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Summary 
 

Most neurodegenerative diseases, including Alzheimer’s disease (AD) and 

Parkinson’s disease (PD), have protein aggregates in neurons, glial cells or the 

extracellular space as common histopathological hallmark. In AD, the proteins tau and 

amyloid-β (Aβ) form intracellular and extracellular aggregates, respectively. In PD, the 

protein α-synuclein (α-syn) aggregates and forms intracellular neuronal inclusions, 

called Lewy bodies (LBs).  

Cellular processes regarding aggregate formation, cellular toxicity induced by protein 

aggregates as well as cellular disaggregation mechanisms remain poorly understood. 

Our work aims to shed light on the ‘aggregate cycle’ of neurotoxic aggregates formed 

by the proteins tau and α-syn: In four studies, we investigated the mechanisms of 

aggregate seeding, analyzed cellular interactions of neuronal aggregates at the 

ultrastructural level and followed the dissociation of amyloid aggregates in vitro and in 

cellulo. 

In our first study, we focused on the effect of the extracellular chaperone Clusterin 

(Clu) on seeded aggregation of tau and α-syn. We found that Clu strongly enhances 

tau seeded aggregation, while it is mitigating the seeding of α-syn. We showed that 

Clu stabilizes tau oligomers and that tau/Clu seeds enter cells via endocytosis. The 

seeds subsequently compromise the endolysosomal compartment, resulting in 

endolysosomal escape and transfer to the cytoplasm (Yuste-Checa et al., 2021). 

Our second study focused on the ultrastructural analysis of neuronal α-syn inclusions 

in situ. By using cryo-electron tomography (cryo-ET), we investigated neuronal α-syn 

aggregates, seeded with in vitro formed fibrils or patient-derived aggregate material. 

We observed that these aggregates consist of both, amyloid α-syn fibrils and 

membranous organelles. We performed detailed analyses of fibril and membrane 

interactions and showed that α-syn fibrils do not interact with membranes directly, and 

that membranes do not cluster within α-syn aggregates. By using gold-labeled 

aggregate seeds, we observed seeding events in situ and characterized seed size as 

well as the growth direction of the newly formed α-syn fibrils (Trinkaus et al., 2021). 

The third study focused on the disaggregation of α-syn fibrils by chaperones of the 

Hsp70 (Heat shock protein 70) family. By combining in vitro microfluidics and chemical 
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kinetic measurements, we showed that Hsc70 (Hsp70 cognate) together with co-

chaperones DnajB1 and Apg2 is able to disaggregate α-syn fibrils completely. The 

Hsp70 chaperone system removes α-syn monomer units from the fibril ends and fibril 

fragmentation contributes only little to the overall disaggregation reaction (Schneider 

et al., 2021).  

The fourth study focused on the disaggregation of cellular tau aggregates by the AAA+ 

ATPase VCP (Vasolin Containing Protein). In a mass spectrometric analysis of cellular 

tau aggregates, VCP and its cofactors were found to be present on the aggregates. 

Interestingly, the inhibition of VCP resulted in an increased size of the aggregates, 

indicating an involvement of VCP in tau aggregate dissociation. Our subsequent 

biochemical and cell-biological work showed that indeed VCP is disaggregating tau 

fibrils, thereby producing monomers that are degraded by the proteasome, as well as 

larger fibril fragments that can serve as new seeds during aggregate propagation 

(Saha et al., 2022). 

Altogether, our studies provide new clues about the series of events in the ‘life cycle’ 

of a neurotoxic aggregate: We follow aggregate formation, analyze aggregate 

architecture and cellular interactions of aggregates and elucidate cell-biological 

mechanisms required for aggregate dissociation. 
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Prologue: The central dogma of molecular biology 
 

Cells are the elementary units of life. They are enclosed compartments with a lipid 

membrane forming a barrier between the intracellular area, the cytoplasm, and the 

extracellular environment. Although mainly separated, an active exchange between 

these two areas takes place. The cell is able to export material from the intracellular 

space and internalize material from the extracellular environment. 

The main molecular building blocks, which are needed to form a functional cell, are 

lipids, nucleic acids and proteins: Lipids form membranes and help to 

compartmentalize the cell’s interior by forming organelles. Every organelle has a 

specific purpose and houses a different repertoire of chemical reactions. Oxidative 

phosphorylation in mitochondria generates cellular energy in form of adenosine-tri-

phosphate (ATP). In lysosomes, misfolded proteins can be degraded by proteases 

using acidic lysis. The endoplasmic reticulum (ER) in combination with the Golgi 

apparatus transports proteins through the cell, modifies and releases them into the 

extracellular space subsequently. 

Nucleic acids are the basic carriers of genetic information and can be divided into two 

classes: Deoxyribonucleic acids (DNA) and ribonucleic acids (RNA). DNA molecules 

are composed of two polynucleotide chains forming a double helix. In prokaryotic cells, 

the DNA is solely localized in the cytoplasm. In eukaryotic cells, however, the genomic 

DNA is held in its own compartment, the nucleus. All genetic information of a cell is 

stored in form of genes on its DNA. Genes can be transcribed into messenger RNA 

(mRNA), which is composed of a single polynucleotide chain. mRNA carries all the 

information needed for translating genes into proteins.  

To express proteins, the mRNA is read and translated into a polypeptide chain. For 

that purpose, amino acids get linked covalently to each other in a specific sequence 

instructed by the mRNA. The translation of the mRNA is mediated by a 

ribonucleoprotein complex, the ribosome. Subsequently, the polypeptide chain must 

adopt a defined three-dimensional structure to become a fully functional protein in a 

process termed ‘protein folding’. The sequential, irreversible flow of information ‘DNA 

makes RNA makes proteins’ is referred to as the ‘central dogma of molecular biology’ 

(Crick, 1958). 
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1 Introduction 

 

1.1 Protein folding 

 

Almost all functions of a living cell are executed by proteins, the most complex 

macromolecules. Proteins facilitate enzymatic reactions, transduce intra- or 

intercellular signals, serve structural roles and are involved in immune responses 

against pathogens (Alberts et al., 2002). In order to fulfil this vast array of functions, 

proteins have to fold into their specific three-dimensional conformation (Dobson, Šali 

and Karplus, 1998; Kim et al., 2013; Balchin, Hayer-Hartl and Hartl, 2016) 

How protein folding is achieved with high efficiency, is one of the most fundamental 

problems in biology. The complexity of this process is summarized in a thought 

experiment, known as the Levinthal paradox (Levinthal, 1968). It states that even if 

each peptide bond in a protein were to occur in only 2 different conformations, a 

polypeptide chain of 150 amino acids could adopt 2149 possible conformations. 

Assuming that every conformational change takes ~10-13 seconds, it would take the 

polypeptide chain around 1024 years to go through all these conformations in order to 

find the correct one – longer than the existence of the universe (Levinthal, 1968; 

Zwanzig, Szabo and Bagchi, 1992; Dobson, Šali and Karplus, 1998).  

However, polypeptide chains fold within seconds to minutes, indicating that 

mechanisms, such as defined folding pathways, limit the amount of potential structural 

conformations during the folding process (Kim et al., 2013). Folding reactions are 

driven by a combination of relatively weak interactive forces of polar, ionic or 

hydrophobic nature. Specifically, the hydrophobic effect is a major driver of the folding 

of globular proteins (Kauzmann, 1959; Dill, 1990; Bolen and Rose, 2008): 

Protein folding is a chemical reaction, in which the concentrations of the reactant (the 

unfolded polypeptide chain [U]) and the product (the folded protein [F]) exist in 

equilibrium: 

𝐾𝑒𝑞 =  
[𝐹]

[𝑈]
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The equilibrium constant is used to calculate the change in Gibb’s free energy, ΔG, of 

the folding reaction, with R being the ideal gas constant and T the temperature: 

∆𝐺 = −𝑅𝑇𝑙𝑛𝐾𝑒𝑞 

A negative ΔG value implies that the reaction is energetically favorable, and that the 

protein will adopt its folded state. The change in Gibb’s free energy can also be 

expressed as a measure of enthalpy and entropy, with ΔH as the change in enthalpy 

and ΔS as the change in entropy: 

∆𝐺 =  ∆𝐻 − 𝑇∆𝑆 

ΔS describes the change of entropy before (initial) and after the reaction (final) with a 

large positive ΔS implying an overall increase of entropy: 

∆𝑆 = 𝑆(𝑓𝑖𝑛𝑎𝑙) − 𝑆(𝑖𝑛𝑖𝑡𝑖𝑎𝑙) 

If the change in entropy is large and dominant over the change in enthalpy, the reaction 

is energetically favored.  

The hydrophobic effect, as the main driving force of folding, is based on the gain of 

entropy through the rearrangement of water molecules during the protein’s folding 

process: Water molecules assemble into ordered cages around non-polar molecules, 

e.g. unfolded polypeptide chains. During protein folding, the hydrophobic polypeptide 

stretches become buried in the protein core, which reduces the protein’s surface area. 

Burying these hydrophobic stretches decreases the amount of water molecules that 

must assemble around the protein’s surface. This results in a gain of entropy and the 

folding of the protein is favored (Kauzmann, 1959; Dill, 1990). 

A protein that has folded into its three-dimensional conformation contains different 

structural elements depending on its amino acid sequence. The most common 

structures are α-helices and β-sheet motifs (Ramachandran, Ramakrishnan and 

Sasisekharan, 1963): The α-helical element is a helix that is stabilized by hydrogen-

bonds (H-bonds) between amino acids within the motif (Pauling, Corey and Branson, 

1951). The β-sheet is formed between two polypeptide chains that align either parallel 

or antiparallel to each other and are also interacting through H-bonds (Pauling and 

Corey, 1951) (Figure 1).  



Introduction 

 

 

 

9 
 

More than 30 % of all proteins in the eukaryotic proteome contain large unstructured 

regions (Dunker et al., 2001). These regions do not adopt any specific conformation 

and are defined as disordered. Proteins containing such disordered stretches are 

termed ‘intrinsically disordered proteins’ (IDPs) (Dunker et al., 2001). Proteins involved 

in neurodegenerative protein misfolding diseases, such as α-synuclein (α-syn) and tau 

(microtubule-associated protein tau), belong to the group of IDPs and the disordered 

regions facilitate their aggregation into amyloid-like fibrils (Uversky, 2015).  

 

Figure 1 The two most common secondary structures. Schematic of a right-
handed α-helix (left) and a β-sheet (right). α-Helices as well as β-sheets are stabilized 
via H-bonds between the negatively charged oxygen and the positively charged 
hydrogen atoms of two peptide bonds.  

 

1.2 Molecular chaperones 
 

Since protein folding is a highly complex process, which is often error-prone, the cell 

has developed several strategies to avoid protein misfolding and aggregation, and to 

ensure the rapid degradation of dysfunctional and potentially toxic proteins (Hipp, 

Kasturi and Hartl, 2019): During protein biogenesis, the nascent polypeptide chain 

emerges from the ribosome and adopts an unstable intermediate folding state 

(Brockwell and Radford, 2007). To stabilize this state and avoid aggregation, specific 
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proteins known as ‘molecular chaperones’ assist the folding of the newly synthesized 

protein (Kim et al., 2013).  

Different classes of molecular chaperones and components of pathways involved in 

protein degradation form the protein quality control (PQC) network, which functions to 

maintain protein homeostasis (proteostasis) (Balch et al., 2008; Hipp, Kasturi and 

Hartl, 2019). Molecular chaperones are proteins that bind to other proteins in their non-

native conformations, assisting correct folding and/or assembly by reducing non-

native intra- and intermolecular interactions (Balchin, Hayer-Hartl and Hartl, 2016). 

Chaperones represent a remarkably versatile group of intracellular as well as 

extracellular proteins exhibiting highly conserved mechanisms (Hartl, 1996). 

Especially two chaperone systems were found to be important in maintaining neuronal 

proteostasis and preventing the formation of neurotoxic protein aggregates: The 

Hsp70 chaperone system and the small heat shock proteins (sHsps) (Vos et al., 2008; 

Bakthisaran, Tangirala and Rao, 2015). 

1.2.1 The Hsp70 machinery 

Many chaperones belong to the family of heat shock proteins (Hsp), a group of proteins 

that are transcriptionally upregulated following heat stress. Hsp70 (DnaK in E. coli) is 

a central player of the proteostasis network. Humans have 13 homologs of Hsp70, 

although not all of them are constitutively expressed (Daugaard, Rohde and Jäättelä, 

2007; Rosenzweig et al., 2019). Hsp70 proteins are present in the cyotosol, but can 

also translocate across membranes into organelles, such as the nucleus, mitochondria 

and the ER (Rosenzweig et al., 2019).  Among stabilizing and preventing the misfolding 

of newly synthesized proteins, the Hsp70 chaperone machinery was also found to 

dissociate protein aggregates and target misfolded proteins for degradation. 

Specialized Hsp70 proteins translocate proteins across the ER and mitochondrial 

membrane (Ryan and Pfanner, 2001; Young, Barral and Hartl, 2003; Mayer and 

Bukau, 2005). 

Proteins belonging to the Hsp70 family consist of an N-terminal nucleotide binding 

domain (NBD) and a C-terminal substrate binding domain (SBD) (Bukau and Horwich, 

1998). The SBD consists of an α-helical lid segment (SBDα) and an eight-stranded β-

sandwich subdomain (SBDβ), in which the substrate binding site is located (Bukau 
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and Horwich, 1998). The SBD can bind up to seven, mostly hydrophobic residues of 

an unfolded polypeptide chain by forming H-bonds with the peptide backbone and van 

der Waals interactions with hydrophobic amino acid side chains (Bukau and Horwich, 

1998; Mayer, 2010; Kim et al., 2013). 

Hsp70 proteins are ATP-dependent enzymes (Zhuravleva and Gierasch, 2011; Kim et 

al., 2013): ATP binding to the NBD causes the opening of SBDα. Subsequently, the 

substrate binding site of SBDβ becomes accessible, which allows client proteins to 

bind. Upon ATP hydrolysis, the SBDα closes and the client protein is bound 

(Zhuravleva and Gierasch, 2011; Kim et al., 2013). The SBD shields the client’s 

hydrophobic polypeptide chain from its surrounding environment, preventing its 

misfolding or inappropriate interactions with other macromolecules in the cell 

(Rosenzweig et al., 2019). Upon exchange of ADP to ATP, the SBDα lid domain opens 

again and the client protein’s folding attempt continues. If the client protein is unable 

to fold upon release from the Hsp70 chaperone system, it can re-bind to it, is 

transferred to other chaperone systems or is degraded (Kim et al., 2013) (Figure 2). 

Hsp70s generally cooperate with Hsp40 co-chaperones (DnaJ in E. coli) as well as 

nucleotide exchange factors (NEFs, GrpE in E. coli) (Kampinga and Craig, 2010; Hartl, 

Bracher and Hayer-Hartl, 2011): More than 40 members of the Hsp40 protein family 

are expressed in humans. Hsp40 proteins function as molecular chaperones on their 

own and can additionally recruit Hsp70 to non-native client proteins (Kampinga and 

Craig, 2010; Kim et al., 2013). All Hsp40 proteins contain a J-domain, which can 

interact with the NBD of Hsp70 and facilitate the hydrolysis of ATP (Jiang et al., 2007; 

Mayer, 2010) (Figure 2).  

While E. coli expresses only one Hsp70-specific NEF (GrpE), mammalian cells were 

found to express different families of NEFs, which are structurally unrelated. The most 

abundant NEF proteins in mammalian cells are the Hsp110 proteins (Dragovic et al., 

2006; Raviol et al., 2006; Kim et al., 2013). Interaction of Hsp110 with Hsp70 results 

in the stabilization of the open conformation of the Hsp70 NBD, resulting in increased 

nucleotide exchange kinetics (Polier et al., 2008; Schuermann et al., 2008; Kim et al., 

2013).  
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Figure 2 Reaction cycle of the chaperone Hsp70. Hsp40 transfers the client to the 
SBD of ATP-bound Hsp70. Upon hydrolysis of ATP, Hsp70 binds tightly to the client’s 
peptide chain. NEFs can remove ADP from the NBD and a new ATP molecule can 
bind subsequently. Adapted from (Shiber and Ravid, 2014). 

1.2.2 Small heat-shock proteins 

sHsps are molecular chaperones of 12 to 43 kDa that act in an ATP-independent 

manner. All sHsps have a 80 amino acid (aa) long α-crystalline core domain (ACD) 

(de Jong, Caspers and Leunissen, 1998; Haslbeck, Weinkauf and Buchner, 2015). 

10 different sHsps are expressed in mammals, although the expression pattern can 

vary between tissues. In the mammalian brain, mainly four sHsps are expressed – 

HspB1, HspB5, HspB6 and HspB8 (Quraishe et al., 2008; Kampinga et al., 2009).  

sHsps contain flexible hydrophobic surface stretches to interact with their client 

proteins during chaperone action (Carver et al., 2017; Webster et al., 2019). Since 

these hydrophobic stretches imply a risk for unwanted protein-protein interactions, 

sHsps accumulate in dormant oligomeric structures with a dimeric substructure, which 

dissociate upon cellular stress (Santhanagopalan et al., 2018). Interaction with the 

client protein leads to dissociation of the oligomers and subsequent binding of the 

chaperone (Freilich et al., 2018; Santhanagopalan et al., 2018).  
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Since sHsps are not capable of refolding the client protein themselves, they mainly 

bind to it, thereby preventing protein misfolding (‘holdase’ activity). In contrast, Hsp70 

and other ATP-dependent chaperone complexes can subsequently refold the sHsp-

bound client protein (Haslbeck et al., 2005). 

Notably, various sHsps prevent protein aggregation by interacting with aggregation-

prone proteins directly (Golenhofen and Bartelt-Kirbach, 2016; Webster et al., 2019). 

Some reports also describe an aggregate-stabilizing role for sHsps (Walther et al., 

2015; Shelton et al., 2017). 

 

1.3 Protein degradation pathways 
 

During cellular stress or aging, when protein misfolding is increased and exceeds the 

available chaperone capacity, protein degradation becomes critical in preventing 

proteostasis collapse (Hipp, Kasturi and Hartl, 2019).  

Proteins targeted for proteasomal or autophagic degradation are covalently modified 

with ubiquitin, a 76 aa protein (Goldstein et al., 1975; Ciechanover et al., 1980; 

Hershko et al., 1980; Hershko and Ciechanover, 1998). The carboxyl terminus of 

ubiquitin is conjugated mainly to the ε-amino group of lysine residues, leading to an 

iso-peptide bond (Goldknopf and Busch, 1977; Swatek and Komander, 2016). 

Ubiquitin can also be linked to other free nucleophiles on a protein, including the N-

terminus, serine and threonine hydroxyl groups and cysteine thiol groups (McDowell 

and Philpott, 2013). 

Ubiquitination is performed by ubiquitinating enzymes in a three-step-process. Three 

different types of ubiquitin ligases are required for the ubiquitination process: The E1 

ligase (ubiquitin activating enzyme) binds to the carboxyl group of ubiquitin via an ATP-

dependent thioester linkage (Scheffner, Nuber and Huibregtse, 1995; Metzger, 

Hristova and Weissman, 2012). Subsequently, ubiquitin is transferred onto an E2 

ligase (ubiquitin conjugating enzyme) and finally linked to the substrate via an 

interaction with an E3 ligase (ubiquitin ligating enzyme) (Metzger, Hristova and 

Weissman, 2012). While there are only two E1 and around 40 E2 enzymes in 

mammals, more than 600 E3 ligases have been identified so far, which ensure a high 
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degree of substrate specificity (Komander, 2009). E3 ligases are divided into two main 

groups: the HECT (Homologous to the EAP6 Carboxyl Terminus) (Huibregtse et al., 

1995) and the RING (Really Interesting New Gene) families (Lorick et al., 1999; 

Metzger, Hristova and Weissman, 2012). While the RING E3 ligases only mediate the 

ubiquitin transfer from the E2 enzyme onto the substrate, the HECT E3 ligases bind 

ubiquitin in an intermediate step through a thioester bond (Metzger, Hristova and 

Weissman, 2012) (Figure 3 A).  

 

 

Figure 3 Reaction cycle of ubiquitin ligases. Ubiquitin (Ub) is conjugated to an E1 
ligase via a thioester bond in an ATP-dependent manner. The ubiquitin is 
subsequently conjugated to E2 and E3 ligases (A). Different ubiquitination patterns 
define the fate of the client protein (B). Mono- and multi-ubiquitination can influence 
protein interactions and localization, K11 and K48 ubiquitination lead to proteasomal 
degradation and K63 ubiquitination leads to degradation through the autophagosomal-
lysosomal system. Adapted from (Darwin, 2009). 
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Substrates of ubiquitin ligases can either be monoubiquitinated or polyubiquitinated. 

Depending on the type of ubiquitination, the substrate faces a different fate (Figure 3 

B). Polyubiquitination via the N-terminal methionine (M1 linear ubiquitination) can 

serve as a signal for the regulation of immune responses as well as quality control 

(Dittmar and Winklhofer, 2020). Polyubiquitiniation via the seven lysine residues of 

ubiquitin (K6, K11, K27, K29, K33, K48, or K63) can lead to a plethora of cellular 

responses. The degradation of target proteins by the ubiquitin-proteasome system 

(UPS) or selective autophagy is mediated by polyubiquitination (Komander, 2009):  

A polyubiquitination pattern of K11 or K48 linked ubiquitins results in the degradation 

of the substrate by the proteasome (Chau et al., 1989; Jin et al., 2008; Grice and 

Nathan, 2016). The eukaryotic 26S proteasome consists of a 19S regulatory subunit 

and a 20S core particle. The 20S core particle has a barrel-shaped structure that is 

formed by four heptameric rings, two α- and two β-rings (Gerards et al., 1998). The α-

rings guide the unfolded polypeptide chain towards the β-rings that are located in the 

center of the barrel and have proteolytic activity. Inside the center of the barrel, the 

polypeptide chain is cleaved into small fragments that are 3 to 22 amino acids long 

(Groll et al., 1997; Kisselev et al., 1999; Adams, 2003).  

The 19S regulatory subunit, which is located on top of the 20S particle, contains the 

hexameric AAA-ATPase (ATPase Associated with diverse cellular Activities) Rpt1-6 

(Regulatory Particle of Triple-ATPase) that unfolds the substrate and pulls it into the 

proteasome barrel (Walz et al., 1998) (Figure 4A). The ubiquitinated substrate is 

recognized by other components of the 19S regulatory subunit, such as Rpn10 and 

Rpn13 (Regulatory Particle of Non-ATPase) that contain ubiquitin interacting motifs 

(Elsasser et al., 2002, 2004; Nickell et al., 2007; Collins and Goldberg, 2017). The 

UPS degrades around 80 % of all proteins that are targeted for degradation. Such 

proteins can be either short lived and undergo rapid turnover or are irreversibly 

misfolded (Collins and Goldberg, 2017). 

An alternative degradation pathway is selective autophagy, which is induced by K48 

or K63 ubiquitination patterns (Tan et al., 2008; Dikic and Elazar, 2018). Autophagy 

receptors, such as p62 (ubiquitin-binding protein p62 or Sequestosome-1) or NBR1 

(Neighbor of BRCA1 gene 1 protein) bind to the ubiquitin chain via their ubiquitin 

associated (UBA) domain (preferentially K63 linked ubiquitin) and guide the complex 
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to membrane bound LC3/GABARAP (Light Chain 3, Gamma-aminobutyric acid 

Receptor-Associated Protein; ATG8 and ATG12 in S. cerevisiae) via their LC3 

interacting region (LIR) (Zatloukal et al., 2002; Kirkin et al., 2009; Dikic and Elazar, 

2018). LC3 is located in the membrane of the phagophore and is required for its 

expansion. The phagophore is an open double membrane structure that is engulfing 

the cargo. Once the phagophore closes and forms an autophagosome, the cargo-

membrane structure can undergo fusion with the lysosome. Subsequently, lysosomal 

proteases degrade the cargo at acidic pH (Pankiv et al., 2007; Dikic and Elazar, 2018) 

(Figure 4B). 

 

Figure 4 Two types of protein degradation. K48 labeled proteins are targeted for 
proteasomal degradation (A). The proteasome consists of a core particle (20S) and a 
regulatory subunit (19S). K63 labeled proteins undergo clearance by autophagy (B). 
p62 binds to the K63 ubiquitination pattern and mediates binding to LC3, a membrane 
bound protein of the phagophore. The phagophore elongates around the client protein 
and forms an autophagosome, which subsequently fuses with the lysosome. In the 
lysosome, acidic lysis degrades the client protein. 
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1.4 Protein misfolding 
 

When misfolded or partially unfolded proteins are not refolded by chaperones or their 

degradation fails, potentially toxic protein aggregates may form (Hipp, Kasturi and 

Hartl, 2019). Proteins can aggregate during the folding process as they travel downhill 

on the potential free-energy surface towards their thermodynamically most favorable 

state (Balch et al., 2008; Balchin, Hayer-Hartl and Hartl, 2016) (Figure 5).  

 

Figure 5 Energy landscape of protein folding. During folding into its native state, 
the partially folded polypeptide chain can adopt unstable intermediate states. When 
such intermediates are kinetically trapped and accumulate and exceed the available 
chaperone capacity, amorphous, oligomeric or amyloid aggregates can form.  

 

If the protein is kinetically trapped in an off-pathway intermediate state and exposes 

hydrophobic amino acids to the solvent, amorphous, oligomeric or amyloid structures 

may form (Hipp, Kasturi and Hartl, 2019). The amyloid aggregate is thermodynamically 
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the most stable conformation of a protein, which makes disaggregation by molecular 

chaperones difficult (Hipp, Kasturi and Hartl, 2019). 

Amyloid aggregates consist of amyloid fibrils. These fibrils have a diameter of 5 to      

15 nm and can contain several protofilaments (Toyama and Weissman, 2011). As a 

hallmark, amyloid fibrils can be stained with fluorescent dyes, such as Congo Red, 

Thioflavin T (ThT) or Thioflavin S (Bennhold, 1922; LeVine, 1993). Amyloid dyes 

intercalate between the fibril’s β-strands, which align along the fibril axis with a regular 

spacing of 0.47 nm (Sunde et al., 1997) (Figure 6A). The aggregating protein 

molecules arrange in specific β-sheet folds, which interact with each other via H-

bonds. These β-sheet folds become apparent by visualizing the fibril from the top 

(Makin and Serpell, 2005; Diaz-Espinoza, 2021). The arrangement of the β-sheets in 

amyloid fibrils is also referred to as the ‘Greek-key topology’ due to its similarity to the 

ancient Greek geometrical pattern (Diaz-Espinoza, 2021) (Figure 6B). 

 

Figure 6 Amyloid fibril structure. Amyloid fibrils consist of one to several 
protofilaments (in the schematic example, two protofilaments are shown). The protein 
monomers align perpendicular to the fibril axis with an even spacing of 0.47 nm (A). 
Every protofilament has a specific protofilament fold that is defined by the β-sheet 
pattern that is formed by the aggregating protein monomers. The protofilament fold 
becomes apparent by visualizing the amyloid fibril from the top (B).  
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In contrast to amyloid fibrils, amorphous aggregates do not adopt a structured fold and 

lack long-range order, although they can still be rich in β-sheet content. One example 

of a protein adopting an amorphous aggregated state is αB-crystallin, invovled in 

proteostasis of the eye lens (Grosas et al., 2020). 

Oligomeric aggregates are often considered as toxic aggregation intermediates, due 

to their highly dynamic nature (Alam et al., 2019). Oligomers can engage proteins as 

well as membranes in aberrant interactions. This results in protein dysfunction or 

damage of organelles (Winner et al., 2011). In contrast to amyloid fibrils, oligomers do 

not necessarily have cross-β content. Some oligomers are thought to adopt an α-

helical fold (Fonseca-Ornelas et al., 2017). 

Insterestingly, biologically functional aggregates consisting of amyloid fibrils have also 

been described: The amyloid fibril was found to be the storage form of peptide 

hormones in pituitary secretory granules (Maji et al., 2009) and the eggshell of the silk 

moths contains amyloid fibrils, most likely increasing its stability to protect the embryo 

(Benaki et al., 1998). 

 

1.5 Prion-like propagation of amyloid aggregates 
 

The kinetics of amyloid fibril formation can be monitored in vitro by using the amyloid 

dye ThT (LeVine, 1993; Nilsson, 2004): The aggregation reaction starts when an 

unfolded monomer adopts an amyloidogenic conformation and forms an early 

aggregate with additional monomers. As soon as the first aggregate nuclei form, the 

reaction accelerates and larger fibrils start to grow. When all monomers are consumed 

in fibrils, the reaction slows down, ending in a saturation phase (Ilie and Caflisch, 

2019). Besides de novo aggregation, amyloid fibrils can also form upon secondary 

nucleation. During this event, the surface of fibril fragments provides new aggregation 

hubs for unfolded or partially misfolded monomers. These subsequently aggregate, 

which results in an increasing amount of amyloid fibrils (Nilsson, 2004; Meisl et al., 

2016) (Figure 7). 
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Figure 7 Formation of amyloid fibrils monitored by ThT. In the beginning of the 
reaction, the amyloidogenic protein is present as unfolded monomer (lag phase). As 
soon as the first aggregate nuclei form, the reaction rate increases and longer fibrils 
form (elongation phase). Once all monomers are consumed in amyloid fibrils, the 
reaction slows down and reaches a saturation phase. Adapted from (Ilie and Caflisch, 
2019). 

 

Neurodegenerative diseases, which feature the infectious spreading of amyloid fibrils 

throughout the brain are classified as prion (prion = proteinaceous infectious particle) 

diseases. In prion diseases, such as Creutzfeld-Jakob-disease (CJD) in humans and 

scrapie in sheep, the prion protein PrPC (Prion Protein cellular) forms amyloid fibrils 

(PrPSC for PrP scrapie form) (Ghetti et al., 1996). During disease spreading, amyloid 

PrPSC fibrils break into smaller pieces, resulting in secondary nucleation events and 

facilitating new fibril growth. This leads to a constantly increasing aggregate load. 

PrPSC aggregates can spread intercellularly, resulting in a transmission of aggregates 

through interconnected brain regions (Kordek et al., 1999). CJD results in the 

degeneration of the brain and the death of the patient. Around 77 cases were 

diagnosed in Germany in the year 2019 (Robert Koch Institute). Mutations in the PRNP 

(prion protein) gene or an older age of the patient can increase the probability of falling 

ill with CJD (Ladogana and Kovacs, 2018).  
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Contaminated tissues in the form of tissue grafts (e.g. cornea transplantation) or the 

consumption of meat from cows affected by bovine spongiform encephalopathy (BSE) 

can result in transmission of CJD (Will et al., 1996; Will, 2004). This corroborates CJD 

as an infectious disease, in which amyloid prion fibrils cannot only be transmitted from 

human to human, but also between different mammalian species.  

Not only metazoan organisms can harbor self-replicating amyloid aggregates. S. 

cerevisiae has heritable elements that are transmitted via prions. Known prions in 

yeast include [URE3] and [PSI+], which are the prion forms of the proteins Ure2p 

(Transcriptional Regulator URE2) and Sup35p (Eukaryotic peptide chain release 

factor GTP-binding Subunit) (Wickner, 2016). So far, yeast prions are considered 

benign and represent a specific form of inheritance that is governed by protein 

conformation and not by DNA sequence (Liebman and Chernoff, 2012).  

Evidence is emerging that other amyloid proteins are also able to spread in a prion-

like manner (Purro et al., 2018): Spreading of Amyloid-β (Aβ), usually found in plaques 

of Alzheimer’s disease (AD) patient’s brains, has been observed in a cohort of young 

patients in Great Britain, who were treated with preparations of growth hormone in 

their childhood. Depending on the purification method used, some of the preparations 

were contaminated with Aβ aggregates. Shortly after the treatment, Aβ plaques 

formed in the brain of the patients, resulting in typical symptoms of AD and CJD (Purro 

et al., 2018). In addition to PrPC and Aβ, also α-syn and tau have been found to 

aggregate into amyloid fibrils and spread in a prion-like manner in patient brains 

(Vasili, Dominguez-Meijide and Outeiro, 2019).  

The structures of α-syn and tau, the diseases related to their aggregation, as well as 

the processes of aggregation and spreading will be discussed in detail below. 

 

1.6 α-Synuclein 
 

α-Syn, encoded by the SNCA gene, is an IDP with a total length of 140 aa (Uéda et 

al., 1993; Masliah et al., 1996; Villar-Piqué, Lopes da Fonseca and Outeiro, 2016), 

which is primarily localized to presynaptic terminals of neurons (Clayton and George, 

1998; Burré, 2015). It has two homologues, β-synuclein and γ-synuclein (SNCB and 
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SNCG), that are also expressed in brain tissue. However, not much is known about 

the function of these two other synuclein proteins. A recent study suggests that the 

binding of β-syn or γ-syn to α-syn modulates α-syn activity at the pre-synapse 

(Carnazza et al., 2020).  

α-Syn runs as a 16 kDa protein in sodium dodecylsulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). However, it shows characteristics of a 57 to 60 kDa 

protein under native conditions, e.g. in size exclusion chromatography. Therefore, it is 

assumed that α-syn occurs in an unfolded conformation with an increased 

hydrodynamic radius (Weinreb et al., 1996; Eliezer et al., 2001; Lashuel et al., 2013). 

α-Syn consists of three domains (Emanuele and Chieregatti, 2015) (Figure 8). Its N-

terminal region, ranging from aa 1 to 60, contains seven imperfect repeats containing 

the motif KTKEGV. This amphipathic region is able to adopt α-helical structures, which 

allow the interaction with lipid bilayers (Eliezer et al., 2001; Emanuele and Chieregatti, 

2015; Fusco et al., 2017). Due to this ability and its high abundance at the pre-

synapse, it has been hypothesized that α-syn plays a role in vesicle fusion during 

transmission of neuronal signals. While some studies suggest the involvement of α-

syn in neurotransmitter release, others describe an inhibitory effect of α-syn at the pre-

synapse (Emanuele and Chieregatti, 2015).  

The α-helical fold of α-syn has furthermore been linked to multimerization. In 2011, 

Bartels et al. and Wang et al. have shown that upon crosslinking, α-syn occurs as a 

homotetrameric α-helical protein, rather than an unfolded monomeric one (Bartels, 

Choi and Selkoe, 2011; Wang et al., 2011; Lashuel et al., 2013). This observation, 

however, could not be reproduced (Burré et al., 2013; Lashuel et al., 2013). 

Most mutations of α-syn that induce familial forms of Parkinson’s disease (PD) occur 

in the N-terminal region (Srinivasan et al., 2021), including A18T, A29S (Hoffman-

Zacharska et al., 2013), A30P (Krüger et al., 1998), E46K (Zarranz et al., 2004), A53E 

(Pasanen et al., 2014), A53T (Polymeropoulos et al., 1997), H50Q (Appel-Cresswell 

et al., 2013) and G51D (Lesage et al., 2013). 

The second domain, the so-called ‘non-Aβ-component of AD amyloid’ (NAC) domain, 

is the part of α-syn that is involved in amyloid fibril formation and forms the major part 

of the amyloid fibril core (Giasson et al., 2001). The term ‘non-Aβ-component of AD 
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amyloid’ originated from the observation that this domain of α-syn, ranging from aa 61 

to 95, was reported to be found in Aβ plaques as a component other than the Aβ 

protein itself (Uéda et al., 1993). However, later works failed to reproduce this 

observation and could not detect any α-syn in Aβ plaques (Culvenor et al., 1999). The 

NAC domain is highly hydrophobic and crucial for aggregation of α-syn into amyloid 

fibrils. Upon deletion of large parts of the NAC domain, α-syn loses its ability to 

aggregate in vitro (Giasson et al., 2001) and in cellulo (Luk et al., 2009; Lashuel et al., 

2013).  

The C-terminal region of α-syn, ranging from aa 96 to 140, contains predominantly 

negatively charged as well as proline residues (Breydo, Wu and Uversky, 2012; Villar-

Piqué, Lopes da Fonseca and Outeiro, 2016). It was discovered that α-syn can bind 

Ca2+ ions via its C-terminus (Nielsen et al., 2001), which increases its lipid-binding 

capacity and mediates its localization to the pre-synaptic terminal (Lautenschläger et 

al., 2018). Additionally, the C-terminus has an aggregation preventing role, as α-syn 

becomes more aggregation prone upon partial truncation (aa 115 to 140) (Sorrentino 

et al., 2018). 

 

 

Figure 8 Structure of α-syn. α-Syn consists of three domains: An amphipathic region 
is located at the N-terminus, in which most of the disease-causing mutations are found. 
The second domain ‘NAC’ is needed for fibrillogenesis of α-syn. An acidic region at 
the C-terminus allows Ca2+ binding and modulates lipid binding. Adapted from 
(Emanuele and Chieregatti, 2015). 

 

Several sites for post-translational modifications (PTMs) are found at the C-terminus 

(Emanuele and Chieregatti, 2015): Nitration occurs on Y125, Y133 and Y136 and 

kinases phosphorylate Y125, Y133 and Y135 (Schmid et al., 2013). Notably, more 

than 90 % of aggregated α-syn gets phosphorylated at S129, which makes phospho-

α-syn(S129) a specific marker for aggregated α-syn (Fujiwara et al., 2002). 
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1.7 α-Synucleinopathies 
 

Neurodegenerative diseases, which feature the deposition of aggregated α-syn in 

neurons or glial cells as a histopathological hallmark, belong to the group of α-

synucleinopathies (Figure 9). α-Synucleinopathies include diseases such as PD, 

dementia with Lewy bodies (DLB) and multiple system atrophy (MSA) (Peng, 

Gathagan and Lee, 2018).  

1.7.1 Parkinson’s disease 

PD is the second most prevalent neurodegenerative disorder, which affects 1 of 100 

people above an age of 60 years (Tysnes and Storstein, 2017). As a degenerative 

disorder of the nervous system, the symptoms emerge slowly and become eventually 

more severe, resulting in the death of the patient. The main symptoms at an early 

stage are motor symptoms, such as tremor, rigidity, postural instability and slowness 

of moving. During disease progression, other symptoms like depression and anxiety 

appear (Hoehn and Yahr, 1967; Pollanen, Dickson and Bergeron, 1993; Tanner and 

Goldman, 1996).  

A main cause for the described motor symptoms is the loss of dopaminergic neurons 

in the basal ganglia of the substantia nigra pars compacta, which function as control 

center for voluntary motor movements (Benazzouz et al., 2014). So far, the exact 

cause for the loss of dopaminergic neurons remains unclear. However, it has been 

shown that most PD patients exhibit α-syn aggregates in neurons of the affected brain 

regions, which are called Lewy bodies (LBs) (Lewy, 1912; Spillantini et al., 1997). 

Although LBs are not found in every patient that presents with Parkinsonism 

(Johansen et al., 2018), a clear link between mutations in the SNCA gene, which make 

α-syn more aggregation prone, as well as SNCA triplication and an early onset of PD 

has been found in genome-wide association studies (GWAS) (Singleton et al., 2003; 

Blauwendraat et al., 2019). 

It is noteworthy that besides the SNCA gene, also other genes, such as LRRK2 

(Leucin Rich Repeat Kinase 2), GBA1 (Glucosylceramidase Beta 1) PRKN (Parkin 

RBR E3 Ubiquitin Protein Ligase), PINK1 (PTEN-induced putative Kinase 1), DJ-1 
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(Daisuke-Junko-1) and VPS35 (Vacuolar Protein Sorting 35) have been identified as 

PD risk factor genes (Billingsley et al., 2018; Lunati, Lesage and Brice, 2018). 

Because PD is a degenerative disease and no cure has been found so far, only 

symptomatic treatment can be offered to the patients. This treatment includes the 

application of Levodopa (L-DOPA), a precursor molecule of dopamine, or dopamine 

agonists (Armstrong and Okun, 2020). Besides the application of chemical 

compounds, patients can also be treated by deep brain stimulation (DBS). In this case, 

electrodes are implanted into the patient’s brain. These electrodes constantly apply 

electrical impulses leading to a stimulation of the affected brain areas and a reduction 

of the occurring symptoms (Armstrong and Okun, 2020). The exact mode of action of 

DBS, however, is still not understood.  

1.7.2 Dementia with Lewy bodies 

Patients suffering from DLB show similar motor symptoms as observed in PD. 

Additionally, severe cognitive defects, such as confusion, loss of speech or poor 

attention may occur. Many DLB patients present with a rapid eye movement (REM) 

sleep behavior disorder, which results in exhaustion (Capouch, Farlow and Brosch, 

2018).  

The pathophysiology of DLB is characterized by LBs and loss of dopaminergic and 

cholinergic neurons in the tegmentum and the basal forebrain. Besides α-syn 

accumulations, tau aggregates (Neurofibrillary tangles, NFT) and Aβ plaques may also 

be present, which are otherwise typically found in AD (Taylor et al., 2017; Irwin and 

Hurtig, 2018) 

1.7.3 Multiple System Atrophy 

MSA, in contrast to PD and DLB, is histopathologically characterized by α-syn 

aggregates in glial cells, which are called glial cell cytoplasmic inclusions (GCIs) or 

Papp-Lantos bodies (Papp, Kahn and Lantos, 1989; Gai et al., 2003). Although a 

different cell type is affected in MSA compared to PD, the same brain areas 

degenerate over time. The progressing degeneration results in a similar symptomatic 

phenotype. Interestingly, however, L-DOPA has been found to be ineffective in MSA 
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patients (Wolf, 2012). In comparison to PD, MSA is more aggressive, leading to the 

death of the patients within 8 to 11 years after diagnosis (Wenning et al., 2013).  

It has been shown that α-syn aggregates purified from post mortem material of patients 

having suffered from PD and MSA have different structural and biochemical 

characteristics, which may underlie the different clinical phenotypes observed in the 

two diseases (Peng et al., 2018). Clinically, MSA cases are divided into MSA-P, which 

predominantly show a Parkinsonian phenotype, and MSA-C, which show cerebellar 

ataxia (Köllensperger et al., 2010). 

Figure 9 α-Syn pathology in different neurodegenerative diseases. Aggregated 
α-syn is present in various synucleinopathies, like PD, DLB, MSA and incidental
Lewy body disease. Although α-syn aggregates are mainly found in neurons, they
also occur as GCIs in the case of MSA. Different brain areas are affected in different 
diseases: SN - substantia nigra; Ctx - cortex; CB - cerebellum; Amg - amygdala; Scale 
bar: 25 μm (Peng, Gathagan and Lee, 2018). 

1.8 α-Synuclein aggregation 

α-Syn aggregation is thought to be causally related to the occurrence of 

synucleinopathies, such as PD or MSA. The exact connection between α-syn 

aggregation and cellular toxicity, however, is still not clear.  

In a healthy cell, the level of α-syn is tightly regulated (Lashuel et al., 2013). α-Syn is 

degraded by the UPS, autophagy (Webb et al., 2003) or direct proteolysis (Iwata et 

al., 2003). If one of these degradation mechanisms fails, less α-syn is degraded, 

resulting in an increased intracellular concentration, which subsequently favors the 
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aggregation reaction. SNCA gene mutations and triplications, toxins, oxidative stress 

as well as PTMs were found to be additional regulators of aggregation (Paleologou et 

al., 2010; Lashuel et al., 2013; Manzanza, Sedlackova and Kalaria, 2021).

The major part of α-syn in LBs as well as GCIs occurs most likely in form of amyloid 

fibrils (Spillantini et al., 1997; M. G. Spillantini et al., 1998; Gai et al., 2003), possibly 

representing an attempt of the cell to sequester toxic aggregated material in a stable 

and less dynamic form (Lashuel et al., 2013).

1.8.1 α-Synuclein oligomers 

Oligomeric α-syn species are structurally highly diverse and dynamic (Alam et al., 

2019): spheroid, annular- and “chains of spheres”-shaped oligomers have been 

described, which cannot only interconvert to soluble monomers or amyloid fibrils, but 

have the ability to adopt other oligomeric structures as well (Stöckl, Zijlstra and 

Subramaniam, 2013; Cremades, Chen and Dobson, 2017; Alam et al., 2019).  

α-Syn oligomers can be toxic for the cell (Alam et al., 2019). They may damage 

mitochondria (Parihar et al., 2009), lead to lysosomal rupture (Hashimoto et al., 

2004; Jiang et al., 2017) and result in Ca2+ influx and cell death (Danzer et al., 2007). 

In vivo studies found that toxic oligomers result in a dramatic loss of dopaminergic 

neurons in the substantia nigra by potential disruption of membranes (Winner et al., 

2011; Lashuel et al., 2013).  

Oligomers cannot only interconvert, but also recruit monomeric α-syn into amyloid 

fibrils (Chen et al., 2015). Interestingly, α-syn fibrils may release oligomeric species, 

which subsequently lead to neuronal dysfunction (Cascella et al., 2021). 

1.8.2 α-Synuclein amyloid fibrils 

While the structure of oligomers is difficult to determine, several structures of α-syn 

amyloid fibrils have been solved by nuclear magnetic resonance (NMR) spectroscopy 

or cryo-electron microscopy (cryo-EM) single particle analysis. The first cryo-EM 

structure of an in vitro formed α-syn fibril was solved by Guerrero-Ferreira et al. at an 

overall resolution of 3.4 Å. For this study, truncated wild type (wt) α-syn (aa 1-121) 

was used and amyloid fibril formation was facilitated in vitro by constant agitation in 

Dulbecco’s buffered saline (DPBS) at 37 °C (Guerrero-Ferreira et al., 2018).  
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Wt α-syn(1-121) assembles into a symmetrical, polar fibril, composed of two 

protofilaments that contain staggered β-strands with a spacing of 4.9 Å. The fibril core 

ranges from residues L38 to V95. Within one protofilament, eight in-register parallel β-

strands wind around a hydrophobic valine and alanine rich intra-molecular core 

(residues 48 – 91), which likely stabilizes the protofilament (Guerrero-Ferreira et al., 

2018). 

The authors found that the two protofilaments interact with each other via a 

hydrophobic steric zipper topology within β-sheet 3, ranging from aa 51 to 56. In this 

region, A53 and V55 form an inter-molecular surface, which is additionally stabilized 

by a salt bridge between E57 and H50. Notably, three PD associated mutations, 

H50Q, G51D and A53T, are located at the protofilament interface. One hypothesis 

that could explain the aggregation-prone character of A53T mutant α-syn, is the 

position of the threonine at the interface. A polar amino acid may lead to an overall 

destabilization of the zipper topology, resulting in increased fibril breakage and 

enhanced secondary nucleation (Guerrero-Ferreira et al., 2018). 

Since publication of the first cryo-EM structure, more structures of in vitro formed α-

syn fibrils have been reported. Different research groups studied wt fibrils aggregated 

in different buffers, supplemented with various additives (B. Li et al., 2018), mutant 

fibrils (e.g. H50Q) (Boyer et al., 2019) or fibrils that contained PTMs (e.g. N-terminal 

acetylation) (Y. Li et al., 2018). Interestingly, however, none of the in vitro aggregated 

fibril structures resembles the one purified from post mortem patient brain material 

(Schweighauser et al., 2020). 

In 2020, Schweighauser et al. solved the structure of α-syn fibrils purified from the 

putamen of MSA patients. The protofilaments of the two structures they determined 

(from a total of five cases) show an asymmetrical arrangement. One of the 

protofilaments contains additional β-sheets at the N-terminus, which results in a total 

of 12 β-sheets.  

Another difference between the MSA fibrils and fibrils formed in vitro is an additional 

density that is not connected to the polypeptide chain and is surrounded by side chains 

K43, K45 and H50. Although the exact composition of the density remains unknown, 

Schweighauser et al. hypothesized that this molecule is highly negatively charged and 

of non-proteinacious nature (Schweighauser et al., 2020) (Figure 10). 
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Figure 10 Schematic of β-sheet arrangements in different α-syn protofilament 
cores. α-Syn fibrils purified from patient brain material show different β-sheet 
arrangements (upper row) and presence of additional non-proteinaceous molecules 
(orange), compared to in vitro formed α-syn fibrils (lower row). Polymorph 1a is formed 
by wt α-syn, Ac1-140 is additionally N-terminally acetylated, E46K and H50Q are α-
syn mutations found in familial forms of PD. Adapted from (Schweighauser et al., 
2020). 

1.8.3 α-Synuclein aggregates in neurons and glial cells 

LBs are neuronal cytoplasmic inclusions, first described by Heinrich Lewy in 1912 

(Lewy, 1912). Until today, the molecular architecture of LBs has not finally been 

clarified, as methods for the unperturbed ultrastructural imaging of native human brain 

tissue are still lacking.  

Early conventional EM work suggested that LBs are proteinaceous accumulations, 

consisting of fibrillar material that in some cases adopts a multilaminated structure. 

Although LBs from different areas of the brain vary in their appearance, all of them 

contain fibrils as a hallmark (Forno, 1996).  

Ubiquitin, neurofilament (Goldman et al., 1983; Kuzuhara et al., 1988) and  α-syn were 

the first proteins identified as components of LBs (Spillantini et al., 1997; M. G. 

Spillantini et al., 1998; Trojanowski and Lee, 1998). Early immuno-gold labeling 

experiments of brain slices suggested that the filamentous components of LBs are 

either composed of α-syn directly, or that α-syn binds to the observed fibrils (Arima et 
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al., 1998). Purification of fibrils from PD patient brain and subsequent immuno-gold 

staining proved that the purified fibrils are indeed formed by α-syn (M. Spillantini et al., 

1998).  

However, in 2019 Shahmoradian et al. suggested that LB pathology is rather a 

lipidopathy than a proteinopathy: Upon examination of 17 different LBs by room 

temperature correlative-light electron microscopy (CLEM), they found that all of the 

analyzed LBs mainly consisted of membranous organelles, rather than fibrils. Although 

the authors also observed fibrillar material in 14 of the LBs, they subsequently 

questioned the existence of α-syn fibrils in LBs (Shahmoradian et al., 2019; Lashuel, 

2020).  

This claim led to a conflict in the scientific community (Lashuel, 2020). A study that 

was able to replicate LB-like aggregates in primary mouse neurons and analyzed them 

with conventional EM, came to the conclusion that indeed significant amounts of 

membranous organelles are present in LBs. However, the authors could additionally 

observe filaments, which resembled α-syn fibrils, as observed in the early EM studies 

performed on human brain material (Mahul-Mellier et al., 2020). 

In contrast to LBs, GCIs occur mainly in oligodendrocytes. GCIs are composed of α-

syn fibrils, which contain phospho-α-syn(S129) (Gai et al., 2003) and are localized to 

the cytoplasm as well as to the nucleus. In MSA, α-syn-positive inclusions can also be 

found in neurons, albeit to a lesser extent (Papp and Lantos, 1994). The brain areas 

affected by GCIs are the substantia nigra, the striatum, the pontine nucleus, the 

cerebellum and the spinal cord. These regions show a characteristic 

neurodegeneration, which is most probably due to the loss of oligodendrocytes, as the 

primary lesion (Ozawa et al., 2004).  

 

1.9 Tau 
 

The microtubule binding protein tau is an IDP that is highly expressed throughout the 

whole central nervous system (CNS) and consists of four domains: The N-terminal 

acidic projection domain, the proline-rich domain, the microtubule-binding domain 

(MTBD) and a C-terminal tail (Strang, Golde and Giasson, 2019).  
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Alternative splicing of exon 2, 3 and 10 can give rise to six different isoforms in the 

CNS, resulting in proteins of 352 to 441 aa lengths: Tau isoforms with zero, one or two 

N-terminal repeats (0N, 1N, 2N) are the result of alternative splicing of exon 2 and 3. 

The splicing of exon 10 generates tau isoforms that contain three or four MT-binding 

repeats (3R or 4R) (Strang, Golde and Giasson, 2019) (Figure 11). Each N-terminal 

insert is 29 aa long and each repeat in the MTBD is 30 or 31 aa long (Guo, Noble and 

Hanger, 2017). Although the ratio between 3R to 4R tau is very similar in the healthy 

adult brain, it may vary in the brain of patients suffering from tauopathies (Liu and 

Gong, 2008). The distribution of the N-terminal isoforms is irregular: 0N tau comprises 

37 %, 1N tau 54 % and 2N tau 9% of all the tau isoforms (Goedert and Jakes, 1990; 

Hong et al., 1998; Hanes et al., 2009). 

It was found that tau can fold into a ‘paperclip’-like structure, where N- and C-terminus 

interact with each other (Jeganathan et al., 2006). Mutations, truncation or PTMs may 

disturb this interaction, leading to more unfolded tau in the cell, which increases the 

probability of tau aggregation (Strang, Golde and Giasson, 2019). 

The primary function of tau is to bind to and assemble microtubules (MTs) by binding 

to the interface between α- and β-tubulin heterodimers (Kadavath et al., 2015; Strang, 

Golde and Giasson, 2019). In vitro experiments showed that 4R tau interacts with MTs 

with a higher affinity than 3R tau and results in increased MT stability (Panda et al., 

2003). 

Besides MTs, tau interacts with other proteins, such as dynactin, which is a regulator 

of the MT motor protein dynein (Magnani et al., 2007). Furthermore, tau is involved in 

axonal transport and neurite outgrowth (Caceres and Kosik, 1990; Strang, Golde and 

Giasson, 2019). 
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Figure 11 Isoforms of human brain tau. In the CNS, six different tau isoforms are 
generated by alternative mRNA splicing of exon 2, 3 (red) and 10 (green). These 
isoforms are 352 to 441 aa long. Depending on the splicing pattern, tau with zero, one 
or two N-terminal repeats (red) and three or four MTBD (green) is expressed. Adapted 
from (Guo, Noble and Hanger, 2017). 

 

1.10 Tauopathies and Tau aggregation 
 

Tauopathies are neurodegenerative diseases that have tau deposits as 

histopathological hallmark. Tau aggregates intracellularly into amyloid neurofibrillary 

or gliofibrillary tangles that are hyperphosphorylated (Van Swieten et al., 1999). Tau 

hyperphosphorylation likely occurs prior to the aggregation, leading to an electrostatic 

conflict that favors dissociation of tau from MTs (Grundke-Iqbal et al., 1986; Despres 

et al., 2017; Goedert, Eisenberg and Crowther, 2017).  

1.10.1 AD and FTDP-17 

The most common tauopathy is AD. In addition to intracellular tau aggregates, 

insoluble extracellular aggregates of Aβ (senile plaques) can be found in AD patient 

brains (Spires-Jones, Attems and Thal, 2017). AD is characterized by dementia as 

well as language problems, disorientation, mood swings and behavioral changes 

(Bature et al., 2017). Although AD is described as sporadic disease, 1 to 2 % of the 

cases are inherited. Genes associated with autosomal dominant AD are APP (Aβ 

precursor protein), PSEN1 and 2 (Persenilin 1 and 2) (Dai et al., 2017). Genes involved 
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in late onset AD (LOAD) are - among others - APOE (Apolipoprotein E) as well as CLU 

(Clusterin, Clu) (dos Santos et al., 2020).  

Interestingly, dominant mutations in the MAPT (Microtubule-Associated Protein Tau) 

gene (e.g. P301L or V337M) have been identified that result in frontotemporal 

dementia with Parkinsonism linked to chromosome 17 (FTDP-17) (Goedert and Jakes, 

2005). In comparison to wt tau, tau P301L aggregates faster in vitro and in cellulo 

(Elbaum-Garfinkle et al., 2014; Strang et al., 2018). Both mutations, P301L and 

V337M, decrease tau binding to MTs, which results in more unbound tau in the cell, 

favoring its aggregation (Hong et al., 1998). Over 100 families with 32 different tau 

mutations have been identified so far. However, symptoms and phenotype do not only 

vary between the different families, but also between different individuals carrying the 

same mutation (Goedert and Jakes, 2005). 

1.10.2 Tau amyloid fibrils 

All six tau isoforms are found in NFTs in AD. The fibrils are therefore either formed by 

tau containing 3 MTBDs (3R tau) or 4 MTBDs (4R tau). AD tau fibrils can adopt two 

different overall filament structures: either paired helical filaments (PHFs) or straight 

filaments (SFs) (Kidd, 1963; Berriman et al., 2003; Goedert and Jakes, 2005). 

Cryo-EM studies of PHFs and SFs purified from post mortem AD brain revealed that 

the number of protofilaments as well as their arrangement can differ within the same 

sample. Although PHFs and SFs have the same protofilament fold, the protofilaments 

arrange differently to each other, changing the overall structure of the fibrils (Fitzpatrick 

et al., 2017).  

The protofilament core of AD fibrils encompasses MTBD 3 and 4, as well as a part of 

the C-terminus. This core contains 8 β-sheets, which arrange in a C-shaped form 

(Fitzpatrick et al., 2017). A similar protofilament fold has been observed for fibrils 

purified from post mortem brain of patients suffering from chronic traumatic 

encephalopathy (CTE) (Falcon et al., 2019). 

The β-fold for the 3R isoforms of AD and CTE fibrils starts at G273 or K274 and for 

the 4R isoforms it starts at G304 or S305. This fold then ends at E380 or R379. While 

the overall fold between AD and CTE fibrils appears similar, CTE fibrils show a cavity 

between β-sheet 4 and 6, where an additional density is located, most likely 
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representing a different type of molecule. This molecule is most probably of 

hydrophobic and non-proteinaceous nature (Figure 12) (Falcon et al., 2019).  

Figure 12 Schematic models of protofilament folds of tau fibrils of different 
diseases. The protofilament folds of AD and CTE, both formed by either 3R or 4R tau, 
appear very similar. The folds of PiD and CBD appear significantly different, with more 
β-sheets being included in the core (Scheres et al., 2020). 

In Pick’s disease (PiD), which is a 3R tauopathy, not only MTBD 3 and 4 are part of 

the protofilament core, but also a short sequence of R1 (Falcon et al., 2018). In the 4R 

tauopathy corticobasal degeneration (CBD), the protofilament core comprises MTBDs 

3, 4 and parts of 2 (Zhang et al., 2020). 

The PiD and the CBD folds differ significantly from those observed in AD and CTE 

fibrils. In PiD, the protofilament core is formed by 9 β-sheets that arrange into a J-

shaped fold, starting at K254 in R1 and ending at F378 in the C-terminal tail. CBD 

protofilaments adopt a four layered fold, formed by 11 β-sheets. The CBD fibril core 

ranges from K274 to E380 at the C-terminus (Falcon et al., 2018; Zhang et al., 2020). 

It is important to note that the structure of in vitro formed heparin induced fibrils differs 

significantly from the fibrils purified from post mortem material (Scheres et al., 2020). 
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1.11 Transmission of α-Syn and Tau aggregates        

in neurodegenerative diseases 

The spatial distribution of protein deposits involved in neurodegenerative diseases 

follows a disease-specific pattern (Peng, Trojanowski and Lee, 2020). In PD, α-syn 

aggregates are first found in the olfactory bulb and the brain stem. During disease 

progression, the pathology emerges via the midbrain to the cortex (Braak et al., 

2003). In AD, the tau pathology originates in the entorhinal region and spreads 

via the hippocampus to the neocortical region (Braak and Braak, 1991; Peng, 

Trojanowski and Lee, 2020).

One hypothesis that may explain the disease-specific pathology pattern is the cell-to-

cell transmission of toxic protein aggregates between interconnected brain regions 

(Peng, Trojanowski and Lee, 2020). Strong evidence for the intercellular spread of α-

syn aggregates comes from studies that observed the transmission of α-syn 

aggregates from diseased patient brain into healthy transplanted human fetal-brain-

derived graft neurons (Kordower et al., 2008). 

The spread of protein aggregates can also be studied in animal models. Transgenic 

mice, expressing human A53T α-syn, as well as wt mice develop α-syn pathology 

upon injection of synucleinopathy patient brain homogenate, brain homogenate of 

diseased mice or in vitro formed α-syn fibrils (preformed fibrils, PFFs) (Luk et al., 

2012; Masuda-Suzukake et al., 2013). Similar observations have been made in tau 

mouse models. Injection of patient brain material induces tau pathology in wt mice 

and in vitro formed tau fibrils result in tau aggregation in transgenic mice that express 

human P301L tau (Peeraer et al., 2015; Guo et al., 2016). 

Protein aggregates that result in a templated misfolding of the 

endogenously expressed proteins are termed ‘seeds’ and the process of 

templated misfolding is referred to as ‘seeding’. Several hypotheses have been 

proposed regarding seed release and uptake (Peng, Trojanowski and Lee, 2020) 

(Figure 13). 
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Figure 13 Schematic of various models of intercellular α-syn seeding. In healthy 

cells, α-syn is bound to membranes in the pre-synapse (pink cell). Upon uptake of 

seeds, templated misfolding takes place and aggregates form. Smaller aggregates 

can be transmitted to neighboring cells via nanotubes, exosomes / endosomes or 

receptor-mediated uptake (green cell). The release of seeds from dying cells has not 

been observed in patient brains so far (grey cell). 

 

It is likely that α-syn and tau aggregates are released through exosomes, as the 

amount of exosomal α-syn and tau is significantly increased in PD and AD patients 

compared to healthy controls (Saman et al., 2012; Shi et al., 2014; Peng, Trojanowski 

and Lee, 2020). Interestingly, injection of exosomes purified from DLB patients results 

in α-syn seeding and aggregation in wt mice (Ngolab et al., 2017; Peng, Trojanowski 

and Lee, 2020). A different hypothesis proposes that seeds are released by dying cells 

and subsequently diffuse through the extracellular space. However, no evidence in 

patient brain has been found so far that is supporting this idea (Peng, Trojanowski and 

Lee, 2020). 

For α-syn seeds, dynamin-dependent endocytosis has been described as a general 

pathway of aggregate uptake (Hansen et al., 2011; Grozdanov and Danzer, 2018). 

Additionally, heparan sulfate proteoglycan (HSPG)-mediated macropinocytosis 

mediates at least partially the uptake of α-syn as well as tau seeds. Incubation of cells 
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with heparin prior to seed addition prevents the seed uptake (Holmes et al., 2013; 

Peng, Trojanowski and Lee, 2020). A third way of seed uptake, proposed by the 

Dawson group and colleagues, is receptor-mediated endocytosis of α-syn. They found 

that α-syn seeds are internalized into primary neurons after binding to the plasma 

membrane receptors APLP1 (Amyloid Precursor-Like Protein 1) and LAG3 

(Lymphocyte Activation Gene 3) (Mao et al., 2016; Zhang et al., 2021). Later studies, 

however, failed to find any evidence for LAG3 expression in brain cells (Emmenegger 

et al., 2021). To allow cellular release and uptake via the discussed pathways, the size 

of α-syn and tau seeds needs to be sufficiently small. This size constraint makes 

sonication and thereby fragmentation of PFFs crucial for in vitro seeding experiments 

(Volpicelli-Daley, Luk and Lee, 2014).

More evidence is accumulating that pathological seeds can occur in more than one 

conformation. Fibrils purified from post mortem brain material of different 

neurodegenerative diseases have distinct folds (Scheres et al., 2020; Schweighauser 

et al., 2020) and in vitro seeding experiments showed that the cerebrospinal fluid 

(CSF) of patients suffering from PD or MSA has disease-specific seeding properties, 

which propagate through several cycles of protein misfolding cyclic amplification 

(PMCA) reactions (Shahnawaz et al., 2020). Notably, not only fibril structure (Long et 

al., 2021), but also aggregate morphology is propagated in tau seeding experiments 

in cellulo and in vivo (Sanders et al., 2014).  

The different conformations of the protein seeds are termed ‘strains’ and the 

propagation of the conformation is considered as ‘prion-like’ (Peng, Trojanowski and 

Lee, 2020). However, not only the seed, but also the cell type seems to play an 

important role in the propagation of an aggregate strain: Peng et al. found that the 

cellular milieu of oligodendrocytes favors the conversion of α-syn aggregates into an 

MSA-like aggregate strain, whereas neurons were not able to convert aggregates into 

a PD-like strain (Peng et al., 2018).  
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1.12 Effects of molecular chaperones on toxic protein 

aggregates 

1.12.1 The effect of Clusterin on amyloid fibril formation                

and seeding 

The multicellularity of higher eukaryotes creates a complex architecture of both, the 

cells themselves and the space between them - the extracellular space (ECS). The 

ECS is filled with extracellular fluid that contains metabolites, ions, proteins and 

molecules, such as neurotransmitters or hormones. To maintain proteostasis in the 

ECS, an extracellular chaperone network has evolved. One of the first extracellular 

chaperones that was discovered is Clusterin (Clu) that is also called ApoJ 

(Apolipoprotein J) (Michel et al., 1997).  To become a functional chaperone, translated 

Clu is cleaved   into   an  α-   and   β-subunit,  which are connected by disulfide bonds, 

and is subsequently translocated via the Golgi into the ECS (Collard and Griswold, 

1987; De Silva et al., 1990; Yuste-Checa, Bracher and Hartl, 2022). Various rare 

genetic mutations have been described that are affecting Clu secretion, alternative 

splicing and expression (Szymanski et al., 2011; Bettens et al., 2015; Padhy et al., 

2017). 

Surprisingly, in 2009, the CLU gene was found in two independent GWAS as a risk 

gene for LOAD (Harold et al., 2009; Lambert et al., 2009). Biomarker studies hint 

towards a link between Clu and AD, as Clu levels are increased in the plasma of AD 

patients (Weinstein et al., 2016). Additionally, Clu expression is upregulated in the 

hippocampus and cortex of AD patient brains (May et al., 1990) and Clu was found to 

co-localize with Aβ plaques and tau aggregates (Calero et al., 2000; Foster et al., 

2019). 

To understand the role of Clu in protein aggregation, several in vitro studies have been 

conducted. Clu can fulfill ATP-independent chaperone functions, similar to those of 

sHsps (Michel et al., 1997; Poon et al., 2000). Clu, as a holdase chaperone, can 

efficiently prevent the de novo aggregation of amyloid proteins, such as Aβ or α-syn 

at substoichiometric ratios (Yerbury et al., 2007). Notably, the ratio of Clu and the 
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aggregating protein seems to be important. At Clu:substrate ratios of 1:10 or greater, 

Clu can directly interact with prefibrillar, oligomeric species, stop the ongoing 

aggregation and provide substantial cytoprotection (Yerbury et al., 2007). 

Additionally, a molar ratio of Clu:α-syn of 1:100 during a co-aggregation reaction 

reduces α-syn-induced permeabilization of lipid bilayers (Whiten et al., 2018). Similar 

observations have been made in cellulo: Clu reduces the uptake of α-syn aggregates 

into mouse and human astrocytes, indicating a protective effect of Clu (Filippini et al., 

2021). 

Clu has furthermore been linked to a decreased aggregate load of Aβ and tau in AD 

mouse models. Viral overexpression of Clu in APP/PS1 mice (transgenic APP 

KM670/671NL and PSEN1 L116P) leads to a reduced accumulation of amyloid 

aggregates and subsequently reduced gliosis (Wojtas, Sens, et al., 2020). Tau 

overexpression in CLU-knock out (KO) mice leads to a higher aggregate load 

compared to wt mice and results in anxiety-like behavior (Wojtas, Carlomagno, et al., 

2020). 

Interestingly and also contrary to the studies discussed above, earlier studies 

observed a cytotoxic effect of Clu: Binding of Clu to synthetically produced Aβ42 

oligomers and their subsequent stabilization was found to increase the production of 

reactive oxygen species (ROS) in PC12 cells and decreased cellular viability (Oda et 

al., 1995). Additionally, KO of Clu in PDAPP (transgenic APP V717F) mice was found 

to decrease the amount of fibrillar Aβ deposits (DeMattos et al., 2002). The 

contradictory results may therefore point towards a Janus-faced effect of Clu on the 

emergence and progression of neurodegenerative diseases (Yuste-Checa, Bracher 

and Hartl, 2022). 

1.12.2 Hsp70-mediated disaggregation of α-synuclein fibrils 

Molecular chaperones do not only interact with aggregation-prone proteins to prevent 

their misfolding and aggregation. They are additionally involved in the active 

disaggregation of preexisting amyloid fibrils.  

In vitro studies by the Bukau group reported an efficient fragmentation and 

depolymerization of α-syn fibrils by the Hsp70 machinery, which they reconstituted 

with Hsc70 (Heat Shock Cognate 71 kDa Protein, Hsp70), DnaJB1 (DnaJ Heat Shock 
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Protein Family Member B1, Hsp40) and Apg2 (Heat Shock 70-Related Protein APG-

2, Hsp110, NEF) (Gao et al., 2015). Notably, heat-inducible Hsp70 (HSPA1A) 

disaggregates amyloid fibrils less efficiently than the constitutively expressed Hsc70. 

They also found that Hsp110 has to be present in substoichiometric ratios, since a 1:1 

ratio decreases chaperone activity relative to the substoichiometric regime 

(Duennwald, Echeverria and Shorter, 2012; Gao et al., 2015). The ATP-dependent 

disaggregation reaction results in monomeric α-syn species that are less toxic to 

neuroblastoma cells than the original PFFs (Gao et al., 2015).  

In 2020, Wentink et al. described the mechanism of α-syn fibril disaggregation by the 

Hsp70 machinery in greater detail (Figure 14) (Wentink et al., 2020).  

 

Figure 14 Schematic of α-syn fibril disaggregation by the Hsp70 chaperone 
machinery. DnaJB1 recognizes the C-terminus of α-syn. Hsp70 binds subsequently 
to DnaJB1 leading to molecular crowding. Finally, entropic forces result in the 
disaggregation of the α-syn fibril (Wentink et al., 2020). 

 

The authors found that DnaJB1 binds through multivalent interactions to the C-terminal 

region (aa 123-129) of α-syn, which is not part of the amyloid core, but sticks out of 

the fibril, forming a ‘fuzzy coat’. In multiple recruitment cycles, DnaJB1 assists the 

binding of Hsp70 to the site of action. The high amount of bound Hsp70s leads to 

molecular crowding, which is energetically unfavorable. However, the high affinity of 

Hsp70 to DnaJB1 allows an increased accumulation of Hsp70 proteins. To avoid non-

productive Hsp70 loading, Hsp110 performs rounds of selective reshuffling of Hsp70 

proteins, which clusters more Hsp70s at the site of action. Eventually, the molecular 
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crowding becomes so high that entropic forces pull the α-syn subunits apart, resulting 

in amyloid fibril disaggregation (Wentink et al., 2020). 

1.12.3. AAA+ ATPase-mediated disaggregation of amyloid fibrils 

One of the best studied protein disaggregases is the yeast Hsp104 complex (Sanchez 

and Lindquist, 1990). Hsp104 (in E. coli: ClpB, Caseinolytic peptidase B protein 

homolog) is a member of the homohexameric AAA+ ATPase family (Parsell et al., 

1994; Wendler et al., 2009). The six monomers of the Hsp104 complex form a ring-

like protein structure with an axial channel in the center. Hsp104 consists of an N-

terminal domain (NTD), NBD1, a middle domain (MD), NBD2 and a C-terminal domain 

(CTD). Both NBDs contain Walker A and B motifs, which harbor an arginine finger that 

is required for ATP hydrolysis (Sweeny and Shorter, 2016).  

During Hsp104-mediated disaggregation of amorphous or amyloid protein aggregates, 

ATP is hydrolyzed and a pulling force is generated on the polypeptide chain of the 

aggregated protein. The polypeptide chain is subsequently threaded through the 

chaperone’s AAA+ ring resulting in a dissociation of aggregated protein assemblies 

(Wendler et al., 2009).  

Hsp104 works in close collaboration with the Hsp70/Hsp40 chaperone system in 

protozoans and bacteria. The complex is therefore termed the ‘Hsp70/Hsp104 bi-

chaperone machinery’ (Mogk, Bukau and Kampinga, 2018).  

Interestingly, Hsp104 governs the inheritance of a yeast strain’s prion status. Hsp104 

disassembles yeast prion fibrils, such as Sup35 fibrils, into smaller oligomers that 

serve as seeds for conformational replication (propagons) (Chernova, Wilkinson and 

Chernoff, 2017). If Hsp104 is inhibited, no seeding competent propagons are formed. 

This results in long ‘dead end’ fibers, which are diluted out during cell division. Over 

time, the yeast strain’s prion status gets lost. At the same time, if an increased amount 

of Hsp104 is active on the prions, the fibrils will be disassembled into non-

transmissible fragments, most likely monomers. This results, as well, in the loss of the 

yeast strain’s prion status (Chernoff et al., 1995). 

Metazoan cells do not express Hsp104. However, other AAA+ ATPase proteins have 

been found to fulfil similar disaggregation functions: Previous studies showed that 

functional VCP (Vasolin Containing Protein, p97 and Cdc48 in S. cerevisiae) is 
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required to decrease abundance and size of cellular polyglutamine-(polyQ)-expanded 

huntingtin exon 1 aggregates in HeLa cells (Ghosh et al. 2018), and tau aggregates in 

human embryonic kidney cells (Darwich et al., 2020).  

VCP is, similar to Hsp104, a homohexameric protein complex, forming a ring-like 

structure with a central pore. The VCP monomer consists of three domains, an N-

terminal domain (N-domain), and two ATPase domains (D1 and D2) (Wang, Song and 

Li, 2004). The N-domain is required to interact with cofactors and potential substrates. 

Upon ATP hydrolysis, a force is generated, which results in movement of the N-domain 

and substrate binding (Cooney et al., 2019; Ferrari et al., 2022). 

One of the main functions of VCP is the extraction and segregation of ubiquitinated 

proteins from protein complexes and membranes, resulting in their subsequent 

degradation by the proteasome (Stolz et al., 2011). The binding of VCP to the 

ubiquitinated substrate protein may occur through adaptor proteins. More than 30 

different co-factors of VCP have been identified, which modulate VCP function (Meyer 

and Weihl, 2014). Among these cofactors are the proteins Ufd1 (Ubiquitin fusion 

degradation protein 1 homolog) and Npl4 (Nuclear protein localization protein 4 

homolog), various UBX (ubiquitin X regulatory)-domain containing proteins, ubiquitin 

ligases and deubiquitinating enzymes (Ferrari et al., 2022). 

VCP fulfils additional functions in various PQC pathways, such as ER-associated 

degradation (ERAD) (Stolz et al., 2011; Meyer and Weihl, 2014), mitochondria-

associated degradation (MAD) (Heo et al., 2010) and ribosome-associated 

degradation (RAD) (Verma et al., 2013; Ferrari et al., 2022). Unsurprisingly, VCP gene 

mutations are linked to protein misfolding diseases, such as AD, PD, multisystem 

proteinopathies (MSPs), inclusion bodies myopathy Paget disease and frontotemporal 

dementia (IBMPFD) and frontotemporal degeneration (FTD) (Tang and Xia, 2016; 

Darwich et al., 2020).  
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2 Publications 

 

2.1 Publication 1: The extracellular chaperone Clusterin 

enhances Tau aggregate seeding in a cellular model 

 

Aim and key results of the study: 

The extracellular chaperone Clu has been identified as a risk factor for LOAD. It was 

therefore of interest to study the effect of Clu on the formation of amyloid aggregates 

of proteins involved in AD. 

To investigate the effect of Clu on de novo aggregation of tau and α-syn, we added 

Clu to in vitro aggregation reactions. For both, tau and α-syn, Clu delayed the 

aggregation. Next, we sought to test the effect of Clu on seeded aggregation and 

applied the co-aggregated tau/Clu and α-syn/Clu fibrils to reporter cell lines, 

expressing fluorescently tagged tau and α-syn. Interestingly, while α-syn/Clu fibrils 

showed a decreased seeding property compared to α-syn fibrils alone, tau/Clu fibrils 

showed a reversed effect: seeding with tau fibrils that were co-aggregated with Clu 

resulted in an increased amount of aggregate formation within cells compared to 

seeding with tau fibrils alone.  

Upon further biochemical and biophysical characterization of the seeds, we found that 

Clu stabilizes soluble, highly seeding competent tau species, which enter the cell via 

endocytosis. The seeds subsequently compromise the endolysosomal system and 

enter the cytoplasm, where seeded aggregation of the endogenously expressed tau 

monomers occurs. 

Contribution: 

V.A.T. conducted α-syn experiments, including protein purification and fibrilization of 

α-syn as well as membrane retention assays, cell-biological work, generation of stable 

human neuroblastoma and embryonic kidney cell lines, seeding experiments, 

analyses by fluorescence microscopy and the quantification of the images, as well as 

negative stain electron microscopy experiments. 
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2.2 Publication 2: In situ architecture of neuronal 

α-Synuclein inclusions 

Aim and key results of the study: 

In this study, we employed cryo-electron tomography (cryo-ET) to analyze the 

ultrastructure and the cellular interactions of neuronal α-syn aggregates. To this end, 

we imaged α-syn aggregates in primary mouse neurons that were seeded with in vitro 

formed fibrils, as well as with aggregates purified from post mortem human brain tissue 

from an MSA patient.  

We showed that endogenously expressed α-syn monomers form amyloid fibrils in LB-

like neuronal α-syn aggregates. We found that these α-syn fibrils do not interact with 

membranes or organelles directly. Interestingly however, and contrary to other amyloid 

aggregates, many organelles, including mitochondria, ER and lysosomes, were 

present inside the fibrillar aggregate meshwork. To determine whether smaller α-syn 

aggregate species, such as oligomers, might interact with the membranes and cluster 

them, we measured the inter-membrane distances between the organelles and found 

that the organelles inside the aggregates had a similar amount of close-contacts as 

organelles found in control neurons – indicating that within α-syn aggregates, no 

membrane clustering occurs. 

Lastly, we studied the seeding mechanism in situ by using gold-labeled α-syn fibrils 

as seeds. We found that only small fibrils are seeding competent and that α-syn fibrils 

grow unidirectionally from the internalized gold-labeled seeds.  

Contribution: 

V.A.T planned research and helped with manuscript preparation, conducted 

biochemical experiments, including protein purification and in vitro generation of α-syn 

fibrils, performed cell-biological experiments, including generation of stable cell lines 

and immunofluorescence stainings in human neuroblastoma cells and conducted all 

cryo-ET experiments, including sample preparation, data acquisition, post processing 

and helped with the data analysis.  
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2.3 Publication 3: The Hsc70 disaggregation machinery 

removes monomer units directly                                     

from α-synuclein fibril ends 

 

 

Aim and key results of the study: 

Previous studies showed that the Hsp70 chaperone system is capable of 

disaggregating α-syn amyloid fibrils in vitro. The exact mechanism, however, has not 

been understood. To elucidate the mode of action, we conducted microfluidic 

measurements of α-syn species formed during the disaggregation reaction. We 

showed that Hsc70 together with its co-chaperones DnajB1 and Apg2 removes α-syn 

monomers from the amyloid fibril ends and that fibril fragmentation has only a small 

effect on the kinetics of the disaggregation reaction. Together with previous reports, 

we were able to describe a detailed mechanism of Hsc70-mediated disaggregation of 

α-syn amyloid fibrils. 

Contribution: 

V.A.T. conducted negative stain electron microscopy experiments of α-syn fibrils at 

different time points during the disaggregation reaction and helped with in vitro 

disaggregation assays using ThT fluorescence measurements. 
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2.4. Publication 4: The AAA+ chaperone VCP disaggregates 

Tau fibrils and generates aggregate seeds 

 

Aim and key results of the study: 

In this study, we aimed to elucidate how metazoan cells disaggregate amyloid protein 

aggregates. To this end, we conducted a mass spectrometric analysis of tau 

aggregates purified from human embryonic kidney cells. We found that the AAA+ 

ATPase VCP together with its co-factors Npl4 and Ufd1 are associated with the tau 

aggregates. Subsequent biochemical and cell-biological experiments revealed that 

VCP binds to ubiquitinated tau aggregates directly and disaggregates them. During 

this process, low molecular weight species, most likely tau monomers, are formed that 

can be degraded by the proteasome or be refolded by the Hsp70 chaperone system. 

Interestingly, as a byproduct, larger tau species also emerge, which are seeding 

competent and can propagate the amyloid tau aggregates during cell division. 

Contribution: 

V.A.T. conducted the cryo-ET experiments of Tau-YFP (Yellow Fluorescent Protein) 

aggregates in primary mouse neurons. This included cryo-ET sample preparation, 

data acquisition, post-processing as well as data analysis. 
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3 Discussion 

 

Although Parkinson’s disease was described for the first time in 1817 (Parkinson, 

1817) and Lewy bodies were discovered more than 100 years ago (Lewy, 1912), the 

cellular mechanisms and consequences of protein aggregation in neurodegenerative 

diseases remain incompletely understood. This may be due to the lack of suitable 

cellular model systems and biochemical tools as well as to our limited understanding 

of aggregate structure and interactions of aggregates with cellular components. 

While in cell biological studies in the early 2000s protein aggregation was induced by 

harsh chemical treatments (Ostrerova-Golts et al., 2000; Paxinou et al., 2001), newer 

models focus on aggregate formation upon seeded aggregation, mimicking the prion-

like spread of neurotoxic protein aggregates in patient brains (Volpicelli-Daley, Luk 

and Lee, 2014). Seeding induces intracellular aggregation of proteins, such as tau and 

α-syn reliably and allows to study the uptake of the seeds as well as the seeding event 

in cellulo.  

By combining this novel seeding approach with cell-biological and ultrastructural 

methods, we have been able to provide insights into key aspects of the ‘aggregation 

cycle’ of neurotoxic protein aggregates. These include the seed uptake, subsequent 

aggregate formation, ultrastructural information of aggregate architecture and cellular 

interactions, as well as the dissociation of aggregates by molecular chaperones. 

In our first study, we used biochemical and cell-biological methods to analyze the 

effect of the extracellular chaperone Clusterin on tau and α-syn seed formation and 

stabilization. We were able to elucidate cellular processes involved in seed uptake as 

well as seeded aggregation.  

When seeds enter the cytosol and templated misfolding of endogenous proteins 

occurs, large protein aggregates may form. These aggregates can engage cellular 

components in inappropriate interactions, potentially resulting in cellular toxicity (Hipp, 

Kasturi and Hartl, 2019). To improve our understanding of aggregate architecture and 

cellular interactions, we analyzed neuronal α-syn aggregates by cryo-electron 

tomography (cryo-ET). We were not only able to study the architecture of α-syn 
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aggregates and their interactions with cellular membranes, but also visualized the 

uptake of seeds as well as the seeding event in situ.  

Since α-syn aggregation is neurotoxic, we wanted to analyze cell-biological 

mechanisms that are involved in counteracting and reverting protein aggregation: In 

our third study, we used microfluidics combined with spectrometric measurements to 

determine the molecular mechanisms of α-syn amyloid fibril disaggregation by the 

Hsp70 machinery in vitro. 

Hsp70 does not only disaggregate α-syn fibrils efficiently in vitro, it is additionally 

involved in tau amyloid fibril disaggregation in cells, as shown by our fourth study: 

Here, we found that the AAA+ chaperone VCP together with the Hsp70 machinery 

disaggregates cellular tau aggregates, thereby creating either tau monomers that are 

degraded subsequently by the proteasome or small fibril fragments that may serve as 

new seeds, resulting in another cycle of prion-like seeded aggregation. 

Altogether, our studies provide new insights on the ‘life cycle’ of neurotoxic protein 

aggregates: We analyze the effect of extracellular chaperones on seeded aggregation, 

follow the seed uptake and seeding event at unprecedented resolution, characterize 

cellular interactions of aggregates ultrastructurally and uncover protein disaggregation 

mechanisms in vitro and in cells. 

 

3.1 The extracellular chaperone Clusterin enhances Tau 

aggregate seeding in a cellular model 

 

The extracellular chaperone Clu has been identified as one of the most common risk 

factors for LOAD (Harold et al., 2009; Lambert et al., 2009). Until this day the 

connection between Clu and toxic protein aggregation is not well understood. While 

some studies observe neuroprotective activity of Clu (Wojtas, Carlomagno, et al., 

2020; Wojtas, Sens, et al., 2020), others describe a pathology-enhancing effect (Oda 

et al., 1995; DeMattos et al., 2002): 

‘Holdase’ chaperones, such as Clu can reduce protein aggregation. By shielding 

hydrophobic surfaces of aggregating protein species, the chaperones can prevent 

oligomers and prefibrillar species to engage other cellular components in aberrant 
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interactions (Wyatt et al., 2013). However, chaperones can also stabilize oligomeric 

aggregates, possibly resulting in species with higher seeding-competence or toxicity 

(DeMattos et al., 2002). 

Interestingly, in our study, we observed a similar Janus-faced effect of Clu on seeded 

aggregation: Clu delays the aggregation of α-syn and tau in in vitro de novo 

aggregation reactions, exerting its chaperone function. However, in seeded 

aggregation experiments, Clu shows a contrary effect. While aggregate seeding with 

α-syn PFFs co-aggregated with Clu (α-syn/Clu) results in a reduced number of cells 

containing α-syn aggregates, seeding with tau seeds co-aggregated with Clu (tau/Clu) 

results in a significantly increased number of cells containing aggregates. Subsequent 

biochemical and biophysical investigations revealed that Clu stabilizes highly seeding 

competent oligomeric tau seeds (Yuste-Checa et al., 2021). 

In the brain, extracellular aggregates can be cleared via various mechanisms: E.g. by 

internalization of aggregates by glial cells or neurons. However, it is questionable 

whether extracellular aggregate clearance by endocytosis is beneficial for cells. On 

the one hand, the material taken up by the cells can be transferred from endosomes 

to lysosomes for subsequent degradation (Cao et al., 2019). On the other hand, 

several studies demonstrated that aggregate seeds disrupt endosomal and lysosomal 

vesicles and escape into the cytoplasm. Once in contact with the cytosol, the seeds 

induce the aggregation of the endogenously expressed protein (Jiang et al., 2017; 

Karpowicz et al., 2017). 

Clu-mediated endocytosis of extracellular aggregates may be facilitated by cell surface 

receptors for Clu, including HSPGs, LRP1/2 (Low density lipoprotein Receptor-related 

Protein 1 and 2), VLDLR (Very Low Density Lipoprotein Receptor), and the LOAD risk 

genes scavenger receptors Plexin 4A and TREM2 (Triggering Receptor Expressed on 

Myeloid cells 2) (Yuste-Checa, Bracher and Hartl, 2022). 

TREM2 is a transmembrane glycoprotein that is expressed in microglia, the resident 

macrophage cells in brain tissue (Bouchon, Dietrich and Colonna, 2000; Neumann 

and Takahashi, 2007). Notably, TREM2 expression is upregulated in pathological 

conditions of AD, PD or traumatic brain injury (Lue et al., 2015; Liu et al., 2016; 

Gratuze, Leyns and Holtzman, 2018). Several genetic mutations have been identified 

that alter the function of TREM2. The most common mutation, R47H, has a decreased 
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affinity for lipoprotein ligands ApoE, LDL (Low Density Lipoprotein) or Clu (Guerreiro 

et al., 2013; Yeh et al., 2016). This could subsequently lead to a decreased uptake of 

Clu-bound extracellular aggregates, resulting in reduced clearance (Yuste-Checa, 

Bracher and Hartl, 2022). 

LRP1 is not only a receptor for Clu uptake, but also a master regulator for tau 

endocytosis. A recent study led by the Kosik group employed Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR) based genetic screens to identify 

cellular receptors involved in tau uptake. The authors showed in seeding experiments 

that LRP1 KO reduced the spread of tau aggregates in vitro as well as in vivo (Rauch 

et al., 2020). LRP1-mediated tau uptake could therefore be increased by Clu-bound 

tau aggregates (Yuste-Checa, Bracher and Hartl, 2022). 

In our study, we showed that tau seeds as well as tau/Clu seeds enter cells via 

endocytosis. The incorporated seeds co-localize with Chmp2a (Charged 

multivesicular body protein 2a) and Gal8 (Galectin 8). Chmp2a is a component of the 

ESCRT-III complex (Endosomal Sorting Complex Required for Transport III), which is 

needed for ESCRT-mediated endocytosis (Alqabandi et al., 2021). Gal8 is a marker 

for disrupted endosomal membranes accumulating on damaged vesicles (Jia et al., 

2018). Tau as well as tau/Clu seeds damage endosomal vesicles upon internalization 

and escape into the cytosol, resulting in seeding of the endogenously expressed tau. 

Interestingly, we found that tau and tau/Clu seeds as well as α-syn and α-syn/Clu 

seeds get internalized by HSPGs. Thus, the mere internalization of the seeds cannot 

be the cause for the contrasting effects of Clu on tau and α-syn seeded aggregation. 

A different binding mode of Clu to the amyloidogenic proteins, however, could explain 

the observed Janus-faced property: While Clu could for example shield hydrophobic 

patches at the ends of the α-syn fibrils, which are the hubs for fibril growth, it may bind 

to tau aggregates in a way that renders hydrophobic patches more accessible. 

3.2.1 Future perspectives 

A recent study reported an exacerbated tau pathology in CLU KO-Tau(P301L) mice 

compared to control Tau(P301L) mice and concluded that Clu is preventing tau 

aggregation in vivo efficiently (Wojtas, Carlomagno, et al., 2020). It is noteworthy that 

tau pathology in Tau(P301L) mice develops without additional seeding, i.e. tau 
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aggregation occurs de novo. In light of this, it seems important to differentiate between 

the effect of Clu on de novo aggregation and on seeded aggregation. Additionally, the 

distinct effect of Clu on different amyloidogenic proteins, such as tau, α-syn or Aβ 

needs to be considered. This goes hand in hand with careful considerations of the 

mouse or cellular model system and possible compensatory effects of the Clu KO by 

other apolipoproteins, including ApoE. 

To study extracellular chaperones in a humanized model system, 3D organoids could 

be used. Human stem cells (induced pluripotent stem cells or embryonic stem cells) 

can be differentiated into specific types of brain cells, such as neurons, astrocytes, 

oligodendrocytes or microglia. Additionally, 3D cultures allow researchers to mimic the 

extracellular space between cells, which is a prerequisite to study extracellular 

proteins (Kim, Koo and Knoblich, 2020). 

Investigating the structural differences of aggregate seeds formed with or without Clu 

seems essential for understanding the Janus-faced effect of Clu on protein 

aggregation and seeding. Besides low resolution approaches, such as cross-linking 

mass spectrometry or hydrogen-deuterium exchange, high resolution techniques like 

cryo-EM, NMR or X-ray crystallography, especially in combination with modeling 

algorithms, such as AlphaFold 2 (Jumper et al., 2021), can help to resolve the binding 

interface of Clu and the aggregating protein. This data could provide insight into 

differences in accessibility of hydrophobic patches on the fibril surface and explain the 

observed opposing effects of Clu on α-syn and tau seeded aggregation. 

 

3.2 In situ architecture of neuronal α-Synuclein inclusions 

 

α-Syn inclusions are the hallmark of various neurodegenerative diseases, such as PD 

or MSA. The ultrastructure as well as the molecular composition of neuronal α-syn 

inclusions is, however, still under debate. While previous studies, using conventional 

EM analysis, suggested that LBs of PD patients consist mainly of fibrillar material, a 

recent report questions the existence of α-syn fibrils in LBs and defined PD as a 

lipidopathy. Shahmoradian et al. found by room temperature CLEM analysis of post 

mortem PD brain tissue that α-syn inclusions were mainly composed of lipid 
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membranes and organelles. Although the authors also observed ‘unidentified fibrillar 

material’ in 14 of the 17 investigated LBs, they suggested that LBs do not consist of 

amyloid α-syn fibrils, but rather of clustered membranes (Shahmoradian et al., 2019). 

Mahul-Mellier et al., who used a seeding-based model system in murine primary 

neurons to generate LB-like aggregates and analyzed them with room temperature 

CLEM, also observed membranous organelles as well as fibrillar material. 

Interestingly, the authors were able to identify the additional fibrillar material as α-syn 

fibrils. They concluded that LBs are composed of a dense meshwork of α-syn fibrils 

and membranous organelles (Mahul-Mellier et al., 2020). The observation that α-syn 

aggregates are enriched with membranous organelles seems to be in agreement with 

previous in vitro work, which showed that monomeric as well as fibrillar α-syn can 

interact with and bind to lipid bilayers (Grey et al., 2011). α-Syn oligomers penetrate 

membranes (Fusco et al., 2017) and the addition of phospholipids influences α-syn 

aggregation kinetics in vitro (Galvagnion, 2017).  

To analyze the interactions between aggregated α-syn and its cellular environment at 

high resolution in situ, we conducted a cryo-ET study on neuronal LB-like α-syn 

aggregates (Trinkaus et al., 2021). Cryo-ET has several advantages over conventional 

EM: 

First of all, it forgoes preparation methods, such as dehydration, chemical fixation or 

embedding of the sample, which alter the cellular architecture and can modify native 

structures. Instead, cryo-ET samples are fixed by rapid freezing. This process, which 

is termed ‘vitrification’, keeps the marcomolecules of the sample in their native 

hydrated state and does not allow any molecular rearrangements (Dubochet et al., 

1988).  

Secondly, in contrast to conventional microtome sectioning, the thinning of cellular 

samples is now commonly performed by focused-ion-beam (FIB) milling using gallium 

ions. FIB milling introduces less cutting artefacts to the sample than microtome 

sectioning (Rigort et al., 2010). 

Thirdly, cellular interactions can be studied in the three-dimensional space, the 

tomogram. Tomograms are reconstructed from tilt-series that are acquired at areas of 

interest on the sample. Tomogram segmentations of fibrils and organelles enable the 
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three-dimensional analysis of interactions between membranes and/or aggregates 

(Bäuerlein et al., 2017). 

For our ultrastructural investigation of α-syn aggregate architecture, we analyzed 

different types of α-syn aggregates: aggregates formed by GFP-(Green Fluorescent 

Protein)-labeled α-syn or endogenously expressed α-syn, as well as aggregates 

seeded with in vitro formed PFFs or post mortem MSA patient brain aggregates. We 

observed that in all conditions, the neuronal α-syn aggregates were composed of a 

meshwork of α-syn fibrils interspersed with various organelles, similar to the LB-like 

aggregates described by Mahul-Mellier et al. 2020. 

To analyze the interactions of the α-syn fibrils with the surrounding organelles, we 

determined the fibril-membrane distance distribution between α-syn fibrils and their 

nearest membranes. We compared this distribution to a simulated data set, where we 

randomly moved the experimentally determined fibrils through the volume of the 

original tomogram. Surprisingly, we did not observe an increased amount of close 

contacts between the fibrils and membranes in our experimental data compared to the 

random simulation, indicating that α-syn fibrils do not interact with organelles and 

membranes directly. 

This observation stands in contrast to what was observed for polyglutamine-(polyQ)-

expanded huntingtin exon 1 aggregates - a model system for Huntington’s disease: 

PolyQ fibrils were found to interact with membranes directly (Bäuerlein et al., 2017). 

These interactions induce high curvature regions in the membrane lipid bilayers and 

have a direct effect on organelle dynamics. Mobility measurements revealed that the 

ER in close vicinity to the inclusion bodies is less dynamic (Bäuerlein et al., 2017).  

Because α-syn has membrane binding properties and was found to interact with 

vesicles and membranes at the pre-synapse, we sought to investigate whether 

monomeric or oligomeric α-syn species could lead to organelle clustering within the α-

syn aggregates. We therefore compared the intermembrane distance distributions of 

organelles within α-syn aggregates to those of untransduced, unseeded control 

neurons. Interestingly, we did not observe any differences in the intermembrane 

distance distributions, indicating that α-syn does not cluster lipid membranes within 

neuronal α-syn aggregates. 
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However, we cannot rule out that at later stages of aggregation or in patient brain, 

close contacts between fibrils and membranes or between membranes may occur. It 

has been shown that α-syn in LBs in PD brain can undergo PTMs as well as C- and 

N-terminal truncations, which may alter its membrane-binding properties (Sorrentino 

and Giasson, 2020). 

Since cryo-EM studies have demonstrated that α-syn fibrils purified from patient brain 

have distinct protofilament folds, which could not be reproduced in vitro (Lövestam et 

al., 2021), we wanted to compare the structural properties of α-syn fibrils seeded with 

in vitro formed PFFs to those seeded with aggregate material purified from post 

mortem MSA patient brain. Accordingly, we analyzed the fibril persistence length, 

which is a measure for the bending stiffness of a polymer. Interestingly, we observed 

that MSA seeded fibrils had a significantly lower persistence length than fibrils seeded 

with PFFs formed by recombinant α-syn. Although we were not able to resolve the 

structure of the fibrils by subtomogram averaging, we hypothesized that a different 

protofilament fold may be the cause for the observed differences in fibril flexibility. This 

observation is supporting the hypothesis that different strains of seeds result in 

different types of aggregates (Peng et al., 2018; Peng, Trojanowski and Lee, 2020). 

Based on the previous observation, we sought to visually identify the seeds in the 

aggregates and aimed to observe seeding events in situ. In these experiments we 

used PFFs labeled with gold beads for seeding. Interestingly, seeded fibrils in cells 

contained short, gold-bead-labeled material at the fibril ends, representing the seeding 

competent parts of the PFFs used. Since only the ends of the fibrils were labeled with 

gold beads, we hypothesized that fibril growth occurs unidirectionally. Similar 

observations have been made in atomic force microscopy (AFM) studies analyzing 

seeded aggregation of α-syn fibrils in vitro (Watanabe-Nakayama et al., 2020). 

3.1.1. Future perspectives 

Immunofluorescence analyses of PD brain material have revealed that α-syn 

aggregates ‘age’ over time and grow from loosely packed aggregates into dense 

inclusions (Moors et al., 2021). Therefore, cryo-ET analyses of aged α-syn 

aggregates, several months after seeding, could potentially provide new perspectives 
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on aggregate development and architecture. However, primary neurons do not survive 

long cultivation times, which makes them an unsuitable model system. 

Recent developments in cryo-ET, such as high pressure freezing combined with lift-

out FIB-milling (Schaffer et al., 2019), allow the processing of tissue samples. These 

new methods may be eventually employed to image α-syn aggregates in intact brain 

tissue at different aggregation stages and in various cell types, such as neurons or 

oligodendrocytes. Although lift-out FIB milling is a technically challenging low-

throughput method (Schaffer et al., 2019), improved process automation and more 

efficient FIB systems, such as plasma FIBs, will increase the throughput of tissue 

sample preparation in cryo-ET workflows (Berger et al., 2022). 

At the moment, however, the access to intact human brain tissue for scientific 

purposes is severely limited: Obtaining brain tissue samples proves difficult, as sample 

preparation (i.e. high pressure freezing) has to be performed immediately after 

excision of the tissue material, requiring that scientists must be informed about the 

exact date of the tissue excisions in advance. Therefore, tissue material can only be 

obtained during planned brain surgeries as part of e.g. cancer therapies or during acts 

of medically assisted suicide when patients decide to donate the respective tissue 

material. The latter, however, is restricted to only a few European countries and is 

associated with complex ethical considerations. 

One of the most important hypotheses explaining the intercellular propagation of 

aggregate strains in different synucleinopathies, is the conformational templating of 

the seed’s protofilament fold inside the cell. To test this hypothesis, it is necessary to 

solve the structure of the seed and of the seeded fibril inside the cell. Here, single-

particle analysis cryo-EM of the seed as well as of the seeded fibril would have to be 

performed. However, harsh purification steps during cell lysis or ultracentrifugation 

may introduce structural changes to the fibrils. 

Alternatively, cryo-ET in combination with subtomogram averaging may be employed 

to determine, whether the protofilament fold of the seed is templated during seeded 

aggregation. However, this approach harbors several difficulties that need to be 

considered: The spacing between monomers along the amyloid fibril axis is only        

4.7 Å (see also chapter 1.4). This implies that, based on the Nyquist-Shannon 

sampling theorem, an acquisition pixel size of less than 2.35 Å is needed to resolve 
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the monomer spacing along the fibril axis (Shannon, 1998). This results in two 

problems: On the one hand, the field of view will be significantly reduced, which 

decreases information of the cellular environment and leads to a decreased number 

of particles in the tomographic volume. On the other hand, tomogram reconstruction 

will become more difficult, since the algorithm used for fiducial-less tilt series alignment 

has less cellular features to track (Mastronarde and Held, 2017). 

However, considering the recent technological developments and improvements of 

software and hardware, in situ subtomogram averaging of amyloid fibrils seems 

theoretically feasible and could potentially be accomplished in the near future. 

 

3.3 The Hsc70 disaggregation machinery removes monomer 

units directly from α-synuclein fibril ends 

 

Previous in vitro studies investigating the mechanism of Hsp70-dependent α-syn fibril 

disaggregation, did not conclusively demonstrate what kind of α-syn species 

(monomers or small oligomers) are removed from fibril ends. Both, fragmentation and 

depolymerization have been observed, however the relative contributions of the two 

mechanisms proved difficult to assess (Gao et al., 2015; Wentink et al., 2020, see 

chapter 1.12.1).  

We therefore aimed to provide more evidence on the exact mode of fibril 

disaggregation. By employing microfluidic measurements combined with chemical 

kinetics, we showed that the Hsp70 machinery is removing α-syn monomers from the 

fibril ends and that fibril fragmentation makes little contribution to the disaggregation 

reaction (Schneider et al., 2021).  

In our experimental setup, we incubated α-syn fibrils with the Hsc70, DnajB1 and Apg2 

chaperone system and analyzed the disaggregation by ThT measurements as well as 

by diffusional sizing at different time points. The size of the observed α-syn species 

was calculated based on the recorded diffusion profiles. During the disaggregation 

reaction, two diffusing species were observed – one with a radius of ~350 nm, which 

declined in abundance over time and corresponds to the α-syn fibrils and another one 



Discussion 

 

 

 

202 
 

with a hydrodynamic radius of ~3 nm, which increased in abundance over time and 

corresponds to α-syn monomers. 

By combining our experimental data with insights from previous studies (Gao et al., 

2015; Wentink et al., 2020; see Chapter 1.12.2), we were able to describe a more 

detailed molecular mechanism of α-syn fibril disaggregation by the Hsp70 chaperone 

machinery: In a first step, DnajB1 is binding to the α-syn fibrils, most likely to the α-syn 

C-terminus that is protruding from the fibril core (Wentink et al., 2020). Hsc70 is 

subsequently recruited to the fibrils by DnajB1. Once Hsc70 is bound, ATP is 

hydrolyzed and DnajB1 dissociates from the fibrils. More Hsc70 molecules are binding 

to the fibrils and Apg2 joins the complex. Apg2 may reshuffle Hsc70 proteins, which 

results in a high Hsc70 concentration at the fibril ends. At the end of the reaction cycle, 

α-syn monomers are dissociated from the fibrils, which is directly coupled to the 

dissociation of ADP from Hsc70 and the disassembly of the chaperone machinery.  

Our proposed mechanism implicates that during disaggregation, fibril fragmentation is 

largely avoided, preventing the formation of small fibrillar species that could serve as 

potential seeds during aggregate propagation. Since the mechanism of the 

disaggregation reaction has only been studied in vitro, more detailed follow-up studies 

have to be conducted in cells. 

3.3.1 Future perspectives 
 

So far, only little is known about the amyloid fibril disaggregation activities of Hsp70 in 

cellulo and previous reports seem contradictory: A recent study by the Nussbaum-

Krammer and Bukau groups reported that the Hsp110/Hsp70 machinery generates 

seeding competent α-syn species in C. elegans (Tittelmeier, 2020). Tittelmeier et al. 

observed that upon knock down of Hsp110, a reduced amount of α-syn-YFP (Yellow 

Fluorescent Protein) foci forms in C. elegans muscle tissue (Tittelmeier, 2020). 

Contrary, the Chandra group observed a protective effect of Hsp110 against α-syn 

seeded aggregation in mouse brain (Taguchi et al., 2019). Taguchi et al. showed that 

overexpression of Hsp110 protects neurons in mouse brain from α-syn seeded 

aggregation. Upon overexpression of Hsp110, the spread of injected α-syn aggregates 

is decreased (Taguchi et al., 2019).  
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Differences in the model systems used may be responsible for these seemingly 

contradictory observations: While α-syn aggregates readily in C. elegans and de novo 

aggregate formation can be observed, the mouse model is dependent on α-syn 

seeded aggregation with PFFs. More research needs to be conducted in cells to 

elucidate the effects of the Hsp70 system on aggregate formation and seeding.  

3.4 The AAA+ chaperone VCP disaggregates Tau fibrils and 

generates aggregate seeds 

In S. cerevisiae, prion fibril disaggregation is mediated by the AAA+ chaperone 

Hsp104 (see Chapter 1.12.3). Metazoan cells, however, do not express Hsp104 

homologues. Recent studies identified the AAA+ ATPase VCP as a potential 

metazoan disaggregase (Ghosh, Roy and Ranjan, 2018; Darwich et al., 2020), but the 

exact cell-biological mechanism of VCP-mediated disaggregation of amyloid fibrils 

remained elusive. In our study, we examined how human embryonic kidney cells and 

primary murine neurons dissociate tau aggregates and which components are 

required for the disaggregation reaction (Saha et al., 2022). 

To identify factors involved in the disaggregation of tau fibrils, a mass-spectrometric 

analysis of immunoprecipitated tau-YFP aggregates was conducted. VCP together 

with its cofactors Npl4 and Ufd1, as well as several subunits of the proteasome were 

identified as interactors of the aggregates. Subsequent biochemical and cell-biological 

experiments showed that indeed VCP, in cooperation with the proteasome, is required 

for the disaggregation reaction. 

Unlike Hsp104, VCP requires ubiquitination of its substrate. We found that tau 

aggregates were labeled with K48-linked ubiquitin chains. Upon chemical inhibition 

of the E1 ubiquitin enzymes, tau aggregates were no longer ubiquitinated, which 

prevented disaggregation by VCP and stabilized the aggregates.  

Another difference between Hsp104 and VCP concerns the interaction with Hsp70. 

While Hsp104 interacts with Hsp70 via its M-domain (Sielaff and Tsai, 2010), VCP 

lacks this domain and has not been found to interact with Hsp70 directly. Hsp70 
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function is, however, important for the disaggregation reaction of tau aggregates, since 

inhibition of Hsp70 during the reaction results in accumulation of small tau aggregates 

that do not get dissolved. We hypothesized that Hsp70 may act downstream of VCP 

to disaggregate small aggregate species produced by VCP action. 

VCP gene mutations are associated with protein misfolding diseases, including AD, 

PD, MSP and FTD (Tang and Xia, 2016). Darwich et al. described a VCP gene 

mutation (D395G) that is directly linked to a disease termed ‘vacuolar tauopathy’ 

(Darwich et al., 2020). Vacuolar tauopathy is characterized by vacuolar structures in 

the temporal and visual cortex and NFTs in the frontal, motor and cingulate cortex. 

The mutation D395G is located in the lid subdomain of the D1 ATPase and results in 

a destabilization and decreased function of VCP. The authors found that upon 

overexpression of the D395G VCP mutant, seeded tau aggregation in human 

embryonic kidney cells is increased (Darwich et al., 2020). Surprisingly, in our study, 

the D395G mutant does not have a significant effect on the disaggregation reaction.  

This result might be explained by differences in the experimental set-up: While 

Darwich et al. expressed the VCP mutant prior to aggregate seeding, we first 

induced aggregation and expressed the mutant subsequently. Expression of the 

mutant prior to seeded aggregation might change the seeding event itself: A recent 

study described a direct relationship between VCP function and seeded aggregation 

of α-syn and TDP-43 (Transactive response DNA binding protein of 43 kDa) (Zhu et 

al., 2022). Upon chemical inhibition of VCP, the amount of α-syn and TDP-43 

seeded aggregation was increased in Förster resonance energy transfer (FRET) 

biosensor cells as well as in mouse models. The authors hypothesized that the 

observed effect might be due to VCP’s role in lysophagy: α-Syn and TDP-43 seeds 

enter the cytoplasm through damaged endolysosomes. To avoid the escape of the 

seeds through damaged lysosomes, a constant turnover of these organelles and the 

degradation of dysfunctional ones is required. Interestingly, VCP plays a role in the 

degradation of damaged lysosomes by autophagy (Papadopoulos et al., 2017). 

Remarkably, VCP does not only extract tau monomers from the amyloid fibrils, but 

also forms seeding competent smaller tau aggregates as a byproduct. These smaller 

species may occur during the disaggregation reaction due to fragmentation of the 

amyloid fibrils and could be potential substrates for downstream chaperone 
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machineries or the proteasome. If these small aggregates are not cleared from the 

cytoplasm directly, they can induce additional seeded aggregation. It remains to be 

seen whether VCP can be targeted for potential pharmacological intervention with 

tauopathies.  

3.4.1. Future perspectives 
 

To elucidate the exact molecular mechanism of VCP-mediated disaggregation of tau 

aggregates, in vitro disaggregation reactions need to be performed. The kinetics of the 

reaction could be determined by measuring ThT fluorescence and the structural basis 

of the interaction between VCP, its cofactors, the tau amyloid fibrils and the ubiquitin 

chains could be explored by cryo-EM and cryo-ET. One interesting aspect for future 

study is the conformation of AAA+ ATPases that are acting on the fibrils versus those 

that are unbound. Differences in the nucleotide state as well as in the arrangement of 

the hexameric subunits could be of special interest in understanding how AAA+ 

chaperones dissociate amyloid fibrils. 

To reconstitute the disaggregation reaction in vitro, all participating proteins need to 

be purified, the tau fibrils need to be formed and then ubiquitinated. So far, however, 

the E3 ligase that is ubiquitinating tau aggregates in cellulo has not yet been identified. 

A genetic knock-out screen in combination with immunofluorescence or immunoblot 

analyses may help to identify this E3 ligase.  
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4 Abbreviations 
 

Å     Ångström 

aa     Amino acid 

AAA+     ATPases associated with diverse cellular activities 

Aβ     Amyloid-β 

ACD     α-Crystalline core domain 

AD     Alzheimer’s disease 

ADP     Adenosine-di-phosphate 

AFM     Atomic force microscopy 

Amg     Amygdala 

APG2     Heat shock 70-related protein APG-2 

APLP1    Amyloid precursor-like protein 1 

APOE     Apolipoprotein E  

APOJ     Apolipoprotein J 

APP     Amyloid-beta precursor protein 

ATG     Autophagy-related protein 

ATP     Adenosine-tri-phosphate 

BSE     Bovine spongiform encephalopathy 

C     Celsius 

C. elegans    Caenorhabditis elegans 

CB     Cerebellum 

CBD     Corticobasal degeneration 

CHCHD2 Coiled-coil-helix-coiled-coil-helix domain  

containing 1 

Chmp2a    Charged multivesicular body protein 2a 

CJD     Creuzfeld-Jakob-disease 

CLEM     Correlative light electron microscopy 

ClpB     Caseinolytic peptidase B protein homolog 

Clu     Clusterin 

CNS     Central nervous system  



Abbreviations 

 

 

 

207 
 

CRISPR Clustered regularly interspaced short palindromic 

repeats  

cryo-EM    Cryo-electron microscopy 

cryo-ET    Cryo-electron tomography 

CSF     Cerebral spinal fluid   

CTD     C-terminal domain 

CTE     Chronic traumatic encephalopathy 

C-terminus    Carboxy terminus 

Ctx     Cortex 

Da     Dalton 

DBS     Deep brain stimulation 

DJ1     Daisuke-Junko-1 

DLB     Dementia with Lewy bodies 

DNA     Deoxyribonucleic acid 

DNAJB1    DnaJ heat shock protein family member B1 

DPBS     Dulbecco’s phosphate buffered saline 

E1      Ubiquitin activating enzyme 

E2      Ubiquitin conjugating enzyme 

E3     Ubiquitin ligating enzyme 

E. coli     Escherichia coli 

ECS     Extracellular space 

eIF4G1    Eukaryotic translation initiation factor 4 gamma 1 

EM     Electron microscopy 

ER     Endoplasmic reticulum 

ERAD     ER-associated degradation 

ESCRT Endosomal sorting complex required for transport 

FIB     Focused ion beam 

FRET     Förster resonance energy transfer 

FTD     Frontotemporal degeneration 

FTDP-17 Frontotemporal dementia and parkinsonism linked 

to chromosome 17 

GABARAP Gamma-aminobutyric acid receptor-associated 

protein 
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Gal8     Galectin 8 

GBA1     Glucosylceramidase beta 1 

GCI     Glial cell cytoplasmic inclusion 

GFP     Green fluorescent protein 

GFTs     Gliofibrillary tangles 

GRPE     Gro-P like protein E 

GTP     Guanosine-tri-phosphate 

GWAS    Genome-wide association studies 

H-bond    Hydrogen-bond 

HECT     Homologous to the EAP6 carboxyl terminus 

Hsc70     Heat shock cognate 71 KDa protein 

Hsp     Heat shock protein  

HSPG     Heparan sulfate proteoglycan 

IBMPFD Inclusion bodies myopathy Paget disease and 

frontotemporal dementia 

IDP     Intrinsically disordered protein 

K (Ubi)    Ubiquitination 

KO     Knock out 

LAG3     Lymphocyte activation gene 3 

LB     Lewy body 

LC3     Light chain 3 

LDL     Low density lipoprotein 

L-DOPA    Levodopa 

LIR     LC3 interacting region 

LOAD     Late onset Alzheimer’s disease 

LRP1 / 2 Low density lipoprotein receptor-related protein       

1  and 2    

LRRK2    Leucin rich repeat kinase 2 

MAD     Mitochondria-associated degradation 

MAPT     Microtubule binding protein tau 

MD     Middle domain 

MSA     Multiple system atrophy 

MSP     Multisystem proteinopathies 
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MT     Microtubule  

MTBD     Microtubule binding domain 

NAC     Non-Aβ-component of AD amyloid 

NBD     Nucleotide binding domain 

NBR1     Neighbor of BRCA1 gene 1 protein 

N-domain    N-terminal domain 

NEF     Nucleotide exchange factor 

NFTs     Neurofibrillary tangles 

nm     Nanometer 

NMR     Nuclear magnetic resonance 

Npl4     Nuclear protein localization protein 4 homolog 

NTD     N-terminal domain 

N-terminus    Amino terminus 

p62     Ubiquitin-binding protein p62 / Sequestosome-1 

PD     Parkinson’s disease 

PFFs     Preformed fibrils 

PHF     Paired helical filaments 

PiD     Pick’s disease 

PINK1     PTEN-induced putative kinase 1 

PMCA     Protein misfolding cyclic amplification 

PQC     Protein quality control 

PRKN     Parkin RBR E3 ubiquitin protein ligase 

PrPC     Prion protein, cellular 

PrPSC     Prion protein, scrapie form 

PRPN     Prion protein (gene) 

PSEN 1 / 2    Persenilin 1 and 2 

PTM     Posttranslational modification 

RAD     Ribosome-associated degradation 

REM     Rapid eye movement 

RING     Really interesting new gene 

RNA     Ribonucleic acid 

ROS     Reactive oxygen species 



Abbreviations 

 

 

 

210 
 

RPN     Regulatory particle of non-ATPase 

RPT     Regulatory particle of triple-ATPase 

S     Svedberg 

SBD     Substrate binding domain 

S. cerevisiae    Saccharomyces cerevisiae 

SDS     Sodium-dodecyl-sulfate 

SDS-PAGE Sodium dodecylsulfate polyacrylamide gel 

electrophoresis 

SF     Straight filament 

sHsp     Small heat shock protein  

SN     Substantia nigra 

SNCA     α-Synuclein, α-Syn 

SORL1    Sortilin related receptor 1 

Sup35 Eukaryotic peptide chain release factor GTP-

binding subunit 

Tau     MAPT – MT-associated protein tau 

TDP-43 Transactive response DNA binding protein of 43 

kDa 

ThT     Thioflavin T 

TREM2    Triggering receptor expressed on myeloid cells 2 

UBA     Ubiquitin associated 

UBX     Ubiquitin X regulatory 

Ufd1     Ubiquitin fusion degradation protein 1 homolog 

UPS     Ubiquitin proteasome system 

Ure2     Transcriptional regulator URE2 

VCP     Vasolin containing protein 

VLDLR    Very low density lipoprotein receptor 

VPS35    Vascular protein sorting 35 

wt     Wild type 

YFP     Yellow fluorescent protein 
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