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SUMMARY 
 
Eukaryotic cells employ membrane-bound compartments to spatially organize their internal 
components. However, the recent discovery of biomolecular condensates, liquid-like 
structures not limited by a membrane, has emerged as a novel mechanism for cellular 
organization. These condensates often assemble by liquid-liquid phase separation (LLPS), a 
phenomenon in which an initially homogeneous liquid mixture spontaneously separates into 
two (or more) distinct liquid phases. LLPS is emerging as an important principle for 
understanding the organization and dynamics at the synapse and cellular pathology in 
neurodegeneration. For instance, synaptic vesicle (SV) clusters are shown to assemble via 
condensation of synapsins, a highly abundant family of synaptic phosphoproteins, and SVs. 
This thesis investigates the roles of a-synuclein, a protein involved in the SV cycle and 
implicated in the pathology of Parkinson's disease (PD), in modulating biomolecular 
condensates and their interplay with membrane-bound organelles. The first part of the thesis 
examines the contribution of a-synuclein to maintaining SV clusters. a-Synuclein enriches 
the liquid phase of SVs/synapsin, preserving their biophysical properties while maintaining 
high mobility. The results show that the presence of SVs enhances the condensation rate 
between synapsin and a-synuclein, indicating that SVs act as catalysts for synapsin 
condensate formation. Importantly, a-synuclein alone is unable to cluster isolated SVs under 
physiological conditions, emphasizing the importance of the synapsin/a-synuclein molar 
ratio in assembling functional and physiological condensates. The second part of the thesis 
focuses on understanding the aberrant LLPS process that leads to the formation of a-
synuclein-containing protein aggregates, specifically Lewy bodies (LBs). LBs are associated 
with synucleinopathies like PD. By employing a minimal system comprising a-synuclein 
and synphilin 1, another protein implicated in PD, LB-like structures (LBLs) are 
recapitulated. Remarkably, synphilin 1 can independently form fluid condensates, while a-
synuclein envelops these condensates, forming a core-shell structure resembling LBs. 
Additionally, LBLs disrupt the fibrillar actin network and accumulate membrane-bound 
organelles, leading to mitochondrial collapse and their accumulation at the interface of the 
aggregates. These observations highlight the connection between a-synuclein-driven 
aberrant phase separation and the formation of membrane-containing inclusions. Together, 
this thesis contributes to our understanding of the intricate dynamics and functional 
consequences of biomolecular condensates, specifically focusing on the role of a-synuclein 
in modulating their formation and interplay with membrane-bound organelles. The findings 
presented here deepen our understanding of the molecular mechanisms underlying 
neurodegenerative disorders, particularly PD, and pave the way for future research aimed at 
developing therapeutic interventions targeting these aberrant processes. 
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ZUSAMMENFASSUNG 
 
Zellen verwenden membranbegrenzte Kompartimente, um ihre internen Bestandteile 
räumlich zu organisieren. Allerdings hat sich die jüngste Entdeckung von biomolekularen 
Kondensaten, flüssigkeitsartigen Strukturen, die nicht durch eine Membran begrenzt sind, 
als ein neuer Mechanismus für die zelluläre Organisation herausgestellt. Diese Kondensate 
bilden sich oft durch Flüssig-Flüssig-Phasentrennung (LLPS), ein Phänomen, bei dem eine 
zunächst homogene Flüssigkeitsmischung spontan in zwei (oder mehr) unterschiedliche 
Flüssigkeitsphasen aufgeteilt wird. LLPS gewinnt als wichtiges Prinzip an Bedeutung für 
das Verständnis der Organisation und Dynamik an der Synapse sowie der zellulären 
Pathologie bei neurodegenerativen Erkrankungen. Beispielsweise wurde gezeigt, dass sich 
synaptische Vesikel (SV) durch Kondensation von Synapsinen, einer hochabundanten 
Familie von synaptischen Phosphoproteinen, und SVs zu Clustern zusammensetzen. Diese 
Dissertation untersucht die Rolle von a-Synuclein, einem Protein, das am SV-Zyklus 
beteiligt ist und mit der Pathologie der Parkinson-Krankheit (PD) in Verbindung gebracht 
wird, bei der Modulation von biomolekularen Kondensaten und deren Zusammenspiel mit 
membranbegrenzten Organellen. Der erste Teil der Dissertation untersucht den Beitrag von 
a-Synuclein zur Aufrechterhaltung von SV-Clustern. a-Synuclein bereichert die 
Flüssigphase von SVs/Synapsin und bewahrt ihre biophysikalischen Eigenschaften bei 
gleichzeitig hoher Mobilität. Die Ergebnisse zeigen, dass das Vorhandensein von SVs die 
Kondensationsrate zwischen Synapsin und a-Synuclein erhöht, was darauf hinweist, dass 
SVs als Katalysatoren für die Bildung von Synapsin-Kondensaten fungieren. Wichtig ist, 
dass a-Synuclein allein unter physiologischen Bedingungen nicht in der Lage ist, isolierte 
SVs zu clustern, was die Bedeutung des Synapsin/ a-Synuclein-Molverhältnisses bei der 
Bildung funktionaler und physiologischer Kondensate unterstreicht. Der zweite Teil der 
Dissertation konzentriert sich auf das Verständnis des fehlerhaften LLPS-Prozesses, der zur 
Bildung von a-Synuclein-haltigen Proteinaggregaten, speziell Lewy-Körperchen (LB), 
führt. LBs werden mit Synukleinopathien wie PD in Verbindung gebracht. Durch den 
Einsatz eines minimalen Systems, bestehend aus a-Synuclein und Synphilin 1, einem 
weiteren Protein, das mit PD in Verbindung gebracht wird, werden LB-ähnliche Strukturen 
(LBL) nachgebildet. Bemerkenswerterweise können Synphilin 1 unabhängig flüssige 
Kondensate bilden, während a-Synuclein diese Kondensate umhüllt und eine Kern-Hülle-
Struktur bildet, die LBs ähnelt. Darüber hinaus stören LBLs das faserige Aktinnetzwerk und 
akkumulieren membranbegrenzte Organellen, was zu einem Zusammenbruch der 
Mitochondrien führt und zu ihrer Anreicherung an der Grenzfläche der Aggregate. Diese 
Beobachtungen verdeutlichen den Zusammenhang zwischen einer von a-Synuclein 
angetriebenen fehlerhaften Phasentrennung und der Bildung von membranhaltigen 
Einschlüssen. Insgesamt trägt diese Dissertation zu unserem Verständnis der komplexen 
Dynamik und funktionalen Konsequenzen von biomolekularen Kondensaten bei und 
konzentriert sich dabei speziell auf die Rolle von a-Synuclein bei ihrer Bildung und ihrem 
Zusammenspiel mit membranbegrenzten Organellen. Die hier vorgestellten Ergebnisse 
vertiefen unser Verständnis der molekularen Mechanismen, die neurodegenerative 
Erkrankungen, insbesondere PD, zugrunde liegen, und bahnen den Weg für zukünftige 
Forschung zur Entwicklung therapeutischer Interventionen, die diese fehlerhaften Prozesse 
zum Ziel haben. 
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1. INTRODUCTION 

 

1.1. Liquid-liquid phase separation 
 

1.1.1. Principles of LLPS 

 

Eukaryotic cells are mostly composed of water (~70% of the total volume). This 

aqueous environment contains hundreds of thousands of different molecules such as 

proteins, nucleic acids, and lipids, leading to the definition of this space as a crowded, 

multicomponent fluid mixture (Moran et al., 2010). All of these biomolecules carry out their 

biological functions by interacting with one another and with their surroundings. The 

regulation of this interaction is crucial to organize and orchestrating in space and time 

biological reactions in a such crowded environment (Quiroz et al., 2020; Sontag et al., 2017). 

To do so, the cells use different strategies to create the most optimal condition for reactions 

to take place, for example, to generate compartments that allow the local concentration of 

specific reagents while excluding the others (Alberts et al., 2002). These compartments are 

called organelles (e.g., nucleus, secretory vesicles, mitochondria, and lysosome to name a 

few) and are surrounded by a lipid bilayer because of which, we refer to these as membrane-

bound organelles. Thus, the interior and exterior of classical organelles are physically 

separated, and organelle compositions are regulated through specialized membrane transport 

machinery.  

 

 Recently another class of organelles called membrane-less organelles or 

biomolecular condensates has been described (Brangwynne et al., 2009; Hyman et al., 2014; 

Shin and Brangwynne, 2017). These condensates have a different chemical composition than 

the surroundings but are not wrapped by membranes (Banani et al., 2017). Oftentimes, such 

condensates form via Liquid-Liquid Phase Separation (LLPS), a process driven by low-

affinity, multivalent interactions (Brangwynne et al., 2015). LLPS is a phenomenon in which 

one or multiple components, segregate from each other into distinct phases (Tang, 2019) 

(Figure. 1.1.).  
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As a result, these molecules are concentrated into compartments without a 

delimitating border, free to transiently interact with each other and separate from the 

surrounding aqueous environment. Different liquids have different material properties, such 

as viscosity, surface tension, and chemical composition (Alberti et al., 2019). These 

properties determine the interactions between the liquids, which in turn determines whether 

they will mix. Factors such as temperature, salt concentration, and the presence of other 

interacting partners can affect LLPS (Cinar et al., 2019). One classical example of LLPS is 

the separation of oil and water. Oil is less dense than water and does not mix with it, so when 

oil and water are combined, they will separate into two distinct layers.  Low surface tension 

indicates that particle exchange with the surrounding is fast since there is less resistance to 

enter or leave the droplet (Wang et al., 2021). Because of their frequent round shape and 

small size, biomolecular condensates are often referred to as droplets. 

 

1.1.2. Molecular features for LLPS 

 

The molecules which undergo liquid phase separation have several distinct key 

features: (i) high local concentrations and the ability to engage in (ii) multivalent, (iii) low-

affinity interaction (Li et al., 2012). Usually, LLPS is driven by Intrinsically Disordered 

FIGURE 1.1. Graphic representation of Intracellular liquid–liquid 
phase separation. Modified from Tang, 2019.  
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Regions (IDRs), sequences of proteins that lack a well-defined, stable three-dimensional 

structure under physiological conditions (Pak et al., 2016). Interestingly, IDRs of at least 50 

amino acids in length are found in around one-third of eukaryotic proteins (Van der Lee et 

al., 2014). IDRs have been found to have a high degree of flexibility and a low level of 

hydrophobicity, which allows them to interact with other IDRs through low-affinity 

interactions and form a liquid droplet (Babu, 2016). This process is driven by the entropy 

gain and is dependent on the local chemical environment and the solvent (Pritišanac et al., 

2019). IDRs that drive phase transitions are typically low-complexity sequences—the 

regions of protein with a low amino acid diversity. These sequences are frequently repetitive 

and rich in polar sidechains such as glycine (G), glutamine (Q), asparagine (N), and serine 

(S), positively charged sidechains such as arginine (R) and lysine (K), negatively charged 

side chains such as aspartic acid (D) and glutamic acid (E), and aromatic sidechains such as 

phenylalanine (F) and tyrosine (Y). For instance, YG/S-, FG-, RG-, GY-, KSPEA-, SY, and 

Q/N-rich regions, as well as blocks of alternating charges, are frequently found in sequences 

of interest (Uversky, 2013).  

 

Therefore, molecules that undergo LLPS have specific properties, and many studies 

in the last years try to better characterize those features. In an early study, the relevance of 

the interaction between multivalent molecules and how concentration influences LLPS was 

extensively investigated by analyzing the Src Homology (SH3) domain and the proline-rich-

motif (PRM) ligand: the two protein domains widely conserved in signaling proteins able to 

interact with each other (Figure. 1.2.). Modulating the number of these protein domains and 

the amount of proteins, they showed that concentrations needed for phase transition are 

directly related to the valency of the interacting species (Li et al., 2012). The condensates 

reconstituted in the study show some important liquid properties (Berry et al., 2018): (1) 

Condensates are typically spherical due to the high surface tension between phases; (2) They 

exhibit coalescence, which means they fuse upon contact; (3) They exchange particles with 

the environment through diffusion; (4) Despite behaving like a liquid, the condensate does 

not mix with its surroundings and retains a distinct composition from them. (5) To form a 

two-phase system, condensates require a certain concentration of specific proteins to be 

reached, so-called the critical concentration. 
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1.1.3. LLPS functions in a biological system 

 

In biology, LLPS plays an important role in many cellular processes. For example, 

it is involved in the formation of intracellular compartments such as the nucleolus, where 

specific proteins and RNA molecules are concentrated to form a liquid droplet (Boija et al., 

2018). This allows for the efficient assembly of these molecules for the formation of 

ribosomes, the cell's protein synthesis machinery (Boisvert et al., 2007). Another example is 

the phase separation of cytoskeletal proteins such as actin and microtubules, which form 

liquid droplets that can be converted into solid-like structures to provide structural support 

and shape to cells (Koppers et al., 2020). Condensates are also involved in important cellular 

processes such as cell division and movement (Ong and Torres, 2020; Curtis, 2021). Other 

examples such as P-bodies, are formed by the phase separation of specific proteins and RNA 

FIGURE 1.2. Phase transitions in multivalent SH3/Prolin Rich Motifs (PRMs) systems. (A) Liquid 
droplets observed by differential interference contrast microscopy (left) and widefield fluorescence 
microscopy (right) when 300 μM SH34, 300 μM PRM4 (module concentrations; molecule concentrations 
are 75 μM), and 0.5 μM OG-SH34 are mixed. (B) Time-lapse imaging of merging droplets formed as in a. 
Modified from Li et al., 2012. 
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molecules, which allows for the sequestration and regulation of these molecules (Luo et al., 

2018).  

 

Notably, the mechanisms of phase separation are size independent and not only 

restricted to nucleic acids and proteins but also include cohorts of organelles such as the 

stack of secretory vesicles (Gallo et al., 2020), Golgi apparatus (Ziltener et al., 2020; Rebane 

et al., 2020), and the synaptic vesicles (Milovanovic et al., 2018; Milovanovic and De 

Camilli, 2017a, Pechstein et al., 2020). Overall, LLPS is a widespread phenomenon in living 

cells and plays a role in various cellular processes such as gene expression, protein synthesis 

and degradation, and intracellular transport. Moreover, condensate formation and 

dissolution are extremely sensitive to external parameters near the critical point (Hohenberg 

and Halperin, 1977). This makes them an ideal tool for detecting differences in 

environmental conditions, such as those found in stress granules (Wippich et al., 2013; 

Alberti and Carra, 2018) or receptor clusters (Zhao and Zhang, 2020; Jaqaman and Ditlev, 

2021). By keeping reactants in different phases, a high local concentration of certain 

molecules can speed up reactions and suppress certain reaction pathways (Peeples and 

Rosen, 2021; Lyon et al., 2021); additionally, a high concentration of molecules can enable 

processes that would be impossible in a well-mixed cytosol. 

 

Moreover, biomolecular condensates exhibit liquid-like behavior such as wetting, 

which refers to a liquid's capacity to retain contact with a solid surface as a result of 

intermolecular interactions when the two are brought together (Murata and Tanaka, 2010). 

The wetting behavior can be used to direct condensate nucleation at specific sites, such as 

microtubules (Setru et al., 2021). Concentrating tubulin, for example, can induce 

microtubule nucleation in a condensates (Woodruff et al., 2017). As a result, microtubules 

only nucleate above a tubulin concentration that is exceeded in condensates but not in the 

cytosol. The compositions of the two phases formed by LLPS are fixed so, changing the 

total amount of protein in the two-phase region changes the condensate size while keeping 

the condensate and surrounding phase composition constant (Klosin et al., 2020). Force 

generation is another possible function of condensates. Condensates can exert forces on the 

cytoskeleton due to their surface tension and elastic properties (Böddeker et al., 2022).  
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Interestingly, condensates can be used to 'sort' proteins in multiphase systems. As a 

result, molecules partition into different phases based on their affinity (Feric et al., 2016). 

This was demonstrated in the nucleus where the sub-compartments within the nucleolus 

represent distinct, coexisting liquid phases. This multiphase droplet structure formed by 

ribosome assembly, rRNA processing, and rDNA transcription is caused by the difference 

in surface tension of droplets, which is in turn driven by the sequence-encoded features of 

their macromolecular components (Feric et al., 2016). These findings suggest that phase 

separation can produce multilayered liquids, which may improve consecutive RNA 

processing processes in a variety of RNP bodies (Figure. 1.3.). The multi-layered structure 

of the nucleolus is thought to facilitate assembly line processing of rRNA. Nascent rRNA 

transcripts are processed sequentially by enzymes that localize to various compartments 

before entering the nucleolus and being exported for final ribosome assembly in the 

cytoplasm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1.3. Liquid-like behavior of biophysically distinct nucleolar subcompartments. (A) 
Schematic diagram of ribosome biogenesis in the nucleolus. (B) Nucleoli in an untreated X. laevis 
nucleus. Scale bar = 20 μm. For all images, the granular component (GC) is visualized with NPM1 (red), 
dense fibrillar component (DFC) with FIB1 (green), and fibrillar center (FC) with POLR1E (blue). (C) 
Examples of nucleoli after coarsening in X. laevis nuclei treated with Lat-A. Scale bar = 20 μm. (D–G) 
Time-course of nucleolar component fusion after actin disruption by Lat-A. Scale bar = 20 μm. Modified 
from Feric et al., 2016. 
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1.2. Neurotransmitter release and synaptic vesicle cycle  
 

1.2.1 Synaptic transmission 

 

Neurons communicate using a combination of electrical and chemical signals. 

Neuronal communication takes place at particular locations known as synapses, where 

specialized portions of two cells (i.e., presynaptic and postsynaptic neurons) meet within a 

few nanometers of one another to allow for chemical transmission (Ziv and Fisher-Lavie, 

2014). Neurons rely on the temporal and spatial architecture of the synapse to ensure rapid 

and precise neurotransmitter release in response to a stimulus (Jahn and Fasshauer, 2012; 

Südhof, 2013) A presynaptic neuron secrets neurotransmitters, which are chemicals that act 

as messengers and are stored in synaptic vesicles (SVs) (Heuser and Reese, 1973; 

Fernández-Busnadiego et al., 2010). A membrane depolarization at the presynaptic end 

causes calcium influx, which sets off a chain of coordinated processes resulting in SVs 

exocytosis at the active zone of the synapse, thereby releasing stored neurotransmitters into 

the synaptic cleft. Following exocytosis, SVs are recycled by endocytosis and reutilized for 

subsequent SVs trafficking cycles. Neurotransmitter molecules released in the synaptic cleft 

attach to receptor proteins, cause their conformational change and trigger depolarization of 

the postsynaptic neuronal cell (Sudhof, 2004). This coordinated sequence of reactions allows 

for signal propagation and neuronal communication. 

 

Most neurons have more than 500 presynaptic nerve terminals, which are frequently 

detached from the neuronal cell bodies. Based on super-resolution microscopy and mass 

spectrometry a single synapse has an average volume of ~ 0.4 μm³ in a total surface of ~ 

2.3 μm², of which ~ 0.07μm² constitute the active zone surface. The average synapse 

contained a quantity of ~ 400 SVs, which are ~ 45 nm in diameter and had an inter-vesicle 

distance of ~ 60 nm (Wilhelm et al., 2014). SVs are densely packed, however, while being 

confined together in these clusters, vesicles are extremely mobile, allowing them to be 

rapidly attracted to the neuronal plasma membrane and released upon neuron activation 

(Rizzoli and Betz, 2004;  Joensuu et al., 2016). Despite the classical representation of the 

presynaptic terminal is an extremely crowded environment in which all the molecule 

coexists in a narrow space (Wilhelm et al., 2014). In this environment, the neurons need to 

carefully orchestrate the synaptic transmission and the maintenance of the SVs pool.  
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1.2.2 Synaptic vesicle cycle 

 

The central feature of the synaptic terminal is the existence of SVs functional pools, that 

is the collection of SVs that are available to be released even if only a limited number of 

vesicles are connected to the presynaptic membrane, with the remaining residing in an 

adjacent cluster  (Rizzoli and Betz, 2005; Denker and Rizzoli, 2010). Based on the release 

kinetics upon neurons depolarization, the SVs have been divided into a vesicle-pool model 

(Elmqvist and Quastel, 1965):  

 

i. The readily releasable pool (RRP) consists of a few vesicles (~1% of total SVs) 

immediately available on stimulation since are assumed to be docked to the presynaptic 

active zone (Kaeser and Regehr, 2017; Rettig and Neher, 2002).  

 

ii. The recycling pool (significantly smaller ~10–15% of total SVs) maintains release on 

moderate stimulation (Neves and Lagnado, 1999; Qiu et al., 2015). 

 

iii. The reserve pool (up ~80–90% of the total SV’s pool), in which vesicles are drawn 

more slowly, refills and exchange SVs with the more proximal portion of the active 

zone, and release are only triggered during intense, repetitive stimulation (Denker et 

al., 2011). 

 

SVs are involved in all presynaptic actions, either directly or indirectly. In the nerve 

terminal, SVs go through a trafficking cycle that may be divided into subsequent steps 

(Figure. 1.4.): Neurotransmitters are actively transported into SVs and cluster in front of the 

active zone (step 1). The SVs then attach to the active zone through docking (step 2), where 

they are primed (step 3) to become competent for Ca2+-triggered fusion-pore opening (step 

4). Following the fusion-pore opening, SVs endocytose and recycle via one of three possible 

pathways: (a) Without undocking, vesicles are reacidified and supplied with 

neurotransmitters, remaining in the readily releasable pool (named "kiss-and-stay"); (b) 

vesicles undock and recycle locally (named "kiss-and-run") to reacidify and refill 

neurotransmitters; or vesicles endocytose via clathrin-coated pits and either (c) directly or 

(d) after passing through an endosomal intermediate reacidify and refill with 

neurotransmitters (step 6) (Sudhof, 2004). 
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1.2.3 Synaptic vesicle associated proteins 

 

Biochemical studies involving purified SVs identified more than 1000 proteins to 

participate in the maintenance of the presynaptic architecture and hundreds of those are 

estimated to be involved in SV’s exocytosis (Sudhof, 2004). Among those, the functions 

carried out by these proteins include trafficking proteins, transporter, and channel proteins, 

cytoskeletal proteins, cell-surface proteins, and signaling proteins. Many proteins associated 

with SVs are likely to be present just on a subset of vesicles or bind transiently to the vesicles, 

and the number of proteins constituting all SVs may be fairly limited (less than 50). Proteins 

linked to SVs perform several functions. Some proteins, like vesicular neurotransmitter 

transporters and a vacuolar ATPase, are responsible for neurotransmitter uptake. 

Synaptotagmins detect calcium, Rab proteins help with vesicle docking, and SNARE 

proteins are crucial for the vesicle fusion (Takamori et al., 2006).   

FIGURE 1.4. The classical synaptic vesicle cycle (blue shade) includes neurotransmitter loading, 
docking, priming, calcium-triggered release, subsequent engulfing, and recycling of vesicles. Modified 
from Milovanovic and Jahn, 2015.  
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However, it is also important to incorporate low-abundance synaptic proteins in 

research investigations. Recently, research utilizing subcellular proteomics discovered 

multiple synaptic proteins with various important activities previously gone unnoticed due 

to their low quantity or structural similarity to abundant proteins (Taoufiq et al., 2020). 

Identifying proteins and their activities in SV trafficking can give information on various 

other trafficking pathways used by cells. Several proteins, including SNAREs and Rab 

GTPases, have been proven to be members of conserved protein families that are essential 

for all trafficking mechanisms (Taoufiq et al., 2020). Different research has led to the 

identification of the synapse proteome, but much remains to be learned about their control 

during SV budding, transit, target recognition, docking, fusion, and recycling.  

 

Several characteristics of SV’s clusters indicate that they have fluid properties, with 

one component being vesicles and the other being a protein in an interwoven matrix 

(Milovanovic and De Camilli, 2017b). For example, despite the absence of a particular 

barrier, SV clusters have uniform morphologies with strong borders and exclude other 

organelles (Milovanovic and De Camilli, 2017b). Similarly, despite being closely packed, 

SVs appear to be highly mobile both inside and between clusters and surrounding cytoplasm 

(Rizzoli and Betz, 2004). This mobility has been observed in the EM studies of nerve 

terminals from the central and peripheral nervous systems after endocytic labeling with 

external tracers and luminal SV membrane ligands (Ceccarelli et al., 1973; Kraszewski et 

al., 1996). SV clustering is not dependent on active zone proteins, since the ablation of active 

zone components does not eliminate SV clustering upstream (Acuna et al., 2016; Wang et 

al., 2016). As a result, understanding the physiological features of the SVs cycle and pre-

synaptic plasticity requires understanding the activities of numerous protein-protein 

interactions and neurotransmitters found in vesicles. 
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1.3. Synapsin-mediated LLPS of SVs  
 

1.3.1 Synapsin structure and domains 

 

Synapsins are a family of highly conserved phosphoproteins associated with SVs that 

play a role in neurotransmitter release regulation (Greengard et al., 1993). Synapsins are 

encoded by three genes in vertebrates (synapsins 1, 2, and 3), each with various splice 

variants (Südhof et al., 1989; De Camilli et al., 1990). Synapsin 1 and 2 are the most 

abundant with an estimated total concentration above 120 μM in the nerve terminals 

(Wilhelm et al., 2014). In 1990, the human SYN1 gene and protein structure was described 

and its product synapsin 1 was found as the first presynaptic protein, initially known as 

phospho-protein I (Südhof, 1990). Shortly before, two unique isoforms of synapsin 1a and 

1b were found, with differing C-terminal ends due to alternative splicing of the same source 

transcript. Simultaneously, the synapsin isoforms 2a and 2b were described as homologs 

(Nestler and Greengard, 1984). Multiple isoforms of synapsin 1a-b, 2a-b, and 3a-f can be 

produced in humans via an alternative splicing (Südhof, 1990). They all share three N-

terminal domains (A, B, and C), indicating that they are highly conserved. The C-terminal 

portions of the protein, on the other hand, differ, suggesting that these isoforms could have 

diverse functions in neurons (Südhof et al., 1989). Figure 1.5. shows an overview of the 

synapsin 1 domain for Mus musculus gene translation.  

 

 

Domain A is the first N-terminal domain that all synapsin isoforms share. Cyclic 

AMP-dependent protein kinase A (PKA) and calcium/calmodulin-dependent protein kinase 

I (CaMKI/IV) phosphorylate site 1 in domain A (Huttner et al., 1981; Kao et al., 1999). 

These kinases, by phosphorylating Site 1, can inhibit synapsin interactions with 

phospholipids (Masahiro Hosaka and Südhof, 1999), which has been linked to the regulation 

of interactions with SVs (Bonanomi et al., 2005; Chi et al., 2001; Chi et al., 2003). 

 

FIGURE 1.5. Domain organization of synapsin 1. Letters A to E indicate the specific 
functional domains. Modified from Milovanovic et al., 2018. 
 



 

 32 

Domain B serves as a linker between domains A and C. This region has an 

evolutionary conserved amphipathic lipid packing sensor (ALPS) motif with numerous polar 

hydrophilic and hydrophobic residues (Krabben et al., 2011). When ALPS comes into touch 

with a membrane, it can fold into amphipathic a-helices, implying interactions with highly 

curved SV membranes (Drin et al., 2007). Domain B also contains two target 

phosphorylation sites for mitogen-activated protein kinase (MAPK)/Extracellular signal-

regulated kinase (ERK) (Erk) (Jovanovic et al., 1996).  

 

Domain C is the only folded region of synapsin 1 and the most conserved region of 

all synapsins. The crystal structure C domain of Bos taurus revealed a compact elliptical 

shape composed of a-helices and b-sheets, as well as a disordered area at the C-terminus 

(Esser et al., 1998). This structure not only resembles an ATP-binding characteristic, but it 

can also bind ATP and ADP with varying degrees of affinity (Hosaka and Südhof, 1998a). 

Calcium can facilitate ATP binding to synapsin 1 but prevent ATP binding to synapsin 3 

(Hosaka and Südhof, 1998a; Hosaka and Südhof, 1998b). Furthermore, domain C promotes 

synapsin homo- and heterodimerization and mediates the protein’s binding to actin and SV 

phospholipids (M. Hosaka and Südhof, 1999; Esser et al., 1998). A tyrosine residue in this 

domain of synapsin 1 (Tyr301, site 8) is phosphorylated by SVs-associated c-Src (Onofri et 

al., 2007). Following domain C, the domains differ amongst orthologues but are all proline-

rich. 

 

Domain D contains numerous Src homology 3 (SH3) domain-binding motifs 

(McPherson et al., 1994; Onofri et al., 2000) This motif can help synapsin and intersectin 

interact, which has been shown to sort SVs from a reserve pool into a rapidly releasable pool 

(RRP) (Gerth et al., 2017). Domain D contains phosphorylation sites 2 and 3, which are 

CaMKII targets (Czernik et al., 1987), as well as phosphorylation sites 6 and 7, which are 

MAPK/ERK and Cdk1/5 targets (Jovanovic et al., 1996; Matsubara et al., 1996)).  

 

Domain E is present in the C-terminus of all synapsin ‘a’ isoforms and is highly 

conserved. Early research on domain E revealed the relevance of synapsin in SV clustering 

and fusing. Peptides corresponding to domain E were administered into the squid’s large 

presynaptic terminals, effectively inhibiting transmitter release (Hilfiker et al., 1998; 

Monaldi et al., 2010). A peptide containing the most conserved area of domain E, which was 
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studied in conjunction with liposomes and other presynaptic protein partners, was found to 

have an extra influence on synapsin 1 oligomerization (Monaldi et al., 2010). 

 

1.3.2 Phase separation of synapsins 

 

Synapsin 1 has been shown to contain a large IDR portion as confirmed by PrDOS 

(protein disordered prediction system) bioinformatics tool prediction tool (Ishida and 

Kinoshita, 2007) (Figure. 1.6.).  

 

 

 

 

The prediction shows a high propensity in correspondence of domains A, B, D, and 

E with a disorder probability above 0.5. In the in vitro reconstitutions using purified protein, 

synapsin 1 was shown to undergo LLPS by sequestering lipid vesicles and producing a 

separate liquid phase in an aqueous environment (Milovanovic et al., 2018). The most crucial 

aspect of LLPS is that it is reversible (Milovanovic et al., 2018). Post-translational changes 

such as phosphorylation and dephosphorylation by kinases and phosphatases are commonly 

used to achieve reversibility (Henkel et al., 1996; Kraszewski et al., 1996).  

 

Droplets of synapsin 1 display all of the typical liquid phase properties: they merge 

and recover after photobleaching, implying a rapid exchange into and out of synapsin 1 

droplets (Fig 1.7. A). Furthermore, synapsin 1 binding scaffolding proteins like Grb 2 and 

Intersectin influence this phase but are not required for its creation. Importantly, EM 

experiments demonstrated that synapsin 1 can attract small lipid vesicles into its phase: 

synapsin/liposomes biocondensates contained clusters of small vesicles, but liposomes do 

not form such clusters in the absence of synapsin 1 (Figure. 1.7. B). 

FIGURE 1.6. Disorder prediction of synapsin 1 using PrDOS.  
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1.3.3 Synapsins are the master regulators of SVs cluster 

 

Injecting anti-synapsin antibodies into the large reticulospinal synapse of Lampetra 

fluviatilis causes SV dispersion both at rest (Pechstein et al., 2020) and during depolarization 

(Pieribone et al., 1995) (Figure. 1.8. A, B). Only the pool of vesicles closer to the active 

zones, which is most likely cross-linked by other factors, persists. Similarly, chronic 

synapsin depletion in mice - i.e., synapsin gene deletions - leads to fewer vesicles 

accumulating at the synaptic bouton and more dispersed SVs inside the bouton than in 

wildtype synapses, both in cultured neurons and in brain slices (Milovanovic et al., 2018; 

Rosahl et al., 1995; Orenbuch et al., 2012; Gitler et al., 2004) (Figure. 1.8. C). These 

functional data strongly suggest that synapsin is a major regulator of SV clusters.  

FIGURE 1.7. Synapsin forms liquid condensates that actively sequester lipid vesicles. (A) 10 µM of 
purified EGFP-tagged synapsin 1 forms liquid condensates in a buffer with physiological salt 
concentration. (B) EM images of reconstituted lipid vesicles without (top) and with Synapsin 1 (bottom). 
Modified from Milovanovic et al., 2018. 
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FIGURE 1.8. Acute and chronic depletion of synapsins results in the dispersion of SVs from the 
synaptic bouton. Electron microscopy (EM) images upon injection of anti-synapsin antibodies both upon 
depolarization (A) and at rest (B) in the giant axon of the lamprey show a full dispersion of SVs. Note 
that only SVs adjacent to the presynaptic plasma membrane remains, probably kept by the active zone 
proteins. (C) EM images of synapses from cerebellar mossy fibers obtained from adult wild-type (WT, 
top) and synapsin triple-knockout (synTKO, bottom) mice. Note that both the number and packing of SVs 
at the synaptic bouton dropped in synTKO animals. Modified from Milovanovic et al., 2018, Pechstein 
et al., 2020 and Pieribone et al., 1995.  
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1.4. Synucleins – impact on synaptic function and pathology  
 

1.4.1. Synucleins family 

 

Apart from synapsins, the highly abundant protein family in the nerve terminal is the 

family of synucleins, present largely in brain tissue and accounts for 1% of the total cytosolic 

protein (Clayton and George, 1998). In 1988, an antiserum against cholinergic vesicles was 

used to identify a-synuclein from Torpedo californica (an electric ray). Because the protein 

was found in the nuclear envelope and presynaptic nerve terminals of neurons, it was given 

the name synuclein (Maroteaux et al., 1988). The synuclein family comprises a-, b-, and g- 

synuclein. The family members share a domain organization and are 55-62% identical in 

sequence (Goedert, 2001). Synucleins are extremely conserved throughout vertebrate 

species (Clayton and George, 1998). During the past three decades, a-synuclein has been 

the focus of research due to its association with neurodegenerative disorders known as 

synucleinopathies, although its precise physiological function is still unknown (Burré et al., 

2018). Synucleinopathies are a diverse set of neurodegenerative illnesses, among which the 

most known is Parkinson's disease (PD), which is defined by excess amounts of aggregated 

a-synuclein in Lewy bodies (LBs) (Goedert et al., 2017; Jellinger, 2003).  

 

1.4.2. a-Synuclein structure 

 

With only 140 amino acids, the protein is an intrinsically disordered (or natively 

unfolded), with little or no organized structure in an aqueous environment (Eliezer et al., 

2001; Uversky, 2003; Uversky et al., 2001; Weinreb et al., 1996). Although structurally 

unfolded in solution, it has been shown to form an a-helix upon binding to negatively 

charged membranes (Jo et al., 2000; Chandra et al., 2003). Different isoforms of a-synuclein 

(SNCA140, SNCA126, SNCA112, and SNCA98) are produced by alternate splicing of 

exons 3 and 5 (Beyer, 2006). The full-length a-synuclein protein can be divided into three 

domains: the N-terminal domain, the NAC region, and the C-terminal domain (Cookson, 

2005) (Figure. 1.9. A). 
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• N-terminal domain: The highly conserved amphipathic N-terminal domain 

(residues 1-60) contains a series of 11-amino acid repeats. These repeats include the 

consensus sequence KTKEGV, which has a structural a-helix propensity and is 

highly similar to apolipoprotein lipid-binding motifs. Thus, this region adopts an a-

helical secondary structure when bound to phospholipids (Davidson et al., 1998). 

This domain contains the three missense mutations linked to familial PD (A30P, 

E46K, and A53T). 

 

• Non-Amyloid-Component (NAC) domain: The centrally hydrophobic NAC 

region (residues 61-95) of a-synuclein is linked to the protein's propensity to adopt 

a b-sheet configuration and form amyloid fibrils (Bodles et al., 2001). Other 

members of the synuclein family lack the NAC area and do not form aggregates 

efficiently (Goedert, 2001), which emphasizes the importance of this region for a-

synuclein aggregation. 

 

• C-terminal domain: The highly acidic and proline-rich C-terminal tail (residues 96-

140) is predominantly negatively charged and fully lacks a stable tertiary structure. 

The acidic glutamate-rich C-terminal region (Asp98-Ala140) was demonstrated to 

behave as a highly mobile tail. It remained unstructured even in the presence of 

membranes (Jao et al., 2004; Ulmer and Bax, 2005) becoming insensitive to protease 

digestion when the micelle-bound a-synuclein is exposed to calcium (de Laureto et 

al., 2006). The prediction using PrDOS (Ishida and Kinoshita, 2007) shows that a-

synuclein, in solution, has a structure almost completely disordered, with a score over 

the entire sequence always above 0.3 and maximum values in correspondence of the 

acidic tail contained in the C-terminal domain of about 0.8-1. (Figure. 1.9. B)  
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1.4.3. a-Synuclein physiological functions 

 

a-Synuclein is an intriguing synaptic protein for a variety of reasons. It has been 

linked to several functions, including vesicular transport, interactions with membranes and 

lipids, and protein-protein interaction (Emamzadeh, 2016). Monomeric a-synuclein resides 

in the presynaptic boutons in an equilibrium between free and plasma membrane- or vesicle-

bound forms (McLean et al., 2000), with roughly 15% of a-synuclein being membrane-

bound (Lee et al., 2002). Because of its tight relationship with vesicular structures, it has 

been proposed that a-synuclein may govern vesicular release and/or turnover, as well as 

other synaptic activities in the central nervous system (Burré et al., 2010; Clayton and 

George, 1998; Clayton and George, 1999). In vitro and in vivo, a-synuclein binds directly 

to the SNARE protein synaptobrevin-2/vesicle-associated membrane protein 2 (VAMP2) 

promoting the formation of SNARE-complex assembly and facilitating exocytosis (Burré et 

al., 2010; Burré et al., 2014). Furthermore, a-synuclein is believed to play a physiological 

role in controlling vesicle availability in distinct pools and impacts vesicle docking and 

FIGURE 1.9. a-Synuclein is intrinsically disordered. (A) Domain organization and (B) 
disorder prediction of a-synuclein. Prediction performed using PrDOS bioinformatics tool.  
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fusion under normal conditions. Functionally, elevated a-synuclein levels or mutant E46K 

or A53T a-synuclein, on the other hand, might cause a decrease in the dopamine release 

(Clayton and George, 1998) by disrupting a late phase in exocytosis or by decreasing vesicle 

availability in the recycling pool due to poor vesicle endocytosis (Simón-Sánchez et al., 

2009). 

 

a-Synuclein interacts stably with negatively charged synthetic phospholipid vesicles 

(Jo et al., 2000; Ramakrishnan et al., 2003), different phospholipid membranes, fatty acids, 

detergent micelles (Zhu and Fink, 2003; Zhu et al., 2003; Kim et al., 2006), and biological 

membranes such as crude brain vesicles (Jensen et al., 1998), general cellular membranes 

(McLean et al., 2000), lipid rafts (Fortin et al., 2004), and lipid droplets (Cole et al., 2002). 

The protein shows a stronger affinity for small vesicles, which could be due to the 

pronounced curvature (i.e., high surface-to-volume ratio) of small vesicles (Zhu et al., 2003). 

The association of a-synuclein with negatively charged membranes promotes the formation 

of a-helix form even if is structurally unfolded in solution (Jo et al., 2000; Chandra et al., 

2003). a-Synuclein is abundant at the SV clusters in both cultured live synaptic boutons and 

minimally reconstituted systems where was demonstrated to form oligomers on the surface 

of SVs (Reshetniak et al., 2020; Perego et al., 2020). Pathologically high quantities of a-

synuclein, independently of SVs, can cause aggregation via LLPS (Ray et al., 2020) 

(Hardenberg et al., 2021). Finally, a-synuclein interacts with b- and g-synucleins for SV 

binding (Carnazza et al., 2022), raising the overall concentration of synucleins at the SV 

surface locally. These findings imply that a-synuclein influences the structure of membrane 

lipid components.  

 

Interestingly, in animals, the genetic deletion of all three synucleins resulted in the 

exact opposite phenotype as the deletion of synapsins (Figure. 1.10. A-C). In situ 

investigations of nerve terminals in animals lacking all three synucleins revealed a highly 

organized three-dimensional packing of SVs, in contrast to the wild-type situation (Vargas 

et al., 2017).  
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The presence of SV clusters is not surprising given that these synuclein triple-

knockout (TKO) animals still expressed synapsin (Greten-Harrison et al., 2010), which is 

both necessary and sufficient for SV cluster formation. Synuclein TKO animals have smaller 

terminals (Greten-Harrison et al., 2010), which could in part explain the tight packing in 

part; nonetheless, the highly-ordered architecture of these clusters reveals a crucial change 

in their material properties. It might be that SV membranes provide a direct platform for 

synapsin and a-synuclein interaction, particularly via their IDRs. The overexpression of a-

synuclein in wild-type mouse synapses reduces SV release and recycling (Nemani et al., 

2010). However, when a-synuclein is overexpressed in neurons generated from synapsin 

TKO mice, this phenotype is missing (Atias et al., 2019). This suggests that SV mobility and 

cluster density are dependent on a delicate equilibrium of synapsin and a-synuclein 

concentrations (see Hypothesis). 

 

1.4.4. a-Synuclein role in synucleinopathies  

 

Several mutations in the a-synuclein gene (SNCA) have been related to familial PD. 

The initial mutations were discovered in Italian and Greek families with a dominantly 

inherited form of PD (Polymeropoulos et al., 1997). In the study, they found a G209A 

missense mutation causing an A53T (alanine to threonine) amino acid exchange. 

Subsequently, more point mutations in the SNCA gene linked to autosomal dominant PD 

were discovered. In German PD patients, the G88C missense mutation causes an A30P 

(alanine to proline) amino acid swap (Krüger et al., 1998). The G188A mutation resulted in 

an E46K (glutamic acid to lysine) amino acid swap, resulting in autosomal dominant PD in 

a Spanish family (Zarranz et al., 2004). The G188A mutation induced the E46K (glutamic 

FIGURE 1.10. Synapsin/Synuclein interaction affects the architecture of SV condensates 
(A) Presynaptic terminal of synapsin TKO mouse contains dispersed SVs. (B) A nerve terminal of a wild-
type mouse with the representative SV cluster. (C) SVs are tightly packed with highly-ordered structures 
in synuclein TKO synapse. Modified from Milovanovic et al., 2018, Milovanovic and De Camilli, 2017b, 
Vargas et al., 2017 and Sansevrino et al., 2023.  
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acid to lysine) amino acid swap in these patients, resulting in autosomal dominant PD. 

Furthermore, duplication and triplication of the SNCA locus have been reported in families 

with an autosomal dominant inheritance pattern (Chartier-Harlin et al., 2004; Singleton et 

al., 2003), supporting the critical involvement of a-synuclein in illness etiology. 

Surprisingly, a gene dosage impact was discovered, as individuals with SNCA triplication 

had an earlier disease onset and more severe symptoms (Fuchs et al., 2007). 

 

Because a-synuclein is significant in the pathogenesis of PD and other 

synucleinopathies, it is critical to understand the underlying process of soluble protein 

aggregation into amyloid fibrils. The formation of a-synuclein fibrils is a multistep process 

that involves the structural transition of the protein from a random coil to a b-sheet-rich 

confirmation, and then the self-association of these b-sheets, forming oligomers and fibrils. 

As a-synuclein unfolds in an aqueous solution with a random coil structure (Li et al., 2002), 

it may expose hydrophobic surfaces (which would otherwise be hidden or masked within 

structured proteins) that can potentially interact with one other or other proteins in the 

environment. According to in vitro studies, the onset of aggregation is dependent on specific 

intermolecular interactions between folding intermediates (Wetzel, 1996) or the disturbance 

of equilibria between unfolded monomeric a-synuclein and its other intermediate 

conformations, such as the globular pre-molten state. Point mutations associated with 

familial variants of PD, such as the A53T and A30P a-synuclein mutants, might disrupt the 

protein's native shape and enhance the chance of self-association and aggregation 

(Bertoncini et al., 2005).  

 

This destabilization of monomeric a-synuclein, combined with certain interactions 

between intermediate conformations, may increase the molecule's propensity to form micro 

aggregates like dimers, oligomers, tiny spherical particles, or protofibrils, which eventually 

group together to form larger, macromolecular deposits like highly ordered amyloid fibrils 

(Caughey and Lansbury, 2003). Furthermore, micro aggregates frequently serve as 'seeds' 

for the aggregation reaction, boosting the tendency of the different molecules to aggregate 

into amyloid fibrils and so reach an energetically favorable equilibrium. As a result, the 

development of a-synuclein amyloid-like fibrils is a complex process including one or more 

discrete stages such as low molecular weight oligomers, protofibrils, and finally mature 

fibrils, all of which have been demonstrated to generate toxicity to varied degrees (Conway 

et al., 2000; Harper et al., 1999; Poirier et al., 2002). The amyloid fibrils formed in this 
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process are the most energetically stable (or almost irreversible) forms. They are also, 

predictably, the most common and easily detectable aggregates in PD brain tissue.  

 

Recent research suggests that a-synuclein oligomers and protofibrils are cytotoxic 

and that fibrillar aggregates of a-synuclein may constitute a cytoprotective mechanism in 

PD (Smith et al., 2010). In a Drosophila model of PD, an increase in the number of a-

synuclein aggregates correlates with decreased toxicity of a-synuclein (Chen and Feany, 

2005). In rats, inhibiting the proteasome causes the production of a-synuclein inclusions but 

prevents dopaminergic neuronal cell death (Sawada et al., 2004).  
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1.5. Lewy bodies: a hallmark structure in Parkinson's diseases 

and other Synucleinopathies 
 

1.5.1. Synucleinopathies and Parkinson's disease 

 

Synucleinopathies are a set of neurodegenerative disorders characterized by 

aggregated a-synuclein inclusions in neurons and glia. Pathologically, synucleinopathies are 

classified into several categories: Parkinson's disease (PD), Lewy bodies dementia (DLB), 

and multiple system atrophy (MSA) (Koga et al., 2021). Furthermore, postmortem studies 

have revealed that approximately 6% of sporadic Alzheimer's Disease (AD) patients have 

a-synuclein-positive Lewy pathology and are classified as Alzheimer's Disease with 

Amygdalar Restricted Lewy Bodies (AD/ALB). Lewy body disease is a pathological term 

for a neurodegenerative disease characterized by proteinaceous aggregation of a-synuclein 

in neurons soma (Lewy bodies, LBs) and neurites (Lewy neurites, LNs). The most prevalent 

of the previous is PD, named after James Parkinson, who described it for the first time in 

1817 (Parkinson, 2002).  

 

PD is the second most common neurodegenerative disease, after AD, affecting 1% 

of the population over the age of 60 years (Samii et al., 2004). While disease symptoms show 

a mean age of 57 years (Koller et al., 1987), around 5% of people diagnosed with PD are 

under the age of 40 (early-onset PD) (Gershanik and Nygaard, 1990). The motor 

manifestations of PD are referred to as 'parkinsonism'. Resting tremors, involuntary shaking, 

akinesia, bradykinesia (slowness of movement), impaired spontaneous movement, rigidity, 

balance problems, trouble walking, postural disturbances, and hypomimia (reduced facial 

expression) are among them. Fatigue, sleep disturbances, constipation, and gastric 

dysmotility are examples of non-motor symptoms (Tanner et al., 2009). As the disease 

progresses, PD patients may experience autonomic, behavioral, and mental issues such as 

depression and anxiety (Chaudhuri and Schapira, 2009). Slowness in memory and cognition, 

for example, worsens with age and disease progression (Levy, 2007).  

 

Over 90% of PD cases are thought to be sporadic, meaning that there is no specific 

known cause or origin of the disease, hence PD has historically been classified as a non-

genetic disorder (Klein and Westenberger, 2012). However, an estimated 5-10% of all 
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parkinsonian cases are familial; and 15% of people with PD have a first-degree relative who 

has the disease (Shulman et al., 2011). The first cause of symptoms that arise is the 

progressive death of dopaminergic neurons in the substantia nigra pars compacta (SNpc) 

(Braak and Braak, 2000) which results in depigmentation of the region in post-mortem brains 

of PD patients (Forno and Alvord, 1974) (Figure. 1.11.).  

 

 

 

 

 

 

 

While major disease symptoms appear after significant loss of dopaminergic neurons 

projecting from the SNpc to the striatum (Samii et al., 2004), PD pathology is not limited to 

the nigrostriatal pathway, with LBs also found in the cortex, amygdala, locus coeruleus, and, 

in the enteric nervous system innervating the gut (Dickson et al., 2009; Wolters, 2009). 

Indeed, as the pathology advances diverse components of the autonomic, limbic, and 

somatomotor systems become particularly badly damaged (Braak et al., 2004). 

 

1.5.2 Lewy bodies in Parkinson’s disease 

 

The histopathological hallmark of PD is the presence of fibrillar aggregates referred 

to as LBs, in which a-synuclein is a major constituent (Wakabayashi et al., 2013). The first 

evidence of a-synuclein enrichment in LBs came in 1997 with the employment of the first 

FIGURE 1.11. Loss of substantia nigra pars compacta (SNpc) causes Parkinson’s disease.  
Pathological examination of a healthy patient (A) reveals typical pigmented dopaminergic neurons 
(arrows); in contrast, loss of SNpc neurons leads to pigment disappearance in the PD brain (B, arrow). 
Magnification of the SNpc area reveals a dense network of melanin-pigmented SNpc neurons in a healthy 
brain (C) while most of the DNpc neurons are lost in PD (D). Some of the remaining neurons in PD 
contain insoluble cytoplasmic LBs (E). The melanin-containing granules have a red-brown hue and are 
distributed in the cytosol of all SNpc neurons (C-E). The picture in E is the higher magnification of the 
dark-boxed area in D. Modified from Forno and Alvord, 1974, and Aron, 2023.   
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a-synuclein antibody on isolated substatia nigra of PD patients (Spillantini et al., 1997). 

These peculiar inclusions were initially identified by Friederich H. Lewy in the dorsal vagal 

nucleus and the nucleus basalis of Meynert in PD patients and were termed LBs in his honor 

by Tretiakoff, who verified their existence in the substantia nigra (Lees et al., 2008; 

Tretiakoff, 1919). An examination of post-mortem brain tissue from patients that helps to 

recognize and differentiate these proteinaceous inclusions is haematoxylin and eosin 

staining. While positively charged haematoxylin stains nuclei of a blue or dark purple, eosin, 

a negatively charged acidic stain, colors cytoplasm, proteins, and extracellular matrix 

components such as collagen in up to five shades of pink (Chan, 2014). There are two main 

types of LBs related to their localization: brainstem LBs and cortical LBs (Fares et al., 2021). 

Brainstem LBs can be easily revealed using light microscopic examination of haematoxylin 

and eosin-stained sections highlighting intracytoplasmic, single or multiple, round or 

elongated, eosinophilic aggregates with a dense core and a peripheral halo (Beyer, 2006). 

Cortical LBs and LNs, on the other hand, were difficult to detect with haematoxylin and 

eosin staining and lacked a central halo, indicating that they had different ultrastructural 

features. Another type of LB often reported in the cytoplasm of pigmented neurons are Pale 

Bodies displaying well-defined, less eosinophilic, rather glassy areas without a halo. 

  

Many studies indicate that pale bodies are a stage in the formation of the LBs (Saito 

et al., 2003). Although both brainstem and cortical LBs have a similar underlying 

ultrastructure of filamentous fibrillar proteins mixed with lipids, the organization of fibrils 

differs between the two LB subtypes, according to experiments using transmission electron 

microscopy (TEM) (Fares et al., 2021). Cortical LBs have a more widespread dispersion of 

disordered filamentous fibrils, whereas brainstem LBs have a compact core with a halo of 

irradiating filaments (Baba et al., 1998; Wakabayashi et al., 1998). The presence of large 

quantities of insoluble b-sheet-rich fibrillar components in cortical and brainstem LBs and 

LNs showed that these filaments have amyloid-like features, such as the cross-structure 

found in amyloid plaques, neurofibrillary tangles, and other amyloid-like deposits (Fares et 

al., 2021). Subsequent research revealed that amyloid-specific dyes, such as thioflavin S 

(ThS), that detect this unique cross-structure, consistently demonstrate high reactivity with 

both brainstem and cortical LBs (Irwin et al., 2013). Several researchers have speculated 

that LBs formation is an aggresome-related process. Aggresomes are proteinaceous 

inclusions that originate at the centrosome and segregate within distinct regions of the 

cytosol helping in the clearance of damaged, mutant, and cytotoxic proteins (Olanow et al., 
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2004; McNaught et al., 2002). LBs and pale bodies are also immunopositive for autophagic 

adaptor proteins (p62 and NBR1) (Odagiri et al., 2012), which may sequester soluble 

hazardous proteins containing oligomeric-synuclein into inclusions.  

 

Mutations or multiplications of the SNCA gene causing familial PD, have been 

directly related to LB and LN production (Klein and Westenberger, 2012; Binolfi et al., 

2006). The change of a-synuclein from its soluble form to fibrillated pathogenic inclusions 

involves a sequence of events that go beyond a simple increase in protein levels. Post-

translational modifications (PTMs) such as phosphorylation and ubiquitination, have been 

implicated in affecting a-synuclein misfolding and aggregation, as well as the processes of 

inclusion formation and maturation (Fujiwara et al., 2002; Anderson et al., 2006; Duda et 

al., 2000; Li et al., 2005). Furthermore, LBs and LNs are complex structures rich in lipids, 

cytoskeletal proteins, organelles, and membranous fragments, and the dynamics of a-

synuclein interactions with these structures are likely to play an important role in regulating 

the process of inclusion formation, the biochemical and organizational heterogeneity of the 

formed inclusions, and the downstream consequences of neurodegeneration (Jensen et al., 

2000; Ikenaka et al., 2019; Mahul-Mellier et al., 2020). Indeed, a-synuclein pathology in 

PD brain tissue is highly polymorphic, and LBs have various morphological, structural, and 

molecular components across different brain regions and patient subpopulations (Forno and 

Norville, 1976; Kuusisto et al., 2003). As a result, it is unclear if the variability of LBs and 

a-synuclein immunoreactive inclusions reflect separate diseases or a continuum of 

conformations corresponding to different stages of LB creation, maturation, and processing 

throughout time (Sekiya et al., 2019; Roberts et al., 2015). 

 

1.5.3. Stages of Parkinson’s disease progression and Lewy bodies formation 

 

The creation of aberrant proteinaceous LBs and LNs inside the brain begins at known 

induction sites and progresses in a topographically predictable manner. Based on post-

mortem analysis of hundreds of brains from individuals with PD at different stages of the 

disease, PD pathology was classified into six neuropathological phases (Figure. 1.12.), each 

of which is distinguished by the continuous development of various inclusion bodies (Braak 

et al., 2003).  
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During presymptomatic phases I-II, the appearance of inclusion is limited to the 

medulla oblongata/pontine tegmentum and olfactory bulb/anterior olfactory nucleus. The 

inclusions take an ascending path from the brainstem to the lower raphe nuclei, the 

gigantocellular reticular nucleus, and the locus coeruleus. In stages III-IV, they reach the 

amygdala, the cholinergic nuclei of the basal forebrain, and the substantia nigra which 

become the focus of initially mild, then severe degenerative alterations. The cerebral cortex 

is also damaged, beginning with the anteromedial temporal mesocortex. Most patients 

crossed the barrier into the symptomatic phase of the illness by this stage. Inclusions expand 

to the higher-order sensory association and prefrontal areas, the first-order sensory 

association areas, the premotor area, and the primary sensory and motor fields in Stages V 

and VI and the disease emerges in all of its clinical characteristics (Braak et al., 2004; Braak 

et al., 2003; Goedert et al., 2014).  

These stages describing PD pathology can also be related to the higher complexity 

of LB’s inclusions. Because of the structural differences between cortical and brainstem 

LBs, these two LB subtypes have been staged individually (Fares et al., 2021) (Figure. 

1.13.). 

FIGURE 1.12. Temporal and spatial spreading of 
α-synuclein-positive lesions in the process of 
Parkinson’s disease and dementia with Lewy 
bodies. 6 stages (I–VI) of a-synuclein pathology can 
be distinguished. The first inclusions appear in the 
olfactory bulb, the anterior olfactory nucleus, and the 
dorsal motor nucleus of the vagal and 
glossopharyngeal nerves in the medulla oblongata 
(Stages I and II). From the brainstem, the inclusions 
take an ascending path to the lower raphe nuclei, the 
gigantocellular reticular nucleus, and the locus 
coeruleus. In Stages III and IV, they reach the 
amygdala, the cholinergic nuclei of the basal 
forebrain, and the substantia nigra. The cerebral 
cortex also becomes affected, starting with the 
anteromedial temporal mesocortex. In Stages V and 
VI, the inclusions spread to the higher-order sensory 
association and prefrontal areas, the first-order 
sensory association areas, the premotor area, and the 
primary sensory and motor fields. The shading 
intensities of the areas colored in red are proportional 
to the severity of α-synuclein pathology. Modified 
from Braak et al., 2003 and Goedert et al., 2014. 
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FIGURE 1.13. Stages of LBs formation in brainstem and cortex. (A) Brainstem LBs have been 
proposed to go through five stages before reaching maturity. The upper panel shows the anatomical 
distribution of brainstem LBs and proposed routes for their spreading, the middle panel shows a-
synuclein-immunostained human neurons at different stages and the lower panels show transmission 
electron microscopy (TEM) analysis of accumulations at early and late stages. Stage 1 features abnormal 
cytoplasmic accumulations of a-synuclein, which become irregularly shaped, large structures in stage 2. 
Stage 3 is characterized by well-defined pale bodies that lack a halo and consist of a granular, vesicular, 
and filamentous ultrastructure. In stage 4, pale bodies exhibit peripheral condensation into smaller LBs 
having a halo. Stage 5 features large mature LBs having a central core and a surrounding halo of a-
synuclein-immunopositive fibrils. (B) Six stages have been proposed to underlie cortical LB formation. 
The upper panel shows the anatomical distribution of brainstem and cortical LBs and proposed routes for 
LB spreading, the middle panel shows a-synuclein-immunostained human neurons at different stages and 
the lower panels show TEM analysis of accumulations at early, intermediate, and late stages. In stage 1, 
the abnormal a-synuclein accumulations are loose, granular, and intermingled with organelles. In stages 
2 and 3, the structures are more well-defined and show intense staining for a-synuclein but they exhibit 
granular ultrastructures with few filaments. By stage 4, the structures have an irregular shape, consist of 
a dense granulofilamentous ultrastructure and are associated with curly neurites. In stages 5 and 6, the 
accumulations are ill-defined, exhibit a looser granulofilamentous structure, and show weaker reactivity 
with anti-a-synuclein immunostaining (stage 6). Modified from (Fares et al., 2021; Halliday et al., 2011; 
Wakabayashi et al., 2013b; Wakabayashi et al., 1998; Baba et al., 1998; Katsuse et al., 2003)  
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For brainstem LBs (Figure. 1.13. A), five stages of LB maturation based on 

morphological and ultrastructural alterations have been proposed. Neurons in the first stage 

exhibit granular a-synuclein accumulations in the cytoplasm, which subsequently becomes 

large, irregularly shaped structures (stage 2). These structures subsequently aggregate to 

create pale bodies, which usually lack a halo and are made up of granular, vesicular, and 

filamentous ultrastructures (stage 3). Following that, certain pale bodies show evidence of 

peripheral condensation, and one or more small LBs (with halos) arise from these 

condensations (stage 4). Subsequently, these 'early' LBs grow into larger LBs with the classic 

ring-like staining with a central core that is highly ubiquitin-positive and surrounded by an 

irradiating fibril-positive halo (stage 5). 

 

Cortical LB staging differs significantly so these inclusions go through six stages 

before reaching maturity (Figure. 1.13. B). At the first stage, aberrant somatic a-synuclein 

accumulations that are loose, granular, and mixed with organelles are detected, similar to 

brainstem LBs. With stage advancement, they become more distinct and highly stained for 

a-synuclein, forming granular structures with few filaments (stages 2 and 3). These 

structures are then found to be connected with granular and curly neurites, which later 

become irregular in shape and comprise a dense granulofilamentous ultrastructure (stage 4). 

Later stages of these accumulations become ill-defined, have a looser granulofilamentous 

structure (stage 5), and eventually show minimal reactivity to a-synuclein antibodies (stage 

6). This last finding is explained by the involvement of astroglial mechanisms that may 

degrade LBs into extracellular components. It is crucial to note that a-synuclein inclusions 

observed at each stage of the brainstem and cortical LBs have diverse shapes, heterogeneous 

content, and differential antibody staining patterns (C. Warren Olanow, 2011; Fujiwara et 

al., 2002; Mamais et al., 2013; Fares et al., 2021). 

 

1.5.4. Lewy bodies composition 

 

Even though a-synuclein is a key component of LBs, immunohistochemical studies 

have revealed that LBs include more than 90 molecules, including PD-linked gene products 

(DJ-1, LRRK2, Synphilin 1, parkin, and PINK-1), mitochondria-related proteins, and 

molecules implicated in the ubiquitin–proteasome system, autophagy, and aggresome 

formation (Wakabayashi et al., 2013). These molecules can be classified into different 

categories according to their function (Wakabayashi et al., 2007) (Table 1.1): 
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Table 1.1. Classification of Lewy bodies composition 

1: Structural elements of the LB fibril as a-
synuclein (Spillantini et al., 1997; Fujiwara et al., 
2002) and neurofilaments (Goldman et al., 1983). 

 
8: Molecules associated with protein 

phosphorylation as CaMKII (Iwatsubo et al., 
1991), LRRK2 (Zhu et al., 2006), or PINK-1 

(Gandhi et al., 2006); and signal transduction as 
IκBα, NFκB (Noda et al., 2005) and p35 

(Nakamura et al., 1997). 
 

 
2: a-Synuclein-binding proteins as MAP1B 

(Jensen et al., 2000; Gai et al., 1996), synphilin 1 
(Wakabayashi et al., 2000; Wakabayashi et al., 

2002; Bandopadhyay et al., 2005) and tau 
(Galloway et al., 1989; Ishizawa et al., 2003). 

 

9: Cytoskeletal proteins as MAP1B (Jensen et 
al., 2000; Gai et al., 1996), MAP2 (D’Andrea et 
al., 2001; Fukuda et al., 1993), tau (Galloway et 
al., 1989; Ishizawa et al., 2003), neurofilaments 
(Goldman et al., 1983), and tubulin (Galloway et 

al., 1988). 

 
3: Synphilin 1-binding proteins as a-synuclein 
(Spillantini et al., 1997; Fujiwara et al., 2002), 

dorfin (Hishikawa et al., 2003; Ito et al., 2003) , 
parkin (Schlossmacher et al., 2002), and SIAH-1 

(Liani et al., 2004). 
 

10: Mitochondria-related proteins such as Cox 
IV (Itoh et al., 1997), cytochrome C (Hashimoto 
et al., 1999), and PINK-1 (Gandhi et al., 2006). 

 
4: Proteins implicated in the ubiquitin-

proteasome system such as ubiquitin (Kuzuhara 
et al., 1988), ubiquitin-activating enzyme (E1) 

(McNaught et al., 2002), and proteasome 
subunits 26 S (Fergusson et al., 1996). 

 

11: Cell cycle proteins such as cyclin B (Lee et 
al., 2003) and retinoblastoma protein (Jordan-

Sciutto et al., 2003). 

5: Protein implicated in the autophagosome-
lysosome system as LC3 (Tanji et al., 2011; 
Crews et al., 2010) and NBR1 (Odagiri et al., 

2012). 

 
12: Cytosolic proteins passively diffuse into 
LBs as APP (Arai et al., 1992), synaptophysin 

(Nishimura et al., 1994), synaptotagmin (Huynh 
et al., 2003), and tyrosine hydroxylase TH 

(Dugger and Dickson, 2010). 
 

 
6: Aggresome-related proteins as g-tubulin 

(McNaught et al., 2002) and HDAC6 
(Kawaguchi et al., 2003). 

3/6/24 11:48:00 AM 

13: Other components including complement 
protein (Loeffler et al., 2006), immunoglobulin 
(Orr et al., 2005) and lipids (Gai et al., 2000) 

 
7: Proteins implicated in cellular responses as 
molecular chaperone Hsp70-interacting protein 
(Y et al., 2005), heat-shock protein (Auluck et 
al., 2002), and oxidative stress (Kokoulina and 

Rohn, 2010; Bandopadhyay et al., 2004) 
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Moreover, because this method has a low throughput for investigating biological 

pathways involved in or influenced by LB formation and maturation during disease 

pathogenesis, a few studies used mass spectrometry to obtain complete, unbiased proteomic 

profiles of LBs from people with PD brains. Proteomic analyses of isolated cortical LBs, for 

example, revealed 296 proteins involved in a variety of cellular processes, including the 

ubiquitin-proteasome system, folding and intracellular trafficking, oxidative stress, synaptic 

transmission, and vesicular transport, signal transduction, and apoptosis (Leverenz et al., 

2007; Basso et al., 2004; Licker et al., 2014) Membranous fragments, organelles, vesicular 

structures, and other subtypes of lipid contents later emerged as major components of LBs, 

and their presence was proven by a variety of techniques, including immunohistochemistry 

and Fourier transform infrared spectroscopy (Gai et al., 2000; Araki et al., 2015).  

 

Interestingly, recent studies used correlative light and electron microscopy (CLEM) 

to investigate the ultrastructure of LBs in non-fixed post-mortem brains from people with 

PD, in which researchers obtained highly resolute images of LB structures enriched in lipids 

and membranous structures, including mitochondria (Shahmoradian et al., 2019). By 

adopting this method and expanding it using serial block-face scanning EM, the authors were 

able to find specific vesicle clusters in the center of LBs that was coated in high local 

quantities of non-fibrillar a-synuclein molecules, which may explain how a-synuclein 

staining appeared punctate in previous neuropathological analyses. Surprisingly, only 

around 20% of all LBs and NLs seemed to have large amyloid fibrils associated with them, 

showing that a-synuclein amyloid formation is not as important in PD pathogenesis as 

previously thought. Furthermore, the morphological investigation revealed the presence of 

multiple lysosomal vesicles connected with the core and additional mitochondrial 

membranes at the LB’s periphery.  

 

Following studies using a similar approach revealed that the formation of LB-like 

inclusions necessitates the formation of a-synuclein fibrils, which undergo significant 

remodeling and PTMs and interact with membranous structures as they transform into LB-

like inclusions composed of proteins, fragmented membranes, vesicular structures, and 

dysmorphic organelles (mitochondria, lysosomes, and autophagosomes) (Mahul-Mellier et 

al., 2020).  
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1.6. Synphilin 1 – role in Lewy bodies formation 
 

1.6.1. Synphilin 1 structure 

 

Synphilin 1 was identified as a-synuclein interacting protein in a yeast two-hybrid 

screen (Neystat et al., 2002; Engelender et al., 1999) . Synphilin 1 has been linked with PD 

because of its interaction with a-synuclein and for its abundance in the LB (Wakabayashi et 

al., 2013; Wakabayashi et al., 2000). The translation product of its gene SNCAIP is a 919-

amino acid protein containing several protein domains, including six ankyrin-like repeats, a 

coiled-coil domain, and a putative ATP/GTP binding motif (Krüger, 2004) (Figure. 1.14.).  

 

 

 

 

At the amino acid level, the human protein is 86% identical to its mouse counterpart 

(O’Farrell et al., 2002). The core part of the protein, which contains the ankyrin-like repeats 

and the coiled-coil domain, has a 96.5% homology (O’Farrell et al., 2002). These domains 

are known to be present in a wide range of proteins that mediate protein-protein interactions 

(Mosavi et al., 2004). Indeed, several studies established the interaction of synphilin 1 with 

a-synuclein, parkin, and dorfin (Neystat et al., 2002). For instance, a segment including 

amino acid residues 349-555 is both essential and sufficient to induce contact with a-

synuclein (Nagano et al., 2003; Liani et al., 2004). Synphilin 1 and a-synuclein interact not 

just through their C-termini, but also through their N-termini (Kawamata et al., 2001). The 

overexpression of synphilin 1 in HEK 293 cells induced the formation of small puncta and 

together with a-synuclein was also found to form cytoplasmic inclusions (O’Farrell et al., 

2001). Indeed, recent studies found that the interaction of the central coiled-coil domain of 

Synphilin 1 with the N-terminal stretch of a-synuclein induces the creation and 

accumulation of cellular inclusions (Xie et al., 2010). 

 

FIGURE 1.14. Domain organization of synphilin 1. Modified from Krüger, 2004. 
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Human brain extracts revealed synphilin 1 as a largely soluble 90 kDa protein, but a 

less soluble 120 kDa form, as well as fragments of 65 kDa and 50 kDa, were also found, 

indicating that alternative splicing (or post-translational processing) may play a role in 

synphilin 1 function or distribution (Murray et al., 2003). Indeed, synphilin 1 is found to be 

expressed in the central nervous system primarily in large neurons including Purkinje, nigral 

and pyramidal neurons, but also several peripheral tissues such as the heart, lungs, kidneys, 

liver, and blood cells (Engelender et al., 2000). Analysis of its aminoacidic sequence with 

PrDOS as a disordered prediction tool (Ishida and Kinoshita, 2007) revealed synphilin 1 to 

be intrinsically disordered with scores above 0.5 for a large part of the N-terminal and C-

terminal, involving part of the coiled-coil domain and ANK 5 and 6 (Figure. 1.15.).  

 

 

 

 

 

Nevertheless, Synphilin 1A is a splice variant of synphilin 1 that was found in LBs 

and detergent-insoluble fractions of brain protein samples. These findings are corroborated 

by the discovery of altered mRNA expression levels of Synphilin 1 isoforms in PD. 

Furthermore, synphilin 1A was found in both PD and DLBD patients' LBs, implying a role 

for synphilin 1A in the etiology of different synucleinopathies (Eyal et al., 2006).  

 

The overexpression of synphilin 1 in HEK 293 cells induced the formation of small 

puncta and together with a-synuclein was also found to form cytoplasmic inclusions  

(O’Farrell et al., 2001) (Fig 1.16.).  

FIGURE 1.15. Synphilin 1 is intrinsically disordered. Disorder prediction 
for Synphilin 1. Prediction performed using PrDOS bioinformatics tool. 



 

 57 

  

 

Synphilin 1 and a-synuclein interact not just through their C-termini, but also 

through their N-termini (Kawamata et al., 2001). On the other hand, recent studies found 

that the interaction of the central coiled-coil domain of synphilin 1 with the N-terminal 

stretch of a-synuclein induces the creation and accumulation of cellular inclusions (Xie et 

al., 2010).  

 

1.6.2 Synphilin 1 function 

 

Although the physiological function is currently unknown, synphilin 1 has been 

reported to interact with several E3-Ubiquitin-ligases and with the protein kinase LRRK2 

involved in both autosomal dominant and sporadic PD (Smith et al., 2006; Szargel et al., 

2008). During development, synphilin 1 is predominantly expressed in neurons and is 

enriched in presynaptic nerve terminals, which may represent its role in the synaptic 

maturation (Ribeiro et al., 2002). The presence of synphilin 1 in lipid fractions of brain 

extracts is associated with a role as an SVs-binding protein, as shown in several biochemical 

studies (Murray et al., 2003). The binding of synphilin 1 to SVs has been reported to be 

negatively regulated by a-synuclein (Ribeiro et al., 2002). These findings were further 

FIGURE 1.16. Co-localization of a-
synuclein and synphilin 1. Cells were co-
transfected with a-synuclein and EGFP–
synphilin 1 as described above and into cells 
stained for a-synuclein (a–c). EGFP 
fluorescence was monitored using FITC 
optics (a) and a-synuclein immunoreactivity 
was identified using secondary antibodies 
conjugated to AlexaFluor 568 (b). Merged 
images (c) show that there are significant 
areas of overlap between the synphilin 1 
inclusions and a-synuclein immunoreactivity. 
Modified from O’Farrell et al., 2001.   
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corroborated by EM studies on the nature of these synphilin 1 inclusions demonstrating 

membrane-bound lamellar-like phospholipid accumulations (O’Farrell et al., 2001). 

 

In familial forms of PD, the only accountable genetic mutation in SNCAIP related to 

PD leads to R621C substitution in synphilin 1 (Marx et al., 2003). Mice overexpressing the 

mutant synphilin 1 had an elevated neurotoxic impact and a motor phenotype compared to 

mice overexpressing the wild-type protein (Nuber et al., 2010). However, the frequency of 

the R621C substitution was shown to be the same in PD and control participants, raising 

doubts about the mutation's role in PD physiopathology (Myhre et al., 2008). Nevertheless, 

R621C-modified Synphilin 1 does not change its binding to a-synuclein (Marx et al., 2003). 

 

The synphilin 1 function as an SVs binding protein is consistent with biochemical 

evidence showing the presence of synphilin 1 in lipid fractions of brain extracts (Murray et 

al., 2003). Moreover, functional implications are suggested by the apparent intracellular co-

localization with the associated a-synuclein protein. There is evidence that a-synuclein 

adversely regulates synphilin 1 binding to SVs (Ribeiro et al., 2002). Furthermore, it has 

been proposed that synphilin 1 mediates the synaptic activities of a-synuclein, maybe by 

anchoring a-synuclein to the vesicle membrane. Observations of cultured cells have 

provided support for the importance of the carefully controlled interaction with a-synuclein 

and of binding to synaptic vesicles. According to this research, casein kinase II 

phosphorylates synphilin 1, which decreases its capacity to bind with a-synuclein and create 

cytoplasmic inclusions (Lee et al., 2004).  

 

Subsequent studies of synphilin 1 inclusions produced in cell culture revealed that 

they resemble so-called aggresomes, which are perinuclear inclusion bodies commonly 

detected after a misfolded protein production (Kopito, 2000). Key properties of aggresomes, 

such as positive staining for vimentin, gamma-tubulin, ubiquitin, and proteasomal subunits, 

have been observed in synphilin 1-positive inclusions (Tanaka et al., 2004; Ito et al., 2003; 

Wahl et al., 2008). Aggresomes interact with lysosomal structures, suggesting that 

autophagy may be used to remove accumulated proteins (Fortun et al., 2003). These 

discoveries have crucial implications for the unresolved mechanism of PD since 

characteristic LB in the brains of PD patients exhibit several hallmarks of aggresomes as a 

result of proteasomal inhibition. These characteristics include the presence of a-synuclein 
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and other elements of the protein degradation and refolding machinery, as well as a core and 

halo organization (Junn et al., 2002).  

 

It is widely acknowledged that synphilin 1 is a part of LBs in the brains of sporadic 

PD patients despite quantitatively varying results depending on the different antibodies used 

in the immunohistochemistry (Iseki et al., 2002; Wakabayashi and Takahashi, 2003). Up to 

90% of LBs in PD patients have been shown to have synphilin 1. Its significant central core 

localization points to a crucial function in the LB development (Wakabayashi et al., 2000) 

(Figure. 1.17.). Synphilin 1 is found in DLB (Katsuse et al., 2003) and in glial cytoplasmic 

inclusions in MSA (Murray et al., 2003), both of which occur in parallel with the presence 

of alpha-synuclein. This may be due to its role in the development of cytoplasmic inclusions 

and neurodegeneration more generally (Wakabayashi and Takahashi, 2003). 

 

 

 

 

 

 

 

FIGURE 1.17. Synphilin-1 localize in the 
core of LB. Immunoreactivity of a-synuclein 
(A) and synphilin 1 (D). Modified from 
Wakabayashi and Takahashi, 2003. 
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1.7. LLPS as an emerging concept for understanding neuronal 

physiology and pathology 
 

Particularly interesting for my work in this thesis are the particular examples 

described in the context of neurons, particularly referring to the LLPS at the synapse and in 

neurodegenerative diseases (Figure. 1.18.). 

 

 

 

 

 

 

 

 

At the synapse, LLPS helps to maintain the SV’s pool forming SVs condensates, 

active zone condensates, and periactive zone condensates at the presynaptic compartment. 

Purified synapsin 1 has been described undergo LLPS in vitro in a manner recapitulating its 

in vivo properties (Milovanovic et al., 2018). As discussed above, synapsin condensate can 

capture liposomes and are dispersed upon phosphorylation by CaMKII (Milovanovic et al., 

FIGURE 1.18. Biomolecular condensates as an organizing principle in neuronal- and synaptic 
biology. Scheme of a neuron. Blue: focus on the soma where several structures in the nucleus (e.g., 
nucleolus, Cajal bodies) and cytoplasm (e.g., neuronal RNA granules, Golgi stalk, secretory vesicles) are 
shown to assemble by LLPS. Green: focus on the synapse with an emphasis on several membrane-less 
condensates both at the presynapse (e.g., SV condensates, active zone, endocytic sites) and postsynapse 
(e.g., excitatory PSD 95-containing condensates, inhibitory gephyrin sheets. Putative regions that might 
form by LLPS at the synapse are highlighted in gray. 
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2018). LLPS of proteins that bind to intracellular areas of membrane proteins can also 

influence the clustering of membrane surface proteins (Ramella et al., 2022). Two active 

zone proteins, Rab3-interacting molecule (RIM) and RIM-Binding Protein (RIM-BP), which 

interact with voltage-gated Ca2+ channels, facilitate Ca2+ channel clustering through LLPS 

(Wu et al., 2019; Wu et al., 2021).  

 

Looking at the postsynapse, in vitro mixing of Homer and Shank results in the 

formation of macromolecular complexes. Shank and Homer are both multimeric proteins. 

The protein complex acquires a high-order meshwork structure as a result of this multimer-

multimer interaction, and this is the postulated underlying framework of the PSD at the 

excitatory synapse (Hayashi et al., 2009). Similarly, SynGAP, a postsynaptic Ras-activating 

protein, is a trimeric protein with a PDZ binding motif (Zeng et al., 2016). PSD-95, a 

postsynaptic scaffolding protein, multimerizes in vitro (Zeng et al., 2018). When purified 

SynGAP and PSD-95 are combined, they form a macromolecular complex. The resultant 

complex has droplet-like structures (Zeng et al., 2016).  

 

Many implications and recent findings are highlighting the role of LLPS in how 

protein aggregates in neurodegenerative disorders. Some early examples include TDP-43, 

FUS, and TIA1, which are all RNA-binding proteins involved in the onset of amyotrophic 

lateral sclerosis (ALS) (Mackenzie and Neumann, 2016). The proteins all contain a prion-

like domain, an IDR that can promote uncontrolled protein aggregation (Zbinden et al., 2020; 

Conicella et al., 2020), and it is often the site of disease-causing mutations (Mackenzie et 

al., 2017; Kim et al., 2013). Tau, implicated in AD forms liquid droplets through the 

interaction of its microtubule-binding domains, which are rich in positively charged amino 

acids, with negatively charged phospholipids in the membrane (Boyko and Surewicz, 2022; 

Wegmann, 2019; Vogels et al., 2020). Changes in tau protein, such as phosphorylation, 

ubiquitination, or the presence of mutations, can affect the thermodynamic stability of tau 

droplets and promote the formation of aggregates (Zeng et al., 2021). Along the same line, 

a-Synuclein can also undergo LLPS in the presence of extremely high protein concentration 

and high crowding conditions (Ray et al., 2020; Luna and Luk, 2015). This may be linked 

to the formation of aggregates known as LBs, toxic to nerve cells that contribute to the 

degeneration and death of dopamine-producing neurons. 
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1.8. Overarching Goal and Specific Aims 
 

The overarching aim of this thesis is to investigate the intricate interaction between 

a-synuclein-containing condensates with the membrane-bound organelles in physiological 

and pathological contexts.  

My first hypothesis was that a-synuclein affects the LLPS of SVs clusters, which are a 

central component of neuronal communication. LLPS of SVs/synapsin and a-synuclein 

ensures a proper compartmentalization and spatial arrangement within the presynaptic 

terminal allowing for efficient storage, release, and recycling of neurotransmitters.  

My second hypothesis was that the formation of a-synuclein-containing pathological 

inclusions arises from the disruption of normal LLPS processes. When LLPS of a-synuclein 

becomes dysregulated, it can lead to the formation of aberrant intracellular inclusions similar 

to Lewy bodies, a key hallmark observed in PD patients. 

 

The specific aims of the thesis were to: 
1. Determine how a-synuclein influences the assembly, organization, and properties of 

SV condensates. By deciphering the impact of a-synuclein on SV condensates, I 

sought to gain insights into the mechanisms underlying SV dynamics and explore 

and examine the effects of a-synuclein on the physical properties of SV condensates. 

 

2. Reconstitute the minimal machinery that recapitulates the key characteristics and 

processes associated with a-synuclein-containing inclusions observed in PD and 

other Lewy body-associated diseases.  

 

3. Characterize the factors that contribute to the recruitment of membrane-bound 

organelles to a-synuclein-containing inclusions. This includes assessing the impact 

on organelle integrity, dynamics, and cellular homeostasis. Dissecting these 

interactions allows us to uncover the underlying mechanisms that contribute to the 

pathological processes associated with a-synuclein aggregation and 

neurodegeneration. 



 

 64 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 65 

2. MATERIALS AND METHODS  

 

2.1. Materials and equipment 
 

2.1.1. General equipment 

• Brand™ Blaubrand® Counting Chamber, Sigma-Aldrich, Germany 

• Centrifuge 5430 R, Eppendorf, Germany 

• CO2 Incubator, Schubert & Weiss, Germany 

• Eclipse Ti Nikon Spinning Disk Confocal, CSU-X microscope, Nikon, Japan 

• Gas burner Fuego basic, WLD-TEC, Germany 

• Incubation Shaker, INCU-Line IL56 Schubert & Weiss, Germany 

• Magnetic Stirrer, Heidolph, Germany 

• Microwave, Severin, Germany 

• Nanodrop, One Thermo Scientific, USA 

• pH meter, SevenCompact Mettler-Toledo, Germany 

• Rotilab®-Mini Centrifuge, Roth, Germany 

• SDS PAGE Chamber System, Bio-Rad, USA 

• Thermal Cycler C1000 Touch, Bio-Rad, USA 

• Thermal Shaker, Thermo Scientific, USA 

• Vortex-Genie® 2, Scientific Industries, USA 

• Waterbath, Phoenix instrument, Germany 

 

2.1.2. Consumable supplies 

• Bacteria dishes (100 mm, 150 mm) Sarstedt, Germany 

• Eppendorf tubes (5 mL, 2 mL, 1.5 mL) Sarstedt, Germany 

• Expi flasks, Life Technologies, USA 

• Falcon tubes (50 mL, 15 mL), Corning, USA 

• Filtropur Filter bottles (250 mL, 500 mL), Sarstedt, Germany 

• Glass bottom dish, Cellvis, USA 

• 15-well 3D glass bottom slide, Ibidi, Germany  

• PCR 8er-SoftStrips (0.2 mL), Biozym, Germany 

• Pierce™	Concentrator	30K	MWCO,	0.5	mL, Thermo Scientific, USA 
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• Pierce™	Concentrator	30K	MWCO,	2-6 mL, Thermo Scientific, USA 

• Pipette tips (1000 μL, 200 μL, 10 μL), Sarstedt, Germany 

• Serological pipettes (25 mL, 10 mL, 5 mL), Sarstedt, Germany 

• Syringes (20 mL), Schubert & Weiss, Germany 

• Syringes (5 mL), Roth, Germany 

• Syringes (50 mL), VWR, USA 

• T75 flasks, Corning, USA 

• Whatman™	Filter	Unit	(2	μm), Th.Geyer, Germany 

 

2.1.3. Enzymes, enzyme buffers, and PCR components 

• 10X Buffer R, Thermo Scientific, USA 

• 10x Ligase Buffer, Thermo Scientific, USA 

• 5x Phusion® HF Reaction Buffer, Thermo Scientific, USA 

• DNaseI, AppliChem, Germany 

• dNTP mix (10 mM each), Thermo Scientific, USA 

• DpnI, Thermo Scientific, USA 

• FastAP, Thermo Scientific, USA 

• HindIII, Thermo Scientific, USA 

• Papaine, Sigma-Aldrich, Germany 

• Phusion® DNA Polymerase, Thermo Scientific, USA 

• Primers (100 μM), Sigma-Aldrich, Germany 

• T4 DNA Ligase, Thermo Scientific, USA 

 

2.1.4. Chemical and substances 

• 1,6-Hexanediol, Sigma-Aldrich, Germany 

• 1,3-Propanediol, Sigma-Aldrich, Germany 

• Agar-Agar, Roth, Germany 

• Boric Acid, Sigma-Aldrich, Germany 

• Calcium chloride (CaCl2), Roth, Germany 

• Ethanol absolute, VWR, USA 

• Ethylene-diamine-tetra-acetic acid (EDTA) free 

• Protease inhibitor cocktail pill, Roche, Switzerland 

• GelRed®, Biotium, USA 
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• Glucose, Sigma-Aldrich, Germany 

• HEPES, Roth, Germany 

• Imidazole, Schubert & Weiss, Germany 

• InstantBlue® Coomassie Protein Stain (ISB1L), Abcam, United Kingdom 

• Kanamycin Sulfate, AppliChem, Germany 

• L-Cysteine hydrochloride monohydrate, Sigma-Aldrich, Germany 

• Magnesium chloride (MgCl2), Roth, Germany 

• Natriumchlorid (NaCl), Roth, Germany 

• Polyethylene glycol (PEG), Roth, Germany 

• Potassium chloride (KCl), Roth, Germany 

• Rotiphorese® Gel 30 (37,5:1), Acrylamide Roth, Germany 

• SDS ultra-pure, Roth, Germany 

• Sodium hydroxide (NaOH), Roth, Germany 

• TCEP, Sigma-Aldrich, Germany 

• TEMED, Roth, Germany 

• TRIS, Roth, Germany 

• Trypton/ Pepton ex casein, Roth, Germany 

• Yeast extract, Roth, Germany 

 

2.1.5. Media and solution 

• B-27™	Supplement	(50X),	Gibco life technologies, USA 

• Expi293FTM Expression Medium, Gibco life technologies, USA 

• Fetal Bovine Serum, Sigma-Aldrich, Germany 

• GlutaMAX™,	Gibco life technologies, USA 

• Hank’s	Balanced	Salt	Solution	(HBSS), Gibco life technologies, USA 

• HEPES, Gibco life technologies, USA 

• Neurobasal™-A Medium, Gibco life technologies, USA 

• Opti-MEM™,	Gibco life technologies, USA 

• Phosphate-Buffered Saline (PBS), Gibco life technologies, USA 

• Penicillin/ Streptomycin, Gibco life technologies, USA 

• Poly-L-lysine, Sigma-Aldrich, Germany 

• Sodium Pyruvate, Gibco life technologies, USA 

• Trypan Blue stain, Sigma-Aldrich, Germany 
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2.1.6. Fluorescent dyes  

• FM 4-64, Invitrogen, USA  

• SPY-Actin, Switzerland 

• SiR-Actin, Spirochrome, Switzerland 

• Sir-Tubulin, Spirochrome, Switzerland 

• LysotrackerTM Deep Red, Invitrogen, USA 

• MitotrackerTM Deep Red, Invitrogen, USA 

 
2.1.7. Commercial Kits  

• ExpiFectamine 293 Transfection Kit, Gibco life technologies, USA 

• Lipofectamine® 2000 Transfection Kit, Invitrogen, USA 

• NucleoBond® Xtra Midi EF, Macherey-Nagel, Germany 

• NucleoSpin® Plasmid DNA purification, Macherey-Nagel, Germany 

• Silica Bead DNA Gel Extraction Kit, Thermo Scientific, USA 

 

2.1.8. Columns for protein purification 

• Ni-NTA column (5 mL	HisTrap™HP)	GE, Healthcare, USA 

• Superdex™	200	Increase	10/300	GE, Healthcare, USA 

• PD-10 column for protein NHS-protein labeling 

 

2.1.9. Markers and loading dyes 

• GeneRuler 1 kb DNA Ladder, Thermo Scientific, USA 

• 6X Orange DNA Loading Dye, Thermo Scientific, USA 

• PageRuler™	Prestained	Protein	Ladder,	Thermo Scientific, USA 

 

2.1.10. Human cell lines 

• Expi293F™, Thermo Scientific, USA 

• HEK 293, DSMZ, ACC 305, Germany 

	

2.1.11. Mouse cell lines 

C57BL/6, License T 0074/20. All animal experiments were approved by the 

Institutional Animal Welfare Committees of the Charité University Clinic (Berlin, DE) and 

Max Planck Institute for Biophysical Chemistry (Gottingen, DE). 
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2.1.12. Software 

• Adobe Illustrator (v25.4.3) 

• Biometra BioDocAnalyze (v2.67.5.0) 

• Geneious prime (v11.0.9+11) 

• GraphPad Prism 9 (v9.0.0) 

• FIJI ImageJ2 (v2.3.0/1/53q)(NIH) 

• Microsoft Excel (v2111) 

• Nikon acquisition software NIS Elements (v5.21.02) 
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2.2. Methods 
 

2.2.1. Molecular Biology/Cloning 

 

2.2.1.1. Primer design 

Primers were designed using the software Geneious Prime® 2021.0.3, 11.0.9+11 (64-bit) 

and purchased from Sigma Aldrich. Primers were dissolved in ddH2O (100 µM stock 

concentration) and stored at -20 °C. All primers used in this study are shown in the appendix 

table 2.1 

 
Table 2.1. Primers list 

 

 

Name 
Primer 

#pDML 
Sequence Tm 

2F5_SNCA-BFP_fwd 0079 5’-ATCACTCGAGCGCCACCATGGACGTGTTCATGAAGGG-3’ 71.1 °C 

2F5_SNCA-BFP_rev 0080 5’-ATCAGGATCCGCGGCCTCGGGCTCGTAG-3’ 70.3 °C 

5G6_SNCA(A140C)_fwd 0463 5’-CGAGCCCGAGTGTTGATAAGCGGCCGCACTCGAG-3’ 72.3 °C 

5G6_SNCA(A140C)_rev 0464 5’-CGGCCGCTTATCAACACTCGGGCTCGTAGTCCTG-3’ 70.5 °C 

6B2_SNCA-BFP DF_fwd 0486 5’-AAAAGAAGGCGTGAAGAAGGACCAGCTGGGCAAGAAC-3’ 69.0 °C 

6B2_SNCA-BFP DF_rev 0487 5’-CCTTCTTCACGCCTTCTTTTGTCTTGCCAGCGGCTTC-3’ 69.8 °C 

6B4_SNCA-BFP DC_fwd 0492 5’-CGGCTTTGTGGCGGATCCACCACCGGTCATGAGCGAGCTG-3’ 75.4 °C 

6B4_SNCA-BFP DC_fwd 0493 5’-GTGGATCCGCCACAAAGCCGGTGGCAGCGGCGATAG-3’ 74.8 °C 

6G1_SNCA-BFP(A53T)_fwd 0510 5’-GCACGGCGTGACCACCGTGGCCGAGAAAAC-3’ 72.0 °C 

6G1_SNCA-BFP(A53T)_rev 0511 5’-CGGCCACGGTGGTCACGCCGTGCACCACC-3’ 75.2 °C 

6G2_SNCA-BFP(A30P)_fwd 0512 5’-GCCGAAGCCCCTGGCAAGACAAAAGAAGG-3’ 67.3 °C 

6G2_SNCA-BFP(A30P)_rev 0513 5’-TTGTCTTGCCAGGGGCTTCGGCCACCCC-3’ 71.5 °C 

6G7_SNCA-

BFP(S129A)_fwd 
0522 5’-CGAGATGCCTGCCGAAGAGGGCTACCAGGAC-3’ 69.7 °C 

6G7_SNCA-BFP(S129A)_rev 0523 5’-GCCCTCTTCGGCAGGCATCTCGTAGGCCTCG-3’ 71.4 °C 

6G8_SNCA-

BFP(S129E)_fwd 
0524 5’-CGAGATGCCTGAGGAAGAGGGCTACCAGGAC-3’ 67.6 °C 

6G8_SNCA-BFP(S129E)_rev 0537 5’-GCCCTCTTCCTCAGGCATCTCGTAGGCCTCG-3’ 69.4 °C 

3F8_HALO-SYN1_fwd 0195 5’-ATCAACCGGTGCCACCATGGCAGAAATCGGTACTGG-3’ 70.3 °C 

3F8_HALO-SYN1_rev 0196 5’-TGATAGATCTGCTGCCGCTGCCGGAAATCTCGAGCGTC-3’ 71.8 °C 

3F8_HALO-

SYN1(6xHis)_fwd 
0438 5’-CTAGCGCCACCATGCATCACCATCACCATCACA-3’ 68.4 °C 

3F8_HALO-

SYN1(6xHis)_rev 
0439 5’-CCGGTGTGATGGTGATGGTGATGCATGGTGGCG-3’ 70.5 °C 
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2.2.1.2. PCR amplification 

For PCR amplification of target sequences from plasmids, the PhusionⓇ High-Fidelity DNA 

Polymerase was used. Reactions were prepared in 0.2 mL PCR tubes on ice. Final primer 

concentration was 0.2 µM. For amplification from plasmid DNA approximately 50 ng 

template DNA was used. All components were mixed and transferred to a PCR cycler. The 

standard pipetting scheme and PCR program is shown in table 2.2 and 2.3. After 

amplification, reactions were analyzed by agarose gel electrophoresis (2.2.1.7). 

 

 
Table 2.2. Pipetting scheme for standard PCR amplification 

 

Component Amount µL 

ddH2O 35 

5x Phusion® HF Reaction Buffer 10 

dNTP mix (10 mM each) 1.5 

Primer Fwd 10 µM 1 

Primer Rev 10 µM 1 

Template DNA 1 (approx. 50ng) 

Phusion® HF DNA Polymerase 0.5 (1 U) 

Total volume 50 

 

 

 
Table 2.3. PCR program for standard PCR amplification 

 

Temperature Time Cycles 

98 °C 5’ 1 

98 °C 10’’  

25 56 °C 30’’ 

72 °C 15’’-30’’/kb 

72 °C 10’ 1 

4 °C ∞ 1 
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2.2.1.3. Restriction digests 

Class-II restriction enzymes are recognizing their specific palindromic recognition site and 

perform cleavage of the phosphodiester bond of the DNA. Restriction digests were 

performed either on a preparative or an analytical scale. For an analytical digest, proximately 

150 ng plasmid DNA was used and analyzed for fragment patterning by agarose gel 

electrophoresis (2.2.1.7). For molecular cloning, preparative digests were performed to 

produce compatible ends of PCR products and vector plasmid backbones. Typically, 1 µg 

of vector plasmid was digested with 10 U of restriction enzyme for at least 1 hour. Buffers, 

supplements, and incubation temperatures were chosen accordingly to the manufacturer’s 

instructions for each restriction enzyme. Double digests conditions were examined using the 

DoubleDigest tool from Thermo Scientific 

(http://www.thermoscientificbio.com/webtools/doubledigest/). Prior to PCR digest, the 

product was purified from the PCR mixture using the Silica Bead DNA Gel Extraction Kit 

(#K0513, www.thermoscientific.com/onebio) according to the manufacturer’s instructions. 

 

2.2.1.4. Ligation of DNA molecules 

In molecular biology, the term ligation stands for the formation of a covalent phosphodiester 

bond between DNA fragments that possess a free 3’ hydroxyl and a 5’ phosphate group in 

their backbone. Ligases are enzymes catalyzing this reaction. Ligations can be performed 

between compatible ends of DNA molecules such as digested PCR fragments and vector 

backbones. For a standard ligation, 1 U of the bacteriophage T4 DNA Ligase was used in a 

total volume of 10 µL. Usually, 50 ng of digested vector were mixed with a 3-molar excess 

of insert DNA (molar insert:vector ratio 3:1). In cases where the insert amount could not be 

determined, 50 ng of the digested vector with the maximum amount of insert was used. 

Reactions were carried out for 1 hour at 37 °C or overnight at room temperature. 

 

2.2.1.5. Transformation of bacteria 

A standard calcium chloride protocol was used to achieve chemically competent DH10B 

Escherichia coli cells. These cells are able to take up DNA from their environment upon a 

heat shock. This ability is used to transform Escherichia coli cells with DNA of interest. 

Ligation reactions (5-10 mL) or purified plasmids (10-100 ng) were mixed with thawed 

competent cells on ice (ratio 1:10 (v/v). The mixture was kept on ice for 10 minutes and 

subsequently subjected to heat shock for 2 minutes at 42 °C. After heat shock, the cells were 

incubated for another 10 minutes on ice. Recovery was performed in 700 µL of LB medium 
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without antibiotics and incubated at 37 °C in a thermomixer (800 rpm) for approximately 45 

minutes. Following recovery, 150 µL were spread on agar plates containing the appropriate 

antibiotics for selection. The residual cells were pelleted by centrifugation and spread on a 

second agar plate with appropriate antibiotics. Plates were incubated at 37 °C until colonies 

were grown.  

 

2.2.1.6. Preparation of plasmids 

Preparation of plasmid DNA from Escherichia coli was done using the Silica Bead DNA 

Gel Extraction Kit (#K0513, www.thermoscientific.com/onebio), according to the 

manufacturer’s instructions. Bacterial colonies were incubated in 4 mL LB media containing 

appropriate antibiotics. Cultures were kept at 37 °C in a shaker (approx. 210 rpm) for at least 

16 hours. Cells were harvested by centrifugation in a table-top centrifuge at full speed. The 

cell pellet was subjected to plasmid preparation as described in the manual. The purification 

principle is based upon the DNA property of binding to silica gel under high chaotropic salt 

conditions and subsequent elution under low salt conditions. The DNA was finally eluted 

with 50 µL elution buffer and concentration was determined using UV spectroscopy at 260 

nm. Plasmids were stored at -20 °C or subjected to downstream methods such as restriction 

digest or sequencing. 

 

2.2.1.7. Agarose gel electrophoresis 

Gel electrophoresis can be either performed as a preparative gel, used for isolating DNA 

fragments of interest, or as an analytical gel utilized for the analysis of restriction patterns 

of test digests. The overall negative charge of DNA which is proportional to the molecular 

weight and thereby the length of the DNA can be used to separate a mixture of nucleic acid 

fragments in a solidified gel matrix made out of agarose. Applying a vector electric field to 

the matrix results in the separation of fragments of different sizes due to different migration 

distances. The fragments can be stained with fluorescent dyes which are present in the 

solidified gel matrix. Bands can be visualized by illumination of these dyes and pictures can 

be taken with a CCD camera. The agarose concentration of the solidified gel matrix 

determines a suitable separation range of nucleic acids (table 2.4).  
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Table 2.4. Agarose concentrations and suitable separation length used in gel electrophoresis 

 

Separation range Agarose concentration (w/v) 

1 - 30 kb 0.5 % 

0.8 - 12 kb 0.7 % 

0.5 - 7 kb 1.0 % 

0.4 - 6 kb 1.2 % 

0.3 - 3 kb 1.5 % 

0.1 - 2 kb 2.0 % 

 

 

According to this table, an agarose/0.5xTBE solution was boiled in a microwave until the 

agarose was completely dissolved. The solution was cooled down and 4 µL of GelRed 

Nucleic Acid Stain (10,000x) per 100 mL molten agarose solution was added. After mixing, 

the solution was poured into the gel-casting unit. The solidified gel was either used directly 

for electrophoresis with 0.5x TBE buffer or stored wrapped in cling film at 4 °C. Samples 

were substituted with DNA Loading Dye to 1 x final concentration. For size determination, 

a commercially available DNA standards were used. Running conditions (voltages and 

times) were adapted to different gel casts, agarose percentages, and separation lengths. Gel 

analysis and imaging were performed using the GelDocTM 2000 from Bio-Rad. 

 

2.2.1.8. Extraction of DNA from agarose gel 

In the case of preparative electrophoresis, the band of the agarose gel was cut out and purified 

with the Silica Bead DNA Gel Extraction Kit. The DNA fragment of the agarose gel was 

excised with a clean and sharp scalpel. The weight of the gel piece was determined, mixed 

with an equal volume of Binding Buffer (100 mg ∼ 100 µL), and dissolved at 55 °C using a 

thermomixer. Binding of DNA, washing, and elution was performed according to the 

manufacturer’s instructions. The DNA was eluted with elution buffer and subjected to 

downstream applications such as restriction digest or ligation. The Silica Bead DNA Gel 

Extraction Kit was used for the purification of restriction digests, as well as for PCR 

reactions. Therefore, a PCR reaction was mixed with an equal volume of Binding Buffer and 

purified as described above. The elution volume varied due to different downstream 

applications. 
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2.2.1.9. Synapsin 1 cloning 

The open reading frame of human Synapsin 1 was inserted into the pmCherry-C1 or pEGFP-

C1 vector using BglII-SacI restriction sites (Genscript). pmCherry-C1 and pEGFP-C1 were 

modified through NheI-XhoI sites to encode the His6-tag, according to Milovanovic, 2018. 

All the vectors contain CMV promoter and SV40 terminator.  

 

2.2.1.10. a-Synuclein cloning 

C-terminally tagged a-synuclein-BFP plasmid preparation (pBFP-N1 SNCA) is described 

in Hoffmann and Sansevrino, 2021. In principle, a-Synuclein (Addgene #51437) was PCR 

sub-cloned into a BFP-N1 vector (kind gift from Geert van den Bogaart) using restriction 

sites BamHI-XhoI sites as shown in table 2.5.  

 

Table 2.5. a-Synuclein-BFP primer sequences for cloning and specific RE sites. 

 

#DML0079+0080  

(XhoI, BamHI) ASYN 

FW: ATCACTCGAGCGCCACCATGGACGTGTTCATGAAGGG 

RV: ATCAGGATCCGCGGCCTCGGGCTCGTAG 

 

To obtain the truncated version, a-Synuclein DF and a-Synuclein DC, I used single-fragment 

Gibson Assembly cloning. Truncated a-synuclein-BFP was amplified from template pBFP-

N1 SNCA by PCR with primers 0486 & 0487 for DF, or 0492 & 0493 for DC respectively 

(Table 2.1 and 2.6). The methylated template plasmid was digested with 10 U DpnI for at 

least 1 hour at 37 °C. Reactions were analyzed on preparative 1% agarose gel 

electrophoresis. The desired products were isolated from agarose gel as described in 2.2.1.8. 

Subsequently, 50 ng of the PCR product was used in Gibson Assembly reaction using an in-

house mix (0.03 U/µL Phusion® 0.005 U/µL T5-exonuclease, 5.3 U/µL Taq-DNA ligase in 

100 mM Tris-HCl pH 7.5, 5 mM MgCl2, 0.2 mM dNTP each, 10 mM DTT, 2.5% (w/v) PEG 

8000 and 1 mM NAD+) incubated for 1 hour at 50 °C.  

 

Table 2.6. Truncated version of a-Synuclein-BFP(DF &DC) primer sequences for cloning. 

 

#DML0486+0487  

ASYN_∆F 

FW: AAAAGAAGGCGTGAAGAAGGACCAGCTGGGCAAGAAC 

RV: CCTTCTTCACGCCTTCTTTTGTCTTGCCAGCGGCTTC 

#DML0492+0493  

ASYN_∆C 

FW: CGGCTTTGTGGCGGATCCACCGGTCATGAGCGAGCTG 

RV: GTGGATCCGCCACAAAGCCGGTGGCAGCGGCGATAG 
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To obtain single-point mutated versions of a-synuclein (A53T, A30P, S129A, S129E) the 

a-synuclein-BFP was amplified from template pBFP-N1 SNCA by mutagenesis PCR with 

primers 0510 & 0511 for A53T, 0512 & 0513 for A30P, 0522 & 0523 for S129A and 0524 

& 0537 for S129E respectively (Table 2.1 and 2.7). 

 

Table 2.7. Single-point mutated versions of a-synuclein (A53T, A30P, S129A, S129E) primer sequences 

for cloning. 

 

#DML0510+0511  

ASYN_A53T 

FW: GCACGGCGTGACCACCGTGGCCGAGAAAAC 

RV: CGGCCACGGTGGTCACGCCGTGCACCACC 

#DML0512+0513  

ASYN_A30P 

FW: GCCGAAGCCCCTGGCAAGACAAAAGAAGG 

RV: TTGTCTTGCCAGGGGCTTCGGCCACCCC 

#DML0522+0523  

ASYN_S129A 

FW: CGAGATGCCTGCCGAAGAGGGCTACCAGGAC 

RV: GCCCTCTTCGGCAGGCATCTCGTAGGCCTCG 

#DML0524+0537  

ASYN_S129E 

FW: CGAGATGCCTGAGGAAGAGGGCTACCAGGAC 

RV: GCCCTCTTCCTCAGGCATCTCGTAGGCCTCG 

 

 

All reactions were directly used for the transformation of chemically competent bacteria as 

in 2.2.1.5. All the vectors contain CMV promoter and SV40 terminator. The plasmid 

sequence was verified by Sanger DNA sequencing.  

 

For a-Synuclein purification from bacteria, WT and 140C a-Synuclein were expressed from 

pET28 plasmid accordingly with Huang et al., 2005. The pET28 expression vector was 

created by subcloning a-Synuclein (Addgene #51437) with restriction enzyme sites NcoI-

NotI into the pET28 vector. For subsequent fluorescent labeling, alanine 140 was replaced 

with cysteine by mutagenesis PCR (A140C) according to standard lab protocol (2.2.1.1) 

using primers 0463 & 0464, as reported in table 2.8.  

 

Table 2.8. a-synuclein(140C) primer sequences for cloning. 

 

#DML0463+0464 

ASYN_A140C 

FW: CGAGCCCGAGTGTTGATAAGCGGCCGCACTCGAG 

RV: CGGCCGCTTATCAACACTCGGGCTCGTAGTCCTG 
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2.2.1.11. Synphilin 1 cloning (EGFP-synphilin 1 and His-SUMO-EGFP-synphilin1) 

Plasmid for EGFP-synphilin 1 was a kind gift from Tiago Outiero containing the human 

sequence for synphilin 1 CDS with an N-terminal EGFP tag in a classic pEGFP-C1 backbone 

(DNA sequence table 1). For protein purification of synphilin 1 in mammalian cells 

(Expi293FTM), the sequence of EGFP from the synphilin 1 plasmid was replaced using 

restriction enzyme sub-cloning with AgeI-XhoI by an expression cassette consisting of a 

14X Histidine affinity, SUMO_Eu1- and EGFP cassette tag. The His-14-SUMO_Eu1 tag 

was taken from pAV0279 (Addgene 149688) as in Vera Rodriguez et al., 2019 (DNA 

sequence table 1). 

 

2.2.1.12. Halo-Synapsin 1 

Halo sequence was amplified from Lyn-Halo (kind gift of Helge Ewers) and cloned with 

restriction enzyme BglI-AgeI into EGFP-synapsin 1 as in Milovanovic, 2018, replacing the 

EGFP tag (primers 0195 & 0196). The 6XHis tag was reintroduced by primer annealing 

cloning upstream to the Halo tag using NheI-AgeI restriction enzymes (primers 0438 & 

0439), as reported in table 2.9.  

 
Table 2.9. Halo-SYN1 primer sequences for cloning and specific RE sites. 

 

#DML0195+0196 

(AgeI, BglII) HALO-

SYN 1 

FW: ATCAACCGGTGCCACCATGGCAGAAATCGGTACTGG 

RV: TGATAGATCTGCTGCCGCTGCCGGAAATCTCGAGCGTC 

#DML0438+0439 

(NheI, AgeI) HALO-

SYN 1 (6xHIS) 

FW: CTAGCGCCACCATGCATCACCATCACCATCACA 

RV: CCGGTGTGATGGTGATGGTGATGCATGGTGGCG 

 

 

2.2.1.13. Additional plasmids  

Synaptophysin-EGFP (kind gift of Pietro De Camilli) and FUS-EGFP plasmid (Addgene 

60362) were both in the pEGFP-N1 vector (DNA sequence table 1).  
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DNA sequence table 1 

 

DNA sequence of EGFP-synphilin-1:   

…cmv-EGFP-LINKER-synphilin 1-SV40…  

…gcaaatgggcggtaggcgtgtacggtgggaggtctatataagcagagctggtttagtg

aaccgtcagatcCGCTAGCGCTACCGGTCGCCACCATGGTGAGCAAGGGCGAGGAGCTG

TTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTT

CAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCA

TCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTAC

GGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTC

CGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACT

ACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTG

AAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTA

CAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACT

TCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAG

AACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCA

GTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCG

TGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTCCGGACTCAGATCT

CGAGCTCAAGCTTCGAATTCTGCAGTCGACAGATGTTCCGCCACCATGGAAGCCCCTGA

ATACCTTGATTTGGATGAAATTGACTTTAGTGATGACATATCTTATTCAGTCACATCAC

TCAAGACGATCCCAGAACTGTGCCGAAGATGTGATACGCAAAACGAAGACAGATCAGCT

TCTAGCTCTAGCTGGAATTGTGGCATCTCAACTCTTATTACAAACACGCAAAAGCCCAC

AGGAATCGCTGATGTGTACAGTAAGTTCCGCCCAGTGAAGCGGGTTTCGCCACTGAAAC

ATCAGCCAGAGACTCTGGAGAACAATGAAAGTGATGACCAAAAGAACCAGAAAGTGGTT

GAGTACCAGAAAGGGGGTGAGTCTGACCTGGGCCCCCAGCCTCAGGAGCTTGGCCCTGG

AGATGGAGTGGGCGGCCCACCAGGTAAGAGCTCTGAGCCCAGCACATCGCTGGGTGAAC

TGGAGCACTACGACCTCGACATGGATGAGATTCTGGATGTGCCTTATATTAAATCCAGT

CAGCAGCTTGCCTCTTTTACCAAGGTGACTTCAGAAAAAAGAATTTTGGGCTTATGCAC

AACCATCAATGGCCTTTCTGGCAAAGCCTGCTCTACAGGAAGTTCTGAGAGCTCATCAT

CCAACATGGCACCATTTTGTGTTCTTTCTCCCGTGAAAAGCCCTCACTTGAGAAAAGCA

TCAGCTGTCATCCACGACCAGCACAAGCTGTCCACTGAAGAAACCGAGATCTCACCTCC

TCTGGTTAAATGTGGCTCTGCATATGAGCCTGAAAACCAGAGTAAAGACTTCCTAAACA

AGACATTTAGTGATCCTCATGGTCGAAAAGTTGAGAAGACAACACCAGACTGCCAGCTC

AGGGCCTTCCACCTACAATCCTCAGCAGCAGAATCCAAACCAGAAGAGCAGGTCAGTGG

CCTAAACCGGACCAGCTCCCAAGGCCCAGAAGAAAGGAGTGAGTATCTGAAAAAAGTGA
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AAAGCATCTTGAACATTGTTAAAGAAGGACAGATCTCTCTCCTGCCACACCTAGCTGCA

GACAATCTAGACAAAATTCACGACGAAAATGGAAACAATCTATTACATATTGCGGCGTC

ACAGGGACACGCAGAGTGTCTACAGCACCTCACTTCTTTGATGGGAGAAGACTGCCTCA

ATGAGCGCAACACTGAGAAGTTGACTCCAGCAGGCCTGGCCATTAAGAATGGTCAGTTG

GAGTGCGTACGCTGGATGGTGAGCGAAACAGAAGCCATTGCAGAACTGAGTTGTTCTAA

GGATTTTCCAAGCCTTATTCATTACGCAGGTTGCTATGGCCAGGAAAAGATTCTTCTGT

GGCTTCTTCAGTTTATGCAAGAACAGGGCATCTCGTTGGATGAAGTAGACCAGGATGGC

AACAGTGCCGTTCACGTAGCCTCACAGCATGGCTACCTTGGATGCATACAGACCTTGGT

TGAATATGGAGCAAATGTCACCATGCAGAACCACGCTGGGGAAAAGCCCTCCCAGAGCG

CCGAGCGGCAGGGGCACACCCTGTGCTCCAGGTACCTGGTGGTGGTGGAGACCTGCATG

TCGCTGGCCTCTCAAGTGGTGAAGTTAACCAAGCAGCTAAAGGAACAAACAGTAGAACG

TGTCACGCTGCAGAACCAACTCCAACAATTTCTAGAAGCCCAGAAATCAGAGGGCAAGT

CACTCCCTTCTTCACCCAGTTCACCATCCTCACCTGCCTCCAGAAAGTCCCAGTGGAAA

TCTCCAGATGCAGATGATGATTCTGTAGCCAAAAGCAAGCCAGGAGTCCAAGAGGGGAT

TCAGGTTCTTGGAAGCCTGTCAGCCTCCAGCCGGGCTAGACCCAAAGCAAAAGATGAAG

ATTCTGATAAAATCTTACGCCAGTTATTGGGAAAGGAAATCTCAGAAAATGTCTGCACC

CAGGAAAAACTGTCCTTGGAATTCCAGGATGCTCAGGCTTCCTCTAGAAATTCTAAAAA

GATCCCACTGGAGAAGAGGGAACTGAAGTTAGCCAGGCTGAGACAGCTGATGCAGAGGT

CACTGAGTGAGTCTGACACAGACTCCAACAACTCTGAGGACCCCAAGACTACCCCAGTG

AGGAAGGCTGACCGACCAAGGCCGCAGCCCATTGTAGAAAGCGTAGAGAGTATGGACAG

CGCAGAAAGCCTGCACCTGATGATTAAGAAACACACCTTGGCATCAGGGGGACGCAGGT

TTCCTTTCAGCATCAAGGCCTCCAAATCCCTGGATGGCCACAGCCCATCTCCCACCTCA

GAGAGCAGCGAACCAGACTTAGAATCCCAGTATCCAGGCTCAGGGAGTATTCCTCCAAA

CCAGCCCTCTGGTGACCCTCAGCAGCCCAGCCCTGACAGTACTGCTGCCCAGAAAGTTG

CCACAAGTCCCAAGAGTGCCCTCAAGTCTCCATCTTCCAAGCGTAGGACATCTCAGAAC

TTAAAACTGAGAGTTACCTTTGAGGAGCCTGTGGTGCAGATGGAGCAGCCTAGCCTTGA

ACTGAATGGAGAAAAAGACAAAGATAAGGGCAGGACTCTCCAGCGGACCTCCACAAGTA

ACGAATCGGGGGATCAACTGAAAAGGCCTTTTGGAGCCTTTCGATCTATCATGGAGACA

CTAAGTGGCAACCAAAACAATAATAATAACTACCAGGCAGCCAACCAGCTGAAAACCTC

TACATTGCCCTTGACCTCACTTGGGAGGAAGACAGATGCCAAGGGAAACCCTGCCAGCT

CCGCTAGCAAAGGAAAGAATAAGGCAGCGGATCCACCGGATCTAGATAACTGATCATAA

TCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCC

CTGAACCTGAAACATAAAATGAATGCAA… 
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Extract of His14-SUMO_Eu1-EGFP-synphilin-1 expression cassette: 

 …cmv-His14-SUMO_Eu1-EGFP-LINKER-synphilin 1… 

…gcaaatgggcggtaggcgtgtacggtgggaggtctatataagcagagctggtttagtg

aaccgtcagatcCGCTAGCGCTACCGGTCGCCACCATGAGCAAGCATCACCATCATTCAGG

CCATCACCATACCGGACACCACCATCATTCAGGCAGTCATCACCATTCCGGATCTGCTGCGGGT

GGCGAAGAAGATAAGAAACCGGCAGGTGGCGAAGGTGGCGGTGCCCATATCAACCTGAAAGTGA

AAGGTCAAGACGGCAACGAAGTCTTTTTCCGCATCAAACGTTCTACCCAGCTGAAAAAGCTGAT

GAACGCATACTGTGACCGTCAGTCTGTAGACATGAAGGCAATTGCTTTCCTCTTTAAGGGTCGT

CGCCTACGTGCGGAAAGGACCCCGGATGAACTGGAAATGGAAGATGGCGACGAAATCGACGCAA

TGCTGCACCAGACTGGAGGCAGATCCGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCC

CATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAG

GGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGC

CCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCA

CATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATC

TTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGG

TGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCT

GGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAG

GTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGC

AGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTC

CGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCC

GCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTCCGGACTCAGATCTCGAGCTCAAGC

TTCGAATTCTGCAGTCGACAGATGTTCCGCCACCATGGAAGCCCCTGAATACCTTGATTTG

GATGAAATTGACTTTAGTGATGACATATCTTATTCAGTCACATCACTCAAGACGATCCCAGAAC

TGTGCCGAAGATGTGATACGCAAAACGAAGACAGATCAGCTTCTAGCTCTAGCTGGAATTGTGG

CATCTCAACTCTTATTACAAACACGCAAAAGCCCACAGGAATCGCT… 
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DNA sequence of Synaptophysin-EGFP:   

…cmv-LINKER-Synaptophysin-LINKER -EGFP… 

…gcaaatgggcggtaggcgtgtacggtgggaggtctatataagcagagctggtttagtg

aaccgtcagatcCGCTAGCGCTACCGGACTCAGATCTCGAGCTCAAGCTTGCCACCATG

GACGTGGTGAATCAGCTGGTGGCTGGGGGTCAGTTCCGGGTGGTCAAGGAGCCCCTTGG

CTTCGTGAAGGTGCTGCAGTGGGTCTTTGCCATCTTCGCCTTTGCTACGTGCGGCAGCT

ACACCGGAGAGCTTCGGCTGAGCGTGGAGTGTGCCAACAAGACGGAGAGTGCCCTCAAC

ATCGAAGTCGAATTTGAGTACCCATTCAGGCTGCACCAAGTGTACTTTGATGCACCCTC

CTGCGTTAAAGGGGGCACTACCAAGATCTTCCTAGTTGGTGACTACTCCTCCTCGGCTG

AATTCTTTGTCACCGTGGCTGTGTTTGCCTTCCTCTACTCCATGGGGGCCCTGGCCACC

TACATCTTCCTGCAGAACAAGTACCGAGAGAACAACAAAGGGCCAATGATGGACTTCCT

GGCCACAGCAGTGTTCGCTTTCATGTGGCTAGTTAGCTCATCCGCCTGGGCCAAAGGCC

TGTCCGATGTGAAGATGGCCACTGACCCAGAGAACATTATCAAGGAGATGCCTATGTGC

CGCCAGACAGGAAACACATGCAAGGAACTGAGGGACCCTGTGACTTCAGGACTCAACAC

CTCGGTGGTGTTTGGCTTCCTGAACCTGGTGCTCTGGGTTGGCAACCTATGGTTCGTGT

TCAAGGAGACAGGCTGGGCCGCCCCATTCATGCGCGCACCTCCAGGCGCCCCAGAAAAG

CAACCAGCTCCTGGCGATGCCTACGGCGATGCGGGCTATGGGCAGGGCCCCGGAGGCTA

TGGGCCCCAGGACTCCTACGGGCCTCAGGGTGGTTATCAACCCGATTACGGGCAGCCAG

CCAGCGGCGGTGGCGGTGGCTACGGGCCTCAGGGCGACTATGGGCAGCAAGGCTACGGC

CAACAGGGTGCGCCCACCTCCTTCTCCAATCAGATGTCGGATCCACCGGTCGCCACCAT

GGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACG

GCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTAC

GGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCAC

CCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGA

AGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATC

TTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACAC

CCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGG

GGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAG

AAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCA

GCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCG

ACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGAT

CACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCT

GTACAAGTAA… 
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2.2.2. Cell culture and transfection 

 

2.2.2.1. HEK 293 cells 

Human embryonic kidney (HEK 293) cells were cultured in a humidified incubator at 37 °C 

with 5% CO2 using Dulbecco’s Modified Eagle Medium (DMEM) containing 4.5 g/L D 

Glucose (Gibco) supplemented with 10% heat-inactivated FBS (FACS), 1% 

Penicillin/Streptavidin and 1% MEM medium (non-essential amino acids) (Sigma). When 

reaching a confluency of 80–90%, cells were passaged using standard trypsinization 

techniques. For live-cell imaging experiments, HEK 293 cells were either grown on glass 

coverslips (25 mm) or in glass bottom dishes until reaching a confluency of 50–70%. 

 

2.2.2.2 Transfection using Lipofectamine 2000 

HEK 293 cells were transfected by Lipofectamine 2000 (Thermo Fisher) following the 

manufacturer’s instructions. Briefly, 3 µl of lipofectamine 2000 was mixed with 2 µg of total 

DNA in 200 µl OptiMEM (Gibco). The transfection mix was incubated for 30 minutes at 

room temperature, then added to the cells. Cells were transfected and incubated overnight 

(37 °C and 5% CO2). The day after the medium was fully replaced with fresh-supplemented 

DMEM.  

 

2.2.2.3. Hippocampal primary neurons 

Hippocampal neurons were prepared from P0 wild-type mice (C57BL6/J). Brains were 

manually dissected and hippocampi were collected in cold Hank’s balanced salt solution 

(HBSS, Gibco) containing 10 mM Hepes buffer (Gibco), 1 mM Pyruvic Acid (Gibco), 0.5% 

Penicillin/Streptomycin and 5.8 mM Magnesium Chloride. After dissection, hippocampi 

were enzymatically digested with Papaine (Sigma) in HBSS for 20 min at 37 °C. Papaine 

was removed with repeated HBSS washing, and the plating medium was added (Neurobasal 

Medium A [NB-A, Gibco], supplemented with 5% FBS, 1% B27, 1x Glutamax, and 1% 

Penicillin/Streptomycin). The final cell suspension was obtained through mechanical 

dissociation with a P1000 pipette. Cells were seeded on glass coverslips coated with 0.1 

mg/mL poly-L-lysine (PLL; Sigma). Neurons were maintained at 37 °C and 5% CO2 in 

Neuronal Media (NB-A supplemented with 1% B27, 1% Glutamax, and 0.5% 

penicillin/streptomycin) and half-media changed every other day. 
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2.2.2.4 Transfection using Calcium Phosphate 

Hippocampal neurons were seeded on a glass coverslip and transfected using the Calcium 

Phosphate protocol as follows. The coverslips were transferred from their original petri dish 

into a clean petri dish with 1 mL of current (conditioned) growth medium supplemented with 

kynurenic acid to a final concentration of 4 mM (Sigma K3375, stock: 20 mM in Neurobasal 

Medium A not supplemented) and placed back into the incubator. Calcium Phosphate 

precipitates solution was prepared by mixing 2 µg of each DNA construct in 1x TE to a final 

volume of 22.5 µL ((Tris-EDTA buffer) 10 mM Tris-HCl pH 7.3, 1 mM EDTA). The mix 

was supplemented with 2.5 µl CaCl2 solution to a final concentration of 250 mM (stock: 10 

mM HEPES (pH 7.2), 2.5 M CaCl2). The DNA-CaCl2-mix was added dropwise to 25 µl of 

2x HEBS solution (42 mM HEPES (pH 7.2) 274 mM NaCl, 10 mM KCl, 1.4 mM Na2HPO4, 

10 mM glucose) with vortexing between the addition of each drop and incubated for 20 

minutes at room temperature. The transfection mix was added dropwise to the seeded 

neurons and left to incubate for 1-2 hours in the incubator at 37 °C and 5% CO2. After the 

incubation, the coverslips were washed with 1 mL prewarmed washing medium (Neurobasal 

medium (not supplemented) with 4 mM kynurenic acid supplemented with HCl to 2.5 mM 

final concentration). The wash was performed by incubating the seeded neurons in the 

incubator for 15 minutes (37°C, 5% CO2). The coverslip was placed back in the original 

culture dish containing its own conditioned medium. 

 

2.2.3. Protein expression and purification 

 

2.2.3.1. SDS Polyacrylamide electrophoresis of proteins 

SDS-PAGE with a Tris-Glycine buffer system was used to separate the mixture of proteins 

based on their molecular weight. The composition of the prepared polyacrylamide gels is 

shown in table 2.10. These gels consist of two layers, including the lower acrylamide 

percentage stacking gel on top of the higher acrylamide percentage resolving gel. Samples 

were mixed with 4 x sample buffer and usually boiled at 95 °C for 10 minutes. Debris was 

removed by centrifugation at 13.000 rpm in a table-top centrifuge for 2 minutes and the 

supernatant was loaded. The gels were run in 1 x Tris-Glycine buffer. Electrophoresis was 

performed at a constant current of 45 mA per gel. The duration of electrophoresis depended 

on the desired separation range (usually 45-90 minutes).  
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Table 2.10. SDS-PAGE composition – components with stock solutions; amounts are given as final 

concentrations; gel solutions were prepared with ddH2O  

 

Component Stacking gel Component Resolving gel 

0.625 M Tris-HCl pH 6.8 0.125 M 1.5 M Tris-HCl pH 8.8 0.375 M 

10% SDS 0.1 % 10% SDS 0.1 % 

TEMED 0.12 % TEMED 0.12 % 

10% APS 0.05 % 10% APS 0.1 % 

 

2.2.3.2. EGFP-Synapsin 1, Halo-Synapsin 1, and mCherry-Synapsin 1 

EGFP-Synapsin 1, Halo-synapsin 1, and mCherry-synapsin 1 were expressed in Expi293FTM 

cells (Thermo Fisher Scientific) from the pEGFP-C1, pHalo, and pmCherry_DM-C1 vector 

respectively for three days following enhancement. Cells were harvested and lysed in a 

buffer that contained 25 mM Tris–HCl (pH 7.4), 300 mM NaCl, 25 mM imidazole, 0.5 mM 

TCEP (buffer A), and protease inhibitor (Complete EDTA-free, Roche). All purification 

steps were carried out at 4 °C. The lysates were centrifuged for 1 hour at 20,000g, followed 

by a two-step purification. The first step was affinity purification on a Ni-NTA column 

(HisTrapTMHP, GE Healthcare) using 25 mM imidazole for binding proteins, 40 mM during 

wash steps and 400 mM imidazole for elution of proteins (all in buffer A). Eluates were 

concentrated and subjected to size exclusion chromatography (SuperdexTM200 Increase 

10/300, GE Healthcare) in 25 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 0.5 mM TCEP 

(buffer B). Proteins were snap-freezed in liquid nitrogen and stored at -80 C° until further 

use. 

 

2.2.3.3. Labeling of Halo-Synapsin 1 

For fluorescent labeling of Halo-synapsin 1, 250 µg purified protein was incubated with 0.7 

µg Janelia Fluor® HaloTag® ligand (JF549, Promega GA111A; stock: 0.13 µg/µL in 

DMSO) for 1 hour at room temperature (25 mM Tris-HCl (pH7.4), 150 mM NaCl, 0.5 mM 

TCEP). The reaction was applied to PD-10 columns (Sephadex G-25, Cytiva) equilibrated 

with 25 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 0.5 mM TCEP. Elution fractions 

containing labeled His-Halo(JF549)-synapsin 1 protein were concentrated using a 30K 

MWCO protein concentrator (Pierce) and snap-frozen in liquid nitrogen for storage at -80°C 

until use. 



 

 86 

2.2.3.4. a-Synuclein WT and A140C 

Untagged human a-synuclein and untagged human a-synuclein-A140C were expressed 

from the pET17b vector (Novagen) in Escherichia coli BL21 cells and purified essentially 

as described in Huang et al., 2005. Shortly, the expression of the protein was induced at 37 

°C for 3 hours, cells pelleted and periplasm proteins released by incubation in the osmotic 

shock buffer (40% v/v sucrose in 25 mM Tris-HCl pH 7.2, 2 mM EDTA) at room 

temperature for 10 min and subsequently in ice-cold 2 mM MgCl2 for 3 min. The periplasmic 

extract was loaded on the strong anion-exchange column HiPrep Q FF (GE Healthcare) and 

bound synuclein was eluted by running a 0–500 mM NaCl gradient. Synuclein-containing 

fractions were pooled, and concentrated using 3 kDa cutoff-filters (Vivaspin 15R, Sartorius) 

and loaded on the gel filtration column HiLoad Superdex 200 16/600 (GE Healthcare). The 

relevant fractions were concentrated using Vivaspin 15R, heated at 95 °C for 30 min, and 

precipitates were separated by centrifugation. The remaining supernatant was gel-filtrated 

again. Synuclein concentration was determined at 280 nm by applying a molar extinction 

coefficient of 5960 M-1 cm-1. Proteins were snap-freeze in liquid nitrogen and stored at -80 

C° until further use. 

 

2.2.3.5. Labeling of a-synuclein 

NHS-labeling. For chemical labeling of a-synuclein, the NHS-ester reactive fluorescent 

Alexa 647 dye from Thermo Scientific was used (Alexa647-NHS-Ester, 10 mg/mL). 

Labeling was performed in PBS (pH 8,3 with NaHCO3) for 1 hour at room temperature with 

a 10 times molar excess of NHS-ester dye. Not-conjugated dye was removed from labeled 

a-synuclein by running the labeling reaction over a PD-10 column and elution with PBS 

(SephadexTMG-25 M, GE Healthcare).  

 

Maleimide labeling. a-synuclein-A140C was thiol-maleimide conjugated with fluorescent 

Alexa 568 and Alexa 647 dyes from Thermo Scientific (Alexa Fluor™ 568 C5 Maleimide 

and Alexa Fluor™ 647 C2 Maleimide, 10 mg/mL). The labeling reaction was carried out in 

a buffer containing 150 mM NaCl, 25 mM Tris-HCl pH 7.2, and 1.3 mM TCEP for 2 hours 

at RT with a 3 times molar excess of Maleimide dye. The unconjugated remaining dye was 

removed by running the labeling reaction over a PD-10 column and elution with PBS 

(SephadexTMG-25 M, GE Healthcare). The degree of protein labeled was determined using 

the molar extinction coefficient and maximum absorbance length of respective dyes. 
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2.2.3.6. EGFP-Synphilin 1 

His-SUMO-EGFP-synphilin 1 was expressed in Expi293FTM cells (Thermo Fisher 

Scientific) from the pCMV vector for 3 days following enhancement. Cells were harvested 

and lysed in a buffer that contained 25 mM Tris–HCl (pH 7.4), 300 mM NaCl, 0.5 mM 

TCEP (buffer A), and protease inhibitor (Complete EDTA-free, Roche). All purification 

steps were carried out at 4 °C. The lysates were centrifuged for 1 hour at 20,000g, followed 

by a two-step purification. The first step was affinity purification on a Ni-NTA column 

(HisTrapTMHP, GE Healthcare) using 25 mM imidazole for the binding of proteins, 40 mM 

during wash steps, and 400 mM imidazole for elution of proteins (all in buffer A). Eluates 

were concentrated and subjected to size exclusion chromatography (SuperdexTM200 

Increase 10/300, GE Healthcare) in 25 mM Tris-HCl (pH 7.4), 300 mM NaCl, and 0.5 mM 

TCEP (buffer B). The His-SUMO tag was removed using SUMO proteases (SENP1EUB) 

(1:100) overnight at 4 °C and the two components were separated by running a His-exclusion 

using His-pure Ni-NTA resin (BRAND).  

 

2.2.4. Confocal live cell imaging 

 

2.2.4.1. Spinning disk confocal 

Spinning disk confocal (SDC) microscopy was carried out on an Eclipse Ti Nikon Spinning 

Disk Confocal CSU-X, equipped with OkoLab Live-cells incubator (for control of 

temperature at 37 °C, 5% CO2), 2 EM-CCD cameras (AndorR iXon 888-U3 ultra EM-CCD), 

Andor Revolution SD System (CSU-X), objectives PL APO 60 /1.4NA oil immersion lens. 

Excitation wavelengths were: 405-nm for BFP, 488-nm for EGFP, 561-nm for mCherry, 

Halo, AlexaFluor568, FM 4-64, SPY555-Actin and 647-nm for AlexaFluor647, 

LysotrackerTM Deep Red, MitotrackerTM Deep Red FM, SiR-Actin, SiR-Tubulin. For 

imaging, one or more constructs were transfected in HEK 293 cells or primary hippocampal 

neurons. During imaging, glass coverslips (1.5 thickness, 25 mm diameter) for in cell 

experiments or 15-well 3D glass bottom slides for in vitro experiments were placed in a 

microscopy adaptor and then placed on the objective stage. Exposure time 200 ms, gain 300 

(EM gain 20 mHz 16-bit) and Piezo stage z-motor were used to collect z-series. Images were 

acquired using Acquisition software NIS Elements 5.21.02 and then analyzed with FIJI 

ImageJ2 (NIH). 
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2.2.4.2. FRAP in vitro 

Fluorescence recovery after photobleaching (FRAP) experiments were performed in vitro as 

follows. Purified EGFP-Synapsin 1 and a-synuclein-647 were reconstituted in vitro and the 

bleach region of interest (ROI) was fixed to approx. 1.5 µm diameter and bleached at 100% 

transmission intensity (488 nm = 3.9 mW, 640 nm = 4.7 mW) for 500 ms. Recording was 

carried out starting with a prebleach sequence, followed by the bleach event and post-bleach 

images were acquired up to 160 s (250 ms frame rate). In reconstitution of EGFP-synphilin 

1 and a-synuclein-568 the bleach ROI was placed in correspondence of the shell of LBLs 

where the proteins overlap. The bleach ROI was fixed to approx. 0.45 µm of diameter and 

bleached at 100% transmission intensity (488 nm = 3.9 mW, 561 nm = 4.1mW) for 500 ms. 

Recording was carried out starting with a prebleach sequence, followed by the bleach event 

and post-bleach images were acquired up to 180 s (1 s frame rate). Intensity recovery traces 

obtained from the regions of interest were background corrected and all traces were 

normalized. For all experiments, data are from three independent reconstitutions and 

presented as mean ± s.e.m. 

 

2.2.4.3. FRAP in cells 

In fluorescence recovery after photobleaching (FRAP) experiments performed in HEK 293 

cells expressing a-synuclein-BFP and mCherry-synapsin 1, the bleach ROI was fixed to 1.12 

µm in diameter and bleached at 100% transmission intensity (405 nm = 3.5 mW and 561 nm 

= 4.1mW) for 500 ms. In cells expressing EGFP-synphilin 1, a-synuclein-BFP, and 

mCherry-synapsin 1 in all their presented combinations, the bleach ROI was fixed to approx. 

0.45 µm in diameter and positioned in correspondence on the shell of LBLs where the 

proteins overlap (if not indicated differently). For the experiments, the bleaching was 

obtained using 100% transmission intensity (488 nm = 3.8 mW, 405 nm = 3.5 mW and 561 

nm = 4.1mW) for 500 ms. Reference ROIs were defined in the cytosol of the same cell, and 

the Background ROIs were defined outside of the cell. Recordings were carried out starting 

with 1 picture pre-bleach, followed by a bleaching event, and post-bleach time-laps images 

were collected (1 s frame rate) up to 180 s. Each FRAP experiment was performed in at least 

3 independent biological replications (different transfections). Intensity recovery traces 

obtained from the regions of interest were background corrected and all traces were 

normalized. The average trace was fitted to a simple linear regression function (Prism 9, 

GraphPad) obtaining the half-time of recovery. All data are presented as mean ± s.e.m. 
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2.2.5 Isolation of synaptic vesicles (By Gonzalo, Morabito, Hoffmann) 

Synaptic vesicles (SVs) were isolated according to previous publications (Nagy et al., 1976; 

Huttner et al., 1983; Takamori et al., 2006). Briefly, 20 rat brains were homogenized in ice-

cold sucrose buffer (320 mM sucrose, 4 mM HEPES-KOH, pH 7.4 supplemented with 0.2 

mM phenylmethylsulfonylfluoride and 1 mg/mL pepstatin A). Cellular debris was removed 

by centrifugation (10 min at 900gAv, 4 °C) and the resulting supernatant was further 

centrifuged for 10 min at 12,000gAv, 4 °C. The pellet containing synaptosome was washed 

once by carefully resuspending it in sucrose buffer and further centrifuged for 15 min at 

14,500gAv, 4 °C. Synaptosomes were lysed by hypo-osmotic shock, and free released SVs 

were obtained after centrifugation of the lysate for 20 min at 14,500gAv, 4 °C. The 

supernatant containing the SVs was further ultracentrifuged for 2 hours, yielding a crude 

SVs pellet. SVs were purified by resuspending the pellet in 40 mM sucrose followed by 

centrifugation for 3 hours at 110,880gAv on a continuous sucrose density gradient (50–800 

mM sucrose). SVs were collected from the gradient and subjected to size-exclusion 

chromatography on controlled pore glass beads (300 nm diameter), equilibrated in glycine 

buffer (300 mM glycine, 5 mM HEPES, pH 7.40, adjusted using KOH), to separate SVs 

from residual larger membrane contaminants. SVs were pelleted by centrifugation for 2 

hours at 230,000gAv and resuspended in sucrose buffer by homogenization before being 

aliquoted into single-use fractions and snap-frozen in liquid nitrogen. The molar 

concentration of SVs was determined by measuring the total protein concentration where 

~100 ng/µL of total SV protein corresponds to ~10 nM of SVs, according to previously 

established quantitative relationship (Shin and Brangwynne, 2017). 

 

2.2.5.1. Western blot of contaminants and synaptic vesicle proteins 

Proteins were transferred from a Tris-Glycine SDS-PAGE gel onto an Amersham Hybond 

LFP membrane (0.2 mm, Cytiva). The wet transfer was done after standard protocol for 

either 1.5 hours at 80 V at room temperature or overnight at 10 V at 4 °C. For washing and 

blocking steps TBS was used. Blocking was performed for 1 hour at room temperature, while 

the blocking agent (3% BSA or 5% MLK in TBS) depended upon the primary antibody 

combination. Incubation with primary antibody was typically performed overnight with 

shaking: (Synaptophysin 1 [1:4000 in 3% BSA/TBS, Sysy 101 011], Synaptobrevin 2 

[1:8000 in 3% BSA/TBS, Sysy 104 211], NSF [1:5000 in 3% BSA/TBS, Sysy 123 011], 

Synaptotagmin [1:1000 in 5% MLK/TBS, Sysy 105 011], PSD95 [1:1000 in 5% MLK/TBS, 

Sysy 124 011], SDHA [1:1000 in 5% MLK/TBS, Abcam ab14715], Na+/K+-ATPase 
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[1:1000 in 5%MLK/TBS, Merck/Millipore 05-369]). For fluorescent detection, Cy3-

conjugated secondary antibodies (goat-a-mouse-IgG-Cy3) from the Amersham ECL 

PlexTMDetection kit were used according to manufacturer’s instructions (1:2500 in 

5%MLK/TBS, Cytiva). Fluorescence detection was performed using a Typhoon Trio 

Variable Imager System (GE Healthcare) by Cy3 excitation with the green laser (532 nm) 

and Cy3 emission filter settings (580 nm BP 30 nm). 

 

2.2.6. In vitro reconstitution assays 

 

2.2.6.1. Synapsin 1 and a-synuclein reconstitution and imaging 

For obtaining the synapsin 1/ a-synuclein condensates in vitro, a mixture of 6 µM EGFP-

Synapsin 1 and 2 µM of a-synuclein (equimolar amounts of unlabeled and Alexa Fluor 647-

labeled) was incubated with 25 mM Tris–HCl (pH 7.4), 150 mM NaCl, 0.5 mM TCEP. After 

the addition of 3% PEG 8000 (final concentration), the condensation reaction was 

transferred to a 15-well 3D glass bottom slide (Ibidi) for imaging. Three independent 

reconstitutions were performed for each experiment. For examining the effect of increasing 

concentration of a-synuclein, the final protein concentration was fixed at 8 µM in which 

synapsin 1 and a-synuclein were mixed at 3:1, 1:1, or 1:3 molar ratios. SVs were added at 

23 nM, following the average physiological molar ratio of synapsin to SVs (Wilhelm et al., 

2014; Takamori et al., 2006). The condition where the molar ratio of synapsin 1, a-

synuclein, and SVs mimicked the physiological (6 µM, 2 µM, and 23 nM, respectively) was 

used as a reference for normalizing the remaining curves in Figure 3.6 E. Three independent 

measurements (each containing a unique isolation of SVs) were done for each sample; all 

the data are represented as a mean ± standard error of the mean.  

 

2.2.6.2. Turbidity assay (by Hoffmann) 

Fluorescence (excitation at 440 nm, emission at 484 nm) was measured every 20 minutes 

for 50 hours at 37 °C, double orbital shaking (425 cpm, 3 mm) for 5 s prior to recording, by 

using a Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek Instruments). A 30 mL 

reaction mixture was set up at 4 °C and transferred to a 384-well microtiter plate (Greiner 

Bio-One, #781906). All the measurements were done in the following buffer: 25 mM Tris–

HCl (pH 7.4), 150 mM NaCl, 0.5 mM TCEP. 
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2.2.6.3. Reconstitution of synphilin 1 and phase diagram 

For phase separation experiment, purified EGFP-synphilin 1 was mixed in different 

concentrations (1 µM, 5 µM, 10 µM), and different percentages of PEG 8000 (0%, 0.5%, 

1%, 3%, 5%, and 10% final concentration) in 25 mM Tris-HCl (pH 7.4), 300 mM NaCl, 0.5 

mM TCEP. The phase diagram was then plotted accordingly to the images collected from 

three independent reconstitutions, indicating no-phase separation (empty circle), partial 

phase separation (dot circle), and phase separation (solid circle). For reconstitution of LBLs 

in vitro, 10 µM of EGFP-synphilin 1 was mixed with 20 µM a-synuclein (molar dilution 

1:10 of unlabeled and Alexa Fluor™ 568 C5 Maleimide-labeled) in 25 mM Tris-HCl (pH 

7.4), 300 mM NaCl, 0.5 mM TCEP. In LBLs reconstitution presenting also synapsin 1 was 

mixed with 0.45 µM of EGFP-synphilin 1, 4.5 µM of Halo-synapsin 1, and 1.5 µM of a-

synuclein (molar dilution 1:10 of unlabeled and Alexa Fluor™ 647 C2 Maleimide-labeled) 

incubated in 25 mM Tris-HCl (pH 7.4), 300 mM NaCl, 0.5 mM TCEP. For all the 

reconstitution experiments the condensation reaction was incubated 5 minutes at RT and 

transferred to a 15-well 3D glass bottom slide (Ibidi) for imaging. 

 

2.2.7. Cell-based LLPS assays 

 

2.2.7.1. Effect of aliphatic alcohols 

1,6-Hexanediol (Sigma) and 1,3-propanediol (Sigma) were dissolved in DMEM (0.3 g/mL 

stock solution). HEK 293 cells expressing a-synuclein-BFP and mCherry-synapsin 1 were 

added to a pre-warmed 1,6–hexanediol or 1,3-propanediol solution diluted to a final 

concentration of 3% in imaging solution and imaged for various times as indicated in the 

figures 3.4. and 3.5. All images from three independent transfections were analyzed with 

FIJI ImageJ2 (NIH). 

 

2.2.7.2. Modulation of osmotic pressure  

HEK 293 cells expressing either only EGFP-synphilin 1 or in combination with a-synuclein-

BFP were added to the hypotonic solution (5% DMEM in H2O) or hypertonic solution (300 

mM NaCl in H2O). Images from three independent transfections were collected before and 

after 5 minutes from the addition of the solutions.   
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2.2.7.3. Colocalization of synphilin 1 inclusions with organelles 

HEK 293 cells expressing either only EGFP-synphilin 1 or in combination with a-synuclein-

BFP were incubated with several fluorescent dyes in order to visualize subcellular lipid 

localization (FM™ 4-64 Dye, Thermo Scientific), lysosomes (LysoTracker™ Deep Red, 

Thermo Scientific) and mitochondria (MitoTracker™ Deep Red FM, Thermo Fisher). 

Fluorescent dyes were diluted 1:1000 in pre-warmed imaging solution and added to HEK 

293 cells 30 min before imaging. The co-localization of synphilin 1 inclusion and LBLs with 

cellular organelles were analyzed from three independent transfections using FIJI ImageJ2 

(NIH). 

 

2.2.7.4. Time-lapse imaging of synphilin 1 inclusions with cytoskeleton  

HEK cells expressing EGFP-synphilin 1 and a-synuclein-BFP were incubated with either 

SPY555-actin (Spirochrome, 1 mM stock solution), SiR-Actin (Spirochrome, 1 mM stock 

solution), or Sir-Tubulin (Spirochrome, 1 mM stock solution). Fluorescent dyes were diluted 

to 1 µM (final concentration) in pre-warmed DMEM and incubated with HEK cells for 30 

min. The staining procedure was initiated at different time points post-transfection (15.5 

hours or 19.5 hours). Before imaging the staining, the solution was replaced by fresh live 

cell imaging solution (Thermo Fisher Scientific, A14291DJ) and images were collected 

every 10 minutes for 1 hour. For quantification of actin and tubulin enrichment within the 

condensates over time, a mask of the EGFP-synphilin 1 signal was created. The mean grey 

intensity value was extracted for the actin or tubulin channel and plotted as s.e.m. from three 

independent biological replicates (at least 3 condensates from each). 
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3. RESULTS 

3.1. a-Synuclein is enriched in synapsin condensates 
 

Initially, I aimed to evaluate and validate the specific localization of synapsin 1 and 

a-synuclein. To achieve this, I simultaneously expressed our fusion proteins mCherry-

synapsin 1 and a-synuclein-BFP constructs along with synaptophysin-EGFP, a marker for 

synaptic vesicles (SVs), into fully mature hippocampal neurons derived from wild-type 

(WT) mice at 14 days in vitro (DIV 14). Through the utilization of confocal imaging 

techniques, we observed overlapping puncta of all three proteins, providing confirmation of 

their localization at synaptic boutons (Figure 3.1).  

 

 

To examine the potential phase-separation capabilities of synapsin 1 and a-

synuclein, I overexpressed either mCherry-synapsin 1 or a-synuclein-BFP into a 

heterologous cell system comprising HEK 293 cells (Figure 3.2. A-B). Based on confocal 

imaging data, when expressed individually, the proteins exhibited a dispersed signal 

indicative of solubility. Notably, mCherry-synapsin 1 displayed sporadic small puncta, while 

Figure 3.1. Synapsin 1 and a-synuclein localize at the pre-synapse in mature hippocampal neurons. 
Triple transfection of mature hippocampal neurons shows the colocalization of mCherry-synapsin 1 and a-
synuclein-BFP with synaptophysin-EGFP (a marker for SVs). Scale bars, 5 µm 
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a-synuclein-BFP was detected in both the nucleus and cytoplasm. In contrast, co-expression 

of mCherry-synapsin 1 and a-synuclein-BFP led to the emergence of large fluorescent 

condensates containing both proteins, as confirmed by the line profile analysis (Figure. 3.2. 

C), suggesting their propensity for phase-separation. The formation of these droplets was 

dependent on the quantity of mCherry-synapsin 1 introduced via plasmid transfection. 

Quantitative analysis revealed that approximately 50% of transfected cells exhibited droplet 

formation when 2 μg of the mCherry-synapsin 1 construct was transfected (Figure. 3.2. D). 

To determine the threshold concentration of mCherry-synapsin 1 required to induce phase-

separation in HEK 293 cells, I utilized purified recombinant mCherry and imaged a dilution 

series of known concentrations using the same laser power employed during live-cell 

imaging (Figure. 3.2. E). By correlating the fluorescence intensity per square micrometer 

(μm²) with the calibration curve derived from the dilution series, I determined that a cellular 

concentration of 1 μM of mCherry-synapsin 1 is the threshold at which droplets start to 

appear (Figure. 3.2. F). 
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To investigate the dynamic behavior of the formed condensates containing mCherry-

synapsin 1 and a-synuclein-BFP, FRAP measurements were conducted. Photobleaching of 

both mCherry-synapsin 1 and a-synuclein-BFP condensates resulted in a rapid recovery of 

fluorescence intensity (Figure 3.3 A), indicating the fluidic nature of these condensates. To 

further explore the characteristics of the individual proteins within the condensates, a 

comparative analysis of fluorescence recovery rates was performed. Specifically, the 

recovery rate of mCherry-synapsin 1 was assessed within the condensate and in a 

cytoplasmic region where the signal appeared to be soluble. The results showed that 

mCherry-synapsin 1 only exhibited approximately 40% recovery of total fluorescence within 

the condensate (Figure 3.3 B). Conversely, a-synuclein-BFP demonstrated complete 

recovery of fluorescence both within the condensate and in the soluble pool (Figure 3.3 C). 

This discrepancy suggests that within the condensates, mCherry-synapsin 1 is composed 

predominantly of a highly immobile fraction, accounting for approximately 60% of the 

protein, which implies its potential role as a scaffold molecule contributing to the 

construction of the condensate structure. In contrast, a-synuclein-BFP displayed a high 

degree of mobility both inside and outside the condensates, with a fluorescence recovery 

rate of approximately 75%. These findings suggest that a-synuclein-BFP is transiently 

enriched within the condensates, rapidly exchanging with the soluble pool. 

 

Overall, the FRAP analysis provided valuable insights into the dynamic nature of the 

mCherry-synapsin 1 and a-synuclein-BFP condensates. The differential recovery rates 

observed for the two proteins indicate distinct behaviors within the condensate structures, 

with mCherry-synapsin 1 exhibiting higher immobility and a-synuclein-BFP displaying 

greater mobility and dynamic exchange. These findings contribute to our understanding of 

the functional properties and regulatory mechanisms underlying the behavior of phase-

separated condensates involving synapsin 1 and a-synuclein. 

Figure 2. Interaction of synapsin 1 and α-synuclein in cells. Heterologous expression of mCherry-
Synapsin 1 (A) and a-synuclein-BFP (B) in HEK 293 cells results in mostly diffuse distribution. (C) Co-
expression of both mCherry-synapsin 1 and a-synuclein-BFP results in the formation of condensates. Line 
profiles indicate that both proteins co-localize in puncta. Scale bars, 10 µm. (D) The percentage of cells that 
contain condensates of both mCherry-synapsin 1 and a-synuclein-BFP increase with the increased amounts 
of transfected mCherry-synapsin 1 construct. Bars represent average values with ± standard error of the mean. 
Each dot is an individual experiment from four different rounds of transfections. (E) Fluorescence images of 
purified, recombinant mCherry at different concentrations under the same laser power as cells were imaged. 
Scale bar, 3 µm. (F) The calibration curve of fluorescence intensity was recorded for specific concentrations 
of mCherry, stimulated with the same laser power (0.15 mW) as in the live-cell imaging experiments. 
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To distinguish between fluid condensates and insoluble aggregates, a valuable assay 

involves the utilization of the aliphatic alcohol 1,6-hexanediol. This compound disrupts 

weak hydrophobic interactions, particularly those involving aromatic residues, and is 

commonly employed to dissolve protein condensates both in vitro and within cellular 

environments. The reversible nature of phase separations can be demonstrated by the ability 

of 1,6-hexanediol to dissolve fluid condensates. Therefore, the addition of 1,6-hexanediol 

serves as a means to assess the fluidic nature of the condensates. 

 

In the case of mCherry-synapsin 1 and a-synuclein-BFP condensates, the effect of 

1,6-hexanediol was investigated. Upon the addition of a final concentration of 3% 1,6-

hexanediol, the condensates dispersed, indicating their fluidic nature (Figure 3.4. A). 

Notably, the dissolution of the condensates resulted in an overall increase in soluble 

fluorescence signal within the cell, indicating that the proteins previously residing within the 

condensates became enriched in the soluble pool. 

Figure 3.3. a-Synuclein retains its mobility in synapsin 1 condensates. (A) FRAP of mCherry-synapsin 
1 (top) and a-synuclein-BFP (bottom) expressed in HEK 293 cells (droplet highlighted in yellow). (B) 
Recovery after bleaching of mCherry-synapsin 1 in droplets (dark magenta) and in the cytosol (light 
magenta). (B) Recovery after bleaching of a-synuclein-BFP in droplets (dark green) and in the cytosol (light 
green). Values are represented as average ± standard error of the mean. Data are from three independent 
biological replicates (ten cells each). Scale bars, 10 µm. 
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The observation of line profiles of mCherry-synapsin 1 and a-synuclein-BFP further 

supported the dissolution of the condensates. Over a time course of 30 seconds and 120 

seconds, a progressive decrease in the fluorescent signal within the condensates was 

observed (Figure 3.4. B). Additionally, a dispersion profile analysis revealed that within 60 

seconds, the condensates reached the minimum level of detectable fluorescence. Notably, a-

synuclein-BFP exhibited a faster departure from the condensates compared to mCherry-

synapsin 1, confirming its high mobility and dynamic behavior within the condensate 

structures. 

 

These findings underscore the reversible and fluidic nature of the mCherry-synapsin 

1 and a-synuclein-BFP condensates, as demonstrated by their dissolution upon the addition 

of 1,6-hexanediol. The observed increase in soluble fluorescence signal further highlights 

the redistribution of the proteins from the dissolved condensates to the soluble pool. 

Moreover, the differential dynamics between a-synuclein-BFP and mCherry-synapsin 1 

within the condensates emphasize their distinct mobility properties and reinforce previous 

indications that a-synuclein-BFP has high mobility and rapid exchange behavior. 

 

 

 

 

Figure 3.4. 1,6-Hexanediol disperses synapsin 1/a-synuclein condensates. (A) Confocal images of 
mCherry-synapsin 1 (top) and a-synuclein-BFP (bottom) in HEK 293 cells, before (0 s) and after loading 
3% 1,6-hexanediol (final concentration). Scale bars, 10 µm. (B) Line profiles of mCherry-synapsin 1 (left) 
and a-synuclein-BFP (right) for different time points (full line – 0 s, dashed lines – 30 s, dotted line – 120 
s). (C) Dispersion profiles of both mCherry-synapsin 1 and a-synuclein-BFP from four independent 
experiments.   
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The specificity of the observed effect on condensate dissolution was examined by 

comparing the impact of different aliphatic alcohols. In particular, the shorter aliphatic 

alcohol, 1,3-propanediol, was assessed for its potency in dissolving the condensates at an 

equivalent final concentration of 3% (Figure 3.5. A). 

 

Interestingly, the results demonstrated that 1,3-propanediol exhibited lower efficacy 

in dissolving the condensates compared to 1,6-hexanediol. Line profiles of mCherry-

synapsin 1 and a-synuclein-BFP further highlighted this distinction, revealing a reduction 

in the fluorescent signal by only approximately 50% after a time period of 130 seconds 

(Figure 3.5. B). 

 

These findings support the specificity of 1,6-hexanediol in effectively dispersing the 

condensates while indicating that the shorter aliphatic alcohol, 1,3-propanediol, possess 

lower potency in dissolving the condensates at the same final concentration. The differential 

effects observed between these aliphatic alcohols further emphasize the importance of 

considering the specific properties and structures of different compounds when investigating 

their impact on the dissolution and dynamics of protein condensates. 

 

 

 

Figure 3.5. 1,3-propanediol has a limited ability to disperse synapsin 1/a-synuclein 
condensates. (A) Confocal images of mCherry-synapsin 1 (top) and a-synuclein-BFP (bottom) in HEK 293 
cells, before (0 s) and after loading 3% 1,3-propanediol (final concentration). Scale bar, 10 µm. (B) Line 
profiles of mCherry-synapsin 1 (top) and a-synuclein-BFP (bottom) for different time points (full line – 0 s, 
dashed lines – 10 s, two dashed lines – 70 s, dotted line – 130 s). 
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In order to investigate the contribution of synaptic vesicles (SVs) in inducing phase 

separation, I shifted my focus to a minimal reconstitution system utilizing recombinant 

proteins and native SVs isolated from rats. The characterization of condensates formed 

through the ectopic co-expression of mCherry-synapsin 1 and a-synuclein-BFP provided 

valuable insights for this approach. Initially, confocal imaging was conducted on 

reconstituted EGFP-synapsin 1 (at a concentration of 6 μM) and a-synuclein chemically 

labeled with a far-red dye (Alexa Fluor 647) (at a concentration of 2 μM) under conditions 

of 3% PEG 8000 and physiological salt concentration (150 mM NaCl) at room temperature. 

The chosen ratio of synapsin 1 to a-synuclein was based on previous projections as the 

average physiological ratio at the synapse (Wilhelm et al., 2014). During the reconstitution 

process, droplets of EGFP-synapsin 1 were observed to recruit a-synuclein (AF 647), with 

a-synuclein progressively enriching the already formed synapsin 1 condensates. This 

ultimately led to the colocalization of a-synuclein within the condensates after a 10-minute 

incubation, as confirmed by line profiles (Figure 3.6. A). Subsequently, FRAP experiments 

were performed on the reconstituted condensates to further validate their fluidic nature in 

vitro. The photobleaching of either EGFP-synapsin 1 or a-synuclein (AF 647) resulted in a 

rapid recovery of fluorescent signal, exhibiting a similar recovery rate to the FRAP 

experiments conducted in cells. Notably, a-synuclein (AF 647) demonstrated complete 

recovery, whereas EGFP-synapsin 1 displayed a substantial immobile fraction, indicating its 

limited mobility within the condensates (Figure 3.6. B). This observation strongly suggests 

that a-synuclein is transiently recruited to the synapsin 1 droplets.  

 

For the reconstitution experiments, EGFP-synapsin 1 was expressed in Expi293F™ 

cells to preserve the PTMs crucial for its liquid phase propensity, while a-synuclein was 

expressed in Escherichia coli BL21 cells. The successful purification of both recombinant 

proteins was confirmed by SDS-PAGE gel analysis (Figure 3.6. C), where the protein bands 

aligned with the predicted molecular weights of 102.26 kDa for EGFP-synapsin 1 and 14.46 

kDa for a-synuclein. These findings provide evidence for the recruitment of a-synuclein by 

synapsin 1 droplets in the reconstitution system and support the fluidic nature of the formed 

condensates. The utilization of recombinant proteins and native SVs offers a valuable 

platform to explore the role of SVs in phase separation phenomena, furthering our 

understanding of the molecular mechanisms underlying synaptic function. 
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Throughout the SVs isolation process, we collected fractions and performed SDS-

PAGE gel and immunoblotting analyses to separate and characterize the proteins present in 

each step, including the rat brain homogenate, pellet after osmotic lysis, supernatant after 

osmotic lysis, and pure SVs (Figure 3.6. D). The immunoblot results confirmed the 

successful isolation of pure SVs, which were enriched in characteristic integral membrane 

proteins such as Synaptophysin 1 and Synaptobrevin 2, as well as other SVs-associated 

proteins like NSF. Importantly, common SVs contaminants such as Na+/K+-ATPase, 

PSD95, and succinate dehydrogenase (SDHA) were absent in the pure SVs fraction (Figure 

3.6. D). 

 

Next, I utilized the isolated SVs (at a concentration of 23 nM) in combination with 

purified EGFP-synapsin 1 and a-synuclein, employing different molar ratios of a-synuclein 

to synapsin (1:1, 3:1, and 1:3) in the absence of any crowding reagent. The condensate 

formation was measured using turbidity measurements, specifically by monitoring the 

change in turbidity at 405 nm (Figure 3.6. E). The selection of 23 nM SVs concentration was 

based on the average physiological molar ratio of synapsin to SVs, which ranges between 

1:100 and 1:1000 (Takamori et al., 2006; Wilhelm et al., 2014). Interestingly, a-synuclein 

alone, in the presence of SVs, was unable to form condensates on its own. However, EGFP-

synapsin 1 alone, in the presence of SVs, exhibited a high rate of condensation, suggesting 

that SVs act as a catalyst for synapsin 1 phase separation. When EGFP-synapsin 1 was 

present at a higher or equimolar ratio to a-synuclein, the rate of condensation was 

comparable to that observed when EGFP-synapsin 1 was incubated alone with SVs. 

However, an excess of a-synuclein over EGFP-synapsin 1 resulted in a decrease in the rate 

of synapsin-mediated condensate formation. These findings indicate that the balance of 

molar ratios between synapsin 1 and a-synuclein is crucial for the equilibration of SVs 

packing at the nerve terminal under physiological conditions (Figure 3.6. F). These data 

highlight the significance of SVs in modulating the phase separation dynamics of synapsin 

1 and a-synuclein, shedding light on the intricate molecular mechanisms underlying 

synaptic function and regulation. 
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Figure 3.6. Condensate formation of purified recombinant proteins. (A) Colocalization of 
reconstituted condensates containing EGFP-synapsin 1 (6 µM) and a-synuclein (2 µM, chemically labeled 
with Alexa Fluor 647, AF 647) in 3% PEG, 8000 at RT. Scale bars, 5 µm. (B) Recovery after photobleaching 
of EGFP-synapsin 1 (magenta) and a-synuclein (AF 647) (green). Values are represented as average ± 
standard error of the mean. Data are from three independent reconstitutions. (C) SDS-page gel with 
recombinant proteins used in the in vitro assays. (D) Distribution profile of six proteins analyzed by 
immunoblotting of subcellular fractions. Each lane contains 5 µg/lane of protein of the respective fraction 
(H: rat brain homogenate, LP1: pellet after osmotic lysis, LS1: supernatant after osmotic lysis, SV: pure 
synaptic vesicles). Samples were separated on SDS-polyacrylamide gels (left) and transferred onto PVDF 
membranes (Amersham Hybond LFP 0.2 µm, Cytiva). The blots (right) were developed using Cy3-
conjugated secondary antibodies (goat-anti-mouse IgG-Cy3, ECL Plex™) according to the manufacturer’s 
instruction (Cytiva). The signals were recorded on a Typhoon Trio Variable Mode Imager System (GE 
Healthcare). (E) Condensate formation of purified recombinant proteins EGFP-synapsin 1 and a-synuclein 
(AF 647) in different molar ratios (curves in tones of blue), EGFP-synapsin 1 alone (magenta), a-synuclein 
(AF 647) alone (green) in presence of 23 nM SVs. The condensate formation was measured as a change of 
turbidity at 405 nm. Each value is shown as the average ± standard error of the mean, data are from three 
independent replicates (each time fresh isolation of native SVs). All experiments shown in Figure 3.6. were 
performed in collaboration with Dr.Christian Hoffmann. 
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3.2. a-Synuclein and synphilin-1 form biomolecular condensates 
 

Intrigued by the impact of a-synuclein on the condensation behavior of synapsin and 

synaptic vesicles (SVs), I aimed to further investigate the role of a-synuclein in the 

condensation formation of another highly expressed protein at the synaptic terminal, 

synphilin 1. To assess the ability of synphilin 1 to form protein condensates in cells, I 

performed transfections of EGFP-synphilin 1 in both HEK 293 cells and mature 

hippocampal neurons. Through confocal imaging, I observed the formation of droplet-like 

and highly mobile inclusions of various sizes when EGFP-synphilin 1 was expressed in HEK 

293 cells. In mature hippocampal neurons, puncta corresponding to synaptic boutons were 

observed (Figure. 3.7. A-B). Furthermore, analysis of sequential frames captured in HEK 

293 cells revealed multiple fusion and fission events within the droplet-like structures, 

providing evidence for their dynamic and fluid nature (Figure. 3.7. C). 

 

 

 

 

Figure 3.7. Synphilin 1 forms condensates in cells. (A) Heterologous expression of EGFP-
synphilin 1 in HEK 293 cells results in condensate formation. Scale bars, 10 µm. (B) Transfection of 
mature hippocampal neurons shows the formation of condensates in correspondence with synaptic 
boutons. Scale bars, 5 µm. (C) Representative images of fusion (top) and fission (bottom) events of 
EGFP-synphilin 1 condensates in HEK 293 cells. Scale bars, 5 µm.   
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To investigate the LLPS properties of synphilin 1, I conducted a protein purification 

process and employed the purified protein for in vitro reconstitution experiments. Initially, 

I chose to purify synphilin 1 using a two-step purification approach involving affinity 

chromatography and size exclusion chromatography. In order to facilitate the cleavage of 

the tag and obtain a tag-free protein, I fused a His-SUMO tag with the EGFP-synphilin 1 

construct (referred to as His-SUMO-EGFP-synphilin 1).  

 

To begin the purification process, I expressed the His-SUMO-EGFP-synphilin 1 

construct in Expi293F™ cells and obtained the cell lysate containing the target protein. 

Affinity purification was performed using a Ni-NTA column, with 4% imidazole used for 

wash steps and 100% imidazole for protein elution. The affinity purification chromatograph 

(Figure. 3.8. A) shows the removal of protein fractions associated with cell debris and non-

specific bindings through the washing steps. Subsequently, I applied the elution buffer and 

collected three fractions enriched in proteins, corresponding to the rising phase of the peak 

(highlighted in yellow), as determined by absorbance at 280 nm. To further enhance the 

purity of the eluted protein and eliminate contaminants with molecular weights unrelated to 

our protein of interest, I concentrated the eluates and subjected them to size exclusion 

chromatography using Superdex™ 200 columns. The size-exclusion chromatograph 

(Figure. 3.8. B) demonstrates the collection of three eluted fractions belonging to the rising 

phase of the protein peak (highlighted in yellow), based on absorbance at 280 nm. Several 

other proteins with lower molecular weights were excluded during this step. Finally, I pooled 

together the fractions and incubated them overnight with SENP1EUB proteases, previously 

purified by Dr. Christian Hoffmann. This incubation allowed for the cleavage of the purified 

protein and separation of the His-SUMO tag from EGFP-synphilin 1. Following the cleavage 

step, I performed a His-exclusion process using His-pure Ni-NTA resin to separate the two 

components. 

 

To assess the molecular weight of our protein and identify potential contaminants, I 

conducted an SDS-page gel analysis using the fractions collected at each step of the protein 

purification process (Figure. 3.8. C). The expected molecular weight for His-SUMO-EGFP-

synphilin 1 is 143.70 kDa, while for EGFP-synphilin 1 alone it is 130.22 kDa. In the lanes 

corresponding to the cell lysate (L), pellet (P), and supernatant (S), an enriched protein band 

slightly higher than 130 kDa is observed, indicating the expression of His-SUMO-EGFP-
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synphilin 1, along with several other bands representing the complex mixture of cellular 

debris. 

 

The band corresponding to His-SUMO-EGFP-synphilin 1 disappears in the flow-

through (FT) fraction of the affinity purification, while the most enriched lower molecular 

weight bands are still present, suggesting their exclusion from the eluted protein. In the His-

eluate lane (HE), one band at 143.70 kDa, corresponding to our target protein, is visible, 

along with a second band at approximately 70 kDa, likely corresponding to HSP70. Some 

paler non-specific bands also appear in this lane. After pooling and concentrating the eluted 

fraction, the protein content becomes clearer, and additional bands representing 

contaminating proteins are observed in the SEC loading fraction (SL). In the pre-cleaved 

lane (PC), two major visible bands are present, one at 143.70 kDa, corresponding to our 

target protein, and a second at approximately 70 kDa, possibly corresponding to HSP70. In 

the cleaved not-reHis lane (CnH), the upper band now appears at 130.22 kDa, matching the 

predicted molecular weight of EGFP-synphilin 1. Additionally, a lower band around 35 kDa 

is visible, corresponding to the His-SUMO fragment, confirming the successful protease 

cleavage using SENP1EUB. After performing the re-his exclusion, the His-SUMO fragment 

is removed, and only two residual bands remain, which appear clean and are nicely enriched 

in protein. 

 

Using the purified EGFP-synphilin 1, I conducted in vitro experiments to determine 

the conditions necessary for phase separation. I reconstituted the protein at different 

concentrations (1 μM, 5 μM, 10 μM) and varying percentages of PEG 8000 (0%, 0.5%, 1%, 

3%, 5%, 10%). The reconstitution was performed in a buffer containing 25 mM Tris-HCl 

(pH 7.4), 300 mM NaCl, and 0.5 mM TCEP, followed by incubation for 5 mins at room 

temperature. 

 

EGFP-synphilin 1 demonstrated the ability to undergo LLPS even at relatively low 

concentrations and low percentages of the crowding agent, as depicted in the phase diagram 

(Figure. 3.8. D). Representative images obtained from three independent reconstitutions 

using confocal microscopy (Figure. 3.8. E) illustrate the formation of droplet-like structures 

indicative of phase separation. 

 



 

 106  

Figure 3.8. Purification and phase diagram of EGFP-Synphilin 1. Purified recombinant 
Synphilin 1 undergoes LLPS. (A) Chromatograph showing affinity chromatography of His-SUMO-
EGFP-synphilin 1. Protein concentrations were measured as absorbance at 280nm and expressed in mAU 
(green line), while for protein elution the buffer employed is expressed as a percentage of elution buffer 
(black line). The fractions collected are highlighted (fractions 6-8). (B) Chromatograph showing S200 
size-exclusion chromatography of His-SUMO-EGFP-synphilin 1. Protein concentrations were measured 
as absorbance at 280nm and expressed in mAU (green line). The fractions collected are highlighted 
(fractions 4-6). (C) SDS-page gel showing all steps of EGFP-synphilin 1 purification (L: cell lysate, P: 
pellet after osmotic lysis, S: supernatant after osmotic lysis, FT: Flow Through, HE: His-Eluate, SL: SEC 
load, PC: Pre-cleavage, CnH: Cleaved not re-His, CH: Cleaved re-His). (D) Phase diagram of EGFP-
synphilin 1, referring to the images in e. Phase separation was determined as the appearance of droplets 
at the coverslip surface 5 min after the beginning of the incubation. Grey circles indicate no phase 
separation; Light green circles indicate the presence of small droplets; Dark green circles indicate the 
formation of condensates. Each condition was assessed by three independent reconstitutions. (E) 
Representative images of EGFP-synphilin 1 phase separation in different concentrations (1 µM, 5 µM, 
10 µM) and increasing percentage of PEG 8000 (0%, 0.5%, 1%, 3%, 5%, 10%), reconstituted in 25 mM 
Tris-HCl (pH 7.4), 300 mM NaCl, 0.5 mM TCEP and incubated for 5 min at RT. Scale bars, 10 µm 
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Building upon previous findings regarding the interaction between synphilin 1 and 

a-synuclein, and their propensity for self-assembly, an in vitro approach was undertaken to 

further investigate their association and observe the formation of synphilin 1 condensates. 

For visualization purposes using confocal microscopy, a mixture of 10 μM purified EGFP-

synphilin 1 and 20 μM chemically labeled a-synuclein (Alexa Fluor 568) was reconstituted 

in a buffer containing 25 mM Tris-HCl (pH 7.4), 300 mM NaCl, and 0.5 mM TCEP. 

 

In the collected confocal images after a 5-minute incubation at room temperature 

(Figure. 3.9. A), a-synuclein (AF 568) appears both as a soluble form contributing to the 

background signal and enriched within EGFP-synphilin 1 condensates, exhibiting perfect 

colocalization. The line profile analysis further confirms this colocalization (Figure. 3.9. B). 

After a 10-minute incubation at room temperature, the high background signal diminishes, 

and a-synuclein (AF 568) segregates from EGFP-synphilin 1, accumulating at the periphery 

of the condensates, forming a rim-like structure referred to as "Core & Shell" (Figure. 3.9. 

C). The line profiles support this observation, showing the progressive translocation of a-

synuclein from the center to the rim of the condensates (Figure. 3.9. D). This "Core & Shell" 

organization resembles the structure of LBs found in post-mortem brain slices of PD 

patients, where synphilin 1 forms the core and a-synuclein surrounds it in an enriched ring, 

so we named it after body-like structure (LBLs). To assess the fluidity of the LBLs and 

explore the mobility of their components, FRAP experiments were performed, with the 

region of interest (ROI) positioned at the condensate rim where the two proteins still overlap 

(Figure. 3.9. E). The results from FRAP analysis show that EGFP-synphilin 1 only partially 

recovers after photobleaching, while a-synuclein (AF 568) exhibits the ability to re-enrich 

the condensate, restoring its distinctive shell structure and display higher mobility compared 

to EGFP-synphilin 1 (Figure. 3.9. F). 

 

Intrigued by these findings, I sought to investigate whether a similar structure could 

be recapitulated when the two proteins are ectopically expressed in cells. Through ectopic 

co-expression of EGFP-synphilin 1 and a-synuclein-BFP in HEK 293 cells, a single large 

condensate exhibiting the LBLs was formed (Figure. 3.9. G). Moreover, in mature 

hippocampal neurons co-transfected with EGFP-synphilin 1 and a-synuclein-BFP, multiple 

puncta enriched in both proteins were observed, localizing in correspondence with synaptic 

boutons (Figure. 3.9. H). These findings collectively indicate that synphilin 1 and a-
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synuclein, in our experimental system, are capable of mediating and recapitulating the 

formation of LBLs. 
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To investigate the role of synapsin 1 in the formation of synphilin 1/a-synuclein 

condensates, I performed in vitro reconstitution experiments to mimic the pre-synaptic 

environment. In these reconstituted condensates, EGFP-synphilin 1 colocalized with Halo-

synapsin 1, enriching the core of the condensates, while a-synuclein labeled with Alexa 

Fluor 647 (AF 647) formed the characteristic shell, accumulating at the periphery (Figure. 

3.10. A), as confirmed by the line profile analysis (Figure. 3.10. B). However, in HEK 293 

cells co-expressing EGFP-synphilin 1, a-synuclein-BFP, and mCherry-synapsin 1, a 

different pattern emerged. The "Core & Shell" structure sequestered synapsin 1 at the rim of 

the condensates, depleting it from the core and following the pattern of a-synuclein (Figure. 

3.10. C). It is worth noting that while the buffer used in the in vitro reconstitution contained 

300 mM NaCl, the physiological salt concentration typically ranges around 150 mM NaCl. 

The higher NaCl concentration in the in vitro experiments may contribute to the observed 

differences in behavior between the in vitro and in-cell experiments, as higher NaCl 

concentrations generally increase protein solubility. 

Figure 3.9. Synphilin 1 and a-synuclein forms Lewy bodies-like structures (LBLs) in vitro and 
in cell. (A, C) Reconstituted condensates containing EGFP-synphilin 1 (10 µM) and a-synuclein 
(20 µM, chemically labeled with Alexa Fluor 568 (AF 568) in 10% PEG, 8000 at RT, after 5 min (A) 
and 10 min (C) of incubation. Scale bars, 5 µm. (B, D) Line profiles of EGFP-synphilin 1 (green) and 
a-synuclein (AF 568) (magenta) indicate that both proteins co-localize in condensates after 5 min (B) 
and de-mix and reach the “Core & Shell” structure after 10 min (D). (E) FRAP at the rim of EGFP-
synphilin 1 (top) and a-synuclein (AF 568) (bottom) showing pre-bleach (-1 s), bleaching (0 s), and post-
bleaching (120 s). Scale bar, 10 µm. (F) Recovery after photobleaching of EGFP-synphilin 1 (green) and 
a-synuclein (AF 568) (magenta). Values are represented as average ± standard error of the mean. Data 
are from three independent reconstitutions. (G) Co-expression of both EGFP-synphilin 1 and α-
synuclein-BFP in HEK 293 cells results in the formation of “Core & Shell” structure. Line profiles 
indicate that proteins de-mix in condensates. Scale bar, 10 µm. (H) Double transfection of mature 
hippocampal neurons shows the colocalization of EGFP-synphilin 1 and a-synuclein-BFP in 
correspondence with synaptic boutons. Scale bars, 5 µm 



 

 110 

 

After investigating the formation of LBLs in vitro and in cells, I focused on analyzing 

the dynamic properties of these multi-phase condensates, specifically examining the 

mobility of synphilin 1 and a-synuclein expressed in HEK 293 cells using FRAP 

experiments. When EGFP-synphilin 1 was expressed individually, it exhibited high mobility 

at the rim of the condensates, with a fluorescent intensity recovery of approximately 50% 

(Figure. 3.11. A). However, when co-transfected with a-synuclein-BFP, the mobility of 

EGFP-synphilin 1 significantly decreased, resulting in a lower fluorescent intensity recovery 

of only about 20% (Figure. 3.11. B). 

 

To explore the effect of synphilin 1 on the balance between synapsin 1 and a-

synuclein in terms of condensate mobility, I compared the dynamics under different 

transfection conditions (Figure. 3.11. C) and quantified the FRAP experiments (Figure. 3.11. 

Figure 3.10. Synapsin 1 enriches LBLs. (A) Reconstituted condensates containing EGFP-synphilin 
1 (0,05 µM), a-synuclein (6 µM, chemically labeled with Alexa Fluor 647 (AF 647), and Halo-synapsin 
1 (0,7 µM) in 15% PEG, 8000 at RT, after 1 of incubation. Scale bars, 5 µm. (B) Line profiles of EGFP-
synphilin 1 (green), a-synuclein (AF 647) (magenta), and Halo-synapsin 1 (blue) indicate that while 
synphilin 1 and synapsin 1 co-localize in condensates, a-synuclein enriches the periphery of the 
condensates. (C) Triple transfection using EFGP-synphilin 1, a-synuclein-BFP, and mCherry-synapsin 
1 in HEK 293 cells. Scale bars, 10 µm. 
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D). In all tested conditions, round droplet-like structures were formed, except for the co-

transfection of synphilin 1 and synapsin 1, which resembled aggregated structures. The 

comparison revealed that the decrease in the mobility of EGFP-synphilin 1 occurred only 

when co-transfected with a-synuclein-BFP, while it maintained high recovery when co-

transfected with mCherry-synapsin 1. These findings suggest that a-synuclein reduces the 

mobility of synphilin 1, likely acting as a physical barrier between the core of the 

condensates and the surrounding soluble pool. 

 

 

 

Figure 3.11. a-Synuclein decreases the mobility of synphilin 1 in LBLs. (A) Recovery after bleaching of 
EGFP-synphilin 1 (green) at the rim of condensates. Values are represented as average ± standard error if the 
mean. (B) FRAP at the rim of EGFP-synphilin 1 showing pre-bleach (-1 s), bleaching (0 s), and post-
bleaching (60 s). Scale bar of cell, 10 µm; Scale bar of condensate, 2 µm. (C) Schematic representation of 
varying types of condensates resulting in transfection experiment in HEK 293 cells. (D) Recovery after 
photobleaching of EGFP-synphilin 1 (green) and a-synuclein-BFP (magenta) and mCherry-synapsin 1 at the 
rim of condensates. Values are represented as average ± standard error of the mean. 
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3.3. Maturation of a-synuclein/synphilin-1 condensates leads to 

Lewy body-like structures 
 

High local concentration and ionic strength are two crucial factors that significantly 

impact the solubility and propensity for condensation of proteins. To evaluate their effects 

on LBLs condensation, I conducted a straightforward experiment by manipulating the ionic 

environment of cultured cells using hypotonic and hypertonic solutions. Firstly, I applied a 

hypotonic solution (5% DMEM in H2O) to the cells, which decreased the extracellular salt 

concentration compared to the physiological level of 150 mM NaCl. This led to an osmotic 

gain of water inside the cells, causing them to swell and resulting in a reduction of protein 

concentration and internal ionic strength (Figure. 3.12. A, C). 

 

In contrast, I applied a hypertonic solution (300 mM NaCl) to the cells, which 

increased the extracellular salt concentration. This caused the cells to lose water through 

osmosis, leading to cell shrinkage and an increase in protein concentration and ionic strength 

(Figure. 3.12. B, D). Upon exchange with the hypotonic solution, small and highly dynamic 

condensates of EGFP-synphilin 1 fully dissolved, indicating that they were not true 

condensates but rather aggregates (Figure. 3.12. A). However, large condensates persisted, 

suggesting that they were aggregated condensates. On the other hand, the application of the 

hypertonic solution increased the condensation in cells, as indicated by the higher number 

of newly formed fluorescence foci (Figure. 3.12. B). These findings demonstrate that both 

low and high ionic strength can influence the formation and dissolution of LBLs, 

highlighting the importance of ionic conditions in protein condensation. 

 

Interestingly, in the presence of either hypotonic or hypertonic solutions, the 

condensates formed by synphilin 1 remain unchanged and appear insoluble. However, in 

HEK 293 cells co-transfected with EGFP-synphilin 1 and a-synuclein-BFP, a-synuclein 

undergoes de-mixing in the presence of hypotonic solution (Figure. 3.12. C, D). These 

observations suggest that while synphilin 1 alone retains its fluid nature when co-expressed 

with a-synuclein, it becomes insoluble. However, a-synuclein can still be recruited within 

synphilin 1 condensates under lower ionic strength conditions, indicating its high mobility. 

Conversely, at higher ionic strength, a-synuclein tends to localize at the periphery of the 

condensates, reinforcing the shell structure. 
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Figure 3.12. Salt concentration modulates the strength of interaction between synphilin 1 and a-
synuclein in LBLs. Confocal images of HEK 293 cells expressing EGFP-synphilin 1, before and after the 
exchange of 5% DMEM in H2O (A) and before and after the exchange with 300 mM NaCl solution (B). 
Scale bars, 10 µm. Confocal images of HEK 293 cells expressing EGFP-synphilin 1 and a-synuclein-BFP, 
before and after the exchange of 5% DMEM in H2O (C) and before and after the exchange with 300 mM 
NaCl solution (D). Scale bars, 10 µm. For all line profiles, solid lines indicate the protein profile before 
treatment and dotted lines indicate the protein profile after treatment. 
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The primary risk factor for numerous neurodegenerative diseases, including PD, is 

aging. This is primarily attributed to the progressive and unregulated buildup of insoluble 

proteins, which ultimately form aggregates and contribute to the development of 

neurodegenerative pathology. 

 

To investigate the impact of aging on the mobility of LBLs, I reconstituted them in 

HEK 293 cells and performed FRAP measurements. I focused on different time points post-

transfection (12 hours, 24 hours, and 48 hours) to mimic various stages of protein 

accumulation, and analyzed the corresponding confocal images (Figure. 3.13 A). At early 

time points, the cells exhibited small, highly dynamic droplets as condensates. However, as 

time progressed, the condensates grew larger due to the continuous aggregation of proteins, 

resulting in fewer but larger condensates. This difference was clearly observed in the 

microscopy images, prompting me to quantitatively analyze the distribution of cells 

expressing no condensates, small condensates, and large condensates (Figure. 3.13. B). By 

measuring the surface area of the condensates, I found that the number of small condensates 

(< 20 μm2) decreased over time, while the number of large condensates (> 20 μm2) increased, 

reaching a peak at 48 hours post-transfection. The threshold size of 20 μm2 was chosen based 

on the distribution plot of all detected sizes in the analyzed conditions (Figure. 3.13. C). To 

gain insights into the aggregation state of the condensates, their circularity was measured. 

Round condensates are indicative of liquid-like structures, while non-round condensates 

suggest solid aggregate structures.  

 

Analyzing the aspect ratio at the middle plane of cells, I observed that low circular 

aggregates were more prominent at 24- and 48-hours post-transfection (Figure. 3.13. D), 

suggesting an increased tendency towards aggregation during the aging process. To further 

validate the mobility state of the condensates over time, FRAP experiments were performed. 

The results showed that EGFP-synphilin 1 condensates remained dynamic even at 48 hours 

post-transfection, but there was a progressive increase in the immobile fraction over time 

(Figure. 3.13. E). 
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Furthermore, EGFP-synphilin 1 and a-synuclein-BFP were ectopically expressed in 

HEK 293 cells, and confocal images were acquired at 12 hours, 24 hours, and 48 hours after 

transfection (Figure. 3.14 A). After 12 hours of expression, small condensates formed 

wherein the two proteins exhibited perfect colocalization, as evidenced by the line profile 

plot. This indicates that during the initial stages of LBLs formation, the proteins intermingle 

within the condensates. At 24 hours post-transfection, the LBLs became apparent, displaying 

a distinct "Core & Shell" organization, which was also observed at the 48-hour time point. 

Notably, starting from 48 hours after transfection, a-synuclein-BFP fluorescence 

predominantly localized at the center of LBLs, while EGFP-synphilin 1 appeared to be 

depleted in the same region. Although the percentage of transfected cells exhibiting co-

localizing condensates enriched in both proteins decreased over time, the percentage of cells 

displaying LBLs increased from 12 hours to 48 hours post-transfection. 

 

In general, the formation of co-localizing condensates and LBLs in transfected cells 

remains relatively limited, consistently observed in approximately 25% of the total 

Figure 3.13. Synphilin 1 condensates progressively age forming solid aggregates. (A) Representative 
images of HEK 293 cells transfected with EGFP-synphilin 1 at 12 h, 24 h, and 48 h post-transfection. Z-
projection of all cell planes at max intensity projection. Scale bars, 10 µm. (B) Histogram showing that 
EGFP-synphilin 1 condensates increase their size over time. (C) The distribution plot shows the threshold of 
EGFP-synphilin 1 condensates. (D) Histogram showing circularity of EGFP-synphilin 1 condensates 
between low circularity (< 0.89) and high circularity (> 0.9). (E) Recovery after bleaching of EGFP-synphilin 
1 at the rim, 24 h, and 48 h post-transfection. Values are represented as average ± standard error if the mean.    
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transfected cells across all time points (Figure. 3.14 B). Analysis of circularity further 

supports this observation, revealing that condensates appear more liquid-like and highly 

circular during the early stage (12 hours), while circularity decreases as LBLs form and 

exhibit lower circularity during the later stages (24 and 48 hours) (Figure. 3.14 C). Relative 

fluorescence intensity measurements (Figure. 3.14 D) were conducted for EGFP-synphilin 

1 and a-synuclein-BFP within the condensates (small dots) and the entire cell (big dots). 

The results indicate that both proteins tend to converge at the initial nucleation point, 

resulting in reduced fluorescence intensity throughout the entire cell. This finding supports 

the notion of a maturation process involving the interaction between synphilin 1 and a-

synuclein, where the proteins initially aggregate in droplets that subsequently undergo phase 

separation to form LBLs. These findings corroborate previous in vitro results (Figure. 3.9 

A-D). Furthermore, the aging process of LBLs over 24 hours leads to an increased 

accumulation of a-synuclein in the central core. This suggests that a-synuclein has the 

ability to translocate from the enriched shell region across the synphilin 1 phase. 
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  FRAP experiments were conducted to investigate the mobility of EGFP-synphilin 1 

and a-synuclein-BFP within the shell region of LBLs at different time points of 

overexpression, specifically at 24 hours and 48 hours. The results of the FRAP experiments 

indicate that the mobility of EGFP-synphilin 1 (Figure. 3.15 A) and a-synuclein-BFP 

(Figure. 3.15 B) remains unchanged at both the 24-hour and 48-hour time points following 

transfection. 

 

The preceding observations were conducted to probe the characteristics of the 

multiphasic state observed in aged synphilin 1 and α-synuclein within LBLs. This involved 

delineating three distinct regions within the LBLs, namely the center, the interspace, and the 

rim, and subsequently conducting FRAP experiments. EGFP-synphilin 1 exhibited no 

fluorescence recovery in the center and interspace regions, suggesting that the enriched core 

of LBLs possesses solid-like properties. Conversely, partial fluorescence recovery was 

observed in the rim region, aligning with previous findings (Figure. 3.16 A-B). Remarkably, 

a-synuclein-BFP demonstrated significant fluorescence recovery in all three selected areas, 

indicating its ability to maintain high mobility through the entire LBLs (Figure. 3.16 C-D). 

Figure 3.14. The aging of LBLs leads to the formation of an a-synuclein nucleus. (A) Representative 
images of HEK 293 cells transfected with EGFP-synphilin 1 and a-synuclein-BFP at 12 h, 24 h, and 48 h 
post-transfection. Single plane images. Scale bars, 10 µm. (B) Histogram showing the increase of LBLs 
appearing over time. (C) Histogram showing circularity of EGFP-synphilin 1 and a-synuclein-BFP 
condensates between low circularity (< 0.89) and high circularity (> 0.9). (D) The plot of the relative intensity 
of EGFP-synphilin 1 and a-synuclein-BFP fluorescence inside and outside condensates over time. 

Figure 3.15. Synphilin 1 and a-synuclein does not change mobility at the shell of LBLs after 48 
hours. (A) Recovery after bleaching of EGFP-synphilin 1 at the rim, 24 h and 48 h post-transfection. 
Values are represented as average ± standard error if the mean. (B) Recovery after bleaching of a-
synuclein-BFP at the rim, 24 h, and 48 h post-transfection. Values are represented as average ± standard 
error if the mean.    
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These results shed light on the distinct characteristics of EGFP-synphilin 1 and a-

synuclein-BFP within LBLs. The lack of fluorescence recovery in the core and interspace of 

LBLs suggests a more rigid and structured arrangement of synphilin 1, while the partial 

recovery observed in the rim region indicates a less constrained environment. In contrast, 

the notable fluorescence recovery of a-synuclein-BFP across all three regions highlights its 

sustained mobility within the entirety of LBLs. 

 

 

 

 

 

 

Figure 3.16. Accumulation of a-synuclein in the center of LBLs is highly mobile. (A) Recovery after 
bleaching of EGFP-synphilin 1 at the center, interspace, and rim at 48 hours post-transfection. Values are 
represented as average ± standard error if the mean. (B) FRAP at the center, interspace, and rim of EGFP-
synphilin 1 showing pre-bleach (-1 s), bleaching (0 s), and post-bleaching (60 s). Large image scale bar, 10 
µm; magnified images, scale bar 5 µm. (C) Recovery after bleaching of a-synuclein-BFP at the center, 
interspace, and rim at 48 hours post-transfection. Values are represented as average ± standard error if the 
mean. (D) FRAP at the center, interspace, and rim of a-synuclein-BFP showing pre-bleach (-1 s), bleaching 
(0 s), and post-bleaching (60 s). Large image scale bar, 10 µm; magnified images, scale bar 5 µm. 
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To investigate the interaction mechanism between synphilin 1 and a-synuclein and 

identify the specific functional domain of a-synuclein involved in driving the formation of 

LBLs, an alternative approach was employed. Truncated versions of the a-synuclein-BFP 

wild-type construct were generated for this purpose. Two constructs were cloned: 1) a-

synuclein(ΔF)-BFP, which lacks a portion of the amphipathic N-terminal region and the 

entire central hydrophobic NAC domain (Δ37-94 AA), a domain known to be aggregation-

prone and responsible for fibril formation; 2) a-synuclein(ΔC)-BFP, which lacks the C-

terminal domain (Δ96-140 AA), including the acidic tail and the fully disordered sequence 

(Figure. 3.17 A). 

 

Comparisons were made with the classic LBLs observed in the wild-type a-

synuclein-BFP construct. Co-expression of EGFP-synphilin 1 and a-synuclein(ΔF)-BFP in 

HEK 293 cells resulted in the formation of canonical LBLs (Figure. 3.17 B, middle), similar 

to those observed with the wild-type construct (Figure. 3.17 B, top). On the other hand, co-

expression of EGFP-synphilin 1 and a-synuclein(ΔC)-BFP showed only partial de-mixing 

of the two proteins, with a higher frequency of condensates that were homogenously 

enriched in both proteins (Figure. 3.17 B, bottom). 

 

These findings indicate that the acidic tail of a-synuclein may play a crucial role in 

the multiphase organization of LBLs in conjunction with synphilin 1. The results suggest 

that the N-terminal and central hydrophobic regions of a-synuclein, which are absent in a-

synuclein(ΔF)-BFP, are not essential for driving the formation of canonical LBLs. However, 

the C-terminal domain, including the acidic tail, is implicated in the proper phase separation 

and organization of LBLs when interacting with synphilin 1.  
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Figure 3.17. The C-terminal acidic tail of a-synuclein is fundamental for the formation of LBLs. (A) 
Cartoon representation for the truncated versions of a-synuclein (DF and DC) and its wild-type form (WT). 
(B) Representative images of HEK 293 cells co-transfected with EGFP-synphilin 1 and truncated version of 
a-synuclein (DF and DC) compared with the wild-type form (WT). The line profiles graph displays appearing 
of LBLs for WT and DF, but only a partial de-mix of proteins for DC. Values are represented as average ± 
standard error if the mean (left) or as single measurements (right). Scale bars, 10 µm. 
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Various single-point mutations associated with the genetic onset of PD have been 

identified as having an impact on the aggregation behavior of a-synuclein. To investigate 

whether these mutated versions of a-synuclein can influence the architecture of reconstituted 

LBLs in experimental system, I generated several a-synuclein-BFP mutants (A30P, A53T, 

S129A, and S129E) (Figure. 3.18 A) and co-transfected them with EGFP-synphilin 1. 

 

The resulting LBLs exhibited a preserved "Core & Shell" structure, with distinct 

regions of enrichment. However, in the presence of the A30P mutation, there was a 

noticeable alteration in the inner depletion of a-synuclein within the core of the condensate 

(Figure. 3.18 B). This mutation disrupted the typical pattern of reduced α-synuclein 

accumulation in the core observed in the wild-type LBLs. 

 

These findings suggest that the A30P mutation in a-synuclein can influence the 

organization and composition of LBLs, potentially altering the interaction dynamics 

between synphilin 1 and a-synuclein. It highlights the importance of specific mutations in 

a-synuclein in modulating the architecture of LBLs and provides further insight into the role 

of genetic variants in the pathogenesis of PD (Figure. 3.18 A-B). 
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Figure 3.18. a-Synuclein A30P leads to miss-localization a-synuclein in the core of LBLs. (A) Cartoon 
representation for the mutated versions of a-synuclein (A30P, A53T, S129A, and S129E) and its wild-type 
form (WT). (B) Representative images of HEK 293 cells co-transfected with EGFP-synphilin 1 and mutated 
version of a-synuclein (A30P, A53T, S129A, and S129E) compared with the wild-type form (WT). The line 
profiles graph displays only a partial de-mix of a-synuclein(A30P) in the core of LBLs. Values are 
represented as average ± standard error if the mean (left) or as single measurements (right). Scale bars, 10 µm. 
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3.4. Lewy body-like structures disrupt intracellular organelles 
 

An important characteristic of LBs in PD patients is their ability to sequester 

membrane organelles in their vicinity. To investigate whether this feature is also present in 

our reconstituted LBLs, I conducted experiments using FM4-64 staining on HEK 293 cells 

expressing either EGFP-synphilin 1 alone or co-expressing EGFP-synphilin 1 and a-

synuclein-BFP to detect membrane infiltration (Figure. 3.19). 

 

Upon analysis, it was observed that the synphilin 1 condensates and the reconstituted 

LBLs exhibited local enrichment in lipids at the periphery of the condensates, indicating 

membrane infiltration (Figure. 3.19 A-B). These lipids were found to be widely distributed 

and co-localized with mCherry-synapsin 1/synaptophysin condensates, which served as a 

control. The presence of lipids in these regions is indicative of the sequestration of synaptic 

vesicles (SVs) at the presynaptic space, as synaptophysin directly binds to lipids. This 

control experiment confirms the ability of our reconstituted LBLs to recapitulate the 

sequestering of membrane organelles, similar to the physiological process observed in PD-

associated LBs (Figure. 3.19C). 
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In order to investigate the potential interactions between synphilin 1 condensates and 

LBLs with specific membrane organelles, I conducted experiments using lysotracker-647 

and mitotracker-647 on HEK 293 cells expressing either EGFP-synphilin 1 alone or co-

expressing EGFP-synphilin 1 and a-synuclein-BFP. The lysotracker-647 staining was used 

to detect the accumulation of lysosomes (Figure. 3.20 A). Interestingly, while lysosomes did 

not appear to localize with synphilin 1 condensates (Figure. 3.20 A, top), synphilin 1/a-

synuclein co-expression (Figure. 3.20 A, middle), or synapsin 1/synaptophysin condensates 

(Figure. 3.20 A, bottom), there was a clear proximity of mitochondria observed in all of 

these conditions. To investigate the accumulation and proximity of mitochondria, 

mitotracker-647 staining was employed (Figure. 3.20 B). Notably, mitochondria were found 

to be in close proximity to synphilin 1 condensates and synapsin 1/synaptophysin 

condensates (Figure. 3.20 B, top and bottom), but they appeared to be in even closer 

association with the LBLs (Figure. 3.20 B, middle). Moreover, a morphological evaluation 

revealed that in the presence of LBLs, mitochondria appeared fragmented and exhibited 

signs of reduced health compared to the other conditions. 

 

 

 

Figure 3.19. Membrane infiltration occurs in correspondence with synphilin 1 condensates and LBLs. 
Representative images of cells expressing mCherry-synapsin 1 and synaptophysin (A), only EGFP-synphilin 
1 (B) or EGFP-synphilin 1 and a-synuclein-BFP (C) incubated with FM4-64 for 30 minutes before imaging. 
Scale bars, 10 µm.  
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Figure 3.20. Mitochondria but not lysosomes accumulate in the vicinity of synphilin 1 condensate and 
LBLs. (A) Representative images of cells expressing mCherry-synapsin 1 and synaptophysin, EGFP-
synphilin 1 or EGFP-synphilin 1 and a-synuclein-BFP incubated with Lysotracker-647 for 30 minutes before 
imaging. Scale bars, 10 µm. (B) Representative images of cells expressing mCherry-synapsin 1 and 
synaptophysin, EGFP-synphilin 1 or EGFP-synphilin 1 and a-synuclein-BFP incubated with Mitotracker-
647 for 30 minutes before imaging. Scale bars, 10 µm. 
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Based on the previous observation that mitochondria accumulate at the surface of 

LBLs, my focus was to investigate the involvement of the cytoskeleton in this process. 

Initially, I aimed to determine if any specific cytoskeletal component directly interacts with 

LBLs. To achieve this, I co-transfected HEK 293 cells with EGFP-synphilin 1 and a-

synuclein-BFP, which mimic the characteristics of LBLs. Subsequently, we incubated the 

cells with either Sir-Actin or Sir-Tubulin dyes for a duration of 30 minutes before conducting 

live cell imaging (Figure 3.21 A, D).  

 

By monitoring the maturation of the condensates over time and capturing images 

every 10 minutes, we observed that actin progressively accumulates at the LBLs, reaching a 

plateau after 40 minutes of imaging, as quantified in the intensity plot and observed in the 

corresponding magnified images (Figure 3.21 B, C). Importantly, this enrichment is specific 

to actin, as tubulin is excluded by the LBLs, with its presence limited to the immediate 

vicinity of the condensates. Moreover, tubulin does not exhibit an increase in signal 

intensity, as quantified in the plot and depicted in the time-lapse images (Figure 3.21 E, F). 

Notably, the initial formation of condensates appears to be independent of actin enrichment, 

as the actin signal is negligible within the condensates at the initial stage of 16 hours post-

transfection (Figure 3.21 G).  
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Figure 3.21. Cytosolic actin, but not tubulin enriches LBLs. (A) Representative images of cells expressing 
EGFP-synphilin 1 and α-synuclein-BFP 16 hours post-transfection showing EGFP-Synphilin in green; Sir-
Actin in magenta; α-synuclein is not shown in overlay for clarity in the overlay. Highlighted condensate 
(yellow square) is magnified in C. Scale bar, 10 µm. (B) Quantification of Sir-Actin signal inside the 
condensates (three independent experiments fifteen condensates analyzed). Note the enrichment of actin 
signal inside the condensate. (C) Live-cell imaging demonstrates Sir-Actin enrichment inside the 
condensates. Scale bar, 5 µm. (D) Representative images of cells expressing EGFP-synphilin 1 and α-
synuclein-BFP 20 hours post-transfection, showing EGFP-Synphilin in green; Sir-Tubulin in magenta; α-
synuclein is not shown for clarity in the overlay. Highlighted condensate (yellow square) is magnified in F. 
Scale bar, 10 µm. (E) Quantification of Sir-Tubulin signal inside the condensates (three independent 
experiments fifteen condensates analyzed). Note the steady level (i.e., the absence) of Sir-Tubulin signal 
inside the condensates. (F) Live-cell imaging indicates no accumulation of Sir-Tubulin inside the 
condensates. Scale bar, 5 µm. (G) Representative images of cells expressing EGFP-synphilin 1 and α-
synuclein-BFP 16 hours post-transfection, and incubated with Sir-Actin for 30 min before imaging showing 
no enrichment of actin at this early stage. Scale bar, 10 µm. 
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In light of the strong association between actin and mitochondria, I aimed to 

investigate the role of actin in the observed accumulation and fragmentation of mitochondria 

in the LBLs proximity, observed in the previous experiments. In fact, actin filaments are 

known to provide structural support and facilitate the movement of mitochondria within the 

cytoplasm (Moore et al., 2021). Moreover, actin has been implicated in regulating 

mitochondrial fission and fusion processes, which are crucial for maintaining mitochondrial 

morphology and function (Moore et al., 2016). In order to visualize mitochondria and actin 

dynamic, I conducted an experiment in which SPY-Actin and MitoTracker-647 dyes were 

incubated in HEK 293 cells co-expressing EGFP-synphilin 1 and a-synuclein allowing the 

formation of LBLs.  

 

Analysis of the collected images revealed a clear disruption of the mitochondrial 

network upon sequestration of the actin cytoskeleton within the LBLs, resulting in 

fragmented mitochondria (Figure 3.22 A). Line profiles were utilized to visualize the overlap 

between the actin signal and the LBLs (Figure 3.22 B), as well as the close accumulation of 

fragmented mitochondria at the surface of these abnormal condensates (Figure 3.22 C). 

Multiple examples were collected and analyzed from independent replicates, demonstrating 

varying degrees of mitochondrial disruption and accumulation, as highlighted by the light 

blue arrows (Figure 3.22 D). 
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Figure 3.22. LBLs sequester cytosolic actin causing the accumulation and disruption of mitochondria 
in the vicinity of condensates. (A) Representative images of cells expressing EGFP-Synphilin 1 and α-
synuclein-BFP, 24 hours post-transfection and incubated with SPY555-actin and mitotracker in far-red. Scale 
bar, 10 µm. (B) Line profile indicates the enrichment of SPY555-actin (magenta line) signal inside the 
condensate (synphilin, green line) and α-synuclein (black line) accumulating at the surface. (C) Line profile 
indicates the accumulation of mitochondria (orange line) at the interface of the condensate. (D) Four 
representative condensates, each from a separate experiment, of cells expressing LBLs (green, EGFP-
synphilin 1) and incubated with mitotracker far-red (orange) and SPY555-actin (white in overlay). Scale bars, 
2 µm. 
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4. DISCUSSION  
 

Throughout the work presented in my thesis, I focused on understanding how a-

synuclein affects condensates in the physiology and the pathology of synucleinopathies. In 

the first part, I show that a condensate of synapsin 1 can recruit a-synuclein affecting the 

maintenance of the SVs. Using heterologous cell systems and in vitro assays, I investigated 

the mobility in condensates and the role of the physiological molar ratio of these proteins to 

ensure the proper architecture of the SV clusters. In the second part of my thesis, I 

investigated how LLPS of a-synuclein may represent a starting point for the formation of 

protein condensates and organelle inclusions. My data show that overexpression of synphilin 

1, another synaptic protein implicated in PD, leads to the aberrant phase separation forming 

an inclusion that is enriched with a-synuclein. These structures were morphologically 

reminiscent of LB inclusions in PD patients. I also analyzed which functional domains of a-

synuclein are necessary to drive the formation of these LBLs and which pathology-related 

mutations in a-synuclein gene can influence the stability of these condensates. Employing 

heterologous cell systems and in vitro assays, I first described the LLPS features of LBLs 

and demonstrated their ability for membranous infiltration and mitochondria sequestering. 

 

4.1. Synapsin/SV condensates recruit a-synuclein 

 

Building upon the previously described characteristics of synapsin 1 to undergo 

LLPS and serve as a crucial regulator in maintaining the pool SVs (Milovanovic et al., 2018), 

I sought to understand how a-synuclein, another pivotal protein involved in the SV cycle, 

affects this process. The findings presented in this thesis demonstrate the ability of a-

synuclein to undergo LLPS in the presence of synapsin 1 at physiological concentration. The 

low-affinity interaction between these two proteins represents an example of a liquid phase, 

as confirmed for example by the assay utilizing aliphatic alcohols. The underlying 

mechanism for these multivalent low-affinity interactions can be attributed to the 

electrostatic interactions between the positively charged C-terminal of synapsin 1, 

characterized by a pI of around 10, and the highly negatively charged tail of a-synuclein. 

Indeed, electrostatic interactions have been previously reported as a key mechanism also for 

interactions of other proteins undergoing LLPS (Kim et al., 2021; Boyko et al., 2019). 

Furthermore, the highly intrinsically disordered nature of these domains enhances the 
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accessibility and exposure of charged residues, thereby enabling the occurrence of low-

affinity interactions. The lack of well-defined secondary or tertiary structures in these protein 

domains allows for increased flexibility and dynamics, leading to the exposure of charged 

amino acids. 

 

Given the densely packed nature of the presynapse, it is reasonable to propose that 

additional multivalent low-affinity interactions contribute to the condensation of synaptic 

SVs in physiological cellular conditions (Li et al., 2012). Synaptobrevin 2, an integral 

protein of SVs known to interact with a-synuclein, represents one potential candidate (Diao 

et al., 2013; Sun et al., 2019). While a-synuclein and synaptobrevin 2 may play a role in 

promoting SV clustering (Diao et al., 2013), their presence alone is insufficient to induce 

mesoscale condensation of native SVs. Notably, neutral liposomes do not significantly 

impact condensation, but the acidity of SVs has been identified as a critical factor in the 

synapsin/lipid vesicle condensation (Milovanovic et al., 2018). The affinity of a-synuclein 

for negatively charged phospholipids is likely essential for the localized enrichment of a-

synuclein within synapsin/SV condensates. Collectively, these findings support the notion 

that multiple multivalent low-affinity interactions, including the interactions between a-

synuclein, synaptobrevin 2, and the acidic phospholipids of SVs, contribute to the formation 

and maintenance of synapsin-associated condensates within the SV cluster in physiological 

cellular environments. 

 

Based on my results, synapsin 1 condensates have been found to recruit a-synuclein, 

and within these condensates, a-synuclein exhibits high mobility (Hoffmann and 

Sansevrino, 2021). The formation of these condensates is dependent on the presence and 

abundance of synapsin 1, suggesting that synapsin 1 functions as an essential scaffold for 

the transient recruitment of a-synuclein. The implication of these findings is that 

synapsin/SV condensates at nerve terminals have the ability to spatially concentrate a-

synuclein. This observation aligns with the concept that SV clusters serve as a buffer for 

synaptic proteins, including a-synuclein (Shupliakov, 2009; Denker et al., 2011; Reshetniak 

et al., 2020). The spatial enrichment of a-synuclein within these condensates suggests its 

influence on the physiological functions and interactions with other synaptic components.  

 

Indeed, it has been observed that upon stimulation, the dispersion of synapsin/SV 

condensates leads to the transient release of enriched proteins, including a-synuclein (Chi et 
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al., 2001). Subsequently, these released proteins have the ability to translocate to the plasma 

membrane, where they can exert their effects on various cellular processes. Specifically, a-

synuclein has been shown to enhance endocytosis and SV recycling, thereby modulating 

synaptic transmission and neurotransmitter release (Vargas et al., 2014; Medeiros et al., 

2017). This suggests that the formation of synapsin/SV condensate may represent a 

mechanism of local spatial enrichment of a-synuclein which ultimately plays a role in 

facilitating the dynamic recruitment and redistribution of a-synuclein, impacting synaptic 

function and vesicle recycling processes. 

 

In vitro experiments described in this thesis utilizing isolated SVs provide evidence 

that SVs serve as triggers for the phase separation of synapsin 1. Specifically, the presence 

of SVs enhances the condensation process of synapsin/a-synuclein complexes since it has 

been observed that under physiological salt concentrations, a-synuclein alone does not have 

the ability to induce phase separation of native SVs that have been purified from rat brains. 

However, when SVs are present, they facilitate and accelerate the phase separation of 

synapsin/a-synuclein complexes. This suggests that SVs play a critical role in initiating and 

promoting the condensation of synapsin in the presence of a-synuclein, emphasizing the 

importance of SVs in modulating the phase separation behavior of these proteins. 

 

Although it has been established that a-synuclein exhibits binding affinity towards 

small, acidic lipid vesicles (Georgieva et al., 2008; Bodner et al., 2009; Middleton and 

Rhoades, 2010; Diao et al., 2013) as well as SVs (Perego et al., 2020; Lautenschläger et al., 

2018; Wang et al., 2014), the current findings demonstrate that a-synuclein alone, at 

physiological concentrations, does not induce LLPS of native SVs. However, under these 

protein and salt concentration conditions, the presence of vesicles promotes the formation of 

synapsin/a-synuclein condensates. Notably, the absence of any crowding reagent and the 

utilization of a concentration at which synapsin 1 does not undergo phase separation, 

combined with the physiological ratio of a-synuclein, highlights how SVs act as triggers for 

the phase separation process. 
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4.2. The molar ratio of synapsin 1/a-synuclein is important for maintaining the 

packing density of SV clusters 

 

 High local concentrations, along with valency and weak interactions, have all been 

recognized as crucial factors driving the process of phase separation (Li et al., 2012; Berry 

et al., 2018). In line with this, both synapsins and a-synuclein are highly concentrated at the 

neuro terminal, with estimated concentrations of approximately 120 μM and 50 μM, 

respectively (Wilhelm et al., 2014). Indeed, from the experiments in this thesis, it is evident 

that SVs condensation was sensitive to the concentration of both proteins. The crucial role 

of specific concentrations of synapsin 1 and a-synuclein in maintaining the liquid phase is 

highlighted by in situ experiments involving genetic deletions of either synapsins or 

synucleins. When all synapsins are deleted in cultured hippocampal neurons, SVs disperse 

away from the active zone without a reduction in their overall number (Milovanovic and De 

Camilli, 2017). This observation indicates that synapsin 1 serves as a scaffold protein 

essential for SV clustering. In contrast, the deletion of all synucleins leads to a tightly packed 

arrangement of SVs, forming a nearly crystalline structure (Vargas et al., 2017). These 

findings suggest that maintaining a balance between the functions of synapsin 1 and a-

synuclein is critical in ensuring the proper fluidity required for SV clustering and supporting 

their efficient localization and release at the synapse (summarized in a scheme in Figure 

4.1).  

  

FIGURE 4.1. Proposed model of 
the synapsin/SVs condensation in 
different molar ratios of a-
synuclein.  a-synuclein-to-synapsin 
1, 1:1 (left), and 3:1 (right), or in 
absence of synapsin 1 (bottom). 
Synapsin 1 molecules are 
represented in magenta, a-synuclein 
molecules are represented in 
turquoise and SVs are represented as 
brown spheres. Modified from 
Hoffmann, Sansevrino, et al., 2021. 
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In a series of in vitro assay, purified SVs were utilized, incorporating them at a 

physiological molar ratio of 3:1 or an equimolar ratio of 1:1 between synapsin 1 and a-

synuclein (Hoffmann and Sansevrino, 2021). The experimental data clearly demonstrated a 

rapid rate of condensation, indicating the successful formation of functional biomolecular 

condensates. Conversely, when an excess molar ratio of a-synuclein is introduced, the 

formation of synapsin/SV condensates is delayed. These findings unveil that an elevated 

concentration of a-synuclein hampers the kinetics of native SV condensation, underscoring 

the importance of maintaining a precise balance between synapsin 1 and a-synuclein for the 

proper architecture and maintenance of SV clusters. The observed results emphasize the 

dynamic interplay between these two proteins and their impact on the organization and 

functionality of SVs, providing valuable insights into the molecular mechanisms governing 

synaptic vesicle dynamics. 

 

4.3.  Aberrant LLPS can represent an initial stage for a-synuclein aggregation 

 

Recent studies have highlighted that a-synuclein undergoes LLPS to facilitate 

amyloid aggregation (Hardenberg et al., 2021; Ray et al., 2020). Phase separation of  a-

synuclein has been recognized as an initiating step for amyloid transition through seeding 

and nucleation processes (Xu et al., 2022; Stender et al., 2021). During LLPS, a-synuclein 

becomes concentrated in condensates, accelerating conformational changes and promoting 

amyloid formation (Wegmann et al., 2018; Pytowski et al., 2020; Xing et al., 2021). In the 

presented thesis, a multi-phase liquid system involving a-synuclein and its interacting 

partner synphilin 1 was investigated, resembling Lewy body-like structures (LBLs) observed 

in both cellular and in vitro contexts.  

 

Notably, my data indicate that synphilin 1 alone can undergo LLPS, exhibiting 

characteristic features of phase-separating proteins such as the formation of spherical 

droplets, high fluorescence recovery after photobleaching, and dynamic fusion and fission 

events between droplets. The progressive accumulation and aberrant phase transition of 

synphilin 1 led to the sequestration of a-synuclein at the periphery of synphilin 1 

condensates, significantly impairing its mobility. This experimental evidence indicates that 

a-synuclein enhances the insoluble fraction of synphilin 1 condensate, thereby promoting 

the formation of solid-like aggregates. 
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Multiple parameters and environmental factors can significantly impact the rate of 

protein aggregation. For instance, mildly acidic pH conditions have been shown to enhance 

the process of secondary nucleation, contributing to accelerated protein aggregation 

(Peduzzo et al., 2020; Buell et al., 2014). Additionally, ionic strength plays a crucial role in 

the aggregation of a-synuclein, with optimal fibrillation occurring at moderate NaCl 

concentrations (Ramis et al., 2020; Ziaunys et al., 2021). Supporting this, the data presented 

in this study indicates that a higher salt concentration (300 mM NaCl) leads to increased 

condensation of a-synuclein around the synphilin 1 core, suggesting that the interaction 

between these two proteins is primarily regulated by ionic interactions.  

 

Furthermore, the maturation of protein condensates also influences the transition 

from a liquid to a solid state. In the cell experiments conducted here, the liquid condensates 

exhibited an increased propensity to form solid-like structures over time, as evidenced by a 

decreasing circularity value. Specifically, in cells expressing both synphilin 1 and a-

synuclein, a progressive de-mixing of the components occurred, highlighting that time 

course is necessary for the formation of LBLs. Indeed, the analyzed early time point showed 

a-synuclein colocalizing homogeneously within the condensates suggesting a more dynamic 

fluid nature. From this data can be speculated that the gradual accumulation of a-synuclein, 

as observed in various instances of gene duplication and triplication associated with PD, can 

disrupt the dynamic equilibrium within liquid condensates, leading to an uncontrolled 

process of aggregation. This dysregulation can ultimately result in the sequestration of a-

synuclein within the shell of these formed LBLs. The excessive accumulation of a-synuclein 

may perturb the normal interactions and balance of components within the condensates, 

causing a shift towards more solid-like aggregates and impairing the fluidity of the system. 

This disrupted equilibrium may contribute to the pathogenic mechanisms underlying a-

synuclein aggregation and the formation of proteinaceous inclusions characteristic of PD. 

This implies that temporal factors are crucial for the maturation and stabilization of LBLs, 

leading to the emergence of more solid-like aggregates.  

 

Previous studies on the kinetics of in vitro protein aggregation have revealed the 

existence of a conserved fibrillization pathway. This pathway is characterized by the 

sequential formation of organized prefibrillar aggregates exhibiting a wide range of 

morphologies. These aggregates, known as protofibrils, represent intermediate stages in the 

process of fibrillization and ultimately give rise to mature insoluble fibrils (Figure 4.2., top). 
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Protofibrils, initially discovered in studies on amyloid beta, have been found to be present 

in the aggregation process of various proteins (Harper and Lansbury, 1997; Walsh et al., 

1999; Bucciantini et al., 2002). These intermediate aggregates, which typically consist of 

15-40 monomers, exhibit a spherical morphology (Harper et al., 1999; Lashuel et al., 2002). 

Importantly, these distinct phases of aggregation have been shown to exhibit varying degrees 

of toxicity (Conway et al., 2000; Harper et al., 1999; Poirier et al., 2002). These spherical 

protofibrils then undergo annealing processes, leading to the formation of chainlike 

protofibrils (Nichols et al., 2002). Subsequently, these chainlike protofibrils can further 

evolve into annular or pore-like species, as well as mature amyloid fibrils (Ding et al., 2002; 

Lashuel et al., 2002). In the case of a-synuclein, in vitro fibrillization also follows a similar 

pattern, starting with the formation of spherical protofibrils, which rapidly progress into 

chainlike protofibrils before ultimately maturing into fibrils (Caughey and Lansbury, 2003). 

 

In this thesis, I showed how LLPS is emerging as a step toward protein aggregation 

(Figure 4.2., bottom). When proteins phase separate and form droplets, they can concentrate 

to higher levels than they would normally do in a homogeneous solution, which can facilitate 

the formation of protein aggregates (Aguzzi and Altmeyer, 2016). Many neurodegenerative 

diseases such as amyotrophic lateral sclerosis (ALS), and frontotemporal dementia (FTD) 

have all been shown to have dysregulation of protein phase separation (Chou et al., 2018; 

Marrone et al., 2019). Various factors can contribute to the atypical condensation of proteins, 

such as mutations in genes encoding phase-separated proteins, compromised protein quality 

control mechanisms, and damage to cellular transportation networks. In particular, the 

aberrant phase transition of FUS, a protein associated with ALS, whether in its wild-type or 

mutant form, has been shown to result in the formation of insoluble aggregates during aging 

(Patel et al., 2015). Additionally, these aggregates have been found to sequester organelles 

such as lysosomes (Trnka et al., 2021) further highlighting the disruptive effects of aberrant 

protein condensation on cellular processes. 
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4.4. Acidic tail of a-synuclein is important for the demixing of synuclein from 

synphilin 1 condensate 

 

 While the interacting domain of synphilin 1 has been extensively studied and 

characterized (Nagano et al., 2003; Liani et al., 2004), the specific domain of a-synuclein 

responsible for mediating this interaction remains to be determined. In my experiments, I 

employed a heterologous cell system and investigated various truncated versions of a-

synuclein to identify the crucial domain involved in the formation of LBLs. The data 

obtained in this thesis indicate that the C-terminal region of a-synuclein plays a significant 

role in stabilizing the "Core and Shell" architecture characteristic of LBs (Wakabayashi and 

Takahashi, 2003). It is worth noting that the NAC domain, which is essential for driving 

fibrillization (Giasson et al., 2001), is still present in the truncated a-synuclein protein used 

in the experiment. Therefore, it is tempting to speculate that a-synuclein-ΔC could still 

undergo a higher degree of aggregation, potentially forming protofibrils and fibrils, but 

failing to recapitulate the LB architecture observed in patients.  

 

FIGURE 4.2. Schematic representation of two coexisting pathways that could lead to a higher 
degree of aggregation through either oligomerization (top) or liquid-liquid phase separation 
(bottom). 



 

 141 

It has been observed that the C-terminal region of a-synuclein is highly enriched in 

LBs, which supports the notion that it can participate independently in LB formation (Huang 

et al., 2022). The pI of synphilin 1 varies across its specific domains, with the N-terminal 

domain having a pI of 4.5 and the ANK domain having a pI of 5.3. In contrast, the C-terminal 

region of synphilin 1 has a positively charged pI of 9.5, indicating a potential affinity for 

acidic phospholipids (Takahashi et al., 2006). The C-terminus of synphilin 1 may serve as a 

primary determinant for its binding capacity to phospholipids. Interestingly, the C-terminal 

region of a-synuclein is highly acidic and predominantly negatively charged (Mor et al., 

2016; Furukawa et al., 2020) suggesting the possibility of low-affinity interactions driven 

by electrostatic charges between these sequences. It is tempting to speculate that these 

charge-based interactions contribute to the stabilization of the LBLs observed in this study.  

 

4.5. The aberrant condensates of a-synuclein disrupt intracellular membrane 

trafficking  

 

Immunohistochemical studies have identified over 90 different molecules that show 

reactivity in the context of protein aggregates (Wakabayashi et al., 2007). In addition, mass 

spectrometry analysis has revealed that these pathological aggregates consist of a complex 

mixture of components, including membranous fragments, vesicular structures, and various 

lipid species (Gai et al., 2000; Araki et al., 2015). The presence of various membranous 

structures in LBs has been associated with the ability of a-synuclein to bind to membranes, 

particularly lipids and fatty acids (Fanning et al., 2019) and synaptic vesicles (Wang et al., 

2014). Based on these observations, several research groups have proposed a challenged 

view that vesicle binding can promote amyloid production, but rather the interactions of a-

synuclein with membranes could play a critical role in the generation of aggregation-

resistant forms of the protein (Rovere et al., 2018; Kim et al., 2018; Bartels, 2019; Fanning 

et al., 2020).  

 

Inspired by previous studies of patient material using correlative light and electron 

microscopy that demonstrated the enrichment of mitochondria in the outer region of LBs in 

patients (Shahmoradian et al., 2019), I investigated the presence of membranous structures 

in reconstituted LBLs. My data presented here support the presence of high contact between 

LBLs and mitochondria. Moreover, mitochondria in cells expressing LBLs appeared to be 

fragmented, which is a common indication of mitochondrial dysfunction observed in various 
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neurodegenerative diseases (Knott et al., 2008). This effect may reflect defective 

mitochondrial respiration and the overproduction of reactive oxygen species (ROS), as 

observed in previous studies (Picca et al., 2021). Recent studies have made significant efforts 

to understand the link between vesicular structure, mitochondrial disruption, and impairment 

of neuronal communication in PD and other synucleinopathies (Alegre-Abarrategui et al., 

2019). These interconnected processes play a critical role in the normal functioning of 

neurons, and their dysfunction can explain the development of cognitive and motor 

symptoms that worsen over time. 

 

Finally, the experimental findings in this thesis indicate that there is an interplay 

between the sequestration of actin by LBLs and the accumulation of mitochondria, which 

ultimately affects the physiological function of mitochondria. Specifically, my data suggest 

that LBLs progressively sequester actin, leading to the collapse of the intracellular actin 

network. This phenomenon is accompanied by increased actin enrichment within the LBLs 

themselves. Furthermore, these results demonstrate a significant accumulation of 

mitochondria in association with LBLs. This accumulation suggests that the sequestration 

of actin by LBLs may play a role in influencing the positioning or distribution of 

mitochondria within the cell. The impaired physiological function of mitochondria may be 

a consequence of this altered distribution or other downstream effects resulting from actin 

sequestration. These findings provide insights into the potential mechanism by which actin 

dynamics and the cytoskeleton are involved in the sequestration of mitochondria and the 

subsequent impact on their function.  

 

The ultrastructure analysis of a-synuclein-containing inclusions in patients done by 

several research groups have already provided valuable insights, revealing that these 

inclusions consist of a complex mixture of membrane-bound organelles (Shahmoradian et 

al., 2019; Mahul-Mellier et al., 2020; Lashuel, 2020). However, the specific mechanisms 

underlying the entrapment of mitochondria at the interface of a-synuclein inclusions 

remained unexplored. Although the presence of mitochondria within a-synuclein inclusions 

has been observed, further investigations are needed to elucidate the precise mechanisms by 

which these organelles become sequestered within the inclusions. 
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5. CONCLUSION AND FUTURE DIRECTIONS  
 

Liquid-liquid phase separation is a growing concept that is changing the point of 

view on how biological systems can self-organize and compartmentalize within cells 

forming biomolecular condensates.  SV condensates serve as a compelling example of this 

concept in neurobiology. Here, a-synuclein emerges as a major regulator of these 

condensates affecting neuronal communication in physiological conditions, and its 

dysregulation has been implicated in the pathogenesis of neurodegenerative disorders.  

 

In the first part of this thesis, I demonstrated that a-synuclein is sequestered in 

synapsin/SV condensates. SVs catalyze the formation of the dynamic synapsin condensates, 

and a-synuclein can further modulate the packing density of SVs assembly of these 

condensates. Further investigations are needed to characterize how this system influences 

the dynamics of SV release during neurotransmission. For example, it is important to explore 

how the kinetics of this process can change the SVs availability under stress conditions. As 

both synapsins and synucleins are targets of many kinases and phosphatases, exploring the 

PTMs status of the proteins involved in neurotransmitter release can provide valuable 

insights into the regulation of this process. These effects can be investigated by selectively 

mutating phosphorylation sites and comparing the kinetics of SV release between wild-type 

and mutant proteins. In addition, advanced imaging techniques such as super-resolution 

microscopy or employing optogenetic tools to selectively control the activity of specific 

could allow for visualize the nanoscale organization of proteins involved in SV release and 

assess how alterations in protein localization affect release kinetics. By delving into these 

aspects, we can gain a deeper understanding of the regulatory mechanisms underlying 

neurotransmitter release and potentially identify novel avenues for modulating synaptic 

function. 

 

An important advancement in expanding the research presented in this thesis would 

be to conduct experiments using animal models or human pluripotent stem cells (iPSCs). 

Furthermore, the utilization of alternative animal models, such as the lamprey, can provide 

notable benefits in investigating synaptic architecture due to their giant axons, considerably 

larger in size compared to mammalian axons. This enlarged axon dimension offers enhanced 

feasibility for experimental manipulations and cellular-level investigations on the synaptic 
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terminal facilitating localized administration of purified proteins, enabling precise 

examination of protein dynamics and their influence on synaptic processes.  

 

In the second part of this work, Lewy bodies-like structures (LBLs), hallmark 

pathological inclusions in PD patients, are recapitulated in a minimal system containing a-

synuclein and synphilin 1. Experiments have revealed that LBLs accumulate a-synuclein 

around the synphilin 1 core. The elevated expression of both a-synuclein and synphilin 1, 

along with the condensate maturation, serves as an illustrative example of how the LLPS 

system can undergo dysregulation, resulting in the formation of insoluble inclusions. This 

scenario provides insight into the underlying mechanism of LB biogenesis. Nevertheless, 

the formed LBLs prominently exhibit pathological characteristics, including the 

sequestration of membranes, particularly mitochondria, and the disruption of the actin 

cytoskeleton. 

 

Transgenic mouse models of PD that overexpress human a-synuclein have been 

developed to replicate several features of the human disease and may be used in the future 

to validate this system. It is important to note that inclusions observed in the mouse models 

are fibrillar, in contrast to the LBs found in postmortem PD tissue which often lack a-

synuclein fibrils. However, despite the valuable insights provided by these animal models, 

it is recognized that they do not fully capture the complexity of human neurodegenerative 

diseases. The significance of this study is closely tied to the need for appropriate models to 

investigate the pathology of LBs in their early stages and progression. The tissue samples 

available for neuropathological studies are typically obtained from clinically diagnosed 

cases, which represent the later stages of the disease. This limitation restricts the insights 

gained from neuropathological investigations. The reconstitution of early stages of LBs 

formation, resembling the preclinical stage of the disease, holds significant potential for 

providing vital insights into the causal relationship between LBs pathology and disease 

progression. 

 

To further investigate the functional consequences of the interaction between LBLs 

and mitochondria, several lines of research could be pursued. For example, in vitro 

reconstituted LBLs could be used in combination with isolated mitochondria to elucidate 

additional features of this direct physical interaction. Additionally, experiments focused on 

quantifying mitochondrial respiration, such as measuring the rate of ATP production, 
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oxygen flux, oxygen consumption rate, and ROS production, could provide insights into the 

impact of LBLs on mitochondrial function. By conducting these experiments, one could 

understand the functional consequences of LBL-mitochondria interactions and their role in 

mitochondrial dysfunction observed in PD pathology. Finally, future studies employing 

advanced imaging techniques such as electron microscopy or soft-X-ray tomography will be 

instrumental in unraveling the intricate molecular events leading to mitochondrial trapping 

within a-synuclein inclusions. 

 

Further work needs to be done to understand the complexity of LB pathogenesis, 

such as investigating the role of other pathways such as proteasome regulation and endo-

lysosomal system. One additional advantage of the approach employed in this thesis is the 

potential to utilize the reconstituted LBLs as a platform for large-scale high-throughput 

screening. This platform can be used for the discovery and testing of new drugs or molecules 

with the ability to disrupt aberrant protein aggregates or slow down the onset of pathological 

phenotypes associated with LB formation. By employing high-throughput screening 

methods, a large number of compounds can be rapidly evaluated for their effectiveness in 

modulating LB-related processes. This approach holds promise for identifying potential 

therapeutic candidates that may be capable of mitigating LB pathology and potentially 

delaying or alleviating disease symptoms. Further exploration of this platform can lead to 

important insights and advancements in the development of novel treatments for LB-

associated neurodegenerative diseases. 
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