2, 3).

Despite being subject to widespread research, no definite cure for neurodegenerative
illnesses has been discovered yet. This is due to our incomplete understanding of the biological
and environmental factors underlying their occurrence. This thesis will provide an overview of
the past and current understanding of neurodegenerative diseases, particularly focusing on
protein aggregation. Additionally, it will mention some unanswered questions from the field,

and it will illustrate some novel approaches to tackle these inquiries.

1.1.2 Historical context of research in neurodegenerative diseases

Throughout the history of medicine, there have been numerous accounts that align with
what we currently define as neurodegenerative diseases. Writings about age-dependent
symptoms such as tremors, memory loss, and cognitive impairment (dementia) can be traced
back to the ancient Egyptians and the Greco-Roman period (4—6). In more modern times,
doctors have begun to define the multifaceted profiles of neurological conditions, and not just
isolated symptoms. One of the pioneers of this progress was P. Pinel, who, in 1809, provided a
rich description of dementia, highlighting its chronic nature and classifying it separately it from
acute mental disorders, such as mania (7). Another early text documenting a pattern of

symptoms of neurodegenerative nature was the description of the “Shaking Palsy” (today

7



known as Parkinson’s disease), by J. Parkinson in 1817 (&). In this essay, Parkinson uses six
cases to illustrate a disease that manifests through “involuntary tremulous motion, with lessened
muscular power” and “a propensity to bend the trunk forwards”, and describes the effects of its

irreversible time-dependent aggravation (8).

During the same period, details started to resurface about the physio-pathological
substrates of these diseases. Parkinson described in his essay a “disordered” state of the medulla
oblongata (8), a part of the brain that has been demonstrated much later to be touched by
Parkinson’s Disease from its earliest phases (9). He even intuited a link between the digestive
system and the disease, a hypothesis that has been initially largely ignored, and regained
attention nearly two centuries later (/0). G. Huntington also hypothesized in his 1872 paper that
the disease which now bears his name would be caused by a “functional derangement in the
cerebellum” (/7). At this point, details about the nature of these “derangements” remained quite

vague.

A significant leap forward in the description of neurodegenerative diseases happened at
the beginning of the 20™ century, with the development of staining techniques, that afforded
fine-detail structural observations of nervous tissue (/2). These techniques were particularly
applied to tissues from diseased patients, in attempts to better understand the pathological
phenomena underlying their illnesses. Such an analysis allowed A. Alzheimer to identify the
“deposition of a pathological metabolic substance” within the damaged cortical tissue from one
of his presenile dementia patients (/3). At that time, little was known about the composition of
these deposits, and, even to this day, no conclusive causal link with illness was demonstrated.
Nonetheless, the assumption that they could be pathological gained momentum in the following
decades because numerous other neurodegenerative diseases, such as Parkinson’s disease (PD),
Huntington Disease (HD) and Amyotrophic Lateral Sclerosis (ALS) were shown to develop
synchronously with the formation of some type of inclusion within the affected nervous tissues

(Figure 1.1) (/14-16).



Another major milestone in neurodegenerative disease research was reached at the end
of the 20™ century when details about the composition of these potentially pathological brain
deposits started to resurface. First, it was revealed that Alzheimer’s plaques were composed
mostly of a protein called amyloid beta (AB), in aggregated form (/7, 18). This was followed
by the discovery of aggregates of the protein Huntingtin in the brains of HD patients (15, 19).
Within the same period, a-Synuclein (a-Syn) was identified as the main protein component of
inclusions called Lewy Bodies (LB), that populate degenerated tissues in PD and Dementia
with Lewy Bodies (DLB) (Figure 1.2) (20). A train of similar discoveries has followed, such
that by the early 21 century, virtually all neurodegenerative diseases had been associated with
some form of protein aggregates. This common characteristic has kindled the hypothetical idea
that protein aggregation could be a part of a unified model for the initiation of
neurodegenerative pathology (27). To this day, this phenomenon remains one of the most

intensely researched subjects in relation to neurodegenerative diseases.

Disease Etiology Regions most affected Characteristic pathology Disease proteins deposited
Huntington’s disease Huntingtin (dominant) Striatum, other basal ganglia,  Intranuclear inclusions and ~ Huntingtin with
cortex, other regions cytoplasmic aggregates polyglutamine expansion
Other polyglutamine diseases Atrophin-1, ataxin-1-3, etc.; Basal ganglia, brain stem Intranuclear inclusions Atrophin-1, ataxins or AR
(DRPLA, SCA1-3, etc., SBMA) androgen receptor (AR) cerebellum, and spinal cord
(dominant)
Alzheimer’s disease (AD) Sporadic (ApoE risk factor) Cortex, hippocampus, basal Neuritic plaques and AP peptide (from APP) and
forebrain, brain stem neurofibrillary tangles hyperphosphorylated tau
Amyloid precursor protein Same as sporadic Same as sporadic Same as sporadic
(APP) (dominant)
Presenilin 1, 2 (dominant) Same as sporadic Same as sporadic Same as sporadic
Fronto-temporal dementia Tau mutations (dominant) Frontal and temporal cortex, Pick bodies Hyperphosphorylated
with Parkinsonism hippocampus tau protein
Parkinson’s disease (PD) Sporadic Substantia nigra, cortex, locus  Lewy bodies and o-Synuclein
ceruleus, raphe, etc. Lewy neurites
a-Synuclein (dominant) Similar to sporadic, but Similar to sporadic o-Synuclein
more widespread
Parkin (also DJ-1, PINK1) Substantia nigra Lewy bodies absent a-Synuclein (when present)
recessive (some dominant) (or much less frequent)
Amyotrophic lateral sclerosis (ALS) Sporadic Spinal motor neurons and Bonina bodies and Unknown (neurofilaments)
motor cortex axonal spheroids
Superoxide dismutase-1 Same as sporadic Same Unknown
(dominant)
Prion diseases (kuru, CJD, GSS Sporadic, genetic and infectious  Cortex, thalamus, brain stem,  Spongiform degeneration, Prion protein
disease, fatal familial insomnia, cerebellum, other areas amyloid, other aggregates

new variant CJD)

ApoE, apolipoprotein E; APP, amyloid precursor protein; CJD, Creutzfeldt-Jakob disease; DRPLA, dentato-rubral and pallido-Luysian atrophy; GSS,
Gerstmann-Straussler-Scheinker; SBMA, spinal and bulbar muscular atrophy; SCA, spino-cerebellar ataxia.

Figure 1.1 Different neurodegenerative diseases and their corresponding neural inclusions

enriched in aggregated proteins. Adapted from (21).
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Figure 1.2 Images of LBs obtained through anti- a-Syn immunostaining on neurons. Scale

bars, 20 um. Adapted from (14).

Since the late 20™ century, the research on neurodegenerative diseases has significantly
diverged, and the subject has also been approached from different angles, such as the digestive
system (22). The current work fits best within the category of research that focuses on the
protein aggregation aspect of neurodegenerative diseases. Therefore, this branch will be

preferentially developed in the following chapters.
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1.2 Protein aggregation: a driver for neurodegenerative diseases?

1.2.1 What are protein aggregates? Structural elements.

In the context of proteins, the term ‘aggregate’ can be ambiguous, as there is no precise
list of criteria for a protein species to fit into this category. Assemblies described as aggregates
in the literature range widely in size (from less than 100 nm to almost macroscopic scales),
composition and morphology (23-26). Although the term is most often employed in the context
of pathologies, some broad descriptions include physiological species, such as certain protein
complexes, oligomers and biological polymers (27, 23, 27). In the absence of an established
consensus, a clarified stance seems appropriate, if not necessary. Herein, the term protein
aggregate designates insoluble supramolecular assemblies of monomers issued from aberrant

cellular processes, that have potential toxic effects and putative implications in pathology.

A particularly critical aspect of protein aggregates is their structure. Although
amorphous protein aggregates exist and could be involved in pathology, the research in
neurodegenerative diseases has mainly focused on structurally orderly assemblies (28, 29). This
is because most of the protein deposits associated with neurodegenerative diseases have been
shown to be highly enriched in amyloids - fibrillar structures composed of unfolded protein
monomers stacked in a greatly regular manner, approximately 4.8 A apart (Figure 1.3) (30, 31).
Cryo-EM and X-ray diffraction analyses revealed that amyloid states of different proteins share
similar structural patterns: they are generally double-stranded and feature a characteristic cross-
beta architecture (32, 33). This structural motif is cemented by numerous hydrophobic
interactions and H-bonds within strands, and steric zipper interactions between strands, which
render amyloids remarkably stable and resistant to harsh conditions (32, 34). This stability
contributes to the tendency of amyloids to accumulate in the tissue with time, leading to the

formation of the inclusions that were mentioned in the previous section.
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Figure 1.3 Structure of a-Syn amyloid fibrils determined through cryo-electron microscopy.

Hydrophobic  Hydrophilic

a. Side view of the amyloid fibril. The thickness and ‘pitch’ (distance required for a 360° spin
of the fibril) are presented. b. Zoom on the side view. The distance between two sheets -4,78 A-
is presented. c. Top view of the amyloid electron density map, with atomic resolution. d.
Representation of the hydrophobic/hydrophilic residue distribution within the beta-sheet,
displaying how hydrophobic residues are placed at the core of the amyloid fibril, whereas the
hydrophilic ones are at the surface. Adapted from (30).

Despite this highly conserved structural backbone, amyloids can also display structural
diversity, even when they are composed of the same protein. Indeed, variations in the topology
of amyloid fibrils can arise from differences in the monomer’s conformation within the cross-
beta sheets (35). This can in turn be due to numerous factors, such as environmental stress, but
also protein truncations, post-translational modifications (PTM), mutations, etc (36-38).
Beyond the structural dimension, some of these amyloid fibril polymorphisms could have
pathological relevance, because they could help explain why the aggregates of the same protein
can trigger different pathologies. Indeed, various strains of tau and a-Syn fibrils have been
shown to be specific to different tauopathies/synucleinopathies respectively (39—42). This
structure-pathology relationship highlights the importance of understanding the mechanisms

underlying protein aggregation, and the factors that dictate the architecture of aggregates.
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1.2.2 Mechanisms of protein aggregation. Protein unfolding in neurodegenerative
diseases.

Although multiple mechanisms for aggregation were described, one in particular stands
out in the context of neurodegenerative diseases: the unfolding-to-aggregation pathway (43,
44). For this reason, neurodegenerative illnesses are also commonly referred to as
‘conformational diseases’ in the specialized literature. A compelling argument in favour of such
a mechanism is that amyloids contain proteins in non-physiological conformations, suggesting
that unfolding was involved somewhere in the process of their formation (32). Moreover,
numerous factors associated with aging and neurodegeneration, such as oxidative stress,
changes in pH, disturbances in proteostasis and impaired chaperone function were also

associated with the misfolding of proteins. (44—47).

The link between unfolding and aggregation can be described using a mix of
thermodynamics and kinetics. From a thermodynamic standpoint, the stability of proteins - and
implicitly their capacity to stay soluble/non-aggregated - depends on their conformational
energy state. In physiological conditions, most proteins predominantly populate a specific
folding pattern called the native state, which corresponds to a local minimum of free energy
which provides them with solubility and operativity (48). With very few exceptions, this state
in non-aggregative (49). However, most proteins that form amyloids (a-Syn, tau, Fused in
Sarcoma (FUS) etc.), do not fit into this description, because they feature highly flexible
polypeptide chains which do not form permanent secondary structures and, thus, have no native
state (50). In the absence of a thermodynamically favourable fold, they tend to sample
thousands of different conformations in solution, hence the name Intrinsically Disordered
Protein (IDP). Some of these conformations are partially unfolded and, hence, more prone to

participate in aggregation initiation (57).

Why are unfolded states more prone to aggregate? The main reason is that they are less
energy-optimised than a native state; the increased rotational and translational freedom of their
peptide chains allows the exposure of non-polar and hydrophobic residues to the solvent,
creating chemically frustrated surfaces (43). To counter this frustration, they acquire the
tendency to self-assemble in supramolecular species, such that hydrophobic-hydrophilic
interfaces are minimised (52). However, self-assembly does not necessarily lead to aggregation.
In absence of an aggregation-inducing stimulus, the entropic effect prevents these assemblies
from surpassing oligomeric sizes. In aggregation-inducing conditions, on the contrary,

assemblies can reach a size where the monomer-monomer interactions are numerous enough to
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overcompensate for entropy loss and solvent interface energy (53). At this point, the assembly
becomes stable enough to recruit monomers at much higher rates than it dissociates, becoming

the germinal species that triggers an unsuppressible aggregation cascade.

This picture is supported by kinetic models, which describe the initiation of aggregation
as nucleation-dependent, meaning that the rate-limiting step is the initial binding of monomers
and that once the oligomeric ‘seed’ is formed the aggregate grows rapidly (43). Following the
trajectory of primary nucleation-dependent polymerization, aggregates were shown to grow
through monomer addition from the soluble pool or through aggregate-aggregate condensation
(29, 54). However, experimental data suggests that the growth curve of amyloids is often too
abrupt to be accounted for solely by primary events, and that secondary nucleation is likely also
involved (55). This is a phenomenon where the surface of existing aggregates catalyses the
formation of de novo (or secondary) nuclei, leading to an exponential propagation of the

aggregation (Figure 1.4).

Figure 1.4 Widely proposed mechanism for protein aggregation. The initiating step is the
primary nucleation starting from soluble monomers (green balls). Once formed, the aggregate
(blue bar) catalyses the de novo formation of aggregates through secondary nucleation,

triggering a fast spreading of aggregation. Adapted from (53).

Indeed, in vitro, and in vivo studies show that, in some cases, the inoculation with a
preformed aggregate ‘seed’ can single-handedly trigger aggregation, bypassing the initial
nucleation event (56—58). Moreover, the de novo created species will, in some cases, reproduce
the strain topology of the aggregate ‘seed’, suggesting that aggregates imprint their misfolded
conformation into soluble monomers from the native-state pool (58, 59). This behaviour was
first discovered in the prion protein (condensed from “proteinaceous infectious particle”), but
was subsequently reported for various other ‘prion-like’ proteins such as a-Syn, tau, TDP43 etc.
(60—63). This mode of aggregation propagation has been proposed to be supported by different

pathways that allow a cell-to-cell transmission of aggregates (64), as illustrated in Figure L.5.
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Figure 1.5 Some proposed pathways for prion-like propagation of amyloid fibrils. 1. Certain

aggregated proteins can bind to synaptic vesicles, which can fuse with the membrane at the
presynapse, releasing aggregates into the synaptic cleft. Therein, they can be incorporated by
the post-synaptic neuron. 2. Prion-like aggregates can be transferred from cell to cell through
micrometric conduits that link cells to each other, called tunnelling nanotubes (TNT). 3. Some
prion-like aggregates could be spread through engulfment of cellular debris by glial cells. 4.
and 5. Aggregates could be realeased into the extracellular space through exocytosis of either

exosomes (4.) or lysosomes (5.) Adapted from (64).
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1.2.3 The pathogenicity of aggregates: grey areas and conflicting results

Alongside the massive amounts of insight that we have gained in the last decades about
the mechanisms of protein aggregation in neurodegenerative diseases, a lot of open questions
have also resurfaced: Is the aggregation of proteins - and subsequent deposition of aggregates -
a causal element in the development of pathology, or could it be an effect? Could protein
aggregates be the by-product of other processes that inflict toxicity within neurons, or the

response of the tissue against other toxic factors?

We could suppose that a straightforward way to approach these inquiries would be to
inject aggregates in healthy model organisms, and to assess their pathogenic potency based on
the observed symptoms, or the absence thereof. However, observations of toxicity in animal
models cannot constitute direct evidence of identical phenomena in humans. Even aside from
that shortcoming, such studies are far from having settled the debate, because they yielded
extremely varied and even contradictory responses. Whilst some studies reported that the
exposure of mice to a-Syn amyloid fibrils caused pathological symptoms (65), others noted
only an acceleration of the diseased state with no direct causality (66). In contrast, some studies
reported an absence of symptoms such as motor or cognitive impairment (67). Similarly, other
aggregates such as tau and A fibrils also yielded different pathological responses from one

study to the other (65-70).

The lack of convergence in the results of these studies is perhaps not surprising, given
that there is some methodological variability; multiple different model organisms are currently
used, and the aggregates can originate either from diseased brain tissues or from in vitro
polymerization of protein monomers. In the absence of an ideal model, it is essential to consider
both perspectives. In the next sections, I will discuss the current arguments supporting and

opposing a potential causal relationship between aggregation and disease.

1.2.4 Aggregation hypothesis in neurodegenerative diseases. Pro arguments

During the last two decades, considerable pieces of scientific evidence have amounted
in favour of the amyloid hypothesis. A compelling argument that gives aggregates visibility in
this context is that they appear to be specific to the regions in the nervous system that are
impacted by neurodegeneration. For example, LB pathology has been reported to emerge in the

olfactory bulb, and to progress towards the brainstem, the limbic system, and finally, the
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neocortex (71). These correspond to the areas of the brain that are affected by neuronal death
in synucleinopathies. (72) Moreover, an association between the density of LB and neuronal
death was reported, which lead to the classification of the disease progression stage according
to their degree of progression within the tissues (77, 73). In AD patient’s brains, detection
methods such as [18F] flutemetamol amyloid positron emission tomography revealed that the
progression of the disease is concomitant with the spreading and densification of AB deposits
(Figure 1.6) (74). Similarly, it was reported that in the brains of Frontotemporal Dementia
(FTD) patients, neuroinflammation was strongly correlated with the presence of TDP43 and tau
aggregates (75). These studies illustrate the fact that, along with symptomatic evaluations,
aggregate-containing lesions remain among the most widely used and reliable markers of

neurodegeneration severity.

Another aspect that can support this hypothesis is the genetic factor. In familial cases of
neurodegenerative diseases, many of the recorded illness-inducing mutations boost the
aggregating propensity of proteins, suggesting that this plays a part in disease onset. A clear
example to illustrate this is HD, which is a purely hereditary neurodegenerative disease caused
by the expansion of a CAG trinucleotide repeat in the huntingtin (H77) gene. The mutated gene
codes for an mHTT protein that features an aberrantly long polyglutamine (poly Q) repeat
sequence, which directly correlates with a propensity to form amyloid fibrils (/9, 76). Since the
mutation is an established prerequisite for the disease onset, but also for the aggregation of
HTT, a strong corelation between the two can be argued. Another genetics-related observation
in favour of the amyloid hypothesis is that the enhanced risk of AP aggregation in individuals
with Down syndrome appears to make them substantially more prone to early-onset AD.
Indeed, in Down syndrome, the APP gene has a third copy, which results in a higher expression
of the Amyloid Precursor Protein, and in turn triggers the accumulation of the amyloidogenic
AP peptide. Aggregation-inducing mutations have been reported also in diseases that are not
exclusively genetic in origin. Some of the most prevalent familial PD mutations from the SNCA
gene have been found to promote a-Syn aggregation (77, 78). In the case of tau, a series of
mutations were found around an amyloidogenic region of the protein, where they modify the
local energetic landscape in a manner that facilitates aggregation (79). It is essential, however,
to note that there are also numerous mutations that do not promote aggregation, or whose

pathogenic mechanisms remain unknown (80, 81).
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Figure 1.6 Investigation of the colocalization between neuroinflammation and the presence
of protein aggregates in different regions of the brain. The image depicts positron emission
tomography (PET) scans using two radioactive probes: [1IC]PK-11195 indicates
neuroinflammation by marking activated microglia; [18F]-AV1451 is a marker of non-amyloid-
[ pathological proteins from FTD. The three rows represent different variants of FTD: semantic
variant primary progressive aphasia (svPPA), behavioural variant (bvFTD) and non-fluent
variant primary progressive aphasia (nfvPPA). The results show an overlap between protein

aggregation and neuroinflammation, suggesting a link between the two. Adapted from (74).
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1.2.5 Counterarguments for the amyloid hypothesis.

The observations outlined in the previous section have established the amyloid
hypothesis as a prominent topic of consideration in most of the discussions related to the origins
and mechanisms of neurodegenerative disease. However, caution is required, not only because
this model has yet to be definitively validated, but also because an expanding body of evidence
appears incompatible to it. The correlation between amyloids and cognitive or motor
dysfunctions is not valid in both directions. It is true that the pathological state is associated
with amyloids, however the presence of amyloids does not appear to systematically result in
disease. This is illustrated in studies reporting that a substantial amount of non-demented
individuals was found to have amyloid deposits in their brains after a certain age (82, §3).
Interpretations of this include the claims that these inclusions represent a marker of a preclinical
state of the diseases (82, §4), or that some individuals might naturally have a reduced sensitivity
to amyloid burden (85). However, at this point we cannot rule out the possibility that this occurs

because amyloid-like aggregates are simply not the direct cause for disease.

The prospects of research regarding the mechanisms of disease have therefore expanded
to include other plausible causes. Notably, a rising hypothesis postulates that it is not the
fibrillary, aggregated form of the proteins that is cytotoxic, but rather that the culprits could be
smaller molecular weight species that assemble during the initial stages of aggregation. Indeed,
the oligomeric species of multiple disease-related proteins, such as AP, a-Syn, or TDP43, were
reported to be cytotoxic (Figure 1.7) (§6—88). A mechanistic hypothesis that is often mentioned
is that they can favour the formation of membrane pores, which induces serious cellular insults
and promotes the prion-like spreading of aggregates between cells (86, 89, 90). In such studies,
amyloid aggregates are not presented as the initiators of pathology, but rather as the endpoint

of a cytotoxic protein oligomerization process.

Some other hypotheses go as far as considering protein aggregates as protective species,
that isolate aberrant cellular factors which escaped degradation. Indeed, neurodegenerative
diseases have been linked to dysregulations in protein degradation cellular machineries, such
as the ubiquitin-proteasome pathway (97), which poses serious threats to the fate of the cell by
preventing malfunctioning proteins from being cleared out. Intriguingly, in neurodegenerative
diseases, this dysregulation does not appear to be caused by the formation of protein aggregates,

but to occur well sooner (92). Therefore, it was proposed that protein aggregation could be a
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cellular response to faulty degradation machinery, as an attempt to trap and deactivate unwanted

factors by isolating them in highly stable structures such as amyloids (93).
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Figure 1.7 Toxicity of a-Syn oligomers in SY-SY5Y cells. a. Microscopy images displaying SH-
SY5Y cells exposed to 0.3 uM prefibrillar o-Syn oligomers (OB*), short fibrils (SF) or long
fibrils (LF) for the time periods indicated. The cell membrane marker wheat germ agglutinin
(WGA) is in red and the anti-oligomeric a-Syn antibody A1l in green. b. Plot following the time-
dependent evolution of A1l signal-positive cells (which contain oligomeric a-Syn). For cells
exposed to OB*, the increase in positive cells indicates a good internalization of preformed
oligomers. For cells exposed to SF and LF, the increase in A1l positive cells indicates a release
of oligomers that was subsequent to the addition of SF and LF to cells. c. MTT-based viability
assay on cells exposed to OB*, SF and LF as a function of time. OB* appear to be the most
toxic, whereas toxicity for SF and LF exposed cells seems to be concomitant to the increase in

A-11 positive cells. Adapted from (86).
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Overall, the current section illustrated how the presence of aggregates does not
constitute the full picture of the neurodegenerative diseases; instead, it seems to only be an
easily detectable remnant from an intricate and incompletely understood array of neurotoxic
phenomena. To better grasp the disease process, more insight is required related to the
preliminary phases of inclusion formation, rather than focusing on the endpoint. The next
sections will be dedicated to a new research direction that could help better understand the
behaviour of neurodegeneration-related proteins in relation to the early events underlying

aggregation and other disease-related processes.

21



1.3 Phase Separation of neurodegeneration-related proteins — a fresh axis in
research

1.3.1 Emergence of Phase Separation as a vantage point to study protein
aggregation

During the last decade, it was progressively demonstrated that an increasing number of
neurodegeneration-related proteins (such as FUS (94), Tau (95), TDP43 (96) and hnRNPA1
(97)) can undergo a physical process called Phase Separation (PS) in vitro (Figure 1.8.a.). PS
is a term borrowed from polymer physics, which designates the separation of macromolecules
from their soluble state in favour of a highly concentrated phase that is distinct from the solvent.
It has been initially associated with proteins in the 1990’s, as a putative intermediate step in the
process of crystallization (98). In vitro experiments showed, subsequently, that this process
occurs spontaneously when certain proteins are incubated at high concentration and/or with
crowding agents. In most cases, biophysical characterizations indicate that the separated phases
exhibit characteristics of a “liquid in a liquid”, such as the presence of surface tension as well
as high mobility of their component molecules (as illustrated for Tau in Figure 1.8.b,c) (95).
Liquid-like properties explain the more widespread use of the derivate term Liquid-Liquid
Phase Separation (LLPS), and also differentiate separated phases from other protein-based

supramolecular structures such as aggregates.
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Figure 1.8 Phase Separation of the protein Tau in vitro a. Microscopy image of Tau-GFP PS-

derived droplets. Scale Bar, 5 um. b. Live microscopy frames illustrating the fusion and
relaxation of Tau-GFP droplets into spherical shapes. This type of behaviour is associated with
forces of surface tension, which are characteristic of liquids c. Fluorescence Recovery After
Photobleaching (FRAP) of a Tau-GFP separated phase. The intensity of the fluorescence is
quickly recovered after the irreversible bleaching of the its fluorescent components using a
high-intensity laser beam. This is indicative of highly dynamic rearrangement of molecules

within the droplet, allowing unbleached molecules to diffuse inside. Adapted from (95).

Since in vitro PS-propensity appears to be a common trait of multiple
neurodegeneration-related proteins, this model emerges as a novel dimension in the
investigation of their relation to aggregation and disease. To better understand the relevance of
PS in this context, three points need to be mentioned: 1. PS is not restricted to test tubes — it is
also believed to intervene in the organization of various cellular bodies. II. neurodegeneration-
related proteins potentially undergo intracellular PS as part of their physiological functions. III.

PS could have implications in the mechanisms of disease.
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1.3.2 Intracellular Phase Separation produces biomolecular condensates

Phase separation can also occur in cells. When applied to cellular contexts, the PS model
illustrates how specific biomacromolecules (proteins and sometimes nucleic acids) can
assemble together in highly concentrated liquid-like droplets which are separated from the
cytosol or the nucleosol. Cellular condensed phases are compositionally complex (featuring up
to hundreds of different biomolecules) (99, 100). This arises from the fact that proteins and
nucleic acids involved in cellular phase separation interact with various other biomolecules
during their functional processes, and some of these additional biomolecules can also join and
become part of the separated phases. Thus, cellular PS allows the self-assembly of intricate
cellular compartments without the need to enclose their contents with a membrane (/07). A
great variety of such membrane-less compartments exists, each possessing its own
functionalities for the cell (Figure 1.9). To underline their complex biochemistry, but also their
condensed phase nature, scientists have coined the term ‘biomolecular condensates’ (or

short biocondensates).
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Figure 1.9 Different examples of biomolecular condensates in a eukaryotic cell. Their
different localizations (nucleus, cytoplasm, membrane) are depicted. Some condensates are cell
specific (such as Germ granules and Synaptic densities), others are ubiquitous (such as the
nucleolus), and some are dependent on certain cellular events (such as DNA damage foci and

Stress granules). Adapted from (101).
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The knowledge of biomolecular condensates precedes that of intracellular PS, with the
first discovery of a membrane-less organelle - the nucleolus - dating back as far as the 1830’s
(102). However, until relatively recently, very little was known about their material properties,
or about their mechanism of formation. The emergence of PS as a likely mechanism for the
assembly of biomolecular condensates started in 2009, when Brangwynne et al. published a
biophysical description of germline P granules of C. elegans, a type of cellular structure that is
responsible for orchestrating the somatic differentiation in embryos (/03). In this seminal paper,
the authors described how the response of these P granules to shear stress (i.e., dripping,
flowing, and fusing with each other and relaxing into spherical shapes) was indicative of liquid-
like properties (Figure 1.10) (/03). They later proposed that the formation of these cellular
structures involved physical phenomena that could be explained using the PS mechanism (704).
Since then, PS has become a key model to describe the spatiotemporal organization of the cell.
Indeed, numerous membrane-less cellular structures, such as nucleoli (/02), stress granules
(105) and Cajal bodies (/06) have been reconceptualized as potentially originating from phase
separation processes. The main argument to back this new framework is that they exhibit liquid
characteristics: dynamic properties and elevated rates of component exchange with the
surrounding medium. However, exceptions from this exist, including Balbiani bodies which are

membraneless organelles with solid matter properties (/07).

-4 Lmb
Figure 1.10 The liquid nature of C elegans P granules Upper panel: Exposure of P granules

to shear stress reveals a liquid-like behaviour: granules drip and coalesce. Lower panel:
Kymograph following the time-dependent evolution of the fluorescence intensity of P granules
upon photobleaching. The graph displays a recovery of fluorescence in the bleached part and
a decrease in fluorescence in the unbleached section, suggesting that a micrometric-scale
rearrangement of molecules takes place within P granules. This is specific of liquid-like objects.
Adapted from (103).
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1.3.4 PS of neurodegenerative disease-related proteins in cellular systems likely
yields biomolecular condensates

A question that arises is whether neurodegenerative disease-related proteins conserve
their phase-separating properties in vivo. In the brain, this currently remains extremely difficult
to assess, because contrary to aggregates, which are accessible for isolation from brain samples
due to their stability, phase separated bodies are difficult to extract directly from tissues. The
relevance of PS with regards to these proteins is, however, validated by overexpression studies
in cellulo, which underline their PS propensity in a physiological environment. For example,
the U20S or SH-SYSY cells stably expressing TDP-43, tagged with mRuby2 or Enhanced
Yellow Fluorescent Protein (EYFP) respectively, displayed nuclear condensates with liquid-

like material properties (/08).

Interestingly, some neurodegeneration-related proteins have been proposed to conserve
their physiological functions within phase separated compartments in cellula. For example, the
overexpressed ALS-related protein FUS forms nuclear liquid-like compartments in HeLa and
Mouse Embryonic Stem Cells, that localize to DNA damage sites (94). Additionally, in
conditions of heat shock, FUS condensates can also shuttle to the cytoplasm to participate in
the formation of stress granules (SG), which are biomolecular condensates that may protect

mRNAs during periods of interrupted translation caused by cellular stress (94).

Furthermore, the AD-related protein tau forms small puncta at the surface of
microtubules in hippocampal neurons (/09). Reconstitution with taxol-stabilized microtubules
revealed that these were tau condensates that acted as selective barriers permitting the
differential passage of different factors along the microtubules (/09). Indeed, whilst processive
movement mediated by dyneins was permitted, tau condensates remained impassable for
dynactin-mediated diffusion. The study illustrates how PS allows tau to regulate molecular

motor-mediated cargo transport along microtubules (Figure 1.11).

Protein liquid droplet phases can also help with the transient storage of cellular
components that need to undergo controlled trafficking. This is the case, for example, for
synaptic vesicles, which are small membrane-bound compartments that contain
neurotransmitters. A recent study suggests that these vesicles could be stored in presynaptic
neurons in condensed phases of a-Syn and Synapsin I (/70). This hypothesis results from the
observation that the reconstitution of a-Syn/Synapsin I condensates in vitro was facilitated by

the recruitment of synaptic vesicles (//0). Such dynamic liquid phases reconcile the need to
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cluster these SVs together with the requirement to readily release them into the synaptic space

upon stimulation. The synapsin I/ a-Syn condensate is presented in more detail in chapter III.

a. DDB (Processive) b.

Tau Intensity

Tau |

Figure I.11 Selective passage of different types of molecular motors along microtubules upon
encountering tau condensates. Left panels: Plot of the fluorescence intensity of tau- sfGFP
along a microtubule. The horizontal pics indicate condensates adjacent to the microtubule.
Right panels: Kymographs representing the movement of a molecular motor along the
microtubule. a. When encountering a tau condensate, a processive dynein-dynactin-BicD2N
(DDB) motor complex may pause, but can pass through the condensate and move on along the
microtubule in its initial direction. b. On the contrary, a diffusible DDB or the pl150°"¢
component of the dynactin complex cannot pass through tau condensates. Thus, they engage in

a bi-directional movement along the microtubule between two consecutive condensates

Adapted from (109).

Overall, these examples illustrate that some neurodegeneration-related proteins undergo
PS upon overexpression in cells, and that some PS-generated condensates seem compatible
with the physiological functions of the proteins that compose them. This aspect lends credence
to the hypothesis that naturally occurring condensates of these proteins could exist as part of

their physiology.
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1.3.5 Phase-separated condensates of neurodegeneration-related proteins may be
intermediates in aggregation

Biomolecular condensates provide numerous advantages for the regulation and the
spatiotemporal control of biochemical processes. However, increasing evidence points at the
possibility that they could be intermediates in protein aggregation. A pioneering study in this
direction reported how FUS droplets convert from a liquid state to solid fibrillar assemblies in
vitro - a transition that was favoured by disease-inducing mutants (Figure 1.12) (94). Later, the
same group reported that a liquid-to-solid transition also occurs in cells in specific conditions
such as an RNA-depleted environment (/ /7). Similarly, the AD-related protein tau was reported
to undergo LLPS followed by a liquid-to-solid transition in a GFP-tau441 overexpression assay
in primary cortical mouse neurons (//2). Additionally, a study in C. elegans PD models indicate
that overexpression of a-Syn in its muscle wall cells lead to the time-dependent formation of a-
Syn assemblies that progress with the aging of the worm into insoluble, ubiquitin-positive
assemblies likely to contain amyloid-like aggregates (//3). The collection of observations of
liquid protein states evolving into protein aggregates keeps expanding. This pattern has inspired
the development of a hypothesis stating that the liquid-like droplet state could be an
intermediate phase in the formation of protein aggregates. If validated, such a mechanism could
represent a possible path describing the origins of pathology-related protein inclusions in the
nervous system. Thus, the understanding of the mechanisms of PS and their relationship to
protein aggregation have become promising axes of research in the field. In recent years,
investigations in this field have laid a groundwork for our understanding of the molecular
mechanisms underlying phase separation, but also of the distinct factors that could favour or

trigger the transition of these phase-separated condensates towards aggregated states.
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condensed phases with initially liquid properties, but spontaneously transition towards fibrillar

solid-like entities within hours. Adapted from (94).

1.3.6 Physico-chemical basis of PS and the formation of biocondensates

PS is a phenomenon that can be described in its simplest form for a system containing
a polymer and a solvent, where there are only three types of interactions to consider: solvent-
peptide, peptide-peptide and solvent-solvent. In this context, the Flory-Huggins parameter ()
is a variable that quantifies the energetic cost of having a solvent molecule adjacent to a
monomer moiety from the polymer (//4). When y is <0 (good solvation), solvent-polymer
interactions are favoured and the polymer tends to remain soluble (Figure I.11.a. upper panel).
On the contrary, in conditions of suboptimal solubilization (y >0), polymer-polymer bonds
become favourable and promote self-assembly (Figure I.11.a. lower panel). However, in this
case, entropy fights against the formation of a separated phase, because solubilized polymers
represent a more disordered state. Thus, phase separation can only occur above a certain
saturation concentration (Csa), which corresponds to enough polymer-polymer bonds to

compensate for the entropic cost of assembling polymers together (774, 115). A phase diagram
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representation illustrates how above this concentration limit the solution separates into two

different phases: a dilute one and a dense one (Figure 1.13).
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Figure I.13 Phase separation of linear polymers. a. lllustration of LLPS tendency with Flory-
Huggins parameter (x). At y < 0, the polymer remains soluble. At y >> 0, polymer-solvent
interactions are less favoured, and the polymer phase separates above a critical concentration.
Adapted from (114). b. Phase diagram describing the concentration-dependence of PS. Csa: =
saturation concentration; Cr = concentration of the light (dilute) phase; Cp = concentration of
the dense phase. Phase separation occurs when the polymer concentration is higher than Cgu
and lower than Cp. Within this regime (tie line), the solution separates in two distinct phases:

one at Cy (dilute phase) and one at Cp (dense phase). Adapted from (115).

This model can be applied to biological macromolecules, the difference being that
proteins and RNAs are heteropolymers, and that they reside in complex media with hundreds
of other molecules. Since amino-acids from different proteins can interact with each other
through all sorts of bonds (electrostatic, H-bonds, hydrophobic) phase separation is in theory
possible for all proteins at very high concentrations (/0/). However, in physiological
conditions, most proteins find themselves in what Flory would qualify as “good solvent
conditions”, and thus have characteristic Csa that are too high for LLPS to occur in cells. In this

case, what are the factors that render a specific subset of proteins LLPS-prone? It appears that
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phase transition could be sequence-determined. LLPS-prone proteins often contain Low
Complexity Domains (LCD) which are segments depleted in hydrophobic residues and
enriched in repetitive sequences of charged or polar residues. Their low hydrophobic content
means that they do not require secondary structure to be solubilized, thus they expose ‘sticky’
residue repeats to the solvent. This allows the protein to engage in multiple simultaneous

interactions, whose additive enthalpic effects help cross the entropic barrier of PS.

The knowledge about the sequence determinants of PS has afforded the exploration of
the different chemical bonds that underlie this process. Notably, for FUS, PS is hypothesized to
be driven by Tyr residues within the [Ser/Gly]|Tyr[Ser/Gly] motif that is found at 24
homogenously distanced sites within the LC N-ter of the protein (//6). The same motif was
equally found to be important for the PS of TDP43 (/177). Additionally, the authors of this study
report that hydrophobic residues also contribute to phase-separation of the protein, and that an
increase in its positive charge creates electrostatic repulsion with an PS-inhibitory effect.
Another mechanistic description of phase separation has been made for the Nefrin Intracellular
Domain (NCID). In this case, PS is driven by electrostatic interactions between ‘blocks’ of
negatively charged residues (Asp/Glu) and a positively charged partner (here the supercharged
GFP), and further stabilization of the droplets is provided by interactions involving aromatic
and even some hydrophobic residues (//8). These observations are in phase with the prediction
that multivalent interactions are drivers of phase separation, and underline how the distribution

of the interacting sites within the protein sequence is also essential.

Recently, a unified model for the mechanism of intracellular protein phase separation
was proposed (/79). It describes how the percolation of biomolecular macromolecules into
droplets is driven by specific sequence patterns that involve short regions with high homotypic
or heterotypic association propensities (called ‘stickers’), which are separated by non-
interacting fragments called ‘spacers’ (/79). This model also allowed a binary classification of
the biomolecules that participate in intracellular phase separations, proposed by Banani et al. in
2016 (120). On one side, they define as ‘scaffolds’ the macromolecules that contain enough
‘sticker’ regions to drive phase separation by themselves, and whose presence is mandatory to
hold the condensates together. On the other side, they describe a second class of molecules —
the clients — that have lower ‘sticker’ valences, and that can partition within condensates by
interacting with scaffolds, but that lack the capacity to undergo LLPS by themselves (/20)
(Figure 1.14).
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Scaffolds are molecules with high valency. They are represented here as long chains of blue and
orange interacting domains (A). In this case, each blue “sticker” binds to a yellow one, and
these bonds drive the formation of the biomolecular condensate. Clients are molecules with low
valency. They are represented here as short chains containing hatched orange interacting
domains (B). Clients partition into the condensates with an affinity that is proportional to their
valency (D), but do not drive LLPS by themselves. Some biomolecules can also partition into
the condensates through binding to regions of the scaffold other than the multivalent domains

(E). Adapted from (120).

1.3.7 Factors influencing liquid-to-solid transitions

Both protein aggregation and PS appear to share mechanistic common grounds: they
can occur due to a multitude of interactions favoured by conformationally flexible chains of
IDPs. Thus, a link between the two phenomena has been naturally postulated (97, 116). Indeed,
for some proteins, such as hnRNPA2, is was reported that the interactions that drive phase
separation are the same as those that are found within hydrogels (/27). Despite these
similarities, however, biomolecular condensates and aggregates present drastically different
material properties and cellular impacts. Thus, one question arises: what could be the difference
between conditions in which proteins aggregate versus conditions in which they undergo PS?
Although the exact mechanisms are not completely understood, some factors favouring liquid-

to-solid transitions have been nevertheless proposed.
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A notable aggregenic factor for condensates is the increased protein concentration. It
seems indeed intuitive that the crowding of proteins in condensates promotes more protein-
protein interactions, and that this can increase the chances for a stochastic event of aggregation
nucleation. Indeed, the kinetic models of nucleation-dependent polymerization predict that the
lag time for the formation of the aggregate nucleus is dependent on concentration (/22). The
conformational adaptability of IDP could also play a role in the liquid-to-solid transition. For
example, tau and a-Syn were reported to undergo similar aggregation-inducing conformation
alterations upon LLPS (723, 124). Both proteins were proposed to adopt ‘elongated’
conformations within droplets, that the authors hypothesized to favour aggregation-inducing
intermolecular interactions, at the expense of intramolecular bonds between their oppositely

charged termini (123, 124).

Liquid-to-solid transitions can also occur when PS is driven by molecules bearing
disease-inducing mutations, because changes in amino acid sequences can lead to altered
interactions between the components of condensates. A notable illustration for this process was
presented in 2015 with the study of the condensate-mediated aggregation of the protein FUS,
which was shown to be substantially accelerated by the previously known pathogenic mutations
G156E and R244C (94, 125). In the case of TDP43, mutations that disrupt the phase separation
behaviour of a protein appear to promote accelerated aggregation, thus suggesting a protective
role of PS against pathology (Figure 1.15) (96). Interestingly, there are also mutations in non-
PS proteins that can influence the fate of condensates. For example, Ubiquilin 2 (UBQLN2)
positively regulates the liquid properties of FUS-RNA granules, and mutant versions of this
protein can lead to a loss of dynamic properties of the molecules within these droplets.
Similarly, mutations in the valosin-containing protein (VCP) have been shown to inhibit SG
clearance (/26). This can have pathological effects, as prolonged residence of SGs in the cytosol

is hypothesized to seed pathologic inclusions related to ALS and FTD (/26).
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Figure 1.15 Mutations in TDP43 C-terminal domain promote aggregation by preventing the
protein from undergoing LLPS. Adapted from (96).

Another important factor in the regulation of the properties of droplets is RNA. Indeed,
RNA is a common component of biomolecular condensates and can even act as a ‘scaffold’
molecule to drive phase separation in collaboration with RNA-binding proteins (RBPs) (127,
128). Recent results from our team highlight the importance of RNA molecules for the
modulation of some condensate properties, such as their size and number (129, 130). For some
proteins, such as FUS, TDP43 and hnRNPA 1, the delocalization of condensates from to nucleus
to the cytoplasm is strongly correlated with aggregation (/37). A study from 2018 postulated
that the persistence of the liquid-like state in the nucleus could be related to the binding of these
proteins to their RNA partners (//7). Indeed, they report that RNA binding to these RBPs
modulates the properties of their corresponding condensates as follows: at physiological nuclear
RNA concentration phase separation is inhibited, however some specific RNAs can nucleate
LLPS and keep the resulting condensates liquid. However, absence or digestion of RNA readily
triggered the liquid-to solid transition, suggesting that RNAs could act as buffers that control

the formation and the properties of intracellular droplets (/117).

34



1.4. Reconstitution of LLPS in vitro and in cells

A striking difficulty in the study of condensates in vivo is their compositional
complexity, as they feature tens to hundreds of different factors (/00). Following the
interactions and activities of so many biomolecules simultaneously is far from achievable with
current tools. Therefore, many teams seek to recreate compositionally simplified versions of
condensates, whose properties and activities can be more easily traced back to a certain

component.

A simple way to approach this challenge is the reconstitution of in vitro condensates.
Based on the principles of PS, scientists have been able to recreate protein and/or RNA scaffolds
that can lead to the controlled formation of assemblies that recapitulate the liquid-like properties
of biomolecular condensates. An early study in this field came from Li et al., who recreated in
vitro protein condensates using purified tandems of the SRC homology 3 (SH3) domain and of
a Prolie-rich domain (PRM) (Figure 1.16) (/32). Repetitions of these domains occur naturally
in signalling proteins and interact with each other in physiological processes. The creation of
valency variations of these scaffold (containing different numbers of SH3 or PRM domains)
allowed them to draw some important conclusions related to the assembly of condensates. First,
they noticed that multivalence was essential for LLPS, as lower valency scaffolds were unable
to yield droplets. Additionally, they also realized that the binding of high affinity monovalent
ligands can disrupt LLPS, because it disrupts multivalent interactions. Thirdly, their
Fluorescence Recovery After Photobleaching (FRAP) data suggested that the valency number
of the scaffolds was inversely proportional with the micrometric reorganization of the scaffolds
within the droplets. This suggests that the formation of liquid-like droplets relies on a specific
multivalence range: too little tandem domains do not undergo LLPS, whereas too many lead to

the formation of gels or even solids (/32).
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Figure 116 Artificial condensates made from repeats of PRM and SH3. a. Schematic
representation of multivalent scaffolds containing 4 PRM repeats and 4 SH3 repeats
respectively. Differential interference microscopy (left) and fluorescence microscopy (right)
images of the droplets formed through incubation of 300 uM of each. b. Phase diagram
displaying the outcomes of mixing different concentrations of PRM/SH3 trimer and tetramer
tandems respectively. Blue dots = no PS, whereas red dots = PS. The importance of

multivalence is highlighted here. Adapted from (132).

Another bottom-up system for the reconstitution of condensates was based on repeats
of the Small Ubiquitin-like Modifier (SUMO) coupled with a tandem of SUMO Interacting
Motifs (SIM). This system has allowed the authors to probe how ‘client’ molecules (here
represented by monomeric SUMO or SIM) partition into condensates (/20). When one of the
scaffolds is in stoichiometric excess, some of its interacting motifs will remain free, thus its
corresponding ligand can readily partition within the condensate. On the contrary, the ‘client’
that binds a limiting scaffold partition a lot less, because the binding domains of its scaffold are
mostly ‘occupied’ by interactions with other scaffold molecules. This study illustrates how the
composition of artificial condensates can be modulated by designing the PS-driving scaffolds
and their stoichiometric proportions, such that resulting droplets can specifically accommodate

certain molecules (720).

Although very enriching, it is difficult to say whether observations related to in vitro
experiments can be extrapolated to bona fide protein condensates or aggregates. Indeed,
droplets of purified proteins cannot serve as accurate mimics of a biomolecular condensate’s
natural behaviour because they are missing the biophysical and biochemical environment of the
cell. It is therefore of great utility to develop tools that would enable the study of phase-
separated condensates directly in cells. A notable alternative to in vitro studies is the cellular

overexpression of proteins of interest fused to fluorescent reporters. However this method can
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yield incongruent results: for example, overexpression of a-Syn was independently reported
both to form and to not form condensates in cellula (110, 133). This matter will be developed

in more detailed in section I1.1.2.

To circumvent the aforementioned limitations, bottom-up strategies for the
reconstitution of condensates in cells have recently been proposed. In this context, one study
adopted an optogenetic approach, which involved the photolyase homology region (PHR) of
Arabidopsis thaliana Cry2 — a protein that clusters into oligomers upon exposure to blue light
(134). The technique consisted in fusing this oligomerization domain to different proteins that
contain “sticky” IDRs, such as FUS, HNRNPA1 or DDX4 (/35). They reported that the mix
between the oligomerization of Cry2 and the self-association propensity of the IDRs allowed

the light-dependent control over the formation and dissolution of artificial condensates (/35).

A similar system was developed with the ALS-related protein TDP43 (Figure 1.17)
(136). This system allowed the spatiotemporal control of TDP43-enriched condensates, and was
used to probe the aggregating behaviour of TDP43 upon prolonged or condensation periods.
The authors concluded that repeated clustering of the Cry2-TDP43 fusion (optoTDP43)
promoted the aggregation of the protein, and validated a previously existent hypothesis
proposing that RNA binding in TDP43 condensates obstructs aberrant transitions into toxic

solid inclusions (/36).
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Fig .17 The optogenetic system applied to the study of TDP43. a. Schematic representation
of the self-assembly method using the Cry2 photoreceptor (green hexagons). Fusion of this Cry2
domain with TDP43 (optoTDP43) creates light-inducible condensates. b. Graphic
representation of the optoTDP43 fusion protein. Fluorescence microscopy images illustrating
HEK?293 cells expressing optoTDP43-mCherry. Upper row: no light exposure. Lower row:
stimulation with blue light (~0.3 mW/cm?, 465 nm). Scale bar, 10 um. Continuous light
stimulation yields nuclear condensates that undergo a time-dependent relocation to the

cytoplasm. Adapted from (136).
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An auspicious method for controlled formation of artificial condensates was proposed
by Nakamura et al (/37). Their system, called iPOLYMER (intracellular production of ligand-
yielded multivalent enhancers) is based on two multivalent scaffolds containing repeats of
FK506 binding protein (FKBP) and the FKBP-rapamycin binding protein (FRB). Since these
two proteins can interact only in the presence of rapamycin, the overexpression of the two
scaffolds in cells allowed a stimulus-controlled nucleation of liquid-like condensates.
Interestingly, the authors managed to functionalize this system, by fusing the RNA Recognition
Motif (RRM) of the SG formation driver protein TIA-1 to one of the scaffolds. They used
immunofluorescence to conclude that condensates recruited a poly- (A) Binding Protein

(PABP1), which indicated that they reproduced the mRNA-accumulating behaviour of SGs
(137).

Artificial intracellular condensate systems have proved to be very useful: they afforded
a better understanding of the principles that underlie the biophysical properties of natural
condensates, they contributed to the validation of the PS models based on weak interaction
multivalence, they have proven to be functionalizable, allowing the design of simplified version
of bona fide condensates such as SG, and proved to be useful in the understanding of the
aggregation mechanisms behind proteinopathies. Thus, such methods emerge as extremely
promising for tackling biological inquiries involving complex condensates which are not

straightforward to investigate in their natural form.
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L.5. Motivations of the thesis.

The central aim of my thesis is to reconstitute condensates enriched in the protein a-
Syn in cells. a-Syn’s amyloid transition has been linked with various neurodegenerative
illnesses (Chapter I). In vitro evidence suggests a connection between the condensed phase of
a-Syn and aggregation. However, the protein's ability to undergo intracellular PS in cells
remains a subject of ongoing debate. Moreover, whether endogenously expressed a-Syn can

undergo PS is still unknown as no report of such condensates was published to date.

To build a-Syn reconstituted condensates, we used a protein scaffold, specifically
designed to undergo phase separation upon expression in cellular systems. The scaffold
alone yields concentration-dependent condensates with liquid-like properties, that can be
dissolved in a controlled manner. Our strategy was to attach a-Syn to this protein scaffold to

obtain a-Syn condensates.

What are the biophysical characteristics of reconstituted o-Syn condensates?
Specifically, we wanted to determine if the distinct micro-environment provided by the

condensate modulated a-Syn’s propensity to aggregate.

What is the effect of exposure of a-Syn condensates to a-Syn amyloid fibrils? a-Syn
exhibits prion-like behaviour, implying that its aggregates can migrate from regions affected by
disease to neighbouring healthy cells, where they promote the aggregation of native a-Syn
monomers. We hypothesize that, within “healthy” cells, the assembly in a condensed liquid
phase could influence the response to prion-like aggregation propagation. To test this
hypothesis, we aimed to study the incorporation of fibrils within cells expressing a-Syn-
enriched condensates. Specifically, we had the following inquiry: does a-Syn within

condensates exhibit a different response to fibrils, as compared to its diffuse state?

In the second part of this study, we aimed at building and studying more
compositionally complex condensates, featuring heterotypic interactions involving a-syn.
We focused on the protein synapsin I, which is a natural interactor of a-Syn at the presynaptic
termini of neurons. Synapsin I and a-Syn were recently shown to undergo phase separation
together both in vitro and in cells (/70). Thus, an objective of the thesis consisted in using our
condensate reconstitution toolbox to create intracellular separated phases enriched in both

proteins (Chapter III).
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What is the influence of a-Syn amyloid fibrils on the a-Syn/synapsin I condensates?
We aimed to establish whether the exposure of the mixed a-Syn/synapsin I condensate to
preformed a-Syn fibrils could trigger the transition from a liquid-like state to a solid fibrillar

aggregate.
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Figure 1.18 Motivations of the thesis. a. Schematic of the PS hypothesis in neurodegenerative
diseases, supported by in vitro evidence. b. Upper Section: The study of phase separated
biomolecular condensates is difficult in cellulo, due to their elevated complexity. Middle
section: Chapter Il will describe the reconstitution of a-Syn condensates, and their relation to
preformed a-Syn fibrils. Lower section: Chapter Il will describe the reconstitution and study
of a-Syn/Synapsin I condensates.
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CHAPTERIII: a-SYNUCLEIN LIQUID CONDENSATES FUEL a-
SYNUCLEIN FIBRILLAR GROWTH

I1.1 Physiopathology of a-Synuclein

I1.1.1 General remarks on the physiology and pathology of a-Syn

a-Syn is a highly conserved 14 kDa protein encoded by the SNCA gene. The protein is
expressed in various tissue types (/38), however most of it can be found in nerve cells, notably
at the pre-synaptic termini of neurons (/39). Its 140 amino-acid residues span over 3 different
domains: an amphipathic, lipid-binding N-terminus, a hydrophobic non-amyloid-beta
component (NAC), and an acidic and highly disordered C-terminal domain (Figure II.1.a.).
The protein is highly disordered in solution, however readily adopts an amphipathic helix
conformation in its N-terminal and central regions upon lipid binding (Figure II.1.b.) (140,
141). It was initially discovered in the electric organ of the Torpedo californica, however only
gained widespread attention when its NAC domain was found in the senile plaques from
Alzheimer’s disease patients, hence the name non-amyloid-beta component (NAC). Since then,
multiple other neurodegenerative diseases, such as PD, FTD and MSA, were linked to a-Syn

aggregation, and have been classified under the umbrella term synucleinopathies.
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Figure IL.1 Structure of a-Syn a. Representation of the three structural domains of a-Syn.
Adapted from (142). b. Structural change of a-Syn in presence of membranes. the protein is
entirely disordered in solution (red), but adopts two helical structures upon binding to lipids.
The N-terminal helix (blue) binds tightly to membranes, whereas the central helix (grey) has a
more moderate affinity for lipids. The acidic C-terminal domain (green) remains always

disordered and does not bind membranes. Adapted from (141).

Physiologically, a-Syn is believed to have a variety of distinct roles, most of which are
related to its capacity to interact with lipids and membranes (/43). It is hypothesized that the
protein is involved in lipid trafficking, because its lipid binding-induced amphipathic helix
conformation (Figure IL.1) is structurally reminiscent of the lipid transporter family of
apolipoproteins (/40, 144). Moreover, the protein was also reported to be an inhibitor of
phospholipases D1 and D2, suggesting that it has a regulatory role in membrane cleavage and
processing (/45). a-Syn is also an inhibitor of dopamine synthesis, by decreasing the expression
levels of the enzyme Tyrosine Hydroxylase (TH), which is crucial for the creation of the
dopamine precursor L-3,4-dihydroxyphenylalanine (DOPA) (/46). Indeed, a possible function
of a-Syn in dopamine-related processes could be intuited from the fact that some wide-spread

synucleionpathies such as PD are particularly damaging to dopaminergic neurons.

Perhaps the most documented physiological role of a-Syn is the regulation of the
synaptic vesicle (SV) cycle. SVs are membrane-enclosed compartments that store

neurotransmitters at the pre-synaptic neurons. The control of the neurotransmitter-mediated
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synaptic signalling is done through a cycle that involves SV exocytosis with neurotransmitter
release, followed by vesicle regeneration (Figure I1.2). a-Syn was proposed to intervene at
multiple steps in this cycle. It was reported that the protein promotes the assembly of the soluble
NSF attachment protein receptor (SNARE) protein complex, which mediates SV exocytosis by
promoting vesicle fusion to the cellular membrane (/47). A more recent study provided an
additional layer to the a-Syn-SNARE interplay, proposing that a-Syn helps increase the size of
the membrane pores created through SNARE activity (/48). a-Syn was also reported to
contribute to the clustering of synaptic vesicles by binding two different vesicles at a time (/49).
This a-Syn-mediated clustering maintains SV homeostasis by decreasing the mobility of SVs

and diminishing their trafficking between different synaptic boutons (150).
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Figure IL.2. Roles of a-Syn at the synapse. Graphical representation of the different forms of
SV storage: the Readily Releasable Pool (RRP), which is available for immediate
neurotransmitter release into the synaptic cleft upon light stimulation, the recycling pool which
releases neurotransmitters during higher stimulation, and the reserve pool, which only release
neurotransmitters upon very strong stimulation. Once the neurotransmitters are released,
several mechanisms lead to the recycling of SVs into the reserve pool. a-Syn contributes to the
clustering of SVs within these pools (4), and to the assembly of the SNARE complex, which

results in larger pore openings and better neurotransmitter release. Reproduced from (151).
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Most of the research surrounding a-Syn revolves around its aggregation and subsequent
deposition in neurons affected by synucleinopathies, in the form of compositionally complex
inclusions called Lewy bodies (LB). The first link between a-Syn and disease was made with
the discovery of a point mutation in the SNCA gene, that directly causes a form of autosomal
PD (752). Since then, a varied array of disease-promoting mutations have been found, most of
them in the physiologically-relevant N-terminal domain (/53), suggesting deleterious effects
related to protein loss of function. However, it has also become evident that only a small
percentage of synucleinopathies are genetic, and that the wild-type protein can also be involved

in processes that lead to sporadic events of aggregation and pathogenicity.

How do aggregates relate to synucleinopathies? As seen in section 1.2, the causal link
between aggregation and neurodegeneration is still being disputed. However, valuable
information related to potential cytotoxic mechanisms of synucleinopathies lies in the
composition of LBs. While fibrillar a-Syn remains the main component of these inclusions,
hundreds of other proteins, along with lipids, membrane fragments and even bits of cellular
organelles were found in their composition (24, 154). The entanglement of these factors in
fibrous meshes of a-Syn aggregates deviates them from their physiological processes, resulting
in dysfunctions related to various cellular processes such as mitochondrial activity, calcium
homeostasis, protein degradation pathways and synaptic function (reviewed in (/55); Figure
I1.3). Thus, the cytotoxicity associated with synucleinopathies is increasingly believed to be the
result of multi-level interference with cellular processes, which occurs throughout all the stages
of LB formation, not just at when they attain a mature state (/56). Accordingly, the investigation
of the early mechanisms of o-Syn aggregation and LB formation is an essential step in

developing therapies to target synucleinopathies.
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Figure I1.3 Cellular processes affected by pathological forms of a-Syn. Reproduced from
(155).

With respect to aggregate triggering factors, multiple hypothesis have been made.
Firstly, the increase in the a-Syn cellular concentration has been proposed to be deleterious.
This is consistent with the finding that SNCA gene locus multiplication, which leads to elevated
a-Syn expression rates, also increases risks of PD (/57). Moreover, in vivo models of a-Syn
overexpression also seem to support an aggregation pathway passing through increased
concentrations. For example when human a-Syn is overexpressed in primary neurons from
SNCA™ mice, it induces the formation of inclusions that reflect the biochemical composition
of LB (/58). The authors of this study report, however, that the structural arrangement of a-Syn
fibrils within the inclusions is different from bona fide LB. Secondly, a vast array of PTMs have
been observed to preferentially occur in aggregated forms of a-Syn (/59). For example,
phosphorylation, ubiquitination and truncation within the C-terminal domain are established
markers of o-Syn pathology, due to their widespread occurrence in LBs (24). The
phosphorylation of the Serine 129 (pS129) establishes a strong correlation with aggregation and
pathology (Figure I1.4), as it was found in 90% of a-Syn in human DLB brains, as opposed to
less than 5% in healthy brains (160, 161). It is, however, too early to conclude on the links
between a-Syn phosphorylation and aggregation, as existing studies fail to find consensus on

the topic (1/62). Thirdly, it was hypothesized that free cytosolic a-Syn could be inherently
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aggregation-prone, and that inclusion formation is avoided in healthy cells because the protein
favours a helically folded tetrameric state that is more resistant to aggregation (/63).
Multimerization of a-Syn could be an effect of membrane binding, and the inhibition of this

interaction could be forcing the protein into a monomeric state that ends up aggregating (/64).

e ©

Figure I1.4 Ser-129 phosphorylation is a major marker of a-Syn pathology. The images
represent paraffin-embedded brain sections immuno-stained for pSer-129. On the left: Lewy
Body in the substantia nigra from a brain affected by PD. On the right: inclusions in glial cells
within the basis points from a brain affected by MSA. Adapted from (160).
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I1.2 General aspects about the phase separation of a-Syn

Like for other neurodegeneration-related proteins, an emerging hypothesis is that LLPS-
derived droplet phases could be intermediates in the formation of a-Syn aggregates. The
strength and weaknesses of this hypothesis, as well as novel tools to explore it, will be discussed

in the next sections.

I1.2.1 a-Syn is predicted to have a limited propensity to phase separate

The exploration of the a-Syn droplet state is warranted by current knowledge about the
structure and sequence of the protein. Indeed, a-Syn is an IDP, which - as discussed previously
- can indicate an intrinsic propensity towards phase separation (/33). Moreover, a-Syn was
predicted to be a potential phase-separating protein by FuzDrop, a machine learning tool that
analyses the sequences of proteins in search for residue patterns that are compatible with PS
(165). It is important to note, however, that a-Syn’s predicted probability for PS (pLLPS) was
only very slightly above the threshold for spontaneous phase separation in physiological
conditions (a-Syn pLLPS =0.62 on a scale of 0 to 1, whereas the threshold pLLPS is 0.61). By
comparison, other neurodegeneration-related proteins, which have confirmed droplet states,
display substantially higher PS propensities (0.90 for TDP43, 1.00 for tau and FUS). Thus, a-

Syn appears to be in a grey area with respect to phase separation.

I1.2.2 In vitro phase separation of a-Syn requires high concentrations and is not

systematic

Multiple occurrences of a-Syn PS have been reported in recent years. The first in vitro
observation was in 2020, when Ray et al. noticed that purified WT a-Syn phase separated in
test tubes (Figure I1.5), to produce droplets with liquid-like properties (/33). Since then, a-Syn
PS was replicated in vitro in a handful of other studies (/66—169). However, a common feature
of these studies is that they report that PS was only achieved only at considerably higher a-Syn
concentrations, when compared to the previously estimated physiological concentration of the
protein, which was around 22 uM (/70). Indeed, for Ray et al., PS was observed starting from
200 pM in the presence of 10% Poly Ethylene Glycol (PEG) 8000 and from 500 pM without
PEG (Figure I1.5) (/33). Subsequent in vitro studies have also reported the production of an a-
Syn droplet state at very high protein concentrations (200 uM (766, 167), 100 uM (168)). One
study reports phase separation at a lower concentration of 75 uM (169). In this study, the protein
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is solubilized in buffer droplets, and undergoes PS close to the droplet-air interface, where the

local protein concentration could be higher due to evaporation effects.

In contrast to the aforementioned data, other studies reported an absence of a droplet
state in purified a-Syn solutions in vitro, even when the concentrations used were significantly
greater than the protein's estimated physiological concentration (171, 172). Thus, the borderline
pLLPS score of a-Syn seems to manifest through a heterogeneity in results regarding the a-Syn
droplet state, that reflects how, in vitro, slight variations in experimental conditions can impact

the outcomes related to the protein’s phase separation.
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Figure I1.5 In vitro liquid droplets of a-Syn. a. Differential interference contrast (DIC) images
of a-Syn droplets at different concentrations, with or without 10% Poly-Ethylene Glycol (PEG)-
8000. b. Fluorescence microscopy images of the droplets in the condition 200 uM o-Syn + 10%
PEG-8000. c. Diagram schematizing the different regimes where o-Syn undergoes PS. Adapted
from (133).

I1.2.3 In cellula/vivo observations of a-Syn phase separation are scarce

The inconclusive in vitro results raise the question of whether a-Syn liquid droplets exist
in cells. Indeed, the concentration regimes required for in vitro PS are far from the physiological
environment of a-Syn, whose expression levels at the synapse are estimated to reach no more

than 22 uM (/70). Up to date, only two studies have recreated a-Syn separated phases in cellulo
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or in vivo. First, a study in HeLa cells reported that overexpressed tetra cysteine-tagged a-Syn
(C4-0-Syn) stained with fluorescein arsenical hairpin binder (FIAsH-EDT») underwent phase
separation into liquid-like droplets (/33). The apparition of a-Syn condensates was dependent
on cell exposure to 10 mM ammonium ferric citrate. This could be related to findings that
synucleinopathies are characterized by neuronal iron overload (/73). However, it is important
to keep in mind that the conditions used here were deviated from a natural cellular context, as
the iron concentration was 4 orders of magnitude greater than its physiological levels in neurons

(174).

Moreover, in cellula a-Syn LLPS does not seem systematic either. In our experimental
setting, overexpressed a-Syn fused to emerald Green Fluorescent Protein (a-Syn-emGFP) did
not phase separate in HeLa cells (Figure I1.6). An absence of condensates was also reported
for the overexpression of a-Syn fused to the Blue Florescent Protein (a-Syn-BFP) in HEK293
cells (110). However, it is relevant to mention that a possible cause for this inconsistency could
be that the fluorescent protein tags used in these experiments could have exerted a more

significant impact on the behaviour of a-Syn, in contrast to the smaller-sized C4 tag.

o-Syn-emGFP a-Syn-emGFP a-Syn-emGFP

nuclei

Figure 11.6 Absence of a-Syn condensates in our Hela overexpression experiment.
Epifluorescence microscopy images of HelLa cells expressing o-Syn-emGFP. No condensates
were detected. Scale bar, 10 um for whole cell images and 2 um for the zoom-in. Included in

(175).

The second occurrence comes from an in vivo investigation, which reported the
formation of liquid-like condensates upon overexpression of a-Syn fused to the Yellow
Florescent Protein (a-Syn-YFP) in the muscle wall cells of C. elegans (Figure 11.7) (113).
Interestingly, a delay of 7 days starting from exposure was necessary for the condensates to
occur, giving hints at the fact that, in vivo, the phase separation of the protein could be related

to more than just the concentration of the protein, and that time-dependent cellular processes
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could be involved. This result highlights that, despite current difficulties in the understanding
of a-Syn phase separation, the exploration of its droplet state remains a highly relevant research

direction.

YFP - Day 1 YFP - Day 15 a-syn - Day 1 a-syn - Day 7 a-syn - Day 11 a-syn - Day 13 a-syn - Day 15

Fluorescence intensity
Whole worm

Figure IL.7 In vivo a-Syn condensates. Fluorescence microscopy images of C. elegans
expressing o-Syn-YFP in muscle wall cells. By day 7, condensates become visible. Adapted from

(113).

I1.2.4 a-Syn can also phase separate through heterotypic interactions

Whether the concentrated protein alone can or cannot form liquid droplets driven by
homotypic interactions is only of moderate importance. As discussed in previous sections,
naturally occurring cellular biomolecular condensates reunite plenty of cellular factors, and
often require more than one macromolecule to assemble. It is therefore important to also orient
our attention towards more complex condensed phases, which build on heterotypic interactions
and require more than just one ‘scaffold’. a-Syn has been reported to form multiple such
condensates.

The first observation of an a-Syn mixed droplet was from 2021 when Hoffmann et al
reported that the co-expression in primary hippocampal neurons of o-Syn and its synaptic
interactor synapsin I resulted in formation of liquid-like condensed phases enriched in both
proteins (/70). While an LLPS-based model for the synapsin I-mediated clustering of SVs had
previously been proposed, this was the first time that a-Syn was suggested to also participate
in condensation (/76). The authors propose that a-Syn’s partition helps maintain the dynamic
properties of synapsin I condensates. Thus, the study puts forth the hypothesis that a disturbance
in the stoichiometric ratio between a-Syn and synapsin I could perturb SV homeostasis, as too
much o-Syn impedes synapsin I’s PS in vitro, and too little result in less dynamic, crystalline
arrangements of SVs in cellula (110, 177).

In vitro studies also suggest that heterotypic interactions could contribute to a-Syn PS,
because its co-incubation with different proteins such as tau (/72) and PrP (/71) was reported

to promote condensation in conditions where a-Syn alone stayed diffuse in solution. Tau is a
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protein that can undergo PS by itself, mainly owing to its N-terminal domains (/72). However,
when Garcia et al created a ANr-tau incapable of PS, they noticed that its co-incubation with
a-Syn resulted in a recovery of the phase-separation behaviour (/72). This suggests that a-Syn
is not just a ‘client’ molecule partitioning into already existing tau condensates, but rather that
both proteins cooperate in the process of phase separation. In a similar manner to ANe-tau, PrP
is a protein that does not phase separate on its own. However, its incubation with a-Syn in test

tubes yielded the formation of droplets (Figure I1.8) (/71).
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Figure I1.8 Heterotypic condensates of a-Syn and PrP. a. Mixed phase separated droplets of
o-Syn-Alexa-488 (green) and PrP-Alexa-594 (red) in vitro. Scale bar, 10 um. b. FRAP profiles
of both a-Syn (green) and PrP (red) display fast recovery of fluorescence, indicating a liquid-
like behaviour. ¢. Separately, o-Syn (45 uM) and PrP (30 uM) do not undergo LLPS in vitro.
Adapted from (171).
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I1.2.5 Proposed pathways for a-Syn PS: Coacervation and/or conformational
rearrangement

In vitro studies have led to the development of hypotheses with respect to the mechanism
of formation of a-Syn condensates. Different studies describe the involvement of a-Syn in
phase separation events using models based on complex coacervation. This process could be
described as a version of PS where the multivalent interactions represent electrostatic attractions

between oppositely-charged macromolecules.

a-Syn was reported to undergo complex coacervation with positively charged polymers
such as poly-L-lysin (pLK) (/72). The authors deduced the electrostatic nature of the
interactions between the two molecules from the coacervates’ response to different additives.
On one side, NaCl dissolved the condensates, potentially by providing stabilizing counterions
for the charges of a-Syn and pLK, thereby reducing their propensity to interact with each other.
On the other hand, condensates were resistant of the to 1,6-hexanediol, which is a molecule
known for its ability to dissolve specific liquid condensates by disrupting hydrophobic bonds.
The same study suggested that this phenomenon could also be responsible for the heterotypic
condensation of a-Syn with tau, which also has a net positive charge (/72). The propensity to
partner with positively charged molecules in phase separation led to the hypothesis that complex
coacervation is led by the negatively charged Cir of the protein, which was substantiated by the

absence of coacervation when using ACier- 0-Syn.

Complex coacervation was also proposed for the heterotypic phase separation of a-Syn
with PrP, because the two proteins were reported to only phase separate in a stoichiometric
regime that allows charge neutralization of the two proteins (/77). This behaviour is consistent
with complex coacervation, because it illustrates how the condensation of the two proteins is
based on a reduction of the energy associated with their net charge through the maximization
of electrostatic bonds. Even though charges are neutralized within coacervates, unbound ionic
units at the coacervate-solvent interface account for an accumulation of charge at the surface of
the coacervate, called surface potential. One study illustrated this phenomenon by showing how
a-Syn — a negatively charged protein — accumulates at the solvent interface of coacervates
exhibiting a positive surface potential, in contrast to those with a negative surface potential

(178).

Complex coacervation driven by the C-ter of the molecule was not, however, the only
mechanism proposed for a-Syn phase separation. A study from Sawner et al. suggested that

lower critical concentrations for a-Syn phase separation can be achieved in different conditions,
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such as low pH and/or high salt concentrations (/79). Indeed, other studies of a-Syn phase
separation used buffer systems with high salt concentration to induce PS (7/68). These solution
conditions would, in theory, go against complex coacervation. A decrease in pH would reduce
the net negative charge of the protein by inducing the protonation of acidic residues, and an
increase in the solution’s ionic strength would stabilize charged residues and decrease their

electrostatic attraction.

To explain PS in high salt conditions, Sawner et al. proposed a mechanistic pathway
where a-Syn PS could be driven by the LCD within the N-ter and the NAC regions of the
protein. Their model implies that in low salt conditions, a-Syn adopts a PS-inhibiting
conformation, by folding such that the positively charged N-ter can interact electrostatically
with the negatively charged C-ter. An increase in the solution’s ionic strength through salt
addition would stabilize these charged regions, thus enabling the protein to stretch and expose
the LCD sequences that they hypothesize to be required for PS (/79). This model is consistent
with the findings from a subsequent study, that used a cross-linking mass spectrometry (XL—
MS) to study the conformational state of a-Syn within a droplet state in vitro (123). The authors
reported that the monomeric protein indeed appears to adopt a ‘hairpin’ conformation held by
Neer -Crer electrostatic interactions, and that phase separation is synchronous with the shift
towards an ‘elongated’ state. The aforementioned model is, however, in contradiction with the
FuzDrop tool, which predicted the PS propensity of a-Syn to be driven from the intrinsically
disordered Cier, and not from the Nir and the NAC (765).

I1.2.6 a-Syn liquid-to-solid transitions

The liquid-to-solid model has been largely proposed for a-Syn: in virtually all studies
featuring a-Syn condensates, a time-dependent maturation into solid aggregates was observed.
The study of Ray et al. from 2020 reported that the physical properties of in vitro a-Syn
condensates followed a time-dependent liquid-to-solid progression spanning on 20 days (/33).
They also determined through Transmission Electron Microscopy (TEM) and Thioflavin S
(ThioS) staining that this transition was synchronous with the apparition of amyloid-like
fibrillar aggregates within the condensates (Figure I1.9) (/33). Within the same study, the liquid
droplets observed in HeLa cells in conditions of iron overload were also shown to undergo a
sensible loss of dynamic properties within 48 hours, characterized by a decrease in circularity
and a slight decrease in fluorescence recovery during FRAP. It remains, however, unclear

whether this occurs due to an intrinsic tendency of intracellular a-Syn condensates to solidify,
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or as a result of the processing of these objects by the aggresomal machinery, as the authors

showed to happen (/33).
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Figure I1.9. Liquid-to-solid transition of a-Syn condensates a. Observation of in vitro a-Syn

droplets at different timepoints (up to 30 days), through DIC, ThioS and TEM. b. Evolution of
the percentage of monomeric/oligomeric/fibrillar forms of a-Syn within PS conditions. The
amyloid formation kinetics were also followed with Thioflavin T (ThT). ¢. Zoom-in of a TEM
image of an a-Syn droplet at day 20, showcasing in detail the formation of fibrillar aggregates.
Adapted from (133).

Complex coacervates of a-Syn also accommodated the formation amyloids. With a-
Syn/tau mixed condensates, the authors used Atomic Force Microscopy (AFM) to investigate
the shape and size of the aggregates and observed that they were very small (around 15 nm)
and, strikingly, globular rather than fibrillar (/72). To probe the composition of aggregates, they
have also used fluorescence correlation/cross-correlation spectroscopy, which is a technique
that allows the detection of interacting fluorescent molecules diffusing through an extremely
small volume (femtolitre scale), thus allowing single-molecule analysis. Interestingly, they find
that the majority of aggregates contained both a-Syn and tau, suggesting that the previously
observed co-aggregates of the two proteins (/80) could form through a liquid intermediate.

With a-Syn and PrP, the presence of composite aggregates issued from complex coacervation
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of the two proteins was also detected, using airy-scan microscopy (/71). Additionally, the
authors detected a synergistic effect of the coacervates in the formation of amyloid aggregates,
as shown with ThT assays which indicated a much faster amyloid transition within the

coacervate as compared to separate a-Syn and PrP solutions (/71).

Perhaps the most important observation of an a-Syn liquid-to-solid transition comes
from Hardenberg et al. who reported this phenomenon in vivo, on condensates formed with a-
Syn-YFP in C. elegans (Figure 11.10) (/13). The authors were able to determine that a-Syn-
YFP acquired amyloid-like properties by performing fluorescence lifetime imaging (FLIM)
measurements. They based their reasoning on the fact that amyloid structures contain -sheet
motifs that can act as acceptors for Forster resonance energy transfer (FRET), meaning that
they can absorb some of YFP’s photons shortly after emission, provided that the two are in very
close proximity (of a few nm). Thus, the decrease in intra-condensate YFP fluorescence lifetime
that they observed could be explained by the integration of a-Syn-YFP monomers into amyloid-
containing aggregates. The amyloid nature of the inclusions was further validated by a
decreased proteinase K sensitivity, loss of fluorescence recovery with FRAP and positive

immunofluorescent staining with anti-Ubiquitin antibodies (/173).
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Figure I1.10. Liquid-to solid transition of a-Syn condensates in C. elegans. a. and b. FRAP
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experiments on a-Syn condensates within C. elegans muscle wall at different timepoints. c.
Fraction of condensates that appeared ubiquitin-positive upon immunostaining. Adapted from

(113).
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I1.3 Building intracellular artificial a-Syn condensates

I1.3.1 A method for condensate reconstitution

Taking into consideration the previous sections, the study of a-Syn in the context of
liquid droplets is of high importance. Multiple pieces of evidence point at the possibility that
the protein can acquire a tendency for PS, and that this can play a role in its aggregation and
pathogenicity. However, the conditions that underlie this process in cells remains largely
unknown, because studies of cellular a-Syn PS remain extremely limited. Moreover, current
methods and available data prevent us from robustly recreating a cellular a-Syn droplet, as
studies on overexpressed a-Syn fail to yield convergent outcomes with respect to the phase
separation of the protein. To compensate for current shortcomings, we set to recreate artificial
intracellular a-Syn condensates, and to use them as a platform to study the impact of the a-Syn

droplet state on protein aggregation.

A toolbox for the bottom-up creation of artificial intracellular protein condensates had
already been developed in the lab (/30). It consists on a genetically-encoded protein scaffold,
in the form of the ferritin protein fused to a FKBP12 protein bearing a F36 M mutation (hereafter
called Fm) (/30) (Figure I1.11.a). The multivalence required for phase separation comes from
both sides: on one side ferritin oligomerizes to form nanocages composed of 24 monomers; on
the other side the F36M mutation ensures that each Fm moiety has a relatively weak
homodimerizing tendency (Kd~uM). Thus, when expressed in cells, the scaffold yields
nanocages decorated with 24 self-interaction modules. Upon reaching a saturation
concentration, the scaffold phase separates. Condensates obtained with this method were named

ArtiG (short for ‘Artificial Granule’). (Figure I1.11.b).
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Figure I1.11 A toolbox for the creation of artificial condensates. a. Schematic of the structure
of the scaffold: a protein of interest (POI) is fused on one side to ferritin, and on the other side
to a Fm monomer (POI-FFm). POI-FFms self-assemble in cells and undergo phase separation.
b. Representative confocal image of HelLa cells expressing mCherry-FFm. Scale bar, 10 um.
Adapted from (130).

For the studies presented in this thesis, a variant of this method was created, consisting
in a linear repetitive string of 5 Fm moieties (Figure I1.12.a) (/87). Similar to FFm, 5Fm
scaffolds fill the main criterium for PS: they can create weak multimeric interactions between
them. Indeed, live confocal microscopy revealed that upon overexpression in HeLa cells, the
5Fm bound to emGFP (emGFP-5Fm) yielded micrometric bodies that recapitulated the liquid-
like biophysical profile of bona fide biomolecular condensates (Figure I1.12.b). For the present
study, we fused WT human a-Syn in the N extremity of the scaffold (to give a-Syn-emGFP-
5Fm) such that the resulting condensates would be enriched in a-Syn (see section I1.2). This
novel scaffold and its corresponding condensates were used for the investigation of the

behaviour of a-Syn in the context of biomolecular condensates.
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Figure I1.12 The 5Fm system for artificial condensates. a. Schematic illustration of the 5Fm
scaffold attached to a Protein of Interest (POI). Above a Csu, the homotypic interactions
between Fm moieties from different scaffolds drive the formation of condensed phases,
following the PS principle. b. Live confocal microscopy frames of HelLa cells expressing
emGFP-5Fm. Scale bar, 10 um. Section b. featured in (175).

I1.3.2 Advantages and limitations of our approach to reconstituting condensates

The use of the SFm scaffold presents a series of advantages for our study. Firstly, the
condensates appear to be biochemically neutral. The behaviour of the SFm scaffold and its
variants fused with fluorescent proteins (emGFP-5Fm, mCherry-5Fm, EBFP2-5Fm) was
studied in cellulo to assess whether the expression of such an artificial protein construct could
interfere with cellular processes. HeLa and SH-SYSY cells expressing these scaffolds did not
show any decrease in viability, as condensate-positive cells remained alive for at least 120h
after transfection with the scaffold-encoding gene constructs (longer observations were not
made). Moreover, different immunofluorescence experiments showed that condensates formed
with these scaffolds did not colocalize with factors from protein degradation machinery,

indicating that they are not recognized by cells as potentially toxic entities.
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Secondly, the assembly of 5SFm condensates is controlled and reversible. This is because
the Fm-Fm homodimer interaction that drives the formation of condensates can be disrupted
using a small molecule called FK506. Thus, 5SFm condensates and their variants can be
dissolved simply through exposure to this molecule (Figure I1.13). Moreover, the addition of
FK506 to cells during the expression of the scaffold, but before the PS threshold concentration
is reached, impedes the formation of condensates. This is crucial for the creation of control

conditions to study the scaffold in diffuse state.

v FK506

emGFP-5Fm

Figure IL13. Reversibility of 5Fm-based condensates. Live epifluorescence microscopy
images of HeLa cells expressing emGFP-5Fm condensates. At 0 s, cells were exposed to 2.5

uM FK506, which triggered the dissolution of the condensates within minutes. Featured in
(175).

With our system for the reconstitution of a-Syn condensates, some limitations also
arise. Notably, the a-Syn-emGFP-5Fm scaffold is a high molecular weight fusion, where a-Syn
(~14 kDa) makes up only around 15% of the molecular mass of the scaffold (~100 kDa). Indeed,
we should not exclude the possibility that the covalent grafting of the emGFP-5Fm construct to

a-Syn could modify its behaviour, as discussed in the article in section I1.3.

I1.3 Article: a-Synuclein liquid condensates fuel a-Synuclein fibrillar
growth
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a-Synuclein liquid condensates fuel fibrillar a-

synuclein growth
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a-Synuclein (a-Syn) aggregation into fibrils with prion-like features is intimately associated with Lewy pathology
and various synucleinopathies. Emerging studies suggest that a-Syn could form liquid condensates through
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phase separation. The role of these condensates in aggregation and disease remains elusive and the interplay
between a-Syn fibrils and a-Syn condensates remains unexplored, possibly due to difficulties in triggering the
formation of a-Syn condensates in cells. To address this gap, we developed an assay allowing the controlled
assembly/disassembly of a-Syn condensates in cells and studied them upon exposure to preformed a-Syn
fibrillar polymorphs. Fibrils triggered the evolution of liquid a-Syn condensates into solid-like structures display-
ing growing needle-like extensions and exhibiting pathological amyloid hallmarks. No such changes were elic-
ited on a-Syn that did not undergo phase separation. We, therefore, propose a model where a-Syn within
condensates fuels exogenous fibrillar seeds growth, thus speeding up the prion-like propagation of pathogenic

aggregates.

INTRODUCTION

Biomolecular condensates are subcellular compartments confining
proteins and nucleic acids and organizing specific biochemistry in
space and time. This particularity entails a high degree of compo-
nent exchange with the surrounding medium, allowing the modu-
lation of their composition and properties according to different
cellular cues (I, 2). Cells make use of these compartments for con-
trolled spatiotemporal colocalization of various factors, whose in-
teractions within the condensates are drivers of fundamental
processes such as RNA processing (3), cell division (4), and re-
sponse to cellular stress (5). While the function and composition
are characteristics specific to each condensate or cellular context,
their mechanism of formation is increasingly believed to share
common principles. For instance, condensate formation is often
mediated through multivalent interactions between biomolecules,
which could be represented through polymer-based physical
models based on phase separation (PS), including liquid-liquid PS
(LLPS) (6, 7).

Mounting pieces of evidence tie aberrant behaviors of biocon-
densates to neurodegenerative diseases (8—11). It has been hypoth-
esized that LLPS-derived condensates might represent
intermediates in the path yielding toxic protein aggregates (12,
13). However, the mechanisms underlying this process associated
with aging remain unclear. Rheological experiments performed
with purified proteins suggest that in vitro condensates could
behave as Maxwell fluids displaying glassy characteristics, implying
a time-dependent change in the material properties of condensates
(14). Alternately, elevated protein concentrations (15) and water
molecule content reduction within condensates (16) were also pro-
posed to drive their aggregation. Reconstitution experiments have
revealed that numerous aggregation-prone proteins involved in
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neuropathological disorders, such as Tau, Fused in Sacroma
(FUS), and heterogeneous nuclear RNP Al (hnRNPA1), phase-sep-
arate through LLPS in vitro and in cellulo (17-20). In addition, in
vitro, these proteins underwent a time-dependent progression into
solid-like aggregates within condensates (15, 17, 21). This pattern
has sparked the hypothesis that PS is involved in the pathological
aggregation of proteins within cells.

In this study, we focused on a-synuclein (a-Syn), a protein
whose aggregation is intimately associated with Lewy bodies forma-
tion (22, 23) and the synucleinopathies Parkinson'’s disease, demen-
tia with Lewy bodies, and multiple system atrophy (24-26). In vitro
a-Syn droplets were generated in the presence of crowding agents or
high salt concentration through LLPS and the protein was shown to
acquire solid-like properties in a time-dependent manner (27-31).
Besides, some data suggest that a-Syn can form nanoscale structures
below the saturation concentration, playing a role in aggregation
(32). These in vitro observations did not take into account
complex biochemical phenomena that take place within cells such
as promiscuous interactions, crowding within the cytosol, cellular
compartmentalization, and stress (33—35). One recent study using
a Caenorhabditis elegans model reported the formation of a-Syn
condensates that initially had liquid-like properties and that pro-
gressed toward a solid state in aged animals (36). Yet, in cellulo
work has proven to be difficult, as de novo a-Syn condensates for-
mation could be challenging to monitor using classical optical
means. As a consequence, the phase separation of a-Syn in cells
and the possible evolution of condensates into pathogenic aggre-
gates remain to be established.

To overcome this obstacle and assess the putative links between
a-Syn condensates and their propensity to evolve into aggregates of
amyloid nature within cells, we designed a method allowing con-
trolled assembly and disassembly of intracellular liquid condensates
enriched in a-Syn and made use of high-resolution microscopy. To
drive the formation of phase-separated condensates in cells, we used
a self-interacting multivalent protein scaffold based on five consec-
utive repeats of FKBP12-F36M (hereafter called 5Fm) that we
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previously showed to undergo PS in cells (37). Expression of the
fusion protein a-Syn-5Fm in HeLa cells and SH-SY5Y led to a-
Syn condensates recapitulating bona fide liquid bodies that could
be disassembled upon drug addiction. We next asked how a-Syn
condensates evolve in the presence of a-Syn fibrillar assemblies of
amyloid nature given that such fibrils have been shown to have
prion-like properties (38, 39).

Considering the ability of a-Syn fibrils to amplify through the
recruitment of endogenous a-Syn and spread from cell to cell in a
prion-like manner (38), we characterized the properties of a-Syn
within condensates exposed to preformed fibrils. We show here a
drastic modification in the morphology of a-Syn condensates
upon interaction with preformed fibrils with the acquisition of a
“spiky” aspect, reminiscent of sea urchins. We further demonstrate
a transition from a liquid-like to a solid-like state. The changes we
report were concomitant to the interaction of a-Syn preformed
fibrils with the condensates, suggesting seeded liquid-to-solid con-
version of a-Syn within the condensates. We establish that a-Syn
within converted condensates resists detergents and is phosphory-
lated, two characteristics of Lewy bodies. We thus postulate that a-
Syn condensates could act as a reservoir in the prion-like propaga-
tion of a-Syn fibrils.

RESULTS

In cellulo formation of a-Syn condensates

To generate a-Syn condensates with modular assembly/disassem-
bly, we fused a-Syn to emerald Green Fluorescent Protein
(emGFP)-5Fm, a multivalent protein scaffold designed to form mi-
crometric and spherical condensates when expressed in cells (Fig. 1,
A and B, left). Twenty-four hours after transfecting a-Syn-emGFP-
5Fm in HeLa cells, we found that a-Syn condensates formed larger
micrometric bodies displaying spherical shapes (Fig. 1B, right). To
learn more about the a-Syn condensates’ biogenesis, we monitored
their formation using time-lapse confocal microscopy. Approxi-
mately 10 hours after transfection with the a-Syn-LLPS scaffold,
several condensates form throughout the cytosolic space (Fig. 1C
and movie S1). As also observed with control condensates
(emGFP-5Fm; fig. S1, A to C, and movie S2), a-Syn condensates
grew through the coalescence of nearby small condensates
forming into larger spherical ones (Fig. 1D) or by addition of scaf-
folds from the dilute phase into the condensed phases (Fig. 1E). The
5Fm scaffold is required to drive a-Syn condensates formation, as a-
Syn-emGFP expression alone yields an even fluorescence distribu-
tion (fig. S1D).

We next assessed the dynamic turnover of the a-Syn conden-
sates’ components using fluorescence recovery after photobleaching
(FRAP). Typical FRAP curves of the control condensate (emGFP-
5Fm) showed a mobile fraction of 40% recovering within 2 min
(Fig. 1F). a-Syn condensates exhibited a larger mobile fraction
(80%) with an increased dynamical turnover (minute) (Fig. 1F).
Moreover, very similar patterns of recovery after photobleaching
were observed for a-Syn condensates at 24 and 72 hours after trans-
fection (fig. S1E), suggesting that the presence of a-Syn did not
induce a time-dependent change of their dynamic properties
within this timeframe. To assess the capacity of a-Syn condensates
to disassemble, FK506, a competitive binder that disrupts Fm-Fm
dimerization and impairs 5Fm capability to phase separate was
added to the cells (40, 41). Live epifluorescence microscopy revealed
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that 24-hour-old a-Syn condensates dissolved within a few minutes,
in the presence of FK506 (Fig. 1G and movie S3). This fast a-Syn
condensate dissolution was similarly observed for 72-hour-old a-
Syn condensates (fig. S1F and movie S4), suggesting an absence of
irreversible assemblies induced by putative strong a-Syn intermo-
lecular interactions within condensates with time. Taken collective-
ly, our data demonstrate our ability to control the assembly/
disassembly of liquid a-Syn condensates.

a-Syn condensates undergo morphological changes in the
presence of preformed a-Syn fibrils

Preformed a-Syn fibrils have been shown to grow by recruiting en-
dogenous a-Syn in cellulo and in vivo. Yet, it remains unknown
whether these fibrillar aggregates could affect a-Syn condensates.
We therefore set an assay allowing monitoring and quantifying
the spatiotemporal dynamics of a-Syn condensates in cells that
have been exposed to fluorescently labeled, de novo assembled, a-
Syn fibrils (fig. S2). HeLa cells were exposed to fragmented fibrillar
a-Syn (0.5 nM) for 24 hours. Observation of those cells by epifluor-
escence microscopy revealed a notable change in the morphology of
the majority of a-Syn condensates within the cells. The condensates
displayed nonspherical shape and were often smaller, more aniso-
tropic, with one or multiple bright puncta that appear as nodes for
spiky or needle-shaped structures pointing outward (Fig. 2, B and
C). No such abnormally shaped condensates were observed in
control cells expressing emGFP-5Fm in the presence of fibrils
(Fig. 2A). We quantified the incidence of this phenotype as a func-
tion of time at 24, 48, and 72 hours. We noticed that a-Syn conden-
sates progressed steadily toward an "abnormal” morphology after
fibrils addition, as their proportion rose from 72% at 24 hours to
97% at 72 hours (Fig. 2C). In contrast, cells expressing control con-
densates (emGFP-5Fm) displayed exclusively spherical condensates
irrespective of the exposure time to the same amounts of a-Syn
fibrils (Fig. 2C). This suggests that a-Syn within the condensates
is responsible of the preformed fibril-mediated morphological alter-
ations that we describe. To determine how preformed a-Syn fibrils
trigger a change in condensate morphology, we first assessed
whether exogenous a-Syn fibrils and the cellular condensates coloc-
alize. Correlation-based colocalization analyses performed on
several hundreds of cells revealed no colocalization between
control condensates and exogenous fibrils at any time (Fig. 2D).
In contrast, most a-Syn condensates colocalized with exogenous
fibrils as early as 24 hours after addition of a-Syn fibrils (Fig. 2D).
Furthermore, we found that the efficiency of the fibrils-triggered
morphological changes we observed increased with fibrils concen-
tration (0.01, 0.1, and 0.5 nM; fig. S3A). We found that a-Syn pre-
formed oligomers did not trigger morphological changes of a-Syn
condensates (fig. S3B), in contrast to preformed a-Syn fibrils. We
conclude from these observations that a-Syn condensates
somehow remodel in a time- and concentration-dependent
manner in the presence of fibrils.

Abnormally shaped a-Syn condensates originate from
fibril-driven maturation of regular condensates

Next, we investigated the time course of a-Syn condensate shape
changes by live confocal microscopy in cells containing or not a-
Syn fibrils. As indicated above, the micrometric a-Syn-emGFP-
5Fm condensate shape evolved with time from spherical to aniso-
tropic, with the formation of multiple needle-like structures
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Fig. 1. Artificial a-Syn condensates with liquid-like properties. (A) Strategy to generate artificial condensates in cells based on a multimeric protein scaffold. Western
blot displaying the molecular size of the a-Syn-emGFP-5Fm chimera compared to a-Syn alone. (B) Representative epifluorescence imaging of cells expressing control
condensates (emGFP5-Fm scaffolds; left, green) and a-Syn condensates (a-Syn-emGFP-5Fm scaffolds, right, green). Scale bars, 10 um. (C) Time-lapse confocal imaging of
the formation of a-Syn condensates in Hela cells starting 10 hours after transfection. Scale bars, 10 um. (D and E) Enlarged regions extract from the time lapse (C)
displaying growth of condensates mediated by coalescence (D) or a-Syn addition (E). Scale bars, 2 pm. (F) Fluorescence recovery after photobleaching performed on
a-Syn condensates (red, 12 cells) and control condensates (blue, 17 cells). The dotted line in bold represents the means and the error bar represents the SD. Acquisitions
were made every second. (G) Time-lapse imaging of the dissolution of 24-hour-old control (upper row) and a-Syn (lower row) condensates upon the addition of FK506.

Dashed lines delineate cell boudaries. Scale bars, 10 pm.

sprouting from the condensate core (Fig. 2E and movie S5). This
morphological transition occurred within a few hours after the ad-
dition of a-Syn fibrils, suggesting that “regular,” spherical, conden-
sates evolve into abnormal, anisotropic ones upon contact with
exogenous a-Syn fibrils. Alternately, abnormally shaped conden-
sates may form de novo in the absence of preformed condensates,
e.g., upon seeding of diffuse a-Syn-emGFP-5Fm by exogenous a-
Syn fibrils (42). To determine whether the latter scenario occurs,
we exposed cells exhibiting exclusively diffuse a-Syn-emGFP-5Fm
to exogenous a-Syn fibrils for 72 hours. No abnormally shaped, an-
isotropic condensates were observed under these experimental con-
ditions (fig. S3C). Together, our findings suggest that the needle-
like extensions we report originate from the recruitment of a-Syn-
emGFP-5Fm within preformed condensates, rather than from the
seeding of the cytosolic, evenly distributed form of this protein.

Piroska et al., Sci. Adv. 9, eadg5663 (2023) 16 August 2023

a-Syn fibrils-mediated abnormally shaped condensates
have solid-like material properties
To examine potential modifications in the physical characteristics of
abnormally shaped condensates, we performed FRAP experiments
in cells exposed or not to a-Syn fibrils (24 and 72 hours). Whereas
a-Syn condensates in unexposed cells displayed liquid-like proper-
ties, photobleached abnormally shaped condensates displayed no
recovery of fluorescence (Fig. 3A). The lack of turnover within ab-
normally shaped condensates evokes a solid-like behavior that was
not observed in control spherical condensates from cells exposed or
not to a-Syn fibrils (fig. S3D). We conclude from these observations
that a-Syn condensates interaction with a-Syn fibrils triggers a
liquid-to-solid-like transition.

Next, we assessed the dissolution of a-Syn condensates in the
presence of FK506. Abnormally shaped a-Syn condensates resisted
prolonged FK506 treatment (over 1 hour) (Fig. 3B, fig. S3E, and
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Fig. 2. a-Syn condensates are perturbed by preformed fibrils. Representative epifluorescence images of Hela cells infected with preformed a-Syn fibrils (red) and
expressing control (A) and a-Syn (B) condensates (green). Nuclei (cyan) were stained with Hoechst. Scale bars, 10 pm for full-cell images and 2 pm for zoom-ins. (C)
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croscopy images that were cropped to match the shape of the cell. Each point represents a cell. Differences between conditions with control and a-Syn condensates were
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hours. Dashed lines delineate cell boundaries. Scale bars, 10 um.

movie S6) in sharp contrast with regular a-Syn condensates within
cells unexposed to a-Syn fibrils (Fig. 1G). The resistance to dissolu-
tion was correlated with the morphological state of the condensates,
as the subset of regular a-Syn condensates underwent dissolution in
contrast with abnormally shaped ones within the same cells (fig.
S3F). In a few cases, some condensates were found to be heteroge-
neous at the micrometer scale, with small abnormally shaped as-
semblies engulfed into a larger spherical a-Syn condensate.
Consistent with the shape-reversibility relationship, we observed
FK506-mediated dissolution of the spherical, not the abnormally
shaped condensates (fig. S3F). An additional characteristic of the
a-Syn fibril-mediated changes in condensates’ properties was

Piroska et al., Sci. Adv. 9, eadg5663 (2023) 16 August 2023

seen upon the fusion of two close abnormally shaped a-Syn conden-
sates. These condensates did not yield a spherical body upon coa-
lescence, as generally seen for liquid condensates, even after
prolonged contact (hours) (Fig. 3C and movie S7). The lack of re-
laxation suggests an absence of internal rearrangements at the mi-
crometer scale (Fig. 3C). Together, our findings suggest that strong
bonds within condensates are sufficient to counterbalance relaxa-
tion forces and stabilize abnormally shaped condensates against mi-
crometer-scale reorganization and dissolution.
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Fig. 3. Abnormally shaped a-Syn condensates have solid-like properties. (A) FRAP analysis of abnormally shaped condensates. The graph comprises the average of
nine different experiments. The prebleaching fluorescence intensity was set at 100 and the postbleaching fluorescence was normalized at 0 for all experiments. An
acquisition was made every second. Error bars correspond to the SD. (B) Live confocal microscopy frames depicting HeLa cells exposed to fibrils (red) and expressing
a-Syn condensates (green) upon exposure to FK506 at a final concentration of 2.5 uM. Different time points are shown, with 0 s being pinpointed at the moment when
FK506 was added. Scale bars,10 pm for whole-cell frames where dashed lines delineate cell bounadries and 2 pm for zoom-ins. (C) Confocal microscopy live images of the
fusion of multiple abnormally shaped condensates (green) without coalescence. Scale bars,10 um for whole-cell frames and 2 pm for zoom-ins.

Abnormally shaped a-Syn condensates exhibit amyloid-
like properties

To further assess the biochemical properties of the abnormally
shaped a-Syn condensates, we first ensured that the protein profiles
and concentrations from three independent cell cultures expressing
a-Syn-emGFP-5Fm or emGFP-5Fm exposed to exogenous fibrils
were similar. To this end, SDS—polyacrylamide gel electrophoresis
(PAGE) was performed (fig. S4A). We next demonstrated by
Western blot analysis and using an anti-pS129 a-Syn antibody
that a-Syn-emGFP-5Fm is phosphorylated in abnormally shaped
condensates, not in control liquid counterparts (figs. S4, B and
D). We also found that the quantities of preformed fibrils in cells
were negligible in regard to the expressed a-Syn-emGFP-5Fm con-
structs (fig. S4C). We further showed using a filter retardation assay
that a-Syn-emGFP-5Fm acquired resistance to detergent, upon cell
exposure for 72 hours to exogenous fibrils, not in their absence
(Fig. 4A). This suggests that they are of amyloid nature (Fig. 5).
No such detergent-resistant aggregates were detected upon
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exposure of cells expressing emGFP-5Fm control condensates to ex-
ogenous a-Syn fibrils. The amyloid nature and/or content of the ab-
normally shaped a-Syn-emGFP-5Fm condensates was further
confirmed by staining with AmyTracker (Fig. 4B). The phosphory-
lation of a-Syn-emGFP-5Fm was confirmed in cellulo by immuno-
fluorescence (Fig. 4C). Collectively, these observations indicate that
a-Syn-emGFP-5Fm condensates are remodeled microscopically
upon interaction with exogenous a-Syn fibrils. This process is ac-
companied by the acquisition of biochemical properties that reca-
pitulate the phenotypic markers of pathological a-Syn inclusions,
including S129 phosphorylation and detergent resistance.

Liquid-to-solid transition is independent from a-Syn
phosphorylation within condensates

To determine whether the phosphorylation of residue S129 within
a-Syn is required for liquid-to-solid transition within a-Syn con-
densates, we generated a-Syn condensates where serine-129 was
changed to alanine which prevented phosphorylation. Classical
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Fig. 4. Abnormally shaped a-Syn condensates are of amyloid nature. (A) Filter trap analysis coupled with immunoblotting against a-Syn-pS129 performed on cell
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saline (PBS)], N = 3 experiments were performed with control and a-Syn condensates. Error bars represent the SD. (B) AmyTracker staining on HeLa cells expressing a-Syn
condensates and control condensates after 72-hour incubation with fibrils. (C) Epifluorescence microscopy images depicting HeLa cells exposed to wild-type a-Syn fibrils
and expressing condensates after immunostaining for a-Syn-pS129. Nuclei were stained with Hoechst. (D) Epifluorescence microscopy images depicting Hela cells
infected with a-Syn(S129A) fibrils and expressing a-Syn(S129A) condensates after immunostaining for a-Syn-pS129. Nuclei were stained with Hoechst. Scale bars, 10

pum for whole-cell images and 2 pm for zoom-ins.

spherical condensates were observed in cells expressing o-
SynS129A-emGFP-5Fm. Those condensates displayed drastic mor-
phological changes, phenocopying those found in cells expressing
wild-type (WT) a-Syn condensates upon cell exposure to exoge-
nous S129A a-Syn fibrils (Fig. 4D, bottom). This implies that the
liquid-to-solid transition of a-Syn condensates is independent of
the phosphorylation of a-Syn within condensates. Furthermore,
the finding that exogenous fibrils, made of a-Syn that cannot be
phosphorylated, are equally potent in inducing abnormally
shaped condensates within cells shows that exogenous fibril phos-
phorylation, which we showed not to occur, is not responsible for a-
Syn condensates remodeling (43, 44).

Fibrillar a-Syn polymorphism and the formation of
abnormally shaped condensates

a-Syn assembles into distinct fibrillar polymorphs that bind neuro-
nal cells and seed the aggregation of endogenous a-Syn differently
(42). To determine whether structurally distinct a-Syn fibrillar as-
semblies remodel a-Syn-emGFP-5Fm condensates, we exposed
cells expressing a-Syn condensates to the a-Syn fibrillar polymorph
ribbons. This leads to morphological alterations within a-Syn con-
densates, which were not observed with control condensates,
similar to those triggered by the polymorph fibrils (fig. S5 and
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movie S8). We conclude from this observation that structurally dis-
tinct a-Syn fibrillar polymorphs are capable of remodeling a-Syn-
emGFP-5Fm condensates in a time-dependent manner (fig. S5E),
most probably through a seeding process.

Preformed a-Syn fibrils triggered the evolution of liquid a-
Syn condensates into solid-needle like structures in SH-
SY5Y neuronal cells

To determine whether the conversion of liquid a-Syn condensates
into abnormal ones may occur in other cell lines, we transposed our
assay into the neuronal cells SH-SY5Y. We found that a-Syn-
emGFP-5Fm expression in SH-SY5Y cells led to the formation of
very large condensates dispersed throughout their cytoplasm (fig.
S6A). We observed the evolution of liquid a-Syn condensates into
needle-like structures in SH-SY5Y cells exposed either to fibrils or
ribbons, thus phenocopying our observations in HeLa cells (fig.
S6B). Abnormal condensates were also positive to the AmyTracker
stain (fig. S6B) and FRAP experiments indicated that they have
solid-like properties (fig. S6C).
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Fig. 5. lllustration of the hypothesized mechanisms underlying the liquid-to-solid transition of a-Syn condensates in the presence of fibrils. Schematic of a
single a-Syn condensate (green droplet) in dynamical equilibrium with its dilute phase. Green dots are monomeric a-Syn-emGFP-5Fm exchanging between the cytosol
and the condensate. The elongation of exogenous fibrillar a-Syn polymorphs (red rods) is not as efficient in an environment containing physiological concentrations of a-
Syn (bottom, left). In contrast, the elongation of exogenous fibrils is explosive in the highly concentrated environment of liquid condensates (bottom, middle and right).
Preformed fibrils (red) elongate rapidly by incorporation of a-Syn-emGFP-5Fm (green). Explosive elongation may lead to imperfect stacking and breakage of long fibrils
into shorter ones. Other factors, known to fragment fibrils such as molecular chaperones, trapped within the condensates, may sever the fibrils leading to an increased
number of fibril ends and aggregation. Last, changes in the viscoelastic properties of the condensate environment may favor the de novo aggregation of a-Syn-emGFP-
5Fm. Together, these events drive a liquid-to-solid transition and the resulting changes in condensate shape.

DISCUSSION

In recent years, several proteins involved in neurodegenerative dis-
eases, such as Tau, TDP43, FUS, huntingtin, and hnRNPA1, have
been reported to form cytosolic condensates, and efforts have
been made to describe the physiological and pathological conse-
quences of this phenomenon. Little evidence supporting a-Syn PS
in a cellular context has been brought so far. Nonetheless, a-Syn is
predicted to undergo PS given (i) its overall low complexity and the
specific abundance of charged and polar amino acid residues within
its C-terminal domain (24, 45, 46), (ii) its ability to form conden-
sates at high concentrations and in the presence of crowding factors
in vitro (27, 28) which have been proposed to favor fibrils formation
(27, 47), and (iii) its presence within Tau and synapsin condensates
(48, 49). Studies in cellular models have proven to be difficult, with
limited reproducibility, thus motivating our design of artificial a-
Syn condensates. Biophysical characterizations indicated that our
artificial a-Syn condensates recapitulated the spheroid morphology,
the reversibility, and the liquid-like material properties that charac-
terize PS-derived cellular compartments. This confirmed that our
artificial condensates could be instrumentalized to decipher the
impact of PS on the protein.

For proteins such as FUS or Tau, phase-separated droplet forma-
tion in vitro is sufficient to trigger the spontaneous nucleation and
subsequent growth of fibrillar aggregates (15, 20). This temporal
evolution from liquid states to more gel or solid ones has fueled
the hypothesis that liquid condensates act as intermediates
between diffusible monomers and stable, disease-associated aggre-
gates by providing an aggregation-suitable environment, notably
through concentrating aggregation-prone proteins (15, 20).
Recent in vitro studies and theoretical modeling examined how
liquid condensates could modulate nucleation rate. For instance,
coacervate droplets modified a-Syn aggregation properties by
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accelerating their formation at their surface or, in contrast, by sup-
pressing aggregation within droplets (50). The interface of droplets
was also shown to accelerate fibril formation of the low-complexity
domain of hnRNPA1 (46). Studies of a-Syn droplets coupled to a
thioflavin T assay suggest that aggregation within droplets could
appear from primary nucleation and that secondary processes due
to changes in viscosity, concentration, hydration, interface, etc.
could outperform primary ones (28). Furthermore, theoretical pre-
dictions also showed how spatially localized aggregation within
liquid condensates could emerge from weak interactions between
protein monomers and the compartments that could act as contin-
uous sinks (47).

In our setting, a-Syn artificial condensates behaved as highly
dynamic bodies displaying no time-dependent evolution in material
properties over 72 hours. These persistent liquid-like properties
suggest no detectable protein aggregation events within our con-
densates over this time scale. Two previous studies found that a-
Syn condensates could undergo maturation over time. In HeLa
cells, a-Syn condensates behave as liquid-like bodies at 24 hours,
with a decrease in the dynamic at 48 hours (27). In the nematode
C. elegans, a-Syn condensates display liquid-like properties in
young worms (up to 7 to 11 days) and evolved toward gel inclusions
in aged worms (15 days) (36). Differences in behavior with our a-
Syn artificial condensates may be due to an antiaggregation propen-
sity of the emGFP-5Fm moieties grafted to a-Syn protein within the
condensates. Together, this agrees with the idea that the initial nu-
cleation events of fibril aggregates assembly can be viewed as a rate-
limiting step for the assembly process (51).

Primary nucleation and subsequent growth of aggregates are not,
however, the only pathways for synucleinopathy expansion. Assess-
ment of a-Syn pathology progression in the brain using preformed
a-Syn fibrils has revealed that fibrillar a-Syn can be excreted from
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affected cells into the extracellular environment and taken up by
naive cells (38). Pieces of evidence for the active transport of fibrillar
a-Syn aggregates through membranous structures between neuro-
nal cells have also been brought (52, 53). Fibrillar a-Syn multiplies
by recruiting their cellular monomeric counterpart while spreading,
thus contributing to disease progression via this prion-like propa-
gation process (39). It remains nonetheless unclear whether fibrils
could interact with a-Syn within condensates in cells and what po-
tential outcomes could emerge from such interplay. Thanks to our
assay, one could probe how fibrillar forms of a-Syn affect a mono-
meric a-Syn inside condensates within cells. We found that the in-
teractions of fibrils with the condensates trigger severe changes in
their morphology, which entailed the formation of micrometer-
long needle-like protrusions originating from a-Syn condensates.
These modifications were accompanied by a conversion of a-Syn
from a dynamic liquid state to a solid-like state exhibiting the char-
acteristics of amyloid deposits, namely, irreversibility, arrested com-
ponent turnover, and resistance to SDS.

These abnormally shaped bodies originated exclusively from
already-formed condensates, indicating that a-Syn within PS-
derived condensates is more prone than its diffuse cytosolic coun-
terpart to undergo conversion into amyloid fibrils. In addition, the
abnormally shaped condensates stained positive for a-Syn phos-
phorylated at serine-129, a hallmark of pathogenic a-Syn within
Lewy bodies (23, 54, 55). This further supports the view that a-
Syn within the condensates can fuel a-Syn fibrils growth and mul-
tiplication and the spreading of pathology within the central
nervous system. A critical aspect in a-synucleinopathies is the
concept of strains where different a-Syn fibrillar polymorphs
impose their intrinsic structural characteristics upon recruitment
of endogenous a-Syn (42). As a perspective, it will be interesting
to examine whether the needle-shaped amyloid structures that
form in cells from the condensates retain the structural properties
of the seed.

What makes a-Syn condensates more prone than the diffusing
a-Syn pool to aggregate upon fibril exposure? We propose that
supersaturation is achieved by a-Syn condensation (Fig. 5) (56,
57). Preformed fibrils can elongate by recruiting monomeric a-
Syn. Seeding and preformed fibril growth are notably less efficient
in a dilute environment containing physiological a-Syn as com-
pared to that of the highly concentrated liquid a-Syn condensates
(Fig. 5). This accounts most for our observations. Furthermore,
fragmentations of rapidly growing fibrils may generate additional
ends, leading to further acceleration of liquid-to-solid transition
and the resulting changes in a-Syn condensate shape. This phenom-
enon could be due to imperfect stacking of a-Syn in the fibrils, se-
vering factors such as molecular chaperones within the condensates,
and/or de novo aggregation of a-Syn-emGFP-5Fm because of
changes in the viscoelastic properties of the condensate environ-
ment (Fig. 5). Although supersaturation could also lead to de
novo aggregation without exogenous a-Syn fibrillar triggers, this
was not observed with a-Syn condensates in the absence of pre-
formed fibrils. This may be due to the antiaggregation propensity
of the emGFP-5Fm moieties of a-Syn-emGFP-5Fm molecules
within the condensates. This suggests that our a-Syn condensates
are at a concentration that is high enough to substantially accelerate
exogenous fibril-induced aggregation, but that does not exceed the
threshold for spontaneous aggregation (56). It is further reasonable
to hypothesize that the extent to which a-Syn conformational states
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compatible with fibrillar assembly formation or the elongation of
preformed fibrils are populated is much higher within a-Syn con-
densates than in the diffusing a-Syn pool (Fig. 5). Both pictures
could account for the drastic morphological changes and time-de-
pendent evolutions of a-Syn-emGFP-5Fm condensates enabling
the liquid-to-solid transition (Fig. 5).

How our observations could be related to the aggregation of a-
Syn in neurons? Our artificial a-Syn condensates form micrometric
bodies in HeLa and SH-SY5Y cells that are unlikely to be of similar
sizes within neurons. Yet, phase-separated condensates have recent-
ly attracted strong interest in the physiology and pathophysiology of
neurons (58). For instance, in vitro studies suggested that synaptic
proteins, such as postsynaptic density or synapsin, could phase-sep-
arate, thus proposing a complementary framework to examine as-
semblies at synapses (48). In this context, it has been shown that
overexpression of synapsin can trigger condensation and recruit
a-Syn by partitioning, which could, in turn, potentially modulate
synapsin/synaptic vesicle condensation and clustering (48). There-
fore, the perturbation of synaptic activity described during the ac-
cumulation of insoluble a-Syn might be mediated by such
condensates. In addition, it has been hypothesized that the irrevers-
ible evolution of a-Syn condensates in the presence of lipids and
other cellular components in the C. elegans model might be
linked to the formation of Lewy bodies, one of the main landmarks
of Parkinson's disease (36). Last, the up-regulation of SNCA gene
expression in human induced pluripotent stem cell-derived dopa-
minergic neurons was observed upon seeded aggregation of endog-
enous a-Syn (43) and may favor a-Syn phase transition.

Our findings show how a-Syn—enriched condensates could favor
the prion-like propagation of pathogenic a-Syn fibrillar aggregates.
Our ability to fine-tune seeding within our assay together with its
sensitivity and robustness make it amenable to high-throughput
screening of modulators of a-Syn aggregation. Furthermore, the
flexibility of our system could allow the investigation of other neu-
rodegeneration-prone proteins to address the fundamental hypoth-
esis linking liquid condensates and aggregation.

MATERIALS AND METHODS

Cell culture

All cellular experiments were carried out in human epithelioid car-
cinoma HeLa (American Type Culture Collection, ccl-2) cells and
SH-SY5Y(ECACC). Cells were maintained in Dulbecco’s modified
Eagle’s medium [DMEM; with p-glucose (4.5 g/liter); Corning, 10-
017-CV] supplemented with 10% fetal bovine serum (FBS; Gibco,
10270-106) and 1% penicillin/streptavidin (P/S; Sigma-Aldrich,
P4333), at 37°C in a 5% CO,-humidified incubator. Cells were
tested every 2 months for mycoplasma infection. SH-SY5Y was a
gift from L. Janoueix-Lesosey (Institut Curie).

Plasmids

The pcDNA3.1 (Invitrogen) backbone was used for all the plasmids
transfected during this study (table S1). All plasmids contain the
6His and the Myc tag downstream of the coding sequence. The
pcDNA3.1-emGFP-5Fm plasmid was created by inserting the
emGFP coding sequence between the HindIII and Eco4711I restric-
tion sites from the pcDNA3.1-5Fm. The pcDNA3.1-a-Syn-emGFP-
5Fm plasmid was created by replacing the seipin coding sequence
from the pcDNA3.1-Seipin-emGFP-5Fm (between the HindIII and
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Sacll restriction sites) with the a-Syn coding sequence. The
pcDNA3.1-a-Syn(S129A)-emGFP-5Fm plasmid was created from
the pcDNA3.1-a-SynWT-emGFP-5Fm using a primer containing
the S129A mutation through the Gibson method.

Transfection

All transfection experiments were carried out using Lipofectamine
2000 (Invitrogen) and OptiMEM (Gibco, 31985-062). Cells were
seeded for 24 hours before transfection (80,000 cells per well on
12 mm diameter round coverslips for 24-well plates; 350,000 cells
per well on 22 x 22 mm® coverslips for six-well plates and
100,000 cells per well for ibidi dishes) and placed in the incubator
at 37°C and 5% CO,. For each well, two solutions were mixed to-
gether: Solution 1 contained Lipofectamine 2000 (2 pl for 24 wells
or ibidi dishes and 4 pl for 6 wells) + optiMEM (50 pl for 24 wells, 60
ul for ibidi dishes, and 150 pl for 6 wells); solution 2 contained
plasmid DNA (750 ng for 24 wells, 1 pg for ibidi dishes, and 2 pg
for 6 wells) + OptiMEM (same volumes as solution 1). Solution 1
was incubated for 5 min before mixing with solution 2 and incubat-
ing for another 20 min. The cells were then incubated with DNA/
Lipofectamine 2000 mix for 1 hour and 30 min at 37°C and 5% CO,,
then washed twice with DMEM + Fetal Bovine Serum (FBS) + P/S
and incubated for 24 to 72 hours depending on the experiment.
Each of the three plasmids, i.e., pcDNA3.1-emGFP-5Fm, a-Syn-
emGFP-5Fm, and a-Syn(S129A)-emGFP-5Fm, were cotransfected
with the 5Fm in 1:1 stoichiometry, except for experiments carried
out in six-well plates where the control emGFP-5Fm was cotrans-
fected with 5Fm in a 2:3 stoichiometry to avoid the saturation of
the images.

a-Syn seeding assays

Human WT a-Syn and a version of the protein where the phosphor-
ylatable Ser'*” residue was replaced by an Ala were expressed, puri-
fied, and assembled into the fibrillar polymorphs fibrils and ribbons
as described previously (42). The fibrillar polymorphs were diluted
to 0.5 nM in DMEM + SVF + P/S and added to cells for 1 hour and
30 min after transfection (at the moment when the Lipofectamine
2000 + DNA mixture was washed away).

For fixed cells experiments, 24-well plates were used. Cells were
incubated for 24 hours with fibrils at 37°C and 5% CO, for fibril
integration, then washed with fresh DMEM + FBS + P/S. They
were then either fixed immediately after washing (for 24-hour
fibril incubation experiments) or incubated for another 24 to 48
hours (for 48- and 72-hour fibril incubation experiments, respec-
tively) before fixation and observation on an epifluorescence micro-
scope. For details about the experimental setting, please refer to the
“Imaging” section.

For live-microscopy experiments, ibidi p-Dish (35 mm) was
used. Cells with fibrils were followed through overnight movies at
different time points: For the 0- to 24-hour interval, cells were in-
cubated for 7 to 8 hours with fibrils, and then transferred to a con-
focal microscope. For 24 to 48 hours, cells were incubated for 24
hours with fibrils, washed with fresh medium, and then transferred
to the confocal microscope. For 48- to 72-hour experiments, cells
were incubated with fibrils for 24 hours, washed, then incubated
for another 24 hours before another round of wash and the transfer
to the confocal microscope. For details about the experimental
setting, please refer to the “Imaging” section.

Piroska et al., Sci. Adv. 9, eadg5663 (2023) 16 August 2023

Immunofluorescence

Twenty-four to 72 hours after transfection, cells were fixed with a
4% paraformaldehyde solution (Sigma-Aldrich) for 20 min. Cells
were then washed three times with phosphate-buffered saline
(PBS) and permeabilized with a solution of 0.1% Triton X-100
(Sigma-Aldrich) for 10 min, washed three times for 5 min with
PBS, and then incubated for 1 hour with the primary antibody
anti—a-Syn-pS129 (Abcam, ab51253) diluted 1:10,000 in a solution
of 1% BSA in PBS. Then, cells were washed again three times for 5
min with PBS and incubated with the secondary antibody Alexa
Fluor 568 (Invitrogen, A-11011) diluted 1:1000 in a solution of
1% BSA in PBS. Cells were then washed again three times for 5
min in Dulbecco’s PBS and mounted on coverslips using the Fluo-
romount-G mounting medium.

Dissolution and reversibility and granule formation
prevention assays

For live dissolution, a 2.5 mM solution of FK506 (in dimethyl sulf-
oxide) was diluted in 50 pl of medium and was added to the cells
such that the final concentration was 2.5 uM. Dissolution was mon-
itored by capturing an image every 10 s starting from FK506 addi-
tion. For condensate formation prevention, FK506 at a final
concentration of 2.5 pM was added to cell media 1 hour and 30
min after transfection (at washing). For condensate reversibility
assays, FK506 at a final concentration of 2.5 uM was added to cell
media 1 hour before fixation.

Fluorescence recovery after photobleaching

FRAP experiments were carried out in live HeLa cells in a humid-
ified chamber maintained at 37°C and 5% CO,, which was mounted
on a confocal microscope (see details in the “Imaging” section).
Condensates were scanned 10 times to establish the average level
of initial fluorescence, then bleached using a 488 nm laser at
100% intensity (10 iterations). The recovery of fluorescence was
then followed by acquiring an image of 512 x 512 pixels every
second for 120 s. The FRAP movies were analyzed using the Fiji
software where each condensate studied was integrated into a
region of interest from which the average fluorescence intensity
was extracted. To correct the movement of the condensates, the
StackReg plugin was used on some of the movies. Analysis and
fitting of the fluorescence intensity data were performed using
Python. For the graphical representation, we fixed the initial fluo-
rescence at 100% and the fluorescence at bleaching 0% and normal-
ized the remaining points accordingly.

Western blot analysis

For Western blots, cellular pellets were resuspended in PBS buffer
supplemented with 0.5% Tween 20 and lysed using a Branson So-
nifier (approximately five to seven pulses of 15 s at 60% amplitude).
Cell homogenates were denatured with preheated (95°C) sample
buffer [50 mM tris-HCI (pH 6.8), 4% SDS, 2% 3-mercaptoethanol,
12% glycerol, and 0.01% bromophenol blue]. After a 5 min incuba-
tion at 95°C, the samples were analyzed on 12% SDS-PAGE, fol-
lowed by a transfer to a polyvinylidene difluoride membrane for 2
hours at 30 V. The membranes were blocked in 5% skimmed milk
and probed with the primary antibody overnight and with the sec-
ondary antibody for 1 hour (both at 4°C). Chemiluminescence was
imaged and quantified using the Clarity Western ECL Substrate
(Bio-Rad) in a ChemiDoc Imaging System (Bio-Rad).
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Quantification of pathogenic a-Syn using Western blot
analysis and filter-retention assay

Pathogenic a-Syn was quantified using both a filter retardation
assay and immunoblotting and Western blot analysis. Cell homog-
enates in PBS, PBS containing 1% sarkosyl, and PBS containing 1%
SDS (0.5 mg) were immobilized on cellulose acetate membranes
(0.2 um pore size; Millipore Corp., Bedford, MA) by filtration
using a 48-slot slot-blot filtration apparatus (GE Healthcare). The
membranes were blocked in 5% skimmed milk and probed with
the anti-pS129 a-Syn antibody EP1536Y (Abcam, catalog no.
ab51253) and a goat anti-rabbit antibody coupled to HRP
(Thermo Fisher Scientific, catalog no. A27036).

Imaging

Fixed samples and dissolution movies were imaged with an epi-
fluorescence microscope (IX81, Olympus) operated by the Micro-
Manager 2.0, using an Orca-fusion camera (Hamamatsu), a 63x oil-
immersion objective, and the Spectra-X Lumencor LED for illumi-
nation. For overnight live movies and FRAP, we used the Zeiss LSM
710 META laser scanning confocal microscope equipped with a hu-
midified chamber maintained at 37°C and 5% CO,. Samples were
illuminated using a 25 mW argon laser and observed using a 63x
oil-immersion objective. The microscope was operated using the
LSM Zen 2012 software.

Statistical analysis

For Fig. 2D and fig. S5D, a Python script based on the scipy.stat-
s.pearsonr function was used to determine the Pearson’s coefficient
describing the linear relationship between the fluorescence intensity
within the fibril and condensate channels. To assess the statistical
significance of the data, Student's ¢ tests were performed for
control and a-Syn condensates data samples from the same time
point. All datasets were confirmed to be normal distributions
before analysis with Student's ¢ test.

Supplementary Materials
This PDF file includes:

Figs. S1 to S6

Table S1

Legends for movies S1 to S8

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S8
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Fig. S1. Artificial a-Syn and control condensates with liquid-like properties

(A) Time-lapse confocal imaging of the formation of control condensates in Hela cells starting from 10h after
transfection. Bar, 10um. (B) and (C) Enlarged regions extract from the timelapse (A) displaying growth of
condensates mediated by coalescence (B) or subunit addition (C). Bars, 2um. (D) Epi-fluorescence microscopy
images of Hela cells expessing the a-Syn-emGFP fusion. Bar, 10um for whole cell images and 2um for zoom-ins.
(E) FRAP curves displaying the fluorescence recovery of a-Syn-enriched condensates 24H (blue, 10 cells) and 72H
(red, 15 cells) after cell transfection with the a-Syn_emGFP_5Fm scaffold. Dotted line in bold represents the
mean and the error bar represents the standard deviation. Aquisitions were made every second. Pre-bleaching
fluorescence intensity was set at 100 and the post-bleach fluorescence was normalized at 0 for all experiments.
(F) Time-lapse imaging of the dissolution of 72H-old control (Upper row) and a-Syn (Lower row) condensates
upon the addition of FK506. Bar, 10um.
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Fig. S2 Characterization of the a-syn fibrillar polymorphs.

Fibrils and Ribbons used throughout this study. Transmission electron micrographs of the
polymorphs Fibrils and Ribbons after negative staining with uranyl acetate (panels A and B). Time
course of proteolysis of the polymorphs Fibrils and Ribbons by proteinase K (3.8 ug/mL) after
PAGE and staining with Coomassie blue (panels C and D). Bar, 100nm. The time is in min and the
molecular weight markers, in kDa, are indicated on the top and left of each polyacrylamide gel.
(E) Observation of preformed fibrils (0.5nM) stained with AmyTracker. Bar, 2um.
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Fig. S3. Abnormally-shaped condensates occur only from a-Syn condensates exposed to fibrils
(A)Quantification of the percentage of cells with condensates expressing the two different phenotypes:

“Regular”- blue; “Abnormal” - red. as a function of time and concentration of preformed fibrils. HeLa
cells expressing a-Syn-emGFP-5Fm (for 24 hours, 48 hours and 72 hours) were exposed to increasing
concentration of preformed fibrils (0.01 nM, 0.1 nM and 0.5 nM). The graph is the sum of N=2
experiments. (B) Hela cells expressing control (left) and a-Syn (right) condensates and exposed for 72
hours to preformed a-Syn oligomers (0.5 nM). (C) Hela cells expressing a-Syn-emGFP-5Fm scaffold
(green) and exposed to preformed a-Syn fibrils (red) for 72 hours in presence of FK506. Nuclei (cyan)
were stained with Hoechst. Bars, 10 um (D) FRAP analysis of control condensates from cells exposed
(dark blue, 8 cells) or not (light blue, 15 cells) to fibrils. Pre-bleaching fluorescence intensity was set at
100 and the post-bleach fluorescence was normalized at 0 for all experiments. An acquisition was made
every second. Error bars correspond to the standard deviation. (E) Hela cells expressing a-Syn
condensates (green) and exposed to preformed a-Syn fibrils (red) for 72 hours after incubation with
FK506 for 1 hour. Nuclei (cyan) were stained with Hoechst. Bars, 10 um for full-cell images and 2 um for
zoom-ins. (F) Live confocal microscopy frames depicting the FK506-driven dissolution patterns of 24
hours-old (upper pannel) and 48 hours-old (lower pannel) a-syn condensates (green) from Hela cells
exposed to fibrils (red). Different timepoints are shown, with 0 s being pinpointed at the moment when
FK506 was added. Bars, 10 um for whole cell frames and 2 pm for zoom-ins.
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Fig. S4. Biochemical analysis of condensates with and without fibrils

(A) SDS-PAGE analysis of lysates used for western blot and filter trap assay. First three lanes to the left: cells
expressing control condensates. Next three lanes: cells expressing a-Syn condensates. (B) Western Blot
performed with an anti a-Syn-PS129 antibody (EP1536Y) on lysates from cells expressing control condensates
(first three lanes to the left) and a-Syn condensates (fourth to sixth lanes). (C) Western blot performed with a
anti-a-Syn primary antibody (BD Biosciences 610787) illustating the a-Syn-emGFP-5Fm construct from lysates
of cells exposed or not to fibrils. (D) Western Blots performed with anti a-Syn (BD Biosciences 610787,
MABNG633 Sigma, MABN389 Sigma, # MA1-90346 Invitrogen) and an anti a-Syn-PS129 (EP1536Y) antibody on
lysates from cells expressing control condensates and a-Syn condensates in presence of fibrils.
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Fig. S5. a-Syn condensates are perturbed by preformed ribbons

Representative epifluorescence images of Hela cells exposed to preformed a-Syn ribbons (red) and
expressing control (A) and a-Syn (B) condensates (green). Nuclei (cyan) were stained with Hoechst. Bars, 10
um for full-cell images and 2 um for zoom-ins. (C) Quantification of the percentage of cells with condensates
expressing the two different phenotypes: “regular”- blue; “abnormal” - red. The graph is the sum of N=3
experiments. (D) Quantification of the Pearson coefficient calculated for the correlation between the
fluorescence intensities of the ribbon and condensate channels in microscopy images that were cropped to
match the shape of the cell. Each point represents a cell. The graph is the sum of N=3 experiments.
Differences between conditions with control and a-Syn condensates were statistically significant (p-values <
10-7 using a Student’s t-test). a.u. stands for arbitrary unit. (E) Live confocal microscopy frames depicting HelLa
cells expressing a-Syn condensates (green) changing morphology upon exposure to ribbons (red). Bars, 10
um for full-cell images and 2 um for zoom-ins.
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Fig. S6. Preformed a-Syn fibrils triggered the evolution of liquid a-Syn condensates into solid-needle like
structures in SH-SY5Y neuronal cells.

Representative epifluorescence images of SHSY-5Y cells infected with preformed a-Syn fibrils (red) and
expressing control (A) and a-Syn (B) condensates (green). Nuclei (cyan) were stained with Hoechst. AmyTracker
staining on SHSY-5Y cells expressing a-Syn condensates after 72 hours incubation with fibres. Bars, 10 um for
full-cell images and 2 yum for zoom-ins. (C) FRAP analysis of abnormally-shaped condensates. The graph
comprises the average of 10 different experiments for the condition with fibrils and 7 different experiments for
the condition without fibirls . Pre-bleaching fluorescence intensity was set at 100% and the post-bleach
fluorescence was normalized at 0 for all experiments. An acquisition was made every second. Error bars
correspond to the standard deviation.



Construct Oligo Name Sequence
pcDNA3.1 LP029 actgacaAGCTTgccaccATGGATGTATTCATGAAAGGACTTTCAAAGG
a-Syn-emGFP-5Fm Hindlll_KozaK+ATG_a-
SynWT
pcDNA3.1 LPO30 3' Sacll_a-Syn TCAGTCCGCGGGGCTTCAGGTTCGTAGTCTTGATACC
a-Syn-emGFP-5Fm
pcDNA3.1 ACC031 Kan Fw CGAGCGAGCACGTACTCGGA
a-Syn(S129A)-emGFP-5Fm
pcDNA3.1 ACC032 Kan Rv TCCGAGTACGTGCTCGCTCG
a-Syn(S129A)-emGFP-5Fm
pcDNA3.1 LP036 a-Syn for TATGAAATGCCTGCTGAGGAAGGGTATCA
a-Syn(S129A)-emGFP-5Fm
pcDNA3.1 LP0O37 a-Syn Rev TGATACCCTTCCTCAGCAGGCATTTCATA
a-Syn(S129A)-emGFP-5Fm

Supplementary table 1.
List of DNA primers used for the cloning of the pcDNA3.1 a-Syn-emGFP-5Fm and pcDNA3.1 a-Syn(S129A)-

emGFP-5Fm



Supplementary movies

Movie S1: Time-lapse confocal microscopy of the formation of a-Syn condensates. Acquisitions were taken

every 5 minutes.

Movie S2: Time-lapse confocal microscopy of the formation of control condensates. Acquisitions were taken

every 5 minutes.

Movie S3: Time-lapse epifluorescence microscopy of the dissolution of 24H-old a-Syn condensates. FK506

was added 30 seconds in. Acquisitions were taken every 10 seconds.

Movie S4: Time-lapse epifluorescence microscopy of the dissolution of 72H-old a-Syn condensates. FK506

was added 30 seconds in. Acquisitions were taken every 10 seconds.

Movie S5: Time-lapse confocal microscopy of the evolution of a-Syn condensates (green) from “regular” to
“abnormal” phenotype in presence of fibres (red). Acquisitions were started 48 hours after cell exposure to

fibrils and images were taken every 5 minutes.

Movie S6: Time-lapse epifluorescence microscopy of the dissolution of 72H-old a-Syn condensates (green)

with fibres (red). FK506 was added 30 seconds in. Acquisitions were taken every 10 seconds.

Movie S7: Time-lapse confocal microscopy of the growth of a-Syn condensates (green) in presence of fibres

(red). Acquisitions were taken every 5 minutes.

Movie S8: Time-lapse confocal microscopy of the evolution of a-Syn condensates (green) from “regular” to
“abnormal” phenotype in presence of ribbons (red). Acquisitions were started 48 hours after cell exposure to

ribbons and images were taken every 5 minutes



CHAPTER III: a-SYN AND SYNAPSIN I MIXED CONDENSATES.
LIQUID-TO-FIBRILLAR SOLID TRANSITION MEDIATED BY
PREFORMED ¢-SYN FIBRILS

II1.1 Introduction

I11.1.1 Towards the creation of condensates with more relevant compositions

The previous chapter explored how the cellular condensed liquid phase of a-Syn can be
converted into amyloid-containing fibres upon interaction with preformed fibrils. A hypothesis
that can be derived from this data is that, in conditions of pathological aggregate spreading,
neuronal liquid condensates containing a-Syn could be vulnerable spots with respect to the
prion-like propagation of the fibrillar amyloid state. Thus, a study of a-Syn in the context of
condensates that are closer to those found in its natural neuronal environment is of great utility.
A region of particular interest when looking for examples of potential “natural” a-Syn
condensates is the presynaptic termini of neurons, where the protein is the most abundant (739).
For this reason, the current chapter will focus on presynaptic proteins, namely a-Syn and
synapsin I. First, I will provide a brief description of biomolecular condensates from the
presynaptic space, then I will develop in more detail one such condensate that is closely related
to a-Syn. Most importantly, I will describe how our controlled PS system provided more insight

about this condensate, notably in a context related to their interactions with preformed fibrils.

I11.1.2 The presynaptic environment and its biomolecular condensates

The presynaptic terminal, also known as presynaptic bouton, is a specialized structure
located at the end of a neuron's axon. It plays a role in transmitting signals between two neurons
(presynaptic and postsynaptic) via the release of neurotransmitters into the small gap between
them, called the synaptic cleft. Neurotransmitters are stored in small membrane-enclosed
compartments called synaptic vesicles (SVs), which are distributed in the presynaptic terminal
in discrete pools, each bearing distinct functional significance in modulating the efficacy of
synaptic signalling (/82). First, there is the readily releasable pool, which consists of a group
of SVs that sit close to the membrane, in a region called the active zone. They can quickly fuse
to the membrane in response to single action potentials, releasing the neurotransmitter into the
synapse. Second, there is the reserve pool, which is an SV cluster that sits further back in the
synaptic terminal. This pool is unresponsive to single action potentials, but can act as a reservoir
that supplies SVs to the active zone during periods of high-frequency neural activity, ensuring

sustained neurotransmitter release (/82). Third, there is the recyclable pool, which contains the
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SVs that have been endocytosed and refilled with neurotransmitters. These SVs can shuttle
either to the reserve pool, or to the readily-releasable pool for additional rounds of

neurotransmitter release in case of moderate-frequency stimuli (/82).

Recent studies report that PS could play a role in the assembly and functioning of these SV
pools (Figure IIL.1). For example, two major scaffold proteins of the active zone: IDPs Rab3
Interacting Molecule (RIM) and RIM-binding protein (RIM-BP), were shown to undergo PS in
vitro, suggesting that the readily releasable pool could be part of a biomolecular condensate
structure (/83). Moreover, studies in C. elegans later reported that the assembly of the active
zone in vivo is dependent on the phase separation of two proteins: SYD-2/Liprin-a and ELKS.
However, no interplay between the two protein pairs in the context of PS was discovered to
date. Alternately, the protein EndoA1, which is a factor that plays a role in the recycling of
depleted SVs through endocytosis, was also shown to undergo PS in hippocampal neurons
(184). Therein, it colocalizes with SV clusters, hinting at the existence of an endocytic

condensate (/84).
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Figure III.1 Biomolecular condensates at the presynaptic terminal. The active zone
condensate is proposed to be scaffolded by RIM/RIM-BP. The endocytosis of used SVs is also
hypothesized to happen within a condensate. Within the reserve pool, a synapsin I condensate

was proposed to ensure the clustering of SVs. Adapted from (185).
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The reserve pool is also a condensate, mainly associated with the PS of the protein
synapsin I (/76). This protein, encoded by the SYN/ gene in humans, plays a critical role in
controlling the SV storage in/release from the reserve pool as a function of neural activity
patterns (/86). A mechanism for this process was already proposed before its connection to PS.
In periods of rest, synapsin I clusters SVs together by selectively binding to them through its
C-terminal domain, and tethering them to a complex matrix, which containing multiple proteins
(1/87) and, potentially, cytoskeleton elements such as actin filaments and microtubules (788,
189). Upon sustained stimulation, however, the Ca** influx activates the calcium/calmodulin-
dependent protein kinase II (CaMKII), which phosphorylates synapsin I. This, in turn, impairs
binding of synapsin I to SV, thereby triggering their release (/90).

The first time PS was proposed to be involved in this process was in 2018, when
Milovanovic et al. reported how synapsin I could form a distinct liquid phase in an in vitro
aqueous environment (Figure IIL1.2) (/76). In this study, they report that the synapsin I
condensate concentrates small lipid vesicles, which they use as mimics of SVs, and these
vesicles display high degrees of mobility within the condensed phase. Moreover, CaMKII also
partitions into the condensate, and addition of ATP, which is a necessary substrate for the kinase
activity of CaMKII, triggers the dissolution of the synapsin I/CaMKII condensate (/76). The
reconstitution of SV clusters with a minimal synapsin I/vesicle/CaMKII condensate system has
reshaped the conventional perspective on SV clusters, now considering PS as a potential

organizational principle.
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Figure IIL.2 In vitro reconstituted synapsin condensates. a. Left panel: Fluorescence
microscopy images of EGFP-tagged Synapsin I incubated at 10uM. After 1 hour, condensates
appear. Right panel: Synapsin I droplets fuse and relax into spherical shapes, indicating a
liquid-like behaviour. b. EGFP-synapsin I incubated with DOPE-Cy5-tagged lipid vesicles in
the presence of 3 % PEG-8000. Synapsin I droplets form, that accumulate lipid vesicles. c. Left
panel: time-frames of the dissolution of EGFP-synapsin I/lipid vesicle condensates in presence
of CaMKII and 200 uM ATP. Right panel: quantification of the decrease in droplet fluorescence
upon exposure to CaMKII/ATP. Adapted from (176).

I11.1.3 a-Syn/synapsin I interplay in the context of LLPS

In the context of our study, the synapsin I presynaptic droplets are relevant, because they
have been reported to concentrate a-Syn in 2021, when Hoffmann et al. described how the co-
expression of mCherry-synapsin I and a-Syn-BFP in HEK293T cells yielded liquid-like
droplets where the two protein constructs colocalized (Figure I11.3) (/70). Interestingly, they
reported that the overexpression of mCherry-synapsin I alone did not result in such intracellular
objects, and thus revealed that, at least in cellula, synapsin I did not possess the properties of a
full PS “scaffold” protein, and that its phase separation was dependent on its interaction with
a-Syn. The study additionally examined other factors influencing the formation of synapsin I/a-
Syn condensates in vitro. It was presented that the presence of native SVs isolated from rats

substantially enhanced the phase separation capability of synapsin I alone, as well as of
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synapsin I/a-Syn mixes. Indeed, they observed an SV dose-dependent increase in turbidity -
which indicates supramolecular assemblies - within synapsin I + a-Syn solutions which were

outside the PS concentration regimes.

Interestingly, the presence of a-Syn within synapsin I condensates appears to have a
drastic effect. Hoffmann et al.’s study emphasized the critical role of the stoichiometric ratio
between the two proteins on phase separation, showing that an excess of a-Syn (a-Syn at 6 uM
and synapsin I at 2 uM, corresponding to a ratio of 3:1) substantially reduced synapsin I's ability
to form droplets, even in the presence of PS-enhancing SVs (/10). Conversely, a more moderate
amount of a-Syn (equimolar to synapsin I) was reported to allow phase separation (710).
However, the opposite scenario, meaning absence of a-Syn, did not perturb the PS of synapsin
I +rat SVs, suggesting that a-Syn might not be a driver of phase separation for this condensate.
This was in agreement with previous studies in triple synuclein knockout hippocampal neurons,
where SV clustering, which likely occurs through synapsin I PS, was not impaired (/77).
However, in this system, a-Syn depletion also had diminishing effect on synaptic boutons size
and resulted in a tighter packing of SVs within the clusters (/77). Thus, a-Syn’s partition into
synapsin I’s condensate in the right quantities could potentially enable the maintenance of
specific physical properties, which in turn affect synaptic vesicle mobility and facilitate
neurotransmitter release. This facet of the interaction between the two proteins remains,

however, largely unexplored.
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Figure I11.3 Mixed a-Syn/synapsin I condensates in cells. a. HEK293 cells overexpressing a-
Syn-BFP or mCherry-synapsin I separately display a diffuse pattern of expression of the two
proteins. b. Co-expression of the two proteins yields micrometric puncta enriched in both of
them. c. Kinetics of condensate formation (assessed through turbidity measurements) as a

function of the added quantity of SVs. d. Schematic of the observations related to the influence
of a-Syn/synapsin I stoichiometry on PS. Equimolar quantities of the two proteins allow PS,

whereas an excess of a-Syn impairs it. Adapted from (110).
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II1.1.4 Aims and motivations of the study

In this chapter, we aim to expand our insight surrounding a-Syn and synapsin I in the
framework of PS. To this end, we have set several goals: (i) to reconstitute synapsin I
condensates and analyse their properties, (ii) to design an a-Syn client molecule, that can
partition into synapsin I condensates to create a mixed a-Syn/synapsin I condensates, and (iii)
to investigate whether a-Syn/synapsin I mixed condensates can undergo a conversion towards

fibrillar aggregates upon exposure to preformed a-Syn fibrils.

Preformed
§G-Syn fibrils
\ > 7/

a-Syn

Synapsin |—»

Reconstituted
synapsin l/a-Syn condensate

Figure I11.4 Schematic representation of the motivations of the study
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II1.2. Results

The current section presents results from an ongoing study, that is close to being
complete. The existing dataset is composed of qualitative and some quantitative data which
permit us to draw preliminary conclusions. However, we estimate that a set of additional
controls and quantifications would be of great value in consolidating our results and allowing
us to draw robust conclusions. A summary of the remaining experiments that have been planned
for the completion of this study will be provided at the end of this section, after the presentation

of the existing data.

I11.2.1. Phase separation of overexpressed synapsin I

To assess the baseline PS propensity of synapsin I in our experimental setting, we
overexpressed the mCherry-synapsin I construct in HeLa cells, conserving the N placement
of the fluorescent reporter that was used in previous studies on synapsin phase separation (/10).
The expression pattern of this construct in our setting was diffuse in the large majority of
transfected cells, which is accordance with an earlier finding that synapsin I overexpression
alone did not lead to detectable levels of condensation (Figure II1.5.a left column) (//0). In
rare cases, cells would display small puncta (around 1 um in diameter) that could correspond
to mCherry-synapsin I assemblies, however these were too scarce to support any conclusion
(Figure IIL.5.a right column). In co-overexpression with a-Syn-emGFP, mCherry-synapsin I
assemblies became more frequent, and larger (Figure I1L1.5.b). Interestingly, however, with our
current microscopy setup, we could not detect a partitioning of a-Syn-emGFP within these
condensates. This aspect raises questions about the interplay of the two proteins in cellula, and
underscores the need for a system that provides enhanced control over synapsin I’s PS and over

the partition of a-Syn within its condensates.
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Figure II1.5 mCherry-synapsin I PS. a. Representative epifluorescence images of HelLa cells
overexpressing mCherry-synapsin 1. Most cells displayed a diffuse fluorescent signal (left
column). On rare occasions, cells would display small puncta around 1um in diameter (right
column). b. Co-overexpression of mCherry-synapsin I with a-Syn-emGFP. Micrometric
assemblies appear. a-Syn-emGFP conserved a diffuse pattern of expression. Scale bars, 10 um

for whole-cell images and 2 um for zoom-ins.
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I11.2.2 SFm-mCherry-synapsin I yields two distinct types of assemblies

For the reconstitution of synapsin I condensates, we have genetically fused the protein
to mCherry and SFm — a protein scaffold that we previously designed for the generation of
artificial condensates (175, 181) (Figure I11.6.a). In HeLa cells, the SFm-mCherry-synapsin I
construct exhibited two different patterns of expression: spherical bodies and filiform
assemblies (Figure II1.6.b). Spherical bodies were small (1-3 pm in diameter) and dispersed
throughout the cytosolic space. They were morphologically reminiscent of condensates made
with the control “neutral” scaffold SFm-mCherry (Figure I11.6.c). Filiform patterns presented
as thin, elongated structures that spanned over several micrometres. They were either long
threads interlaced with each other in a spider web pattern, or curving around the edges of nuclei.
To assess the influence of synapsin I into the occurrence of the filiform assemblies, we have
co-expressed SFm-mCherry-synapsin 1 with the neutral scaffold S5Fm in different
stoichiometries, such that the concentration of synapsin I within the condensates was varied.
We found that as the ratio of SFm to SFm-mCherry-synapsin I increased, cells became less
likely to exhibit a “filiform™ phenotype. Whereas 58 % of cells with displayed a filiform
phenotype when expressing solely the SFm-mCherry-synapsin I scaffold, the percentage drops
at 38% with equimolar SFm and SFm-mCherry-synapsin I, and to 22 % when the ratio is at 3:1.
For a 10:1 ratio of transfected Fm to SFm-mCherry-synapsin I, the filiform phenotype was not
at all observed (Figure IIL.6.d). Thus, we hypothesize SFm-mCherry-synapsin I’s self-
assembly could be driven by two different forces: (i) the SFm cohesive interactions and (ii)
interactions between synapsin I and a fibre-shaped cellular structures, reminiscent of
cytoskeletal elements. We propose that when the former interactions are prevalent a 3D
spherical morphology is favoured, whereas the latter drives the system towards a 1D filiform

phenotype (Figure I11.6.d).
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Figure I11.6 Reconstitution of synapsin I condensates a. Schematic representation of the SFm-
mCherry-synapsin I scaffold. b. Epifluorescence microscopy images depicting HelLa cells
expressing SEFm-mCherry-synapsin I (red in whole-cell images, greys in zoom-ins). Left column:
spherical condensates;, Right column: filiform condensates. Nuclei are in cyan. c.
Epifluorescence microscopy images depicting HeLa cells expressing SFm-mCherry (red in
whole-cell images, greys in zoom-ins). Dashed lines indicate cell outlines. d. Bar plot showing
the percentage of cells with assemblies that display the filiform phenotype, at different ratios of
SFm to SFm-mCherry-synapsin I (in terms of transfected DNA). N=2 experiments. Error bars
are standard deviations. For all images: scale bars, 10 um for whole-cell frames and 2 um for

ZOOM-INS.
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I11.2.3. Reversibility of the synapsin I assemblies

To test our hypothesis, we set to assess the reversibility of the two types of assemblies
by using the FK506 assay. This method enables us to analyse the interactions within SFm-
mCherry-synapsin I assemblies, as it triggers the dispersal of 5SFm-based cohesive forces while
preserving other interactions (/75, 181). To provide a more faithful comparison between the
two, we have chosen to look at the dissolution patterns of granular and filiform patterns within
the same cell, which allowed us to rule out differences in the diffusion of FK506 through the
cytosol. We noted that spherical bodies completely dissolved within a minute after addition of
FK506, whereas the filiform ones underwent a partial dissolution. Whilst the fluorescence
intensity of filiform assemblies substantially decreased as an effect of FK506, a small fraction
persisted on consequentially longer timescales (more than 10 minutes) (Figure IIL7).
Experiments in fixed cells were consistent with this finding: cells exposed to FK506 1 h before
fixation (late timepoint) displayed remainders of filiform assemblies, whereas when FK506 was
added at wash 1h30 after transfection (early timepoint), cells rarely expressed small puncta,
similarly to the expression of mCherry-synapsin I alone (Figure I11.8). Two main conclusions
can be drawn from these observations. Firstly, both spherical and filiform assemblies feature
reversible cohesive forces driven by our SFm scaffold, exhibiting component dynamics
characteristic of condensates. Secondly, filiform condensates involve an additional type of
interaction, which we hypothesize could be between synapsin I and an endogenous cytoskeletal

element such as microtubules (MTs) or actin fibres.

FK506

Figure II1.7 Live dissolution assay with FK506 on HeLa cells expressing 5Fm-mCherry-
synapsin I. Microscopy frames from a movie following the dissolution of SFm-mCherry-
synapsin I condensates upon exposure to FK506 (2.5 uM). The 0 s timepoint was set at the
moment when FK506 was added. Upper row: zoom-in onto filiform condensates. Lower row:

zoom on spherical condensates.

92



FK506 early FK506 late

-
173
i —
L
U
=]
I
+

Figure II1.8 Early vs. late exposure of 5Fm-mCherry-synapsin I to FK506. Left half: Early
exposure to FK5006 (1h30 after transfection). Left column: cells with diffuse fluorescence. Right
column: cells with small puncta. Right half: Late exposure to FK506 (1h before fixation). Left
column depicts cells with diffuse fluorescence. Right column depicts cells with remains of
synapsin I condensates that were only partially dissolved. For all images in the figure: scale

bars, 10 um for whole-cell images and 2 um for zoom-ins.

I11.2.4 Interaction of synapsin I condensates with microtubules

We next aimed to determine whether the filiform patterns could be the result of an
interaction with microtubules, building on previous evidence suggesting that synapsin I
interacts with this cellular structure (/89). To investigate this, we have performed an anti-a-
Tubulin immunostaining on cells expressing SFm-mCherry-synapsin I condensates (Figure
IT1.9). We observed indeed that filiform condensates formed in areas corresponding to an
increased anti-o-Tubulin signal. Intriguingly, spherical condensates also appeared to decorate
microtubule strands in a similar manner to droplets on a spider web. These results suggest that
our reconstituted synapsin I condensates may interact with MT, and that this interaction
influences their morphology. We propose a model where condensates wet the MT: a “partial”
wetting could result in the 3D spherical morphologies, whereas a “total” wetting could yield

1D condensates which are characterized by filiform morphologies (Figure I11.9.b).
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Figure I11.9 Interaction of synapsin I condensates with microtubules. a. Left: Representative
epifluorescence microscopy image of the anti-a-Tubulin immunostaining (greys) on cells
expressing SFm-mCherry-synapsin I condensates (red). Right side, upper row: Separated
channels. Right side, middle row: zoom-in on a section of a filiform condensate. Right side,
lower row: zoom-in on spherical condensates. Scale bar, 10 um for whole-cell frames and 2 um
for zoom-ins. b. Schematic representation of the hypothesized “wetting” of synapsin [

condensates (spherical and filiform) and microtubules.
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I11.2.5 Mixed synapsin I/a-Syn condensates

To gain more insight on the interplay between a-Syn and synapsin I, we have set to
create a mixed synapsin I / a-Syn condensate. To achieve this, we first tried co-overexpressing
emGFP-tagged a-Syn together with the SFm-mCherry-synapsin I scaffold. In contrast to what
we expected, we did not observe a partition of a-Syn-emGFP into our synapsin I condensate.
The divergence between our findings and those of an earlier study (//0) could be due to an

effect of the voluminous SFm-mCherry tag that we attached to synapsin 1. (Figure I11.10).

5Fm-mCherry-Synapsin |

Figure I11.10 5Fm-mCherry-synapsin I co-overexpression with a-Syn-emGFP. Microscopy
images depicting HelLa cells expressing 5SFm-mCherry-synapsin I (red) and o-Syn-emGFP
(green). Scale bars, 10 um.

To mimic the recruitment of a-Syn within our synapsin I condensates, we have created
an a-Syn construct that would fit into the category of a “client” molecule, according to Banani
et al.’s classification (/20). To achieve this, we have reduced the number of Fm repetitions,
such that PS would not spontaneously happen in cells upon overexpression, but that enough Fm
valences are available for a preferential partition of the construct within a 5Fm-based
condensate. We found that a fusion of 2 Fm moieties fits the best into this description (see

Annex for more details about our “client” constructs), leading to the a-Syn-emGFP-2Fm
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construct. For the sake of simplicity, I will from now on refer to condensates containing both

a-Syn-emGFP-2Fm and SFm-mCherry-synapsin I as “mixed a-Syn/ synapsin I condensates”.

In accordance with the behaviour of a “client” molecule, overexpression of a-Syn-
emGFP-2Fm alone does not result in the formation of any condensates (Figure IIL.11).
However, when co-overexpressed with the synapsin I “scaffold” molecule SFm-mCherry-
synapsin I, a-Syn-emGFP-2Fm readily partitioned into the resulting condensates (Figure
II1.12). To establish whether the presence of the a-Syn client had an influence on the properties
of the synapsin I condensates, we have performed the FK506 dissolution assay on mixed
condensates. Upon exposure to this molecule, the a-Syn client readily diffuses out of the
condensate. On the contrary, synapsin I condensates that had accommodated a-Syn clients
exhibited an incomplete dissolution, as even after 1000 s, faintly fluorescent “ghost”
condensates that needed a contrasting increase to be observed, were still present (Figure
IILI.12.c). This in contrast with condensates of simple synapsin I condensates, which were
completely dissolved when they presented a spherical shape. Consistent with the fast dispersion
of the fluorescence during the dissolution assay, FRAP experiments displayed a quick recovery
of nearly all of the fluorescence intensity of a-Syn-emGFP-2Fm within a minute, indicating a
high motility of the a-Syn clients within the synapsin I condensates (Figure I11.12.d). Overall,
these results indicate that the a-Syn-emGFP-2Fm construct is a “client” of synapsin I
condensates. Furthermore, the mixed synapsin I/ a-Syn condensate exhibits a partial
reversibility, reminiscent of the interactions found in homotypic synapsin I filiform

condensates, that go beyond those involving SFm.

a-5yn-emGFP-2Fm

Figure IIL11 o-Syn-emGFP-2Fm does not phase separate alone. Representative
epifluorescence microscopy images depicting Hela cells expressing o-Syn-emGFP-2Fm

(green). Scale bars, 10 um.
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Figure I11.12 Mixed synapsin I/a-Syn condensates a. Schematic representation of the “mixed”
condensate. b. Left side: Epifluorescence microscopy images of HelLa cells expressing 5Fm-
mCherry-synapsin I (red) and o-Syn-emGFP-2Fm (green). Nuclei are in cyan. Right side: Plot
superposing the fluorescence intensity of mCherry (red) and emGFP (green) across the
condensates (pink dashed line). Coordinated spikes in fluorescence indicate partition of a-Syn-
emGFP-2Fm into the SFm-mCherry-synapsin I condensate. c¢. Frames from a live movie
following the dissolution of 5Fm-mixed synapsin I/o-Syn condensates upon exposure to FK506
(2.5 uM). The 0 s time was set at the moment when FK506 was added. For the 1000 s timepoint,
as saturated version is provided below. d. FRAP of a-Syn-em GFP-2Fm within synapsin I/a-Syn
mixed condensates. Fluorescence intensity unit was set at 100 for pre-bleach, 0 for just after
the bleaching, and the rest was normalized accordingly. Dark green line represents mean of 9
different condensates and light green error bars are the standard deviation. For all images in

the figure: Scale bar, 10 um for whole-cell frames and 2 um for zoom-ins.
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I11.2.6 Preformed a-Syn fibrils perturb a-Syn/synapsin I mixed condensates

We recently showed how a-Syn from a-Syn condensates can readily convert into
amyloid-containing solid structures upon exposure to preformed a-Syn fibrils (/75). Naturally,
we set to establish whether such an effect could be reproduced in synapsin I condensates where
a-Syn is solely partitioning as a client. Thus, we incubated cells co-expressing the SFm-
mCherry-synapsin I and the a-Syn-emGFP-2Fm constructs with the same concentration of
fibrils that would trigger the amyloid transition in simple a-Syn condensates, that is 0.5 nM
(Figure II1.13.a). After 24 h of exposure to fibrils, mixed condensates readily underwent a
morphological conversion that was reminiscent to that presented in the previous chapter when
describing “abnormally-shaped” condensates: they became bright spots with multiple fibril-like
protrusions (Figure I11.13.b). Intriguingly these morphological transitions were not observed
with condensates composed of SFm-mCherry-synapsin I alone, suggesting that the a-Syn client
was a necessary condition for this to occur (Figure I11.14). Despite the presence of filamentous
structures, “abnormally-shaped” condensates are easily distinguishable from filiform ones.
Filiform condensates are much longer (up to 20 um in length), and often appear in intertwined
web-like structures that cover great areas of the cytosol, whereas abnormally-shaped ones are
substantially smaller (2 to 5 um) and often present a distinct pattern of thorny protrusions that

sprout from a central point.

Modified condensates were visible in both the mCherry and emGFP channels, meaning
that, SFm-mCherry-synapsin I suffered an alteration along with the a-Syn-emGFP-2Fm
construct. It is important to note that when cells expressing the two constructs were incubated
with FK506 as well as with preformed fibrils, no condensates (regular or “abnormally-shaped”)
were observed (Figure I11.15), meaning that the presence of the condensates was a precondition
for the apparition of “abnormally-shaped” condensates. Overall, these observations lead us to
conclude that mixed a-Syn/ synapsin I condensates undergo a morphological alteration upon

exposure to fibrils, that is qualitatively identical to that observed with a-Syn condensates.

98



\
i

Preformed
asyn fibrils
a-Syn-emGFP-2Fm -
/SFm-mCherry-Synapsin T
condensates

fib-a-Syn-ATTO647N
a-5yn-emGFP-2Fm

fib-a-Syn-ATTO647N
a-5yn-emGFP-2Fm

= =
] E
= L.
8 ~
F =

J
I E
£ T
& £
g o
] o
=

fib-a-Syn-ATTO647N

Figure I11.13 a-Syn/synapsin I mixed condensates are perturbed by preformed a-Syn fibrils.
a. Schematic representation of the fibril exposure assay. b. Representative epifluorescence
microscopy images depicting HeLa cells expressing SFm-mCherry-synapsin I (red) and a-Syn-
emGFP-2Fm (green) and exposed to preformed a-Syn fibrils tagged with the ATTO647N
fluorophore (greys). Nuclei are in cyan. For all images in the figure: Scale bar, 10 um for whole-

cell frames and 2 um for zoom-ins.
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Figure IIl.14 synapsin I condensates are not perturbed by preformed a-Syn fibrils.

Representative epifluorescence microscopy images depicting Hela cells expressing 5SFm-
mCherry-synapsin I (red) and exposed to preformed a-Syn fibrils tagged with the ATTO647N
fluorophore (grays). Nuclei are in cyan. Scale bar, 10 um for whole-cell frames and 2 um for

ZOOM-INS.
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Figure I11.15 Dissolution assay with FK506 on HeLa cells expressing a-Syn/synapsin 1
mixed condensates and exposed to a-Syn fibrils. Upper half: Early exposure to FK506 (1h30
after transfection, during the washing of the Lipofectamine). No condensates were observed.
Lower half: Late exposure to FK506 (1h before fixation). “Abnormally-shaped” condensates

were observed, that resisted dissolution against FK506. Scale bars, 10 um for whole-cell

images and 2 um for zoom-ins.
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II1.2.7 a-Syn/synapsin I mixed condensates modified by fibrils have solid-like
material properties.

We conducted a biophysical analysis of these modified mixed a-Syn/synapsin I
condensates, to determine whether they exhibited solid-like properties similar to amyloid-
containing altered o-Syn condensates, to which they resemble morphologically. First, we
followed the dissolution pattern of mixed condensates upon exposure to FK506, using live
epifluorescence microscopy. We find that, in presence of fibrils, mixed condensates became
irreversible (Figure I1I.16.a). As opposed to the condition without fibrils, the fluorescence
corresponding to a-Syn clients within condensates persisted after very long timescales (up to
30 min). Interestingly, the dispersion of the SFm-mCherry-synapsin I from the condensate was
also slowed down, with a faint residue of the condensate also persisting after 30 minutes.
Moreover, FRAP experiments confirmed the acquisition of solid-like properties of a-Syn within
the mixed condensate, as the exposure to fibrils for 24 hours results in a complete loss of the
fluorescence recovery (Figure II1.16.b). Overall, these results suggest that the exposure to

fibrils triggers a transition of the material properties of mixed synapsin I/a-Syn condensates

from a liquid to a gel-like or solid-like state.
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Figure Il1.16 a-Syn/synapsin I mixed condensates modified by fibrils have solid-like material
properties. a. Microscopy frames from a live movie following the dissolution of 5Fm-mixed
synapsin I/a-Syn condensates exposed to preformed fibrils (0.5 nM) for 24 h, using FK506 (2.5
uM). The 0 min timepoint is the moment when FK506 was added. For the 30 min timepoint, as
saturated version is provided below. b. FRAP of a-Syn-emGFP-2Fm within synapsin l/o-Syn
mixed condensates exposed to fibrils (0.5 nM) for 24 h. Fluorescence intensity unit was set at
100 for pre-bleach, 0 for just after the bleaching, and the rest was normalized accordingly. The
dark green line is the mean of N=10 different condensates and light green error bars are the

standard deviation. Scale bar, 10 um for whole-cell frames and 2 um for zoom-ins.
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I11.2.8 Future experiments

As stated as the beginning of this section, a certain set of experiments are planned for
the future, to improve the robustness of the study. Concerning synapsin I condensates, we aim
at studying their potential interaction with other elements of the cytoskeleton, such as actin
filaments, which were reported to interact with synapsin I as part of its physiological role (/88).
We also plan to perform live microscopy, to follow the formation of spherical and filiform
condensates, and to potentially elucidate more in-depth the origins of their distinctiveness. This
live microscopy approach would also allow us to observe the transition of mixed synapsin I/ a-
Syn condensates into fibrillar “abnormally-shaped” assemblies, upon exposure to preformed a-
Syn fibrils. Furthermore, we set to perform a biochemical analysis of these “abnormally-
shaped” condensates, to establish whether they contain amyloids. We also plan to enhance the
robustness of our system, by validating in a more relevant cellular model, such as the SH-SY5Y

neuroblastoma cell line.
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I11.3 Discussion

An increasing amount of evidence, particularly from in vitro studies, is beginning to
substantiate that phase separated condensates may serve as intermediates in protein aggregation
events linked to neurodegenerative diseases (/9/-193). For a-Syn, in vitro PS-derived
condensates were suggested to progress into potentially cytotoxic aggregates (133, 168, 169).
We recently reconstituted intracellular a-Syn condensates, and showed that they were readily
converted into amyloid-containing fibrillar aggregates as a result of an interaction with
preformed a-Syn fibrils (/75). The goal of the present study was to evaluate the link between
a-Syn PS and fibril-mediated aggregation, in the context of a condensate that features
heterotypic interactions involving a-Syn. We have focused on a-Syn and synapsin I, based on

a recent report suggesting that the two proteins co-phase separate (/170).

Within our HeLa overexpression system, the occurrence of phase separation in synapsin
I was nearly non-existent, in accordance with previous reports (//0). Conversely, the
overexpression of the SFm-mCherry-synapsin I scaffold yielded condensates, that we classified
in two different morphological categories: spherical and filiform. Considering the morphology
of filiform condensates, we hypothesized that these assemblies may form around microtubules,
which are an element of the cytoskeleton that synapsin I was reported to bind (/89). This
hypothesis was favoured by data obtained from immunofluorescence staining for the
microtubule building block a-Tubulin, and by the observation that filiform condensates partially
resisted FK506 dissolution, suggesting that a novel bond involving synapsin I had formed.
Moreover, a “wetting” behaviour of condensates on the surface of microtubules has already

been observed in vitro, with droplets of the microtubule-associated protein tau (794).

The synapsin I condensate served as a base for the formation of mixed synapsin I/a-Syn
condensates. The study of a composite separated phase containing a-Syn seemed of significant
interest because, in cellula, a-Syn condensates could not be obtained through overexpression
ofthe protein alone (710, 175), and in vitro evidence suggests that heterotypic interactions could
favour the engagement of the protein in PS (771, 172). The choice of synapsin I as a partner in
the mixed condensate was supported by multiple factors. Synapsin I was shown to form liquid
droplets in vitro, and PS was proposed as a potential model for the synapsin I-mediated
regulation of SV trafficking (/76). Moreover, synapsin I was reported to co-phase separate with
a-Syn, in an overexpression system in HEK293T cells (/70). Furthermore, in physiological

conditions, a-Syn and synapsin I are both abundantly expressed in the presynaptic termini of
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neurons, where they are hypothesized to interact with each other (739, 195). Intriguingly, mixed
synapsin I/a-Syn condensates (spherical and filiform) displayed a slight resistance to our
condensate reversibility assay, in contrast to spherical synapsin I condensates. This could
potentially originate in the interaction with MTs, as seen with synapsin I filiform condensates.
Since we also observed this with spherical mixed condensates, we hypothesize that this might
also be the result of synapsin I - a-Syn interactions, which are inert to the effects of FK506.

Further studies would be necessary to establish whether such an interaction takes place.

In a similar way to a-Syn condensates (/75), mixed synapsin I/a-Syn separated phases
underwent drastic changes after being exposed to preformed a-Syn fibrils. These alterations
manifested through a complete change of morphology, with condensates growing micrometric
fibrillar protrusions, reminiscing those described previously with a-Syn condensates (/75).
Moreover, a-Syn “clients” within these condensates completely lost their characteristic
dynamic properties, and became resistant to our reversibility assay, which is indicative of an
amyloid transition of a-Syn within the synapsin I/a-Syn condensate. Importantly, none of these
alterations were observed when “simple” synapsin I condensates were exposed to preformed o-
Syn fibrils. These observations imply that a heterotypic condensate where a-Syn partitions as a
“client” molecule, can accommodate an accelerated response of the protein fibril-induced
amyloid transition, similar to an a-Syn condensate (/75). Moreover, the transition did not occur
when the formation of condensates was averted by incubating with FK506 throughout the whole
duration of the experiment. We thus suggest that the partition of the a-Syn “client” into a
condensate is necessary for this transition, as an imposed diffuse state remained inert to fibril

exposure.

Interestingly, the loss in reversibility was also partially characteristic of the synapsin I
population of the condensate. Since, contrary to a-Syn, synapsin I is not known to form amyloid
structures, we hypothesize that this prolonged persistence of synapsin I within the mixed
condensates could be either (or both) of two possibilities: (i) the partition of a-Syn “clients”
changed the synapsin I condensate’s properties, as evidenced with mixed condensates that were
not exposed to preformed fibrils, and (ii) synapsin I is trapped in de novo aggregates that formed
with a-Syn “clients” through prion-like transition mediated by fibrils. Indeed, Lewy Bodies
have been shown to feature a hugely complex composition (24), suggesting that proximal
cellular factors and interactors can become enmeshed in the tangles of a-Syn amyloid fibrils

during the aggregation process.
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What could be the implications of these observations in the context of
neurodegeneration? Our observations bring a new vantage point for the study of the effects of
synucleinopathies at the synapse. Indeed, one of the pathological signs associated with a-Syn
amyloid inclusions are disruptions at the synapse (156, 196). Building on previous hypotheses
about a presynaptic synapsin I phase enriched in a-Syn (/70), the results presented herein hint
at the possibility that such a condensate could be a sensitive spot in the propagation of
aggregates. This would be in phase with data suggesting that the vast majority of small incipient
a-Syn aggregates are localized in the presynaptic space (/97), but also with the finding that a
considerable proportion of the non-a-Syn components of Lewy Bodies corresponds to SV-
associated factors (/98). The adaptability of our system may enable, for future studies, a more
in-depth exploration of these aspects, for example through the exploration of the impact of

lipids and/or vesicles on the mixed a-Syn/synapsin I condensate in the context of fibril-
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Figure I11.17 Schematic summary of the conclusions of this chapter.
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I11.4 Materials and methods
Cell Culture:

All cellular experiments presented in this section were conducted in HeLa cells (human
epithelioid carcinoma, American Type Culture Collection, ccl-2) and SH-SY5Y cells
(ECACC). Cells were cultivated in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% foetal bovine serum (FBS) and 1% penicillin/streptavidin (P/S) at 37°C
within a 5% CO2-humidified incubator. Regular mycoplasma infection tests were performed

every 2 months on both cell cultures, to ensure lack of contamination.
Plasmids:

For the experiments presented here, we utilized plasmids with the pcDNA3.1 (Invitrogen)
backbone. All plasmids featured the 6His and Myc tags downstream of the genes of interest.
The pcDNA3.1-5F mCherry_synaspin I plasmid was specifically engineered by inserting the
synapsin I coding sequence between the Xbal and Eco47III restriction sites in the pcDNA3.1
SFm-mCherry plasmid. The pcDNA3.1 emGFP _2Fm construct was created through the
insertion of the emGFP coding sequence between the Nhel and Eco4711I restriction sites in the
vector pcDNA3.1 2Fm. The pcDNA3.1- a-Syn-emGFP-2Fm plasmid was created by inserting
the a-Syn coding sequence between the Nhel and Xhol restriction sites in the pcDNA3.1-
emGFP-2Fm plasmid.

Transfection:

All transfection experiments were carried out using the Lipofectamine 2000 reagent
(Invitrogen) and OptiMEM (Gibco, 31985-062). Twenty-four hours prior to transfection, cells
were seeded in different numbers depending on the cell culture plates used, as follows: 80,000
cells per well on 12 mm diameter round coverslips for 24-well plates; 350,000 cells per well on
22 x 22 mm2 coverslips for six-well plates and 100,000 cells per well for ibidi dishes. On
transfection day, for each well, two solutions were mixed together: Solution 1 contained
Lipofectamine 2000 (2 pl for 24 wells or ibidi dishes and 5 pL for 6 wells) + optiMEM (50 puL
for 24 wells, 60uL for ibidi dishes, and 150 pL for 6 wells); solution 2 contained plasmid DNA
(750 ng for 24 wells, 1 pg for ibidi dishes, and 2.5 pg for 6 wells) + OptiMEM (same volumes

as solution 1). Solution 1 was incubated for 5 min before mixing with solution 2 and incubating
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for another 20 min at room temperature. The cells were then incubated with
DNA/Lipofectamine 2000 mix for 1 hour and 30 min at 37°C and 5% CO2, then washed twice
with DMEM + FBS + P/S and incubated for an additional 24 hours. After the 24-hour
incubation, cells were fixed in 4% formaldehyde solutions for 20 minutes. Subsequently, cells
were washed in PBS, and the coverslips were mounted on microscopy glass slides using

Fluoromount-G mounting medium. Coverslips were also sealed using a transparent nail polish.
a-Syn seeding assays:

Human WT a-Syn were expressed, purified, and assembled into the fibrillar polymorphs fibrils
by our collaborator Ronald Melki, following a previously reported protocol (58). The tubes
containing fibrils were thawed by being placed in a 37°C heated bath immediately after exiting
the -80°C refrigerator, then diluted to a concentration of 0.5 nM in DMEM + SVF + P/S and
added to cells at the washing moment (1 hour and 30 min after transfection). For fixed cells
experiments, 6-well plates were used. Cells were incubated for 24 hours with fibrils at 37°C
and 5% CO2 for fibril integration, then washed with fresh DMEM + FBS + P/S, before being

fixed and mounted on slides as described previously.
Immunofluorescence:

Twenty-four hours after transfection, cells were fixed with a 4% paraformaldehyde solution
(Sigma-Aldrich) for 20 minutes. Subsequently, cells underwent three washes with phosphate-
buffered saline (PBS) and were permeabilized with a 0.1% Triton X-100 solution (Sigma-
Aldrich) for 10 minutes, followed by three additional 5-minute washes with PBS. Cells were
then incubated for 1 hour with the primary antibody anti-alphaTubulin (DM1A) at a 1/1000
dilution in a 1% BSA-PBS solution. Following this, cells were subjected to another three 5-
minute washes with PBS and then incubated with the secondary antibody AF647 — AffiniPure
Goat AntiMouse JIR115-605 at a 1/1000 dilution in a 1% BSA-PBS solution. After a final set
of three 5-minute washes in Dulbecco’s PBS, cells were mounted onto glass microscopy slides

using Fluoromount-G (Thermo Fisher) mounting medium.
Dissolution and Reversibility, and Granule Formation Prevention Assays:

For live dissolution experiments, a 2.5 mM solution of FK506 (in dimethyl sulfoxide) was
diluted in 50 pL of medium and added to the cells to achieve a final concentration of 2.5 pM.

The dissolution process was monitored by capturing an image every 10 seconds immediately
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following the addition of FK506. For condensate reversibility assays, FK506 at a final

concentration of 2.5 pM was included in the cell media 1 hour prior to fixation.

Fluorescence Recovery After Photobleaching (FRAP):

FRAP experiments were conducted on live HeLa cells placed in a humidified chamber at 37°C
and 5% CO2, mounted on a confocal microscope (for detailed information, refer to the
"Imaging" section). The condensates were scanned 5 times to establish the average initial
fluorescence level, after which they were bleached using a 488 nm laser at 100% intensity (10
iterations). Fluorescence recovery was subsequently tracked by capturing images of the
bleached condensates every second for a duration of 180 seconds. The FRAP movies underwent
analysis using Fiji software, with each condensate integrated into a region of interest to extract
the average fluorescence intensity. To account for condensate movement, the StackReg plugin
was applied to some of the movies. Analysis and fitting of the fluorescence intensity data were
conducted using Python. For graphical representation, the initial fluorescence was set at 100%,

the fluorescence at bleaching at 0%, and the remaining points were normalized accordingly.

Imaging:

For samples fixed on coverslips as well as for live FK506 dissolution assay movies we used an
epifluorescence microscope (IX81, Olympus), which was controlled by the Micro-Manager 2.0
software. This microscope featured an Orca-fusion camera (Hamamatsu), a 63x oil-immersion

objective, and utilized the Spectra-X Lumencor LED for illumination.

For Fluorescence Recovery After Photobleaching (FRAP) experiments, we employed the Zeiss
LSM 710 META laser scanning confocal microscope, which we piloted using the LSM Zen
2012 Software. This system was equipped with a humidified chamber, maintaining conditions
at 37°C and 5% CO2 for optimal sample viability. [llumination was provided by a 25 mW argon

laser, and observations were made using a 63x oil-immersion objective.

109



II1.5 Annex — Client molecules

The study of cellular LLPS implies considering both types of molecules that can
compose biomolecular condensates: scaffolds and clients. Scaffolds are macromolecules whose
multivalent valences allow them to be drivers of phase separation, via the multiplicity of
interactions that they engage in. Clients, on the contrary, are molecules that can partition into
already formed condensates by binding to scaffolds, but that cannot undergo PS. The
compositional conditions that lead to the partition of scaffolds in condensates has been
previously documented (720). In a two-scaffold system, the client molecules that partition more
efficiently into the condensate are the ones binding the scaffold in stoichiometric excess. This
is because some of the sticky domains of this scaffold remain unbound within the condensate.
On the contrary, the limiting scaffold will have virtually all its binding sites saturated and thus
will not recruit binding clients as efficiently (/20). Our system for the reconstitution of
condensates is based on one single scaffold, that engages in homotypic interactions. Thus, to
partition into the condensate, a client needs to compete with the binding of the scaffold to itself.
To design an efficient client, the valency needs to be high enough to allow it to competitively
bind scaffolds and partition into condensates, but low enough to not undergo LLPS by

itself. We experimentally found that a 2Fm fusion is appropriate for that scope (Figure

I11.18).
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Figure I11.18 Client molecules for the 5Fm system a. Left: Schematic representation of the

emGFP-2Fm construct. Right: Representative epifluorescence microscopy images depicting

HelLa cells expressing the emGFP-2Fm construct. No condensates were observed. Scale bar,

10 um b. Upper part : Schematic representation of the partition of the emGFP-2Fm client into

a mCherry-5Fm condensate. Lower part: Representative epifluorescence microscopy images

depicting HelLa cells expressing the emGFP-2Fm client and the mCherry-5Fm scaffold. The

emGFP-2Fm clients partition into the mCherry-5Fm condensates. Scale bars, 10 um for whole-

cell images and 2 um for zoom-ins.
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IV. CONCLUSION AND PERSPECTIVES

The present work was situated at the crossroads between two distinct but interconnected
domains: the intricate biological processes underpinning protein aggregation in
neurodegenerative diseases and the fundamental physical chemistry principles of phase
separation. Whilst the evidences about a connection between the two keeps getting more solid,
some limitations persist, that interfere with our ability to piece together an accurate depiction
of this relationship. Notably, intracellular phase separation of proteins results in intricate objects
called biomolecular condensates, whose study in vivo is very challenging, and whose
complexity impairs accurate mimicking in vitro. Herein, I presented two studies involving the
reconstitution of cellular biomolecular condensates. These reconstituted systems were more
“accessible” for study than naturally occurring condensates, owing to their controlled formation
and simplified composition. Thus, a series of inquiries related to PS in the context of

neurodegeneration were addressed.

The first part was focused on the reconstitution of a biomolecular condensate enriched
in 0-Syn - a neurodegeneration-linked factor whose position with regards to phase separation
remains unclear. In this part, we aimed at addressing the uncertainties related to the involvement
of a putative a-Syn droplet state in the development of synucleinopathies, a topic that has
remained ambiguous due to the extremely limited number of cell-based studies. First, our
artificial condensate toolbox successfully yielded liquid-like a-Syn droplets in HeLa and SH-
SYSY cells. These droplets recapitulated the properties of phase separated condensates on
multiple levels: (i) their formation was concentration-dependent, (ii) they were reversible, as
illustrated with our controlled dissolution assay, and (iii) they exhibited liquid-like behaviour.
We used these reconstituted condensates as a platform to investigate the hypothesis that the a-
Syn separated phase could accommodate intracellular pathological aggregation. We reported
that, upon exposure to preformed a-Syn fibrils, the condensates underwent a transition towards
fibrillar solid-like aggregates. On the contrary, the diffuse state of the protein did not exhibit
this response. A closer investigation allowed us to conclude that preformed fibrils triggered an
amyloid transition within condensates, which was likely kinetically boosted by the high

concentration of a-Syn within the condensate.

In the second part, we sought to increase the complexity of the artificial a-Syn droplet.

Recent reports suggest that, in a cellular context, a-Syn might be linked to PS via a partition
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into a putative droplet state of synapsin I in the context of presynaptic SV clusters. To study this
phenomenon, we have developed an artificial system that emulates this composite condensate.
The first step was to create a synapsin I condensate. We hypothesized that this condensate is
shaped by the interaction between the synapsin I and microtubules, in addition to the
interactions engaging our PS-inducing protein scaffold. The second step was to create an a-Syn
client for the synapsin I condensate, which would mimic the previously proposed pathway for
the co-phase separation of the two proteins. Preliminary data allowed us to hypothesize that
heterotypic a-Syn - synapsin I interactions may form within these condensates. We naturally
also explored the possibility of an amyloid conversion of a-Syn within these mixed
condensates, in light of the results from our first study. Our data suggests that preformed a-Syn
fibrils triggered a transition of the composite condensate from a liquid phase to a solid fibrillar
state, and that these modified biophysical properties affected not only the intra-condensate a-
Syn, but also the synapsin I component. This observation has two implications: (i) a-Syn in
heterotypic condensates can undergo a fibrillar aggregate transition upon exposure to preformed
fibrils, and (i1) a-Syn aggregates issued form the fibrillar conversion of condensates can trap

other components of the condensate.

The two studies leave plenty of room for further investigations. In the context of a-Syn
condensates that were converted into amyloids, an inquiry worthy of future attention is whether
this has any impact on cell viability, or more generally whether any forms of cytotoxicity could
be attributed to the presence of such condensate-derived aggregates. Such a study could bring
valuable data regarding the topic of the causality between aggregation and pathology, which
remains under discussion. Moreover, the artificial condensates could be used as a platform for
the efficacy assessment of aggregation-inhibiting agents, such as small molecules or peptides.
The system could also be used to explore the influence of different factors, such as lipids or
metal ions, on the droplet state of a-Syn. With regards to the composite a-Syn/synapsin |
condensates, an additional layer of complexity could be explored, by searching for a way to
integrate SV mimics. This would bring the condensate one step closer to a potential naturally
occurring a-Syn/synapsin I presynaptic droplet, and could allow a more in-depth analysis of its
potential disfunctions and relationships to pathology. Moreover, it could be of great value to
analyse the composition of condensates converted to fibrillar aggregate, to determine the nature
of the cellular factors that can be trapped inside during the aggregation process. Lastly, our
versatile condensate scaffold could be functionalized with other neurodegeneration-related

proteins, paving the way for similar studies with applications in different proteinopathies.
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RESUME

Les maladies neurodégénératives, telles que les maladies d'Alzheimer, de Parkinson et de Huntington, sont des maladies
incurables caractérisées par la dégénérescence progressive des neurones, entrainant des déficits cognitifs et moteurs
chez les personnes touchées. On suppose que la formation et l'accumulation d'agrégats de protéines dans les tissus
nerveux jouent un role essentiel dans la pathogenése de la maladie. Des recherches récentes ont proposé que le processus
d'agrégation puisse passer par une étape intermédiaire de séparation de phase (SP) - un phénomeéne dans lequel certaines
protéines se dissocient de I'environnement cellulaire pour former des gouttelettes distinctes ayant des propriétés
caractéristiques des liquides. Bien que prometteuse, 1'¢tude du role de la SP dans le contexte des maladies
neurodégénératives est une tiche difficile, en raison de la composition complexe des condensats cellulaires issus de la
séparation de phase. Pour améliorer I'étude de la PS dans le contexte des maladies neurodégénératives, nous avons
développé une méthode pour la formation et la dissolution contr6lées de condensats biomoléculaires enrichis en
protéines impliquées dans l'agrégation pathologique. Tout d'abord, nous avons créé des condensats contenant de I'o-
synucléine (0-Syn), le principal facteur pathologique de la maladie de Parkinson et d'autres pathologies. L'a-Syn est
connue comme une protéine de type prion, ce qui signifie que ses agrégats se propagent de cellule en cellule et modéelent
l'agrégation de 'a-Syn cytosolique soluble, favorisant ainsi la progression de la maladie. Cependant, ce phénomene est
peu connu en ce qui concerne 1'état condensé de la protéine. Pour étudier cela, nous avons exposé des cellules exprimant
nos condensats d'a-Syn a des agrégats d'a-Syn préformés sous forme fibrillaire. Nous avons observé que les fibrilles
déclenchaient la transition des condensats de leur état liquide a une forme agrégée fibrillaire ayant des propriétés solides
et présentant des marqueurs biochimiques caractéristiques des amyloides. Cela nous a permis de proposer un mode¢le
dans lequel la phase condensée de 1'a-Syn accélére la propagation des agrégats pathologiques, en fournissant un pool de
protéine concentrée qui peut plus facilement subir une transition amyloide via la voie de type prion. Par la suite, nous
avons construit des condensats artificiels enrichis en a-Syn et en synapsine 1. Des études antérieures ont proposé que
I'a-Syn et la synapsine I interagissent au niveau des terminaisons présynaptiques des neurones, ou elles jouent un role
important dans la libération des neurotransmetteurs en contrdlant le regroupement, le trafic et la libération des conteneurs
de neurotransmetteurs enfermés dans la membrane, appelés vésicules synaptiques. Dans notre contexte, les condensats
d'a-Syn/synapsine I étaient également soumis a une transition liquide-solide médiée par des fibrilles d'a-Syn.

ABSTRACT

Neurodegenerative diseases, such as Alzheimer's, Parkinson's, and Huntington's disease, are incurable illnesses
characterized by the progressive degeneration of neurons, leading to cognitive and motor deficits in affected individuals.
The formation and accumulation of protein aggregates in nervous tissues is hypothesized to play a pivotal role in disease
pathogenesis. Recent studies have proposed that the aggregation process could pass through an intermediate step of
phase separation (PS) - a phenomenon wherein certain proteins de-mix from the cellular environment to form distinct
liquid-like droplets. Although promising, studying the role of PS in the context of neurodegenerative diseases is a
challenging task, due to the intricate composition of cellular phase separated condensates. To improve the study of PS
in the context of neurodegenerative diseases, we have developed a method for the controlled formation and dissolution
of biomolecular condensates enriched in proteins involved in pathological aggregation. First, we created condensates
containing a-synuclein (a-Syn), the main pathological factor in Parkinson’s disease and other pathologies. a-Syn is
known as a prion-like protein, meaning that its aggregates spread from cell to cell and template the aggregation of
soluble cytosolic a-Syn, promoting the progression of the disease. However, little is known about this phenomenon with
respect to the condensed state of the protein. To investigate this, we exposed cells expressing our a-Syn condensates to
preformed a-Syn aggregates in fibrillar form. We observed that fibrils triggered the transition of condensates from their
liquid-like state to a fibrillar aggregated form with solid-like properties and exhibiting biochemical markers
characteristic of amyloids. This allowed us to propose a model where the condensed phase of a-Syn speeds up the
propagation of pathological aggregates, by providing a pool of concentrated protein that can undergo more easily an
amyloid transition via the prion-like pathway. Subsequently, we have built artificial condensates enriched in a-Syn
together with synapsin I. Previous studies proposed that a-Syn and synapsin I interact at the presynaptic termini of
neurons, where they play an important role in the release of neurotransmitters by controlling the clustering, trafficking
and release of membrane-enclosed neurotransmitter containers called synaptic vesicles. In our setting a-Syn/synapsin |
condensates were also subject to a liquid-to-solid transition mediated by a-Syn fibrils.
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