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Summary 

α-Synuclein is a neuronal protein that is predominantly localized around the vesicles 

in the presynaptic terminals. Although its exact function is not well known, the protein 

is implicated in the pathogenesis of Parkinson’s disease and other related disorders 

collectively known as synucleinopathies. Misfolding and aggregation of α-synuclein 

caused by aberrant events, including certain mutations and polymorphisms of the 

SNCA gene, result in the generation of toxic soluble oligomers and fibrillar deposits. 

Therefore inhibiting or reversing α-synuclein self-assembly could constitute a key 

approach for therapeutic intervention.   

The β-wrapins are engineered binding proteins selected from combinatorial libraries 

generated via random mutagenesis from the ZAβ3 scaffold. The β-wrapin AS69 

specifically binds α-synuclein and inhibits its aggregation by sequestering the 

hydrophobic β-hairpin region that forms concomitant to binding. AS69 occurs as a 

homodimer where the individual subunits are connected through a disulfide bridge.  

This work investigates the possibility of creating a single-chain version of AS69 through 

head-to-tail linkage of its subunits. Findings of this work highlight the importance of 

suitable linker choice for preserving functional binding of AS69 to α-synuclein. 

Comparison of several constructs revealed the glycine-serine rich flexible linker as an 

appropriate choice. Incorporation of the linker sequence yields the AS69-GS3 single-

chain homodimer that exhibits affinity equivalence with the solely disulfide linked AS69. 

The AS69-GS3 construct is characterized under oxidizing and reducing conditions to 

evaluate the impact of the Cys28-disulfide bond on structure, stability and α-synuclein 

binding. Results show that formation of the disulfide bond causes compaction of the 

fusion protein, increases its thermostability, and is essential for high affinity binding to 

occur. Moreover, the linker sequence further contributes to increased stability of the 

construct and promotes α-synuclein binding by affording accelerated disulfide bond 

formation. Considering the susceptibility of the disulfide bond to reducing conditions, 

AS69-GS3 represents a viable construct for in vivo application.  

The second part of this work addresses the potential of β-wrapins in blocking or 

mitigating α-synuclein-induced toxicity in a cell culture model. The MTT assay is 

employed to evaluate viability of human SH-SY5Y neuroblastoma cell line. Results 

demonstrate that cell viability is thoroughly rescued at stoichiometric concentrations of 

AS69-GS3, while at substoichiometric concentrations viability is significantly improved. 

Likewise, the β-wrapin AS10 is equally effective in inhibiting aggregation and 
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cytotoxicity of not only α-synuclein, but also that of Amyloid-β and Insel-Amyloid-

Polypeptide. 

Findings of this work suggest that stabilization of monomeric α-synuclein represents a 

workable strategy in preventing aggregation and pathogenesis of PD and other 

synucleinopathies.    
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Zusammenfassung  

α-Synuclein ist ein neuronales Protein, das vorwiegend in der Umgebung von Vesikeln 

in den präsynaptischen Nervenenden lokalisiert ist. Die genaue Funktion von α-

Synuclein ist zwar wenig bekannt, dennoch ist das Protein an der Pathogenese der 

Parkinson-Krankheit und weiterer Synucleinopathien beteiligt. Fehlfaltung und 

Aggregation von α-Synuclein, die der Entstehung der löslichen Oligomeren und 

fibrillären Ablagerungen zugrunde liegen, werden durch aberrante Ereignissen, 

einschließlich bestimmter Mutationen und Polymorphismen der SNCA-Gen, 

hervorgerufen. Deshalb könnte die Stabilisierung von α-Synuclein, die zur 

Verhinderung der Selbsassoziation des Proteins führen soll, als Ansatzpunkt für die 

Arzneimittelentwicklung dienen.  

β-Wrapine sind kleine Bindepoteine, die aus kombinatorischen Proteinbibliotheken 

basierend auf ZAβ3 selektiert werden. Das β-Wrapin AS69 weist eine hohe 

Bindungsspezifität für α-Synuclein auf und inhibiert dessen Aggregation durch 

Beschlagnahmung der hydrophoben β-Haarnadel-Region, die sich bei der Bindung 

bildet. AS69 ist ein Homodimer, in dem die einzelnen Untereinheiten über eine 

Disulfidbrücke zwischen den Cys-28-Resten kovalent verknüpft sind. 

Diese Arbeit befasst sich mit der Herstellung einer Einzelketten-Version von AS69, in 

der die Untereinheiten in einem Head-to-Tail Format durch einen Linker verknüpft sind. 

Die Ergebnisse zeigen dass die Wahl eines geeigneten Linkers für die Erhaltung der 

Bindung von AS69 an α-Synuclein unerlässlich ist. Ein Vergleich mehrerer Konstrukte 

zeigt Eignung eines Glycin-Serin-reichen flexiblen Linkers. Der Einbau der Linker-

Sequenz ergibt das AS69-GS3 Einzelketten-Homodimer, das mit dem ausschließlich 

Disulfid-gebundenen AS69 funktionale Parität aufweist. AS69-GS3 wurde unter 

oxidierenden und reduzierenden Bedingungen charakterisiert, um die Auswirkungen 

der Cys28-Disulfidbindung auf die Struktur, Stabilität und Bindung an α-Synuclein zu 

beurteilen. Die Ergebnisse zeigen, dass die Bildung der Disulfidbindung zu einer 

Kompaktierung des Fusionsproteins führt, dessen Thermostabilität erhöht, und für 

Hochaffine Bindung unerlässlich ist. Darüber hinaus trägt die Linkersequenz zu einer 

erhöhten Stabilität des Konstrukts bei und fördert α-Synuclein-Bindung durch 

beschleunigte Ausbildung der Disulfidbrücke.  

Angesichts der Anfälligkeit der Disulfidbindung gegenüber reduzierenden 

Bedingungen, stellt das AS69-GS3 ein geeignetes Konstrukt für die in vivo Anwendung 

dar. 
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Der zweite Teil dieser Arbeit beschäftigt sich mit der Untersuchung der Auswirkung der 

β-Wrapine auf die durch α-Synuclein induzierte Toxizität in einem Zellkulturmodell. 

Hier wird der MTT-Toxizitättest eingesetzt um die Viabilität humaner SH-SY5Y-

Neuroblastomzellen zu bestimmen. Ergebnisse zeigen, dass bei stöchiometrischen 

Konzentrationen von AS69-GS3 die Zellviabilität vollständig gerettet wird, während sie 

bei substöchiometrischen Konzentrationen deutlich verbessert wird. Das β-Wrapin 

AS10 ist ebenso effektiv bei der Hemmung der Aggregation und Zytotoxizität von α-

Synuclein. Darüberhinaus inhibiert AS10 auch die Aggregation und Zytotoxizität des 

Amyloid-β Peptids und des Insel-Amyloid-Polypeptids. 

Die Ergebnisse dieser Arbeit weisen darauf hin, dass die Stabilisierung der 

monomeren α-Synuclein eine umsetzbare Strategie zur Verhinderung der Aggregation 

und Pathogenese der Parkinson-Krankheit und anderer Synucleinopathien darstellt. 
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Introduction  
 

 

1 Protein folding, misfolding and aggregation 

  

Proteins are central to virtually every biological process. In order to function properly 

the majority of these molecules have to undergo a series of conformational changes 

and fold into their characteristic three dimensional structures that are determined by 

the amino acid sequence of each protein [1]. The high degree of conformational 

flexibility that yields an astronomical number of protein conformations is attributed to 

the properties of the peptide bond and amino acid side chains [2]. Generally under 

physiological conditions the native state of a protein represents the conformation that 

is thermodynamically the most stable. For globular proteins, this corresponds to the 

conformation with the lowest energy, while in case of intrinsically disordered proteins 

multiple isoenergetic conformations might exist representing their native states. 

Though it should be noted that the native conformation is not the only stable state 

available to the polypeptide chain, the alternative being the amyloid state [3, 4].  

1.1 Protein folding 

Given the molecular diversity and differing nature of proteins in terms of their size, 

stability, and topology, attempts to experimentally characterize protein folding have 

proven to be rather challenging. Consequently disparate interpretations of the available 

data have resulted in the emergence of numerous theories attempting to describe the 

folding process [5, 6]. However, there seems to be no agreement about which theory, if 

any, is correct and/or the most comprehensive; the energy landscape theory appears 

to have received considerable attention.  

1.1.1 The energy landscape theory and the funnel concept  

The classical view conjectures protein folding to occur through a predetermined 

pathway involving a defined sequence of states leading from the unfolded state to the 

native state by step-wise addition of the folding units known as foldons, while giving 

rise to discrete on-pathway (partly folded) and off-pathway (misfolded) intermediates, 

including the molten globules [7-10]. The new theory, also known as the energy 

landscape theory, offers an alternative to the classical view for probing the details of 
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the folding process and suggests that folding proceeds through a multiplicity of 

pathways [11-16]. Here, the energy landscape is likened to a rugged funnel riddled with 

traps or deep valleys (local minima) in which the protein can transiently reside, thus 

slowing progress to the native state (Figure 1) [11,17,18].  

 

 
Figure 1: Schematic representation of an energy landscape for protein folding and aggregation. 
(Adopted from Jahn and Radford, 2005) [98]  
 

The top of the funnel is populated by the protein in its denatured state possessing 

numerous starting conformations and high free energy. The bottom of the funnel 

represents the native state. Along the funnel the protein passes through an ensemble 

of partially folded structures while progressing to the natively folded state [1, 19]. 

Approaching the native state, the conformational space accessible to the polypeptide 

chain, the degree of disorder as well as entropy and energy decrease, whereas the 

number of native contacts grow. For instance, for a 60-amino acid helical protein 

formation of molten-globule from random coil is accompanied by a drastic reduction in 

the number of conformations, while a quarter of the native contacts are correctly made 
[20]. As the number of native contacts grow, a large ensemble of transient structures 

emerge leading to the formation of discrete kinetic intermediates with three-quarters of 

the native contacts. Should these intermediate states pose large kinetic barrier(s), they 

can become rate-limiting to the folding process and thereby to reaching the most stable 

thermodynamic state. It has been well established that the search process for the 
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native state is highly efficient and has a stochastic nature that requires sampling only 

a small number of the available conformations [17, 21, 22]. 

It has been proposed that the majority of proteins fold through a rugged landscape in 

a multi-state way that is populated by an ensemble of unfolded states, one or more 

intermediate states, finally navigating to the folded state. In addition, proteins that fold 

via a two-state transition have an energy landscape that appears relatively smooth 

lacking in deep valleys and high barriers and is populated only with the native and 

denatured states [23, 24]. However, the latter scenario seems to be rare; since the 

presence of partially folded states is suggested even for small proteins, evidenced by 

recent insights gained from new methods capable of detecting even sparsely 

populated transient species [11, 25].   

Numerous studies suggest that folding mainly occurs via the nucleation-condensation 

mechanism, where a few key residues initially form the nucleus followed by 

condensation of the remainder of the structure [26]. The majority of the proteins fold with 

a single folding nucleus; however, existence of multiple folding nuclei in particular for 

larger proteins has also been indicated [9].  

The order of events that lead to the native structure is described to involve formation 

of a few key contacts relatively early in the folding process with the rest of the contacts 

ensuing subsequently [5]. According to Dinner et al. conformational fluctuation enables 

even distant residues to come in contact with each other [15]. Moreover, native 

interactions are suggested to be more stable than non-native interactions, which 

enable finding the structure with the lowest energy [4]. However, the role played by non-

native contacts in defining the folding mechanism and rate is also maintained [25]. 

In case of small proteins the majority of interactions involving key residues has to occur 

before a stable compact structure could be formed. Progression to the fully folded state 

follows rapidly. Folding of larger proteins is proposed to essentially take place in 

modules i.e. independent segments or domains of the protein. Local key interactions 

define the domain specific fold, while other interactions ensure the correct formation of 

the overall structure through appropriate interaction of the already folded regions. Once 

the native-like interactions within and between domains are established, a final step 

that entails expulsion of water molecules from the partially hydrated protein core 

follows, thus imparting the protein a fully native structure [27, 28]. The funnel concept is 

stated to have some limitations for not being suitable to describe the behavior of most 

polypeptide chains under physiological conditions [29], as it was developed to describe 



 

4 
 

refolding of a single polypeptide chain in vitro without accounting for the effects of high 

energy intermolecular collision, an insistent occurrence in the cell interior [30].  

In vivo, protein folding initiates during or following its translation in the ribosome. It can 

wholly or partially occur in the cytoplasm or yet in more specific compartments, such 

as the endoplasmic reticulum [31]. Several factors are suggested to influence the folding 

process in vivo, both intrinsic and extrinsic. The intrinsic properties of the polypeptide 

chain such as charge, hydrophobicity, and secondary structure propensity are key not 

only in determining the proper and efficient folding of the polypeptide chain into a stable 

and functional protein, but also in avoiding formation of non-functional conformers [32, 

33].  

A polypeptide chain in the process of folding can be prone to non-native interactions 

with various molecules, while having regions exposed that are otherwise buried in the 

native state. This can be of particular concern if the exposed region is prone to 

aggregation, such as hydrophobic surfaces [34]. Furthermore, perturbations that disrupt 

the folding process, leading to the accumulation of unfolded and aggregated proteins, 

can have detrimental consequences. Such perturbations can be induced by various 

factors, including increased load on the folding machinery following elevated protein 

synthesis, and expression of mutant or misfolded proteins. To cope with such problems 

elaborate strategies are evolved to assist the folding process that involve a large 

number of auxiliary factors, including folding catalysts and molecular chaperons [35-38].  

Considering the complex milieu in the cell interior crowded with an immense number 

of components, the role of these molecules in the efficient folding of proteins is 

invaluable. Molecular chaperones in particular are ubiquitous throughout the cell, and 

though they might carry out varied functions, their role in promoting efficient protein 

folding and assembly as well as preventing aggregation by binding rather non-

specifically to the emerging polypeptide chain, particularly the partially folding 

intermediates, is considerably important. Most chaperones are suggested to work in a 

cooperative manner. Work by Parsall et al. proposes that some molecular chaperones 

are capable of reversing the folding trajectory of misfolded proteins; thus allowing them 

the opportunity to refold properly. Moreover, molecular chaperones are shown to 

mediate resolubilization of proteins and as a result restore their activity [39].  

Although most polypeptides show a higher tendency to aggregate upon refolding under 

test tube conditions, less than 20% of cytoplasmic proteins are indicated to require 

chaperons’ assistance in acquiring their native state [29]; for instance, most small 
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proteins (~65-80%) are able to fold rapidly following synthesis without further 

assistance [31]. This may indicate that folding is more efficient in vivo than in vitro, at 

least in case of the polypeptide chains examined in detail [40, 41].   

Folding catalysts constitute another set of tools in the cellular repertoire employed to 

catalyze various rate-limiting steps in the folding process. For instance, disulfide 

isomerases enhance the rate of formation and reorganization of disulfide bonds; 

likewise, peptidylprolyl isomerases speed up the cis/trans isomerization rate of peptide 

bonds involving proline residues [31]. In addition to molecular chaperones and folding 

catalysts, the cellular machinery has evolved a stringent quality control mechanism 

ensuring that unfolded and misfolded proteins are properly dealt with. The importance 

of its role is evidenced from experimental work revealing that over half of all polypeptide 

chains synthesized do not meet the quality control criteria [42, 43]. The quality control 

mechanism is suggested to involve a series of glycosylation and deglycosylation 

reactions that facilitate the subsequent detection and targeting of unfolded and 

misfolded proteins for degradation by the autophagy and ubiquitin-proteasome system 
[44]. 

 

1.2 Misfolding and aggregation  

The role of molecular chaperones and the need for a highly effective quality control 

mechanism in the ER has already been discussed in the context of protein folding. 

Aberrations in the folding process due to failure of these housekeeping mechanisms 

can give rise to a population of partially and or completely unfolded proteins. As pointed 

out, such failures might become prevalent should the chaperon response and 

degradatory mechanisms be overwhelmed and or rendered ineffective [45, 47].   

1.2.1 Protein aggregation and amyloid formation 

Referring to the energy landscape model of protein folding, the fully folded native state 

is only one of the two thermodynamically stable states available to a partially unfolded 

protein, the alternative being the amyloid state. First discovered in 1935 by Astbury 

and Dickinson as a generic protein fold, the ability to form amyloid structure is now 

known to be common to nearly all polypeptide chains as demonstrated by formation of 

these structures from proteins not associated with diseases such as myoglobin, and 

homopolymers such as polylysine and polythreonine [48-50]. Functional amyloids have 

been reported in various organisms including bacteria, fungi, insects, and human [51].  
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However; the propensity to form such structures may vary depending on various 

factors.  

The reason amyloid has recently attracted so much attention is due to its implication 

in pathological conditions, whereby innocuous, soluble proteins, en route to the native 

state, deviate from its normal path and are converted to insoluble fibrillar protein 

aggregates, known as amyloid fibrils [52]. About 23 different proteins are proposed to 

be culpable in the development of amyloidogenic diseases, the majority of which 

belong to the group of intrinsically disordered proteins, the rest comprising globular 

proteins [53]. A crucial aspect here is the mechanism through which the precursor 

proteins assemble leading to the formation of amyloid fibrils. As evidenced from 

experiments under both physiological and denaturing conditions, aggregation can 

occur through partially unfolded intermediates and native-like conformations [54, 55]. 

Formation of amyloid fibrils from globular proteins necessitates an initial unfolding step 

causing the exposure of certain aggregation-prone residues of the polypeptide main 

chain that are largely buried in the native state. However, it is also indicated that 

complete unfolding may not be entirely necessary, though some level of structural 

flexibility is required for aggregation to occur [56]. Unfolding of the polypeptide chain 

can be facilitated by conditions such as low pH or certain mutations that cause local 

perturbations in the native state [57]. Provided that the essential arrangement of 

hydrogen bonds necessary to stabilize the native state are in place, some of the 

resulting aggregates may retain their native-like architecture even in the fibrillar state. 

In essence this would strictly be the case for proteins that mainly have a β-sheet 

structure. Conversely, helical proteins, such as insulin, would require a fundamental 

structural rearrangement that renders them the typical amyloid structure with β-sheets 
[54, 55, 58].  

The amyloid state has been linked to a large number of diseases characterized by the 

presence of fibrillar deposits and plaques. Such deposits have been found to affect 

various organs including brain, liver and spleen [59]. Though its implication in 

neurodegenerative diseases, including Alzheimer’s and Parkinson’s, is of particular 

importance [60].         

With regard to why a limited number of (globular) proteins are involved in amyloid 

formation and the resulting diseases, Chiti and Dobson proposes the notion that under 

physiological conditions the folding process takes place under the constant 

surveillance of molecular chaperones and other components of the quality control 
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mechanism, which target both unfolded and misfolded species for (re)folding or 

degradation. Though, minor conformational alterations generating native-like species 

may remain undetected, thus evading the quality control system. Moreover, given their 

resemblance with the native state, the energy landscape lacks barriers to limit such 

species being populated. Finally, the protein can proceed readily towards aggregation 

in particular if formation of fibrillar assemblies does not require extensive unfolding and 

reorganization [55, 57].  

1.2.2 Factors contributing to amyloid formation  

As already noted, proteins have an underlying propensity to aggregate unless 

maintained in a highly regulated environment. However, various aggregation 

promoting conditions have been identified that can vary the stability of the protein and 

further the population of intermediate states; hence, tipping the balance in favor of 

aggregation. Conditions such as high temperature, low pH, agitation/shear, surfaces, 

detergents, ions, and moderate concentrations of organic solvents are shown to 

promote partial unfolding of globular proteins. Furthermore, appearance of non-native 

conformations encountered in familial diseases is mediated through certain mutations 

causing to destabilize the native structure. Evidence for the correlation between 

conformational stability and propensity to aggregate has come from studies on proteins 

not associated with any diseases. Partially folded conformers of such proteins were 

shown to trigger aggregation even if present at a very low concentration. On the 

contrary, aggregation can be halted and even prevented by stabilizing the native state 

by employing specific affinity ligands. Furthermore, compounds such as lipids, 

glycosaminoglycanes, and serum amyloid P component are shown to enhance protein 

aggregation [61-67].  

The propensity of the polypeptide chain to form aggregates can be influenced by the 

amino acid sequence as it may harbor regions that are characteristically aggregation-

prone. These aggregation-prone regions can be inherent in the sequence, though 

ordinarily they remain buried in the native state, or develop following certain mutations 

that cause an increase in hydrophobicity or a decrease in charge. Thus, the structure 

and stability of protein is compromised contributing to a drift from the native to the 

misfolded state [68-70]. High hydrophobicity and or low net charge are indicated to induce 

incremental interactions with other non-native partners, thus facilitating protein 

aggregation. Conversely, high net charge in the sequence is shown to hinder 

aggregation. Moreover, it is noted that proteins have evolved such that they avoid 
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clusters of hydrophobic residues, thus keeping their aggregation propensity sufficiently 

low [71].  

Another mechanism proposed for the role of mutations in amyloid formation is by 

increasing the likelihood of the sequence to adopt a β-sheet structure. The effect of 

mutations with regard to the population of various folding species has been shown on 

wild-type and mutant lysozyme. Under physiological conditions the mutant variant of 

the protein lowers the energy barrier causing to promote population of partially folded 

states and consequently formation of the amyloid fibers [72-73]. Mutations can increase 

population of partially (un)folded states by decreasing the stability or cooperativity of 

the native state, the latter is indicated to be a crucial factor in keeping, even marginally 

stable, proteins in their soluble state [74]. Mutations in the Amyloid-β peptide causing 

early onset Alzheimer’s disease has also been studied extensively [75]. The effects of 

mutations on the native state of α-synuclein will be expounded on later.  

Mutation in critical regions of the sequence that result in breaking β-sheet can prevent 

self-assembly [76]. Sequences rich in glutamine are implicated in amyloidogenesis. 

Mutations resulting in glutamine repeats are associated with numerous degenerative 

diseases, such as prions and Huntington. The number of glutamine residues occurring 

is correlated with the propensity of protein to aggregate as well as the severity of the 

disease and its onset [77-79]. Simulation studies indicate that an increase in the number 

of glutamine residues above a certain threshold causes more residues to become 

disordered [80], this is confirmed by studies performed on C. elegans with engineered 

polyglutamine peptides. A high aggregation propensity is also shown for hydrophobic 

residues, in particular aromatic amino acids, while proline and glycine are indicated to 

have a low propensity to form β–sheet structures. Furthermore, salt brides are 

proposed to have a stabilizing role [81-83]. 

Interaction of proteins with various surfaces, in particular hydrophobic or polar, is 

shown to influence the folding process by causing an increase in their effective local 

concentration and by extension in protein-protein interaction, thus leading to protein’s 

aggregation [84]. Given the role biological surfaces may play in contributing to protein 

misfolding and disease generation, surfaces have been the subject of several 

experimental and simulation studies. These studies have been performed for various 

proteins, including Aβ [85], insulin [86], β2-microglobulin [87] and biological surfaces 

including basement membrane components i.e. collagen, fibronection, laminin,  

extracelluar matrix components such as proteoglycans and gycosaminoglycans. 
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Physiologically lipid membranes are of particular relevance and are shown to enhance 

protein misfolding and aggregation [96-97], they also happen to be on the receiving side 

of the damage caused by aggregates [88-89]. Interaction with lipid membrane, involving 

anionic lipids such as phosphatidylserine, is shown to bring about a conformational 

change, causing an increase in α-helical content as well as aggregation of α-synuclein 
[90-91] and hIAPP [92]; whereas single molecule studies suggest that stability of α-

synuclein’s helical conformation is enhanced in the presence of lipid membranes [93]. 

Moreover, lipid rafts containing certain gangliosides and cholesterol are implicated in 

misfolding and aggregation of specific amyloidogenic proteins involved in 

neurodegenerative disorders [94-95].   

1.2.3 Kinetics of amyloid aggregation 

The sequence of events leading to amyloid formation can be set in motion by a 

preceding misfolding phenomenon, for instance certain denaturing conditions brought 

on by factors such as ionic strength of the buffer, temperature, co-solvents, and 

agitation. Irrespective of the cause, the precursor proteins are thus given the ability to 

form endlessly propagating aggregates that consist of varying number of the forming 

units, ranging from dimers to particles of million Dalton or even larger.       

Looking at the molecular features of fibrils originated from unrelated proteins that 

barely have any sequence similarity, it could be observed that they are largely 

comprised of cross β–sheet structures [99]. However, fibrils are shown to exhibit 

polymorphism i.e. depending on the induction conditions a protein can give rise to 

multiple forms of amyloid fibrils with differing morphologies [100-101]. The former 

observation implies that a common mechanism leading to amyloid formation might be 

in play, whilst the latter observation can be construed such that amyloidogenesis 

occurs via multiple pathways [102].       

The two models proposed to explain the mechanism of amyloidogenesis in vitro are 

nucleation dependent fibrillation and double-concerted fibrillation, the former being 

more widely accepted. Fibrillation kinetics of amyloidogenic proteins can be readily 

traced exploiting the fibril binding properties of Thioflavin-T dye. Accordingly, the 

kinetic process is consisted of three distinct phases each characterized by the 

presence of distinct (folding) species: the lag phase, the exponential growth phase, 

and the stationary phase [103].  

The Lag phase represents the rate-limiting step in protein aggregation that requires 

prolonged incubation and can occur above a certain critical protein concentration. 
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During the lag phase formation of the nucleus from monomers takes place, which is 

thermodynamically unfavorable. Once the nucleus is formed, accretion of monomers 

following their conformational transition becomes thermodynamically favorable, 

leading to the exponential growth phase where a rapid extension of the fibrillar 

structure occurs. Fibril growth continues until the available monomers are depleted, 

thus begins the stationary phase where the assembled and disassembled monomers 

exist in equilibrium [104]. It has been empirically shown that the lag phase can be 

shortened or completely abrogated by adding pre-formed fibrils (seeds) to the solution 

resulting in immediate aggregation. In such a scenario the seeds act as a template 

while propagating their morphology and structure, thus giving rise to fibrils that acquire 

their characteristics. The seeds are comprised of amyloidogenic conformers that 

enable the conversion of other conformations, leading to their attachment to the ends 

of the growing fibril [52, 105-106].  

The exponential growth phase is suggested to involve secondary pathways such as 

fibril branching and fragmentation that consequently furthers the number of growth 

sites [107-108]. In vivo, secondary nucleation is considered to be a key step in dictating 

the propagation of deposits [109].  

The nucleation-dependent model of aggregation is usually illustrated as a sigmoidal 

shaped time-course curve, with the three phases distinctly separated (Figure 2). The 

various species that emerge during the course of aggregation can be mapped on this 

so-called sigmoidal curve. The first species that appear early in incubation during the 

lag phase are described as amorphous aggregates which may then align to form 

protofibrils, both representing transient intermediates. The oligomeric structures are 

reported to appear both on-pathway and off-pathway to fibrils [52]. On-pathway 

oligomers undergo a concerted conformational change to form fibrils [110] (Figure 2). 

These fibrillar structures are suggested to be very stable, sometimes even more stable 

than the native state [111].  

In the double-concerted fibrillation, oligomeric species are subjected to shear stress 

and organic solvents that leads to instantaneous fibril formation. The model consists 

of two steps involving an initial assembly of the monomers followed by formation of 

oligomeric granular species. These oligomeric granular species are suggested to serve 

as a growing unit for fibril formation, though necessitating some structural 

rearrangement that involves shifting from intra-oligomeric interactions to inter-

oligomeric [106]. 
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Figure 2: Nucleation dependent model of aggregation. Aggregation kinetics of amyloidogenic 
proteins consists of three distinct phases, the lag (nucleation) phase, the exponential growth 
(elongation) phase and the stationary phase. In the lag phase, the native form of monomeric proteins 
undergo conformational change converting to species capable of self-association that subsequently 
give rise to the oligomeric nucleus. In the growth phase monomers attach to the nucleus and thus form 
fibrils until saturation or depletion of the available monomers. The nucleation phase is 
thermodynamically unfavorable and therefore takes place over a prolonged time. Conversely, 
elongation is thermodynamically favorable and occurs rapidly. 

 

1.2.4 Structural characteristics of amyloid  

In order to be able to develop a deeper understanding about the nature of 

amyloidogenic diseases it is fundamental to gain insights into the structural details of 

the various species in play. 

The degree of structural order is proposed to successively increase from oligomers to 

protofibrils to fibrils. The various aggregation variants may display some structural 

commonalities with each other as evidenced from their interaction with conformation-

dependent antibodies that specifically recognize common epitopes. However, 

oligomers display different structural motifs that set them apart from fibrils, as 

evidenced by the existence of oligomer-specific antibodies. This may pertain to 
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differences in the organization of peptide backbone. It is posited for example that 

prefibrillar oligomers are composed of α–extended sheets, while fibrils are structurally 

β–sheets [112]. Likewise, differences in the twist, tilt, and hydrogen bonding are also 

hinted. Moreover, a broad range of morphologies has been reported for each species, 

depending on the aggregation conditions and the precursor protein [51]. Differences in 

the number of protofilaments giving rise to a fibril has also been observed under fixed 

conditions [113]. 

Progress in isolating and characterizing the allegedly toxic oligomeric species is largely 

impeded by their transient and dynamic nature. Studies with atomic force microscopy 

show oligomers to appear in various shapes including round, annular, and as beaded 

chains having diameters in the range of less than a nanometer to a few nanometers 
[110]. Oligomers can have a broad spectrum of molecular weights; as in the case of 

Amyloid-β ranging from 2 molecules to a million Dalton. Varying conditions of 

aggregation can cause changes in the packing of the hydrophobic groups, thus 

producing oligomeric species with differing toxic properties [51]. Moreover, 

conformation-dependent antibodies have indicated the presence of distinct types of 

oligomers, implying oligomeric polymorphism [114]. Recently oligomeric aggregates 

were shown to be detected upon binding to the dye ANS (8-Anilinonaphthalene-1-

sulfonic acid) that specifically binds to exposed hydrophobic patches, indicating 

hydrophobic patches to be a common structural feature of soluble oligomers. 

Moreover, increase in ANS fluorescence intensity was correlated with increasing 

toxicity [115].   

Unlike oligomers, the structure of amyloid fibrils has been extensively studied and is 

described as parallel, in-register β-sheets stabilized by intermolecular hydrogen bonds.  

The amyloid structure exhibits characteristic features on observation with electron 

microscopy (EM), X-ray fiber diffraction, and staining. Under EM fibrils appear to have 

long, unbranching, often twisted structure about 6-10 nm in diameter. X-ray fiber 

diffraction reveal a cross-β spine structure with two notable signals, a reflection at 4.7 

Å along the direction of the fiber arising from the spacing between adjacent β-strands 

and a second reflection at 6-11 Å that occurs perpendicular to the fiber axis and 

corresponds to the distance between stacked β-sheets that can vary based on the 

composition of the side chains. Staining the fibrils with Congo Red produces an apple 

green color under crossed polarized light. Furthermore, staining with the dye 

Thioflavin-T results in an increase in fluorescence shift. The presence of high β–sheet 
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content can be detected both by CD and Fourier transform infrared (FTIR) 

spectroscopy [116-123].  

Detailed structural studies show that the cross-β structure consists of β-sheets that 

create an interface by interdigitating the complementary side chains from the opposing 

sheets while excluding water molecules. This structural arrangement is referred to as 

a steric zipper. Depending on the orientation of the faces of the β-sheets, and the 

parallel or anti-parallel arrangement of strands, eight different classes of steric zippers 

can emerge. However, it should be noted that not all classes of steric zippers have 

been observed empirically. These steric zipper arrangements contribute to amyloid 

polymorphism by allowing amyloids to be packed in different ways [124-125]. With regard 

to the strand orientation, parallel structures are suggested to occur more frequently 

than anti-parallel, implying a more common structural motif for the majority of amyloids 
[126]. Another important aspect is the arrangement of the β-strands which can either 

occur in-register or out of register, though the former seems to prevail, probably since 

the latter is relatively less stable and is frequently associated with toxic oligomers [127].  

There are vast differences among the fibril-forming precursor proteins, in terms of 

secondary structure, size, and sequence; yet the resulting fibrils, as noted above, share 

very high histochemical and structural similarities. This pertains to the core structure 

of the fibril that is composed of β-sheets and is predominantly stabilized by interactions 

involving hydrogen bonds of the main chain. The main chain is common to all protein 

molecules, explaining why fibrils derived from different proteins have similar 

characteristics. Nonetheless, structural organization of amyloid fibrils can be strikingly 

different, depending on the protein and the conditions of fibril formation, entailing the 

main chain to assume different arrangements. Considerable differences may exist in 

the number of residues from a single protein molecule packed into the core structure. 

Incorporation of the side chains essentially depends on the sequence. The identity of 

the incorporated side chains does not affect the general cross-β amyloid structure, 

though their interactions with each other and with the solvent significantly influence the 

details of the fibrillar architecture, including determining the length and orientation of 

the β–strands, the lengths and conformation of loops, turns, and other regions that are 

not part of the core structure, and lastly the number of β–sheets constituting the 

protofilament [128-129].  

Hydrogen bonding between the side chains are shown to further contribute to the 

stability of the fibrillar structure [124]. The core structure is devoid of α-helical regions 
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and mainly consists of β-strands, and some β-loops and β-turns, these being 

responsible for determining the secondary structure of the fibril. The tertiary structure 

is defined by the alignment of strands into parallel and anti-parallel β-sheets, while the 

quaternary structure is molded by how the sheets are arranged with respect to one 

another [130].  

It should be mentioned that structural studies are largely carried out using short 

segments of known amyloid fibril forming peptides, since fibers formed from ex vivo 

samples are too large and heterogeneous to be studied with the available techniques. 

High resolution structural studies of amyloid fibrils revealing subtle details has been 

enabled by using a combination of techniques including mutagenesis, solid-state NMR, 

and hydrogen deuterium (HD) exchange NMR, among others. Single point mutations, 

for instance, can unveil the importance of individual residues in the fibrillation process 

as well as in maintaining the overall structure [131-132].     

1.2.5 Amyloid toxicity  

Efforts in literature to elucidate the underlying mechanism of amyloid pathogenesis are 

centered on two key aspects, events corollary to the loss of proteins’ physiological 

function and those induced by accumulation of amyloid deposits (gain of toxic 

function). Both aspects can be critical in determining the progress and severity of 

disease. Aggregation-prone proteins such as α-synuclein, Aβ, tau, and PrPSc cause 

neurodegeneration as they form oligomers and gain a toxic function. Conversely, other 

proteins may lose their function due to aberrant folding, consequently affecting their 

substrates too. For instance mutations in parkin that lead to its misfolding can have far-

reaching consequences. Parkin is a component of the E3 ubiquitin ligase complex that 

itself is part of the ubiquitin-proteasome system. Loss of parkin’s function would 

therefore affect not only this immediate downstream substrate, but also other 

processes considering the role of ubiquitylation in various other cellular functions such 

as signal transduction, DNA repair, transcriptional regulation, endocytosis, and cellular 

trafficking [134].  

A plethora of studies have established the connection between the amyloid state and 

various age-related diseases resulting from abnormalities in the folding process. 

However, the dilemma which species is primarily relevant to the disease generation 

remains outstanding.  Substantial evidence has emerged indicating the precursor 

soluble oligomers as the species responsible, at least in part, for the amyloid 

pathogenesis [115, 135-137]. Though, all the non-native species generated can be 
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invariably toxic to a certain extent depending on the number and nature of exposed 

groups that otherwise would remain buried in the native state. These exposed groups 

can elicit aberrant interactions with various cellular components including membranes, 

proteins, and other macromolecules [136]. The role of fibrillar deposits, however, is less 

clear. It has been proposed that they might act either as a reservoir for a continuing 

supply of oligomers or as sinks of toxic oligomers; the latter follows the notion that they 

might be the end products of the detoxification process involving sequestration of the 

harmful oligomeric species; this would imply a protective role [138-140]. In case of 

Alzheimer’s and Parkinson’s diseases, it has been reported that there is no correlation 

between the severity of disease and the quantity of fibrillar deposits. In fact, symptoms 

were shown to manifest prior to the detection of such deposits, whereas in some cases 

patients with deposits did not show any symptoms. Levels of low molecular weight 

oligomeric species, on the contrary, were strongly linked with the disease severity. 

Mutational studies resulting in the generation of oligomers have also reinforced this 

toxic role. In addition, non-fibrillar oligomers were demonstrated to invoke toxicity in 

cell culture as well [141-144]. Systemic amyloidosis, conversely, represents a very 

different scenario since these are associated with large deposition of amyloid fibrils 

that can essentially infiltrate entire organs including heart, spleen, and liver, causing 

severe functional impairments in the contiguous tissues [145].  

As pointed out, amyloidogenic species, both fibrils and oligomers, derived from 

structurally different precursor proteins, including those not associated with any 

disease, have a number of common structural features. Thus, with regard to the 

mechanism of toxicity, it is not surprising that the resulting pathological features would 

bear resemblance too [143].  

The plasma membrane is proposed to be the primary target accessible to various 

oligomers arising both in the cytoplasm and in the extracellular compartments [139]. 

Though, oligomers are shown to subsequently disrupt intracellular membranes as well. 

Studies have shown that various amyloidogenic proteins including α-synuclein, Aβ, 

IAPP exert their toxic effects, at least partially, by forming discrete pores and single 

channels in the membrane; hence the channel hypothesis for explaining amyloid 

pathogenicity [143, 146, 147]. These channels are characterized as being irreversibly 

inserted into the membrane with heterogeneous and rather non-specific conductance 

properties. Such damages to the membrane can lead to changes in its permeability in 

particular with respect to ions, but also other molecules. A disturbance in ion 
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homeostasis such as that of Ca2+ can have grave consequences for the cell fate, 

initiating a cascade of downstream events that may result in aberrant signal 

transduction, oxidative stress and apoptosis caused by an increase in the production 

of reactive oxygen species as well as release of cytochrome C; mitochondrial 

dysfunction, up-regulation of autophagy as well as changes in neuronal function 

involving synaptic plasticity, long-term potentiation and membrane potential [145, 149-152]. 

Dysfunction of the mitochondria might further aggravate the situation by being unable 

to supply the chaperone and proteasome systems with ATP, thus leading to further 

increase in the level of misfolded proteins [139]. Up-regulation of autophagy, triggered 

by the increase in amyloid aggregates, results in the accumulation of autophagic 

vesicles that may promote autophagy mediated programmed cell death [153]. Events 

leading to drastic increases in the aggregation rate would inevitably render the cellular 

defense mechanisms, including the chaperons and proteasome degradation systems, 

ineffective at preventing or containing the disease progress. As indicated disruption of 

the membrane is mainly instigated by oligomers, though mature fibrils are also shown 

to disassemble membrane lipids thus contributing to cell damage [154-156]. The lowest 

oligomeric species demonstrated to permeabilize the membrane were hexamers of Aβ 

1-40 [157].   

In addition to above-stated common mechanisms of amyloid pathogenicity, disease 

specific events may be attributed to the loss of function of the fibril forming protein itself 

and its various interacting partners. Another important consideration is the nature of 

the afflicted cell type. Since, cells with an effective stem cell population would be in a 

position to rapidly replace the affected cell with a new functional cell, making amyloid 

toxicity inconsequential. However, cells lacking in such potential arsenal might be 

particularly vulnerable, explaining why the majority of amyloid related diseases are 

neurodegenerative [139]. 

 

1.3 Protein misfolding and diseases 

Protein misfolding is associated with the onset of numerous diseases (Table 1), by 

some estimates being accountable for close to half of all human diseases [133]. These 

disease are very heterogeneous in nature and their severity depends largely on the 

degree to which the affected protein’s function is impaired. Furthermore, they have 

both sporadic and familial forms and can occur at various stages of life. They can have 
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a genetic origin or might ensue concomitant to other abnormalities at the cellular level 

accompanying advanced age.  

Protein misfolding diseases currently represent the most common and debilitating 

medical conditions. For instance, Type II diabetes is estimated to affect approximately 

300 million people worldwide [158].  

Neurodegenerative diseases are characterized by progressive degeneration of the 

neurons with debilitating consequences that are largely untreatable. A key signature of 

these diseases is an increase in their incidence as the population ages, and with the 

increased life expectancy it will further continue to increase. Alzheimer’s disease (AD), 

for instance, affects nearly 7 million people in Europe alone. Worldwide the number of 

sufferers stood at 26.6 million as of 2006. This figure is expected to double every 20 

years, and estimated to reach 80 million during the next 40 years [161].  

Regardless of the underlying mechanism of the respective protein misfolding disease, 

the presence of intra- and extra-cellular forms of insoluble aggregates that in the 

majority of cases cause the characteristic pathological lesions, is common to all [159]. 

 

Table 1: List of representative misfolding diseases 

Protein  Native structure  Disease  Ref. 

α‐synuclein  Intrinsically disordered   

 

Parkinson’s disease 

Dementia with Lewy bodies 

[449] 

Amyloid‐β peptide (1‐40/42)  Natively unfolded  Alzheimer’s disease  [450] 

Prion protein  Globular (α‐helices+β‐sheets)  Creutzfeldt‐Jakob disease  [451] 

Huntingtin  Largely natively unfolded  Huntingtin’s disease  [455] 

Tau  Natively unfolded   Frontotemporal dementia with Parkinsonism 

Alzheimer’s disease 

[447] 

Islet amyloid polypeptide (Amylin)  Natively unfolded  Type II diabetes  [454] 

Calcitonin  Natively unfolded  Medullary carcinoma of the thyroid  [448] 

β2 microglobulin  All β  Dialysis‐related amyloidosis  [452] 

Lysozyme  Globular (α‐helices+ β‐sheets)  Lysozyme amyloidosis  [453] 

Transthyretin  All β  Senile systemic amyloidosis 

Familial amyloid polyneuropathy Familial 

amyloid cardiomyopathy 

[456] 
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1.3.1 Synucleinopathies 

Synucleinopathies are a group of overlapping neurodegenerative diseases 

characterized by the abnormal accumulation of α-synuclein aggregates in neurons, 

nerve fibers or glial cells in certain regions of the brain including the striato-nigral 

system, limbic system, frontal cortex, the insula, and subcortical nuclei [162-164].  

The well-known synucleinopathies include Parkinson’s disease (PD), Parkinson’s 

disease dementia (PDD), dementia with Lewy bodies (DLB), and multiple system 

atrophy (MSA). In addition, various neuroaxonal dystrophies are also members of this 

group, though they are less-well characterized [165, 166].  

Fibrillar aggregates of α-synuclein form proteinaceous intracellular clumps that are 

referred to as Lewy bodies and Lewy neurites in PD and DLB [167-169, 171], glial 

cytoplasmic inclusions in MSA and axonal spheroids in neuroaxonal dystrophies [170]. 

In addition to α-synuclein the clumps contain large amounts of ubiquitin.  

Substantial evidence exists which implicates misfolding of α-synuclein as the 

underlying event leading to synucleinopathies [4]. 

 

 

2 α-Synuclein 

 

2.1 Expression and localization  

α-Synuclein was first identified in the synaptic terminals and the nucleus, where it 

derives its name from [172]. Later it was described as the non-amyloid component in 

plaques of amyloid-β isolated from the brains of patients with Alzheimer’s disease [173]. 

The protein, in particular the canonical SNCA140 isoform, is abundantly expressed in 

various parts of the brain. High levels are particularly detected in neocortex, 

hippocampus, substantia nigra, thalamus, and cerebellum, though it is also present in 

the red blood cells. The other three alternative isoforms i.e. SNCA- 126, 112, 98 are 

expressed at relatively low levels [174-176]. α-Synuclein constitutes about 1% of the 

protein content of the neuronal cytosol, though to a lesser extent it could also be found 

in the glia cells. High concentrations of the protein are found in presynaptic terminals 

in both soluble and membrane-bound forms, with roughly 15% being membrane bound 

in any moment in neurons [177-178]. It is extensively localized in the nucleus as well, 

suggesting a function therein [174, 179]. Mitochondrial localization of the protein is 
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evidenced, but varies according to the brain regions, being highly expressed in 

olfactory bulb, hippocampus, striatum, and thalamus [180].  

2.2 Physiological function  

Despite the vast number of studies the exact function of α-synuclein still remains 

elusive. Though localization of the protein in various parts of the neurons might provide 

some clues about its role under normal as well as in disease states. Some of the 

proposed functions ascribed to α-synuclein include regulation of certain enzymes, 

transporters, and neurotransmitters, synaptic plasticity, neuronal survival, and 

chaperon function. Moreover, it is shown to interact with at least 30 proteins, indicating 

its role in cell signaling [181]. 

Evidence for α-synuclein’s role in synaptic function, though poorly defined, has come 

from its localization in the presynaptic terminals where it is indicated to be involved in 

the regulation, storage, trafficking, and release of synaptic vesicles, and  consequently 

in the turnover of neurotransmitters in particular dopamine. This role has been recently 

supported by the discovery that α-synuclein plays a critical role in controlling the 

degradation and affecting the assembly of SNARE complexes that are essential in 

releasing neurotransmitters from vesicles. More evidence for this role has emerged 

from studies involving α-synuclein’s overexpression and knockdown models, exhibiting 

impairment in synaptic transmission and marked reduction in the pool size of vesicles 
[182-188]. In its bound state to the membranes, α-synuclein plays a key role in preventing 

the oxidation of membrane lipids [189]. It also contributes to neuronal survival by 

controlling the apoptotic response [190, 191]. Evidence for the neuroprotective function of 

α-synuclein has emerged from another study as well where neurons were exposed to 

chronic oxidative stress. It was found that neurons that expressed high levels of α-

synuclein exhibited relative resistance to apoptotic changes and their viability remained 

unaffected as compared to a control population of cells lacking α-synuclein [192]. 

Instances of such protective role have been observed elsewhere too [193]. Knock-out 

mice for α-synuclein were shown to remain viable, implying that it may not be essential 

for a functioning nerve terminal; however, its neuroprotective role was proposed to 

become more prominent under conditions of stress or injury [194, 195].  

Proponents of α-synuclein’s neuroprotective role argues that degeneration in 

dopaminergic neurons induced by α-synuclein aggregates might be a selective case, 

further pointing to the lack of consistency in such results [159]. 
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2.3 Structural features  

2.3.1 Sequence organization  

α-Synuclein is encoded by the SNCA gene that is mapped to chromosome 4q21.3-

q22. The gene consists of seven exons, five of them being protein-coding [196]. Through 

alternative splicing the gene produces at least four isoforms, the full length transcript 

with 140 amino acids, a 126 amino acid variant lacking exon 3 (residues 41-54), a 112 

amino acid version that lacks exon 5 (residue 103-130), and the 98 amino acid version 

that lacks both exon 3 and 5 [197, 198]. The sequence of the full-length version has three 

structurally distinct domains (Figure 3): The N-terminal amphipathic region comprised 

of residues 1-60, and contains four 11-amino acid imperfect repeats that include a 

conserved consensus sequence KTKEGV; the central part of the protein contains three 

more repeats and the highly amyloidogenic and hydrophobic NAC (non-amyloid 

component) region; and the C-terminal part of the protein that is made of residues 96-

140 and is highly acidic and proline-rich. This part of the protein is not conserved and 

is believed to bear sites for interaction with other proteins, small molecules, and metals 
[199], while the N-terminal and central regions are suggested to modulate interactions 

with the membranes. Moreover, the C-terminus acts as an intramolecular chaperon 

whose truncation destabilizes the protein thus enhancing its aggregation [200]. 

Conversely, the NAC region is suggested to be indispensable for aggregation, its 

deletion in both in vitro and cell based assays was shown to result in diminished 

aggregation [201]. The N-terminus of the protein include the sites for the five mutations 

characterized so far. 

 

 

 

 

 

 

 

Figure 3: Schematic representation of human α-synuclein structural features. The N-terminus binds to 
cellular membranes and adopts a helical conformation. It also contains the sites of the five familial 
mutations A30P, E46K, H50Q, G51D and A53T. The NAC region is essential in promoting α-synuclein 
aggregation. The negatively C-terminal part of the protein is suggest to inhibit in vivo spontaneous 
aggregation of the protein mediated through its interaction with the other regions in a process known 
as functional misfolding. Net charge values determined at pH 6. 
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2.3.2 α-Synuclein an IDP 

α-Synuclein belongs to the group of intrinsically disordered proteins (IDP) and displays 

extensive conformational flexibility [202]. The cause of its disordered state can be traced 

to its sequence that exhibits a profuse presence of disorder-promoting residues, in 

particular Gly, Glu, and Lys, whereas there is a paucity or lack of order-promoting 

residues such as the bulky hydrophobic amino acids (Ile and Leu) and aromatic amino 

acids (Trp, Tyr, Phe). Moreover, the sequence is devoid of Cys residues, which 

contribute to the conformational stability in proteins by forming disulfide bridges or 

through coordination of different prosthetic groups [203, 204].  

Unlike globular proteins that have a well-defined global energy minimum in their energy 

landscapes, IDPs have a flat energy landscape with numerous shallower local energy 

minima without large energy barriers. This explains the conformational malleability of 

α-synuclein that allows it to sample a variety of conformations; however, depending on 

the prevailing conditions in its milieu and the presence of potential interaction partners, 

it can adopt specific structures [204]. Another aspect that sharply contrasts IDPs from 

globular proteins is in their predisposition to interact with unwanted partners. Globular 

proteins have evolved the ability to avoid such interactions by burying susceptible 

residues within their core structures. Given their sticky and promiscuous nature, IDPs 

may readily interact with non-native partners. However, it is proposed that IDPs have 

a protective mechanism in place, known as “functional misfolding”, that avoids such 

unwanted interactions by involving predisposed residues in intramolecular non-native 

interactions, representing a sequestration process. This concept was illustrated to be 

valid for a number of proteins, including α-synuclein. It is noted that α-synuclein adopts 

varying structures in its unbound state and in complex with other proteins. The compact 

structure adopted in the unbound state was ascribed to intermolecular interactions 

between the various regions of the protein [205]. 

In its unbound state α-synuclein was shown to be unfolded and devoid of a tertiary 

structure [199]. Nevertheless the protein is not entirely without structure, as around 100 

residues on the N-terminus of α-synuclein were reported to have propensity to form 

helical structures, while residues 1-13 and 20-34 were shown to have a nascent or 

transient α-helical structure [206]. Various experimental and simulation studies have 

revealed the presence of transient long-range interactions within the structure of α-

synuclein that lead to the formation of hydrophobic clusters rendering the protein a 

certain degree of compactness. These interactions were indicated to be due to the 
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electrostatic attraction between the highly acidic and negatively charged C-terminus 

(residues 120-140), which carries a net charge of -8, and the somewhat positively 

charged central region that carries a net charge of +3. The presence of these long-

range interactions were also proposed to underlie inhibition of spontaneous 

aggregation; therefore truncation of the C-terminus might lead to its rapid aggregation 
[207, 208]. 

2.3.3 Various conformers 

Studies on recombinant α-synuclein expressed and purified from E. coli, under both 

native and denaturing conditions, have shown the protein to appear as an unfolded 

monomer. Moreover, it adopts β-sheet structure in the aggregated state and an α-

helical structure upon binding to synthetic or biological membranes (Figure 4) [199, 209]. 

However, little is known about the available conformational state(s) present in vivo. 

The existence of the putatively monomeric state of the protein in cellulo has been 

recently challenged by studies proposing that the endogenous protein, obtained from 

various cell types including red blood cells and brain tissue under native conditions, 

occurs as folded tetramer with predominantly helical structure, which does not form 

toxic aggregates [210, 211]. However, these findings are still a matter of debate and have 

not been verified by others who still maintain that the protein retains its monomeric 

disordered state [212, 213]. In order to reconcile these contradictory views Gurry et al. 

generated a construct that consisted of an ensemble of α-synuclein states, 

predominantly populated by the monomers with some multimers (trimers and 

tetramers), primarily possessing helical but also some strand structures [214]. This could 

reflect that these dynamic structural ensembles might interconvert between the various 

states [215, 216].   

Indeed, it is perceivable that α-synuclein might exist in equilibrium between the various 

conformational states. Though various events might substantially alter this equilibrium 

favoring one conformation or the other.  

2.4 Aggregation 

Aggregation of α-synuclein occurs in a nucleation-dependent manner yielding the 

typical sigmoidal curve that is comprised of the three distinct phases, the lag phase 

followed by the exponential growth and saturation phases [101, 217]. 

Aggregation of α-synuclein can give rise to both oligomeric and fibrillar species with 

distinct structural properties that are sensitive to variations in the aggregation 
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Figure 4: Schematic representation of various α-synuclein conformers.  
Under physiological conditions α-synuclein primarily exists in a soluble random coil state. Binding to lipid 
membrane induces structural changes causing transition of part of the protein from random coil to α-
helical conformation. Under pathological conditions, various events can trigger the conversion of the 
random coil state to a partially folded intermediate that is capable to self-assembly. This in turn 
progresses to form the toxic pre-fibrillar oligomers that finally transform to mature fibrils.    
 

conditions [323]. The resulting fibrils are highly structured and conform to the global 

structural features of fibrils. They are composed of several protofilaments consisting of 

a cross-β structure in which the β-strands are arranged in parallel and the β-sheets in-

register. Solid state NMR studies on in vitro grown fibrils revealed that the core of the 

fibrils is comprised of five β-strands involving residues 38-95 that also include the NAC 

segment, while the N-terminus remains rigid and the C-terminus unstructured and 

mobile [132, 219, 323]. Moreover, only the core region of the fibrils (residues 31–109) 

showed resistance to protease K digestion [218]. 

The population of oligomeric species are reported to be structurally diverse, some rich 

in β-sheets and others largely disordered, while those formed at the early stages of the 

aggregation being primarily α-helical [220]. Oligomers were shown to lack the canonical 

cross-β fibrillar fold [324], and unlike the majority of fibrils the arrangement of their β-

sheets appeared to be anti-parallel [325]. Moreover, their core structure spanned 

Soluble random coil Membrane bound 
largely α-helical 

Partially folded 
intermediate 

Pre-fibrillar oligomers Mature fibrils 

Synthesis 
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residues 4-90, as shown by Tryptophan (Trp) fluorescence and deuterium exchange 

studies [326-328].    

Aggregation of α-synuclein is proposed to occur through a multitude of pathways and 

is promoted by a host of factors that give rise to conformational states that readily self-

associate.  

2.4.1 Factors influencing α-synuclein aggregation 

There are numerous factors that enable conversion of α-synuclein from its unfolded 

form to a partially folded intermediate, which is indicated to be the precursor to fibril 

formation (Figure 4). These include: low pH and high temperature, agitation, polyvalent 

cations, di- and tri-valent metals, anions, high ionic strength, glycosaminoglycans, 

molecular crowding, as well as various pesticides such as rotenone, paraquat, and 

dieldrin [209, 225-228]. Conversely, factors capable of inhibiting α-synuclein fibrillation are 

also reported, such as β- and -synuclein and catecholamines, as well as oxidation of 

α-synuclein at methionine residues and its nitration. Moreover, certain factors that both 

inhibit and accelerate the fibril formation process depending on the conditions 

employed, include membranes and lipids [229, 230], simple and fluorinated alcohols [231], 

and osmolytes [232].  

These factors are detailed in the following. 

 

2.4.1.1 Effects of pH and temperature  

It is proposed that the low hydrophobicity and high net charge render α-synuclein its 

natively unfolded structure. Changes in these two parameters, for example due to low 

pH or high temperature, are reported to induce partial folding of the protein that lead 

to the formation of the self-assembling intermediates [209].  

2.4.1.2 Effects of factors intrinsic to the sequence 

Isoforms: A recent study compared the aggregation properties of the full length α-

synuclein with those of the other three isoforms and discovered that the alternative 

isoforms aggregated far less in comparison to the full-length protein. Differences were 

also observed in the resulting aggregates, such that the full-length protein formed 

straight fibrils, while the 126 and 98 amino acid isoforms formed short fibrils and 

annular structures, respectively [176].  

Mutations and polymorphisms: To date five different missense mutations have been 

identified in the SNCA gene: A53T (Ala to Thr), A30P (Ala to Pro), E46K (Glu to Lys), 
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H50Q (His to Gln) and G51D (Gly to Asp). All of these are dominant mutations, implying 

a gain of function [233-235].  

A53T was the first mutation identified that was genetically linked to early-onset 

Parkinsonism where the carrier exhibits cognitive decline and dementia. This mutation 

does not induce significant structural alterations, though a marginal increase in 

preference for extended conformation around the site of mutation is noted [236, 237]. 

A30P is involved in late-onset Parkinsonism and is found to strongly influence the 

structure by attenuating the helical propensity of the N-terminus of the protein [238]. 

E46K is associated with the early-onset DLB, and causes subtle structural changes 

while enhancing contacts between the N- and C-terminus of the protein [239]. All three 

mutations promote aggregation of α-synuclein. A53T and E46K are shown to enhance 

fibril formation, while A30P accelerates formation of oligomers. Furthermore, formation 

of specific species can be induced by introducing artificial mutations to the sequence, 

such as A56P and E57K that solely produce oligomers highly toxic to dopaminergic 

neurons [240, 241].   

H50Q and G51D are two other mutations recently added to the list, the latter is 

associated with early-onset PD showing rapid progression [242, 243]. 

Overexpression of the SNCA gene resulting from quantitative mutations such as 

duplication and triplication are also reported to increase the risk of PD and DLB. Since 

these multiplications drive overexpression of the protein their effects are dose-

dependent i.e. triplication results in the early development of fulminant Parkinsonism 

dementia, while carriers of duplication manifest later-onset PD, DLB or multiple system 

atrophy [244-247].  

2.4.1.3 Post-translational modifications  

Following translation in the ribosome, α-synuclein undergoes a series of post-

translational modifications. They can have substantial effects in modulating the 

function and aggregation of α-synuclein, though the effects of such modifications are 

largely residue-dependent. The most important of these is phosphorylation that mainly 

occurs at serine residue S129. Phosphorylation at this position has been reported to 

enhance formation of aggregates [248, 249]. Phosphorylation at other sites such as S87, 

however, has been demonstrated to block its aggregation while increasing its 

conformational flexibility in vitro [250]. Ubiquitination is the second most prevalent 

modification resulting in attachment of ubiquitin mainly at lysine residues K6, K10, and 

K12, and is suggested to cause alterations in α-synuclein’s function, localization and 
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degradation processes [251]. This modification, however, is not required for degradation 

of the monomeric form of α-synuclein, implying its occurrence subsequent to α-

synuclein’s aggregation [200]. Another important modification involves nitration of α-

synuclein at various tyrosine residues, Y39, Y125, Y133 and Y136. Nitration at these 

positions is stated to decrease α-synuclein’s binding to the lipid membrane and induce 

further unfolding in its structure, thus promoting aggregation. In contrast, in vitro 

experiments showed that nitration at neutral pH completely inhibits fibril formation, 

probably due to formation of a stable soluble oligomer [317]. Levels of phosphorylation 

and nitration in Lewy body diseases are noted to significantly increase [252, 253]. 

Oxidation of α-synuclein at methionine residues causes to disrupt its structure, leading 

to a highly unfolded structure that is less prone to aggregation [71]. Moreover, both N-

terminal and C-terminal truncations have been reported, whereas those of the C-

terminus are more common and result in very aggregation-prone fragments often 

associated with Lewy bodies [255]. In addition to the above state modifications α-

synuclein is reported to undergo a number of other, though less frequent, modifications 

including SUMOylation, glycation, N-terminal acetylation, and various crosslinking 

reactions [197].  

 

2.4.1.4 Various interaction partners  

Interaction with the lipid membrane 

Around 15% of α-synuclein is found in the presynaptic terminal in the membrane-bound 

form [256]. The presence of various lysine and glutamate residues in its sequence allow 

α-synuclein to bind to cellular membrane lipids that have a negative net charge viz. 

acidic. As a result α-synuclein is shown to undergo structural transition with a steep 

shift in its secondary structure from the unfolded random-coil to predominantly α-

helical, with its helical content increasing from around 3% to 70% [90, 257]. In vitro studies 

show that interactions with membranes can both inhibit and promote the aggregation 

kinetics of α-synuclein, depending on the conditions employed in the experiment [198, 

258]. 

Interactions with other proteins  

α-Synuclein is known to interact with a broad array of other proteins. A SILAC based 

study on dopaminergic MES cells revealed 324 different proteins to be involved in 

formation of complexes with α-synuclein. Following differentiation of the cells with 

rotenone, 141 of those proteins displayed significant changes in the relative 
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abundance i.e. increase or decrease. Proteins identified were functionally categorized 

into DNA/RNA binding protein, chaperone, cytoskeleton, metabolism, protein 

synthesis, mitochondrial protein, ribosomal protein, protein related to signal 

transduction, and unknown functions [259].  

In case studies, α-synuclein was to date shown to interact with around 50 ligands and 

proteins [191]. Some of the most prominent proteins studied individually for their 

interaction with α-synuclein include: Aβ [261-264], tau protein [265], PLD2 [266], parkin [267], 

synphilin [268], 14-3-3 protein [269], heterodimeric tubulin [270], phospholipase D [271], 

protein phosphatase 2A [272], DJ-1 [273], histones [274], and calmodulin [275]. Aβ, Tau, 

tubulin, and histones are proposed to stimulate aggregation of α-synuclein even at sub-

stoichiometric concentrations in in vitro experiments. Given their aggregation-prone 

nature, these proteins are suggested to be involved in cross-seeding the aggregation 

of α-synuclein in vivo. Conversely, interaction with various chaperones was shown to 

suppress α-synuclein aggregation [177, 276].  

It has been noted that interactions of α-synuclein with other proteins are affected by 

both post-translational modifications as well as point mutations associated with familial 

forms of diseases [200].  

Interaction with beta and gamma synuclein  

β- and - synuclein are also members of the synuclein family, being 78% and 60% 

identical to α-synuclein, respectively and are abundant in brain. In spite of the structural 

similarities β-synuclein does not form any fibrils, while -synuclein forms soluble 

oligomers. Both β- and - synuclein are shown to inhibit aggregation of α-synuclein in 

vitro [277] and in vivo [278]. Neither β- nor - synuclein is found in Lewy bodies, but they 

are both associated with the hippocampal axon pathology in PD and DLB.  

Interaction with catecholamines 

Dopamine and other catecholamines such as L-dopa are reported to inhibit α-synuclein 

fibrillation, and were shown to dissolve pre-formed fibrils yielding soluble oligomers. 

Inhibitory effect was stronger following oxidation of these compounds [279, 280]. This 

could be particularly important in PD pathology where the neurons substantially lose 

their anti-oxidant potential.  

Interactions with metals 

Various metals are reported to directly cause damage to the brain. However, their role 

in influencing the aggregation of α-synuclein might underlie another mechanism 
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contributing to the increased incidence of PD in environments containing high levels of 

heavy metals. Some metals are indicated to directly interact with α-synuclein and 

induce structural changes that give rise to partially folded intermediates. Others might 

effect such structural changes, for instance, through oxidation [225].  

 

Although the influence of the above-mentioned factors is well characterized in vitro, 

their relationship to aggregation in vivo is yet to be elucidated. Some work in this area 

has been carried out in cell models over-expressing α-synuclein [221, 222]. Though the 

recovered protein primarily appears as soluble monomers on SDS-PAGE gels [223], 

which makes it hard to translate its effects as well as to assess what species to hold 

accountable for the toxicity. A solution to this problem would be to make use of 

fluorescence lifetime imaging-based techniques. For instance, a recent study 

examined aggregation of α-synuclein in the cortex of a transgenic mouse model with 

moderate overexpression levels of the protein mimicking those of the multiplication 

mutations. The work employed multiphoton FRAP and labelled the protein with GFP. 

Results demonstrated that somatic α-synuclein was largely in unbound and soluble 

form, whereas α-synuclein in the presynaptic terminal existed in three different forms, 

unbound and soluble, bound to the vesicles, and as micro-aggregates [224]. 

2.5 Mechanisms underlying α-synuclein’s toxicity  

Levels of α-synuclein present in the CNS are governed by its synthesis, aggregation 

and clearance that under physiological conditions are rigorously kept in balance. 

However, a dysregulation in any of these processes can effectuate aberrant levels of 

the protein leading to the formation and/-or accumulation of toxic species while 

depleting the functioning protein [281-286]. Increased accumulation of the protein is 

suggested to activate pathways that lead to cell death [342]. As evidenced in the familial 

forms of Parkinsonism, synthesis of α-synuclein can be elevated due to multiplication 

of SNCA gene, while certain mutations are conducive to increasing its propensity to 

aggregate.  

Clearance of α-synuclein monomers and aggregates is mediated through components 

of the cellular housekeeping mechanisms including direct proteolysis [287], molecular 

chaperones [288], the proteasome degradatory pathway [289], and the autophagy 

signaling cascade [290]. Disruption in any of these mechanisms can result in impaired 

clearance of the protein. For instance, mutant and oxidized forms of α-synuclein [291] 
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and overexpression of the wild-type in cell culture and tg mice is associated with 

impaired autophagy [292].    

Different conformers of the protein are linked with the pathogenesis of LBD. It is 

suggested that the main culprits promoting toxicity and neuronal loss might be the 

oligomers, as indicated by data gleaned from numerous studies [143, 240, 293-295]. Though 

it must be noted that the extant evidence is largely circumstantial, since it mainly comes 

from cell culture models. Studies in animals in support of this hypothesis are relatively 

rare due to the limitations associated in working with in vivo models [329].  

Conversely, the more stable and less toxic mature fibrils are suggested to be the result 

of a protective mechanism attempting to sequester the more toxic species. Unlike fibrils 

that essentially accumulate in inclusion bodies, localized in the soma, oligomers are 

located in the axon and presynaptic nerve terminal [222].  

Oligomers are proposed to exert their toxicity by causing damage to the membrane 

intactness leading to alteration in its permeability to various ions, such as calcium [295]. 

Pore formation by α-synuclein oligomers might potentially affect several targets. For 

instance it might trigger the leakage of vesicles containing neurotransmitters with 

detrimental effects on synaptic function [296-297]. Studies in S. cerevisiae showed 

impaired vesicle trafficking from endoplasmic reticulum (ER) to Golgi [324]. Such 

functional disruptions of the ER, Golgi, as well as microtubules were reported 

elsewhere too [298-300]. Damage to the mitochondria has been observed in various cell 

models [299, 301, 302] and C. elegans [303]. Prolonged dysfunction of the mitochondria is 

proposed to result in ATP depletion, diminished calcium buffering, and increased 

oxidative stress [304].  

Impairment of the protein degradation machinery viz. the ubiquitin-proteasome system 

(UPS) and lysosomal systems including autophagy has also been indicated in cell 

models. Though the exact mechanism is not known, disruption to the proteasome could 

be mediated through mitochondrial damage which results in depletion of ATP, or 

through direct binding of α-synuclein to the proteasome [305]. Alteration of lysosomal 

function is also evidenced that could either be a consequence of the proteasome 

inhibition or oligomer-induced leakage of the lysosome [306, 307].  

In addition, toxicity may further be extended to the loss of functional α-synuclein, its 

mislocalization, as well as a gain of toxic function. α-Synuclein is involved in modulating 

enzymes responsible for dopamine synthesis [308], therefore diminished levels of 

functional α-synuclein can affect dopamine reserves and consequently synaptic 
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function. α-Synuclein is also shown to cause synaptic dysfunction by interfering with 

axonal transport of certain synaptic proteins such as synapsin 1 [222]. Toxicity of α-

synuclein is evidenced to be more selective in dopaminergic neurons [309] probably due 

to the ensuing oxidative stress that promotes dopamine’s oxidation, producing toxic 

metabolites [310, 311]. Misfolded forms of monomeric α-synuclein may also contribute to 

toxicity by disruption of specific cellular process as well as aberrant interaction with 

other proteins, small molecules, and membranes [188].  

Various apoptotic markers have been detected in association with α-synuclein toxicity 

in cellular models, though how cell death is triggered remains unknown. It is suggested 

that α-synuclein dysfunction may give rise to reactive oxidative species (ROS) that in 

turn activates the apoptotic mechanism. Moreover, the role of mitochondria in 

regulating the apoptotic signal should also be noted [223, 312]. 

2.6 Cell-to-cell propagation hypothesis  

α-Synuclein is an intracellular protein, though recent studies suggest that under 

pathological conditions both monomeric and aggregated forms are released via 

exocytosis from neuronal cells, without compromising the integrity of the membrane. 

The released species are next assimilated by contiguous neurons and glial cells via 

endocytosis [313]. This extracellular α-synuclein is suggested to contribute to the 

disease pathology by subsequently nucleating further aggregation and thus driving the 

dissemination of the aggregates to other parts of the brain [315,316]. Exposure of 

astrocytes to extracellular α-synuclein induces changes in their gene expression profile 

leading to inflammatory response, accompanied by activation of microglia that in turn 

generates ROS, nitro oxide (NO) as well as cytokines, thus further aggravating the 

course of neurodegeneration [317]. This observation led to the idea that extracellular α-

synuclein seeds might behave in a prion-similar manner [188, 318]. Moreover, lower levels 

of α-synuclein have also been observed in cerebrospinal fluid (CSF) in patients 

suffering from AD and is proposed to originate from CNS [319-322]. Elevated levels of α-

synuclein oligomers are also reported in plasma [322].  

2.7 α-Synuclein, a therapeutic target in synucleinopathies 

At present, no cure exists for synucleinopathies and the available treatment options 

are only palliative, i.e. they only mitigate the symptoms of the disease.  

Devising disease-modifying therapeutic strategies to contain the progress of or yet 

better to prevent or cure the disease predicates targeting the molecular origin of the 
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disease, which could be enabled by furthering our understanding about the involved 

culprits and the underlying mechanisms of pathogenesis in play. As pointed out early, 

under pathological conditions the balance between α-synuclein synthesis, 

aggregation, and clearance is disturbed that leads to the generation and accumulation 

of various intracellular and extracellular conformers. While tentatively posited, it is yet 

to be determined whether toxicity resides in the insoluble aggregates or the soluble 

oligomeric precursors. Target-oriented approaches should be aimed at restoring the 

normal levels of α-synuclein. This can be achieved by reducing its expression level, 

increasing the stability of functioning protein, inhibition of self-assembly into oligomers 

and fibrils, and increasing the clearance rates [188, 330].      

Expression level can be down-regulated for instance by silencing SNCA with 

microRNA or by repressing the gene promotor [188]. Promoting clearance would require 

bolstering and meshing the function of the underlying mechanisms, for instance by 

increasing the proteolytic breakdown and binding to chaperone like molecules such as 

β-synuclein and HSPs, as well as by upregulating the autophagy system. Reduction in 

certain PTMs such as phosphorylation and C-terminal truncations might likewise prove 

helpful. 

The other two approaches, stabilizing the native form and reducing self-assembly have 

prompted a lot of research interest. Aggregation inhibitors currently in research are 

divided into three categories: small molecules, short peptides, and antibodies and 

antibody-mimetics [318]. 

2.7.1 Small molecules  

Low molecular weight organic compounds including polyphenols and non-polyphenols 

are identified to block self-assembly of amyloid-forming proteins. This is suggested to 

involve engaging the hydrophobic residues of amyloidogenic protein through 

interaction with or binding to the polyphenolic aromatic ring and its hydroxyl group, 

respectively [331-332]. Likewise, the anti-oxidant property of polyphenols plays a role in 

alleviating the ROS mediated cytotoxicity of amyloidogenic proteins [333]. Some of these 

molecules are shown to inhibit the aggregation of many amyloidogenic proteins while 

others act more selectively. 

Epigallocatechin gallate (EGCG) is one such representative molecule that is indicated 

to efficiently inhibit the fibrillogenesis of α-synuclein by directly binding to the natively 

unfolded protein and promoting the generation of off-pathway non-toxic and 

unstructured α-synuclein oligomers, instead of the toxic β-rich intermediates [334-335].   
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Curcumin is another member of this group and exhibits similar effects both in vitro and 

in SH-SY5Y cell line in inhibiting aggregation of α-synuclein [336-337].   

A particular advantage presented by both EGCG and curcumin is their ability to cross 

the blood brain barrier (BBB) as confirmed by studies in animal models [338-339]. 

Baicalein, also a polyphenol, is shown in in vitro studies to both inhibit fibrillation of α-

synuclein and disaggregate pre-formed mature fibrils [340]. The inhibitory effect was 

also observed in SH-SY5Y cells [341].    

2.7.2 Short peptides  

The core forming sequences of the amyloidogenic proteins are considered to be self-

recognizing i.e. these regions recognize and interact with each other, and may 

consequently assemble into fibrils [318]. This concept has been exploited for developing 

synthetic peptide inhibitors based on the native sequence of amyloidogenic protein. 

Such inhibitors are also developed for α-synuclein consisting of the hydrophobic 

residues 68-72. These are next modified and flanked by two hydrophilic residues. The 

inhibitors are found to interact with the full-length protein and block its self-assembly 

into oligomers and mature fibrils [342].  

2.7.3 Antibodies 

Immunotherapy as a treatment modality for neurodegenerative diseases has been a 

long-standing focal point in research in particular for targeting and clearing extracellular 

aggregates accompanying diseases such as Alzheimer’s amyloid-β. Other 

neurodegenerative diseases involving proteins such α-synuclein, prion protein, tau, 

and huntingtin are mainly characterized by the presence of intracellular aggregates, 

implying that they cannot be readily recognized by the immune system. Though the 

recent discovery that these aggregates may also accumulate on the plasma membrane 

and can be secreted to the extracellular environment, has provided the rationale to 

employ immunotherapy in these stated pathologies as well.  

Essentially two categories of immune responses can be differentiated, the humoral and 

cell mediated. Harnessing humoral immunization involves either stimulating the 

immune system itself to produce antibodies directed towards the target i.e. active 

immunization, or directly administering target-specific antibodies to the patient i.e. 

passive immunization. Cell-mediate immunity involves activation of various 

components of the immune system including phagocytes, natural killer, cytotoxic-T 

cells as well as numerous cytokines [318]. The potential of all these versatile tools for 

application in synucleinopathies has been well explored [343-346].  
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Studies in transgenic mice model vaccinated with α-synuclein showed the production 

of antibodies with relatively high affinity that led to the reduction of the accumulated 

aggregates with concomitant reduction of neurodegeneration. In addition, degradation 

of aggregates, probably via the lysosomal pathway, was also indicated [343]. The first 

PD vaccine, named AFFITOPE PD01, entered into phase I clinical trials in early 2012 
[347]. The vaccine was initially tested in two mouse models and was shown to ameliorate 

the neuronal loss caused by α-synuclein. It consists of a peptide-carrier conjugate and 

does not evoke an autoimmune response. However, active immunization has been 

known to elicit immune response when administered in patients even if this is not 

predicted or observed in preclinical studies [348]. Therefore, at present research is 

largely focused on passive immunization that targets specific epitopes on α-synuclein.  

The 9E4 monoclonal antibody targets the C-terminus region of α-synuclein (residues 

118-126). Immunization of α-synuclein tg mouse model led to reduced α-synuclein 

accumulation and neuronal loss as well as amelioration of motor deficits [344]. This was 

proposed to result from clearance of extracellular α-synuclein by microglia via the Fc 

receptor located on the cell surface that facilitates its delivery to the lysosome [349]. 

Reduction in extracellular α-synuclein translates into curbing the disease propagation 

and enhanced neuroprotection, thus representing a key leverage. The 9E4 anti-α-

synuclein antibody (PRX002) is currently being tested clinically.    

Though antibodies might show their potential in targeting extracellular aggregates, the 

lack of reliable means to bring them into the cells renders them unsuitable for targeting 

intracellular aggregates. This problem has been addressed by developing small 

fragments of antibodies through genetic-engineering that are stably expressed in the 

cells, these are called intracellular antibodies or intrabodies and are especially applied 

in the scFv format [350]. Two anti- α-synuclein scFv intrabodies have been identified to 

effectively inhibit α-synuclein aggregation and the resulting toxicity. The D10 intrabody 

binds monomeric α-synuclein; its co-expression in HEK293 cells was shown to inhibit 

formation of high molecular weight species [351]. The second intrabody NAC32 was 

tested in two separate cell culture models and showed significant reduction in α-

synuclein aggregation [352].         

 

3 Protein engineering: A versatile tool 

The orchestrated functioning of biological processes is mediated through the precise 

interaction of a large network of proteins. Moreover, there is an inherent relationship 
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between the sequence, structure, and function of proteins.  Protein engineering 

involves exploiting this underlying relationship to effect desired changes in the 

structure and/or function of a given protein.  

There are two strategies to engineer proteins, rational design and directed evolution. 

The rational design approach employs data on protein structure and function to make 

predictions about the outcomes of a given change in the sequence, and achieves the 

desired changes by using site-directed mutagenesis. Given the intricate nature of 

proteins and the lack of adequate structural and functional data, applying rational 

design may not always be an effective approach. In contrast, directed evolution utilizes 

random-mutagenesis and combines several mutations thus creating a diverse pool of 

variants. The protein with the desired function is next isolated from the pool by a 

selection technique. An advantage conveyed by this approach is that it does not require 

prior structural knowledge. Likewise it could be applied when there is ambiguity about 

the structure-function relationship [353, 354].   

Currently protein engineering is garnering tremendous interest and its area of 

application is rapidly growing largely owing to the developments in combinatorial 

biochemistry, high-throughput screening, and recombinant DNA technology [353, 355]. 

Proteins can be engineered for various purposes, namely to characterize the structure-

function relationship and as a result improve aspects such as stability, solubility, 

activity, and the like. For example introduction of a disulfide bond between the heavy 

and light chains of antibody was shown to increase its thermodynamic stability [456, 357]. 

Another example is the fusion of similar or distinct proteins via linkers at the gene level 

to enhance their activity [358] or solubility [392, 399].    

Protein engineering can also be used to essentially generate diverse proteins with 

enhanced and novel functions. For example, fragments of antibodies, or antibody-

mimetics.   

3.1 Antibody-mimetics   

Immunoglobulins constitute an important class of proteins that are employed by the 

immune system for targeting foreign entities that are suspected to pose a threat to the 

integrity of the host system. These molecules selectively recognize and bind to defined 

targets, typically proteins, but also other biomolecules, with high affinity and specificity. 

Their unique and inherent features have long been exploited for use in various areas, 

for instance in research as reagents for detection, bioseparation, and proteomic 

analysis, but equally importantly for application in in vivo diagnosis and targeted 
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therapies [360]. Advances in the area of recombinant technologies, the identification of 

bacteria and yeast as suitable host systems as well as the emergence of various 

selection technologies such as phage and ribosomal display, have allowed not only to 

efficiently select and humanize these molecules, but also to develop other antibody-

based molecules as well [361].  

Despite their broad spectrum of application as therapeutic, diagnostic and detective 

agents [362], pitfalls accompanying antibodies create certain limitations to their use, 

namely the risk of immunogenicity, inadequate pharmacokinetics and 

pharmacodynamics that involve poor tissue penetration due to their large size, need 

for administering high dosage, and loss of activity  [362-366]. Moreover, their biophysical 

properties and molecular composition, consisting of a complex multi-chain architecture 

with disulfide bonds and glycosylation that are essential for its function, makes them 

difficult and costly to manufacture. The six hypervariable loops makes structural 

manipulations also difficult, should it be required for instance in case of generating a 

large synthetic library [361, 367, 368]. Likewise, smaller versions of antibodies including 

dAb, nanobody, scFv, and Fab fragments, can still suffer from some of the same 

limitations; for instance, the requisite intradomain disulfide bond that has a stabilizing 

role and does not form in the reducing cellular environment [368].    

These caveats prompted the quest for developing new affinity ligands through the use 

of scaffolds with preferably small size that are organized in a single-chain, and which 

allow to be readily engineered for improved affinity and specificity, while lacking the 

antibody-associated limitations [369]. Recent advances in protein engineering combined 

with the colossal amount of structural data proved as immensely valuable tools in this 

regard. Developing novel affinity ligands in principle involves four key steps, starting 

with identification of a scaffold molecule with a suitable sequence. The next step is the 

construction of a combinatorial protein library whereby diversification in the resulting 

variants is achieved by introducing several mutations into the sequence of the scaffold. 

Once generated, the library is screened against a defined target molecule using a 

selection system. The selected molecules are amplified followed by their identification. 

In order to enrich molecules with desired binding properties the selection process, i.e. 

screening and amplification, is repeated several times. At this point a selected binder 

is isolated from the pool and subsequently further characterized [360]. 

These so-called antibody-mimetics offer numerous advantages over conventional 

antibodies including their small sizes, flexible structure, favorable biophysical and 
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pharmacokinetic features, and have been at the center of current research. Scaffold 

molecules are derived from human, butterfly (Pieris brassicae), and various bacterial 

systems.  Over the past decade, more than 50 different scaffolds have been proposed 

as alternative structural platforms to antibodies [369, 371], of which about 10 protein 

classes are particularly appearing to show huge potential for application in research, 

diagnostics, and therapeutics. In the therapeutics field several are currently in late-

stage clinical development and at least one, (Kalbitor escallantide or DX-88) based on 

the Kunitz domain, has made its way to the market [370]. Some representative examples 

are listed in Table 2.  One class that has fared relatively well is the Affibody group that 

will be further delved into due to their relevance to this work. 

 
Table 2: Antibody-mimetics. Representative non-immunoglobulin scaffolds for generation of affinity 
ligands 
 
Antibody mimetic  Scaffold  Domain features  Number of randomized aa  Selection method  Ref. 

Kunitz Domains  Protease inhibitor domain of 

APP 

α/β 

6Kda (58 aa) 

3 S‐S 

1‐2 loops  Phage display  [372] 

DARPins 

 

Ankyrin Repeat 

 

α2/β2 

14 KDa (67 + n×33 

aa) 

No S‐S 

7 aa on β‐turn and 1 

α‐helix (of every 

repeat) 

Ribosome display  [373] 

Avimers 

 

human A‐domains  Oligomeric, 

∼4xloops 

9‐18KDa (n×∼40 aa) 

3 S‐S 

21 aa in each domain  Phage display  [374] 

Anticalins 

 

Lipocalins from 

Human and butterfly 

(P. brassicae) 

β‐Barrel 

20KDa (160–180 aa) 

2 S‐S 

4 loops (16 aa)  Phage display  [375] 

Affibodies 

 

B domain of protein A from S. 

aureus 

α3  

6.5KDa (58 aa) 

No S‐S 

13 aa on 2 α‐helices  Phage display  [376] 

Affilins  ‐B‐crystallin/ubiquitin  β 20KDa / α3 β 

10KDa  

8 aa  Phage display  [377] 

Nanofitins 

(formerly Affitins) 

Based on Sac7d 

proteins 

7.6KDa (66 aa)  

No S‐S 

  Ribosome display  [378] 

Fynomers 

 

human Fyn SH3 

domain 

7 KDa (60 aa) 

 

6 aa in RT and n‐src‐loop  Phage display  [379] 

Adnectins 

(monobodies) 

 

10th type III domain of human 

fibronectin 

β‐Sandwich 

10KDa (94 aa) 

No S‐S  

2–3 loops  Phage‐ and 

mRNA‐ 

display, 

Yeast‐two‐hybrid 

[380, 

381] 
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How successful the outcome of selection would be, largely depends on the diversity 

and quality of the combinatorial library. Moreover, to accommodate for the differing 

properties and availability of target proteins, numerous selection systems have 

emerged that are grouped into cell-dependent/free display and non-display systems 

(Table 3) [60, 368]. The most prominent and widely used of these is the phage display 

system. 

  

Table 3: Selection systems employed in combinatorial protein engineering 

Cell‐dependent systems  Cell‐free systems  Non‐display systems 

Phage display [382]  Covalent DNA display [387]  Yeast‐two‐hybrid [393] 

Staphylococcal surface display [383]  Ribosomal display [388]  Protein‐fragment complementation assay (PCA) [394] 

E. coli surface display [384]  mRNA display [389]   

APEx E. coli display [385]  CIS display [390]   

Yeast display [386]  DNA display [391]   

  Microbead display [392]   

 

In addition to their use for selecting binding specificity, these systems have found other 

applications in proteomics research too, for instance epitope mapping, studies of 

protein-protein interaction, and the like. 

  

3.1.1 Affibodies 

Affibody molecules are small affinity proteins that are based on a 58 amino acid 

engineered protein domain, derived from staphylococcal protein A (SPA). SPA is a cell 

wall-anchored protein that is composed of five homologous domains i.e. E, D, A, B and 

C, each folding into a three-helix bundle with an anti-parallel arrangement (Figure 5). 

All domains are able to bind various mammalian proteins in particular the IgGs, where 

they mainly interact with the Fc region, however, in case of the human VH3 family 

binding to Fab is also shown. Engineering of the B domain of SPA following two point 

mutations, Ala1Val and Gly29Ala, yielded the Z domain analogue that despite the 

stated alterations retained its structural stability and affinity, though exhibiting a strong 

bias in binding to the Fc fragment of IgG in relation to the Fab fragment. These qualities 

along with its small size of ca. 6.5KDa, high solubility and the absence of disulfide 

bonds rendered the molecule a suitable framework for the generation of other affinity 

ligands [360, 395].  

The first combinatorial library based on the Z domain was constructed by 

randomization of 13 solvent-exposed surface residues located on the first and second 
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helix of the molecule (Figure 5). The majority of those residues were suggested to be 

involved in interaction with the Fc-binding domain of SPA, hence the rationale for their 

randomization [396]. Follow-up work demonstrated the prospects for isolating affinity 

ligands from the pool using phage display selection system [376]. The library has been 

screened against a number of targets, among them the human amyloidogenic protein 

amyloid-β (Aβ) that is involved in the progress of Alzheimer’s disease. One of the 

isolated binders, denoted ZAβ3, was shown to selectively bind Aβ with an affinity in the 

low nanomolar range (17 nM). However, this affinity was only observed when the 

protein was in the dimeric form, i.e. two ZAβ3 molecules bind one Aβ monomer. Unlike 

the Z-domain scaffold, ZAβ3 carries a cysteine residue at position 28 that enables the 

formation of a disulfide bridge between two adjacent ZAβ3 molecules. Replacing the 

cysteine residue with a serine resulted in diminished affinity, while construction of a 

head-to-tail dimer by directly linking two ZAβ3 molecules restored the affinity [397, 398]. 

Moreover, in relation to the Z domain noticeable structural changes in the ZAβ3 are 

observed, where the original three-helix bundle structure is not entirely retained i.e. the 

first helix becomes partially unstructured in the free form [398].  

Aβ is a natively disordered protein; however, as demonstrated by liquid state NMR 

studies, ZAβ3 binds to the central/C-terminal region of Aβ (1-40) resulting in the 

concurrent folding of both molecules, namely Aβ adopting an antiparallel β-hairpin 

conformation and residues 15–18 of  ZAβ3 forming a β-strand in the complex state [398, 

399]. Moreover, formation of the complex with ZAβ3 was shown to stabilize the β-hairpin 

structure of Aβ while sequestering its aggregation-prone regions, which led to inhibition 

of its aggregation both in vitro and in a Drosophila melanogaster model of Alzheimer’s 

disease expressing Aβ (1-42) or its more aggressive mutated E22G variant [400].  

3.1.2 The β-wrapins 

Building on the structure-stabilizing and aggregation-inhibiting characteristics of ZAβ3, 

work in our group attempted to extend the construct to other amyloidogenic proteins 

by generating similar affinity ligands. The ZAβ3 molecule was chosen as a starting point 

to generate a combinatorial library, therefore the gene encoding ZAβ3 was subjected to 

random mutagenesis using error-prone PCR that resulted in a pool consisting of 7 x 

107 variants. The library was next screened against several amyloidogenic targets 

using the phage display system, including α-synuclein [401, 402], tau [403], IAPP [404], and 

human prion protein (huPrP) (unpublished work). In order to enrich the pool of potential 

binders bio-panning was repeated 3-4 times. In each case a number randomly selected 
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clones were subjected to further screening to identify potential binders either based on 

their sequence or together with results of phage ELISA. The resulting binders are 

referred to as β-wrapins. 

Binders selected against tau [403] and IAPP [404] exhibited an affinity of 260 and 220 nM, 

respectively. Moreover, aggregation of both proteins was inhibited in the presence of 

their respective binders in a concentration-dependent manner. Screening of the library 

against α-synuclein yielded binders carrying 1-5 mutations in relation to the scaffold 

molecule ZAβ3. Binding affinity to α-synuclein in relation to Aβ was strongly dependent 

on the number of mutations. For instance, AS69 and AS60 each carrying 4 and 5 

mutations respectively, showed diminished or no affinity towards Aβ. AS9 and AS34 

both showed relatively higher affinity towards Aβ in comparison to α-synuclein. AS10, 

however, appeared bound to three amyloidogenic proteins with sub-micromolar 

affinity, i.e. α-synuclein, Aβ, and IAPP, all forming a β-hairpin structure in complex as 

revealed by 1H,15N HSQC NMR spectroscopy studies [402]. Moreover, AS10 inhibited 

aggregation of the stated proteins by sequestering the monomers, since binding was 

shown to occur at regions critical for their aggregation, namely residues 17–36 for Aβ 
[399] and 37–54 for α-synuclein [401]. An aggregation inhibitory effect of AS10 was also 

observed for another highly amyloidogenic protein viz. Calcitonin (unpublished work). 

Conversely, no binding was observed when tested for interaction with tau (a four-

repeat-domain construct) and a truncated variant of human prion protein (huPrP-23-

133). Structural similarity among the former four proteins might explain the biased 

interaction behavior of AS10 towards the latter two [402].  

Irrespective of the target protein, screening the sequences of all selected binders 

revealed the presence of the cysteine residue at position 28 (Cys-28) as observed in 

the scaffold molecule ZAβ3. This suggests that Cys-28 is conserved throughout the 

selection process against the defined targets stated.  

3.1.2.1 The β-wrapin AS69, a bona fide partner to stabilize α-synuclein  

AS69 was selected from the combinatorial library against α-synuclein, and in 

comparison to the scaffold ZAβ3 it carries four mutations, namely G13D, V17F, I31F, 

and L34V (Figure 5). Moreover, the presence of the conserved Cys-28 enables the 

formation of the homodimer that is essential to achieve the functional affinity upon 

interaction with the target (Figure 6).  

The binding affinity of AS69 to α-synuclein was Kd = 240 nM [389]. Liquid state NMR 

spectroscopy revealed AS69 binding to occur at residues 35-56 of α-synuclein. Binding 
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here is coupled to folding into a β-hairpin, conforming to the Aβ:ZAβ3 interaction 

paradigm (Figure 6).  

In complex with α-synuclein AS69 shows a folding topology consisting of four α-helices 

and two β-strands that form a hydrophobic tunnel-like cavity burying the β-hairpin 

portion of α-synuclein. The β-strands are formed by residues 15-18, while the rest of 

the N-terminal part largely remains unstructured due to the occurrence of 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5: Schematic representation of the sequence of events leading to the generation of β-
wrapins. Depicted are the five homologous IgG binding domains of SPA, where two point mutations, 
A1V and G29A, in the B domain give rise to the engineered Z domain. Randomization of 13 surface-
located amino acid residues on the Z domain (the residues are colored red and underlined in the ZAβ3 
sequence, and the positions of the residues are highlighted in orange on the first and second helix in 
the right upper cartoon representation; PDB: 2B89) yields the affibodies. The β-wrapins are generated 
by employing the affibody ZAβ3 as a scaffold and subjecting it to random mutagenesis. The mutated 
residues in the representative β-wrapin AS69 are highlighted in red. Note the transition of α-1 helix in 
the Z domain to β-strand in both ZAβ3 and β-wrapins.       
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helix-destabilizing residues that leads to the exposure of the hydrophobic core as in 

the case of the scaffold molecule ZAβ3 [398, 399]. Various hydrophobic AS69 residues are 

shown to be in direct contact with the β-hairpin, including the Phe-31 located on helices 

α-1. The disulfide bond is essential in bringing the helices α-1 of both subunits into 

contact. 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

3.2 Linkers 

Construction of fusion proteins through covalent linkage of functionally related or 

distinct moieties can be potentially useful for improving their properties or functionality.  

Linkers or so-called spacers are short stretches of amino acid residues that connect 

distinct domains within a multi-domain protein. Naturally occurring linkers may carry 

out other functions as well, including establishing interaction between the different 

functional modules and maintaining biological activity [405-407]. The average length of 

naturally occurring linkers is calculated at 10±5.8 residues based on a database with 

1280 linkers [408]. Moreover, linker length was correlated to hydrophobicity, implying the 

longer the linker the more hydrophilic they were. Combined results of this and another 

Figure 6: Structure comparison of the Aβ:ZAβ3 
and α-syn:AS69 complexes.  
Topologies of the (a) Aβ:ZAβ3 (PDB: 2OTK) [399], 
and (b and c) α-syn:AS69 (PDB: 4BXL) [401] 
complexes from two different perspectives. 
Depicted by ribbon drawings are the respective 
subunits of ZAβ3 and AS69 in marine blue and gray, 
and Aβ(1-40) and α-synuclein in orange. The Cys-
28 disulfide bond (yellow) and Phe31 residues of 
both AS69 subunits as well as the Tyr39 and His50 
residues of α-synuclein are illustrated as sticks (c).  

(a) (b) 

(c) 
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independent study suggest the frequent occurrence of serine, glycine, aspartic acid, 

lysine, proline, threonine, asparagine, phenylalanine, and glutamine in natural linkers, 

the vast majority being either  α–helical or coil. [408-409]. Presence of proline residues is 

suggested to reduce interaction between the linker stretch and the protein domain(s), 

while causing a stiffness of the linker [405]. Conversely, small amino acid residues such 

as glycine, serine, and threonine are suggested to provide flexibility and stability [408].  

In addition to the naturally occurring linkers, numerous artificial linkers have also been 

developed that can be used to fuse discrete protein entities. They are classified into 

three groups: flexible, rigid, and cleavable [405]. Flexible linkers are generally composed 

of small residues such as glycine, serine, and threonine. Owing to their small size they 

allow a certain level of movement and flexibility. The presence of polar residues i.e. 

serine or threonine helps reduce interaction between the linker and the protein, thus 

avoiding interference with the protein function. Other polar amino acids such as lysine 

and glutamic acid can be added to promote their solubility [405]. The most commonly 

used flexible linker has the sequence motif (Gly-Gly-Gly-Gly-Ser)n, where n denotes 

the number of repeats and can be adjusted according to the desired distance between 

the domains, for instance to allow proper folding or activity.  

Flexible linkers may not always be useful in particular if spatial separation is critical. In 

this case flexible linkers may not be able to maintain effective end-to-end distance 

between the attached domains or avoid their interaction that might lead to altered 

stability and activity. In such cases, conjugation of rigid linkers might be a more 

appropriate alternative, such as the proline-rich linker with the sequence motif (XP)n 

with n being any amino acid though alanine, lysine and glutamic acid are preferred [405].  

Unlike flexible and rigid linkers that form stable covalent bonds with the fusion partners, 

cleavable linkers can offer a distinct advantage in in vivo applications particularly if 

releasing a free functional domain is intended. For this purpose in vivo processes such 

as reducing reagents and proteases are exploited. For instance by designing a 

cleavable disulfide linker or by incorporating a specific protease-sensitive sequence in 

the linker [411]. 

Linker-mediated protein fusion has a broad array of applications, such as to increase 

protein expression or improve purification and solubility through linkage with tags or 

recombinant construction of chimeric proteins [412]; imaging through linkage with 

various dye molecules [413]; drug delivery by fusion with carrier proteins such as human 

serum albumin or transferrin as well as cell penetrating peptides that enable crossing 
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biological barriers [414-416]. Linkers are also shown to enhance folding and stability of 

the fusion protein.   

 

 

 

Aim of this work 

Previous work in our group successfully constructed a combinatorial protein library 

employing the ZAβ3 affibody molecule as a scaffold. Screening the resulting library 

against α-synuclein yielded binders, termed β-wrapins, with favorable thermodynamics 

and aggregation inhibiting features. As binding thermodynamics and structural studies 

demonstrated, binding to the target essentially occurs in a 1:1 stoichiometry where two 

molecules of β-wrapins, which are covalently linked via the Cys-28 disulfide bridge, 

bind one molecule of the target.   

The aim of the present work is to investigate the impact of the disulfide bond on the 

structure, stability, and α-synuclein-binding of the β-wrapin AS69. Moreover, the 

possibility of fusing two AS69 subunits to achieve a single-chain head-to-tail version 

for in vivo application is studied. The work also involves determining the efficacy and 

potency of β-wrapins AS69 and AS10 in inhibiting cytotoxicity induced by α-synuclein 

and other amyloidogenic proteins.   
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Supporting Experimental Section 
 
 

Library construction and phage display selection. A second generation -wrapin library based on the ZA3 

scaffold [1] was generated by error-prone PCR. The library construct in a pComb3HSS vector backbone (provided 
by C. F. Barbas, The Scripps Research Institute, La Jolla, USA) contained OmpA leader, AQHDEA peptide 

derived from the region E of protein A followed by the gene encoding -wrapin clones, c-myc-tag, albumin- 
binding domain from streptococcal protein G and protein III(230-406) of M13 filamentous phage. Error-prone PCR 
was performed with the GeneMorph II Random Mutagenesis Kit (Stratagene) in a reaction containing 200 fg of 
the vector template containing the gene encoding for ZA3 monomer and vector-specific primers flanking the 

ZA3 gene: 5´GCCGAGCTCGCGCAACACGATGAAGCC and 5´CGCTGATCAGTTTTTGTTCCTCGAG 
(MWG Biotech). The DNA was amplified for 40 cycles (95 °C 30 s, 54 °C 30 s, 72 °C 1 min) and used as a 
template in the second PCR with DreamTaq DNA Polymerase (Thermo Scientific) and the same set of primers. 
The mutated ZA3 gene was gel purified and digested with SacI and XhoI (New England Biolabs) followed by 
ligation  into  the  corresponding  sites of a modified  pComb3HSS vector. The library was transformed into 

electrocompetent E. coli XL1-Blue cells (Stratagene) resulting in 7 x 107 transformants. The phage library was 
produced by superinfection of bacteria harboring the library with M13KO7 phage (New England Biolabs) and 
precipitation by PEG/NaCl. In order to remove streptavidin-binding phage, a negative selection in which the phage 
preparation was incubated with streptavidin magnetic beads at room temperature for 1 h preceded each selection 

round.  The  library  (1011–1013   colony-forming  units)  was  then  subjected  to  successive  rounds  of panning 
with biotinylated -syn(1-108). During each round, the phage library was incubated with -syn(1-108) at a 
concentration of 500, 300, 50 and 10 nM in rounds 1-4, respectively. In the first panning round, the 
incubation was carried out overnight at 4 °C whereas the subsequent selection rounds were done for 1 h at room 
temperature. The phage-target complexes were captured on streptavidin magnetic beads and following washing (1-
, 5-, 8- and 20-times in rounds 1-4, respectively) with PBST-BSA (PBS, 0.1% (w/v) Tween 20, 3% (v/v) 
BSA) and once with PBS, bound phages were eluted by lowering the pH to 2.0. Following neutralization with 1 
M Tris-HCl, pH 8.0, the eluted phages were amplified in E. coli XL1-Blue cells and subjected to the following 
panning round. After the fourth selection round, the DNA pool was subcloned into pET302/NT-His vector 
(Invitrogen) and DNA from 90 single colonies was sequenced (MWG Biotech). 

 

Protein preparation. Full-length -syn and -syn(1-108) were expressed from pT7-7 vector and purified 

essentially as described.[2]  Briefly, cell lysates were obtained from E. coli BL21(DE3) cells cultivated in M9 
minimal medium supplemented with NH4Cl (1 g/l) and glucose (2 g/l), followed by IPTG (isopropyl--D-1- 
thiogalactopyranoside)  induction.  Both proteins were purified using anion exchange chromatography on a HiTrap 
Q FF column (GE Healthcare). Full-length -syn was eluted with a salt gradient at approximately 300 mM 
NaCl, whereas -syn(1-108) was collected in the flow-through. Further purification was achieved by size- 
exclusion  chromatography  on  a  HiLoad  16/60  Superdex  75  column  (GE  Healthcare)  in  20  mM  sodium 
phosphate, 50 mM NaCl, pH 7.4. Biotinylation was performed with Sulfo-NHS-LC-Biotin (Thermo Scientific) 
in a reaction containing ~200 M of -syn(1-108) in 20 mM sodium phosphate, pH 6.5 and a 5-fold molar 
excess of biotinylation reagent. After incubation at 4 °C for 3 h, the protein sample was passed through a Zeba Spin 
desalting column  (Thermo  Scientific)  followed by affinity purification  on  monomeric avidin  agarose
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(Thermo Scientific). The level of biotinylation was quantified by HABA assay (Thermo Scientific), yielding an 
average value of 2 biotin molecules incorporated per -syn(1-108) monomer. 

 

A(1-40) was produced with an N-terminal methionine by recombinant coexpression with ZA3.
[3]

 
 

AS69 and ZA3 containing an N-terminal His6-tag were expressed from pET302/NT-His vector in E. coli 
BL21(DE3) cells. Head-to-tail linked AS69 dimer (termed AS69-GS3) used for cell culture experiments was 
expressed from the same vector. Expression cultures were grown in LB medium. Protein expression was induced 
with 1 mM IPTG at OD 0.6-0.8 for 4 h at 37 °C. Following centrifugation at 4,000 x g, the cell pellet was 
resuspended in 20 mM sodium phosphate, pH 8.3, 500 mM NaCl, containing EDTA-free protease inhibitor (Roche 
Applied Sciences) and lysed by a cell disrupter (Constant Systems). Insoluble material was removed by 
centrifugation at 28,000 x g and the supernatant was loaded on a HisTrap FF column (GE Healthcare). The dimeric 
fractions of AS69 or ZA3 as well as AS69-GS3 were collected from a HiLoad 16/60 Superdex 75 size- exclusion 

chromatography column (GE Healthcare) in 20 mM sodium phosphate, 50 mM NaCl, pH 7.4. 

For NMR experiments, proteins were expressed in M9 minimal medium supplemented with 15N-NH4Cl (1 
g/l) and 13C6-glucose (2 g/l) and purified as described for the non-isotopically enriched proteins. 

 

Isothermal titration calorimetry (ITC). ITC was performed on a Microcal iTC200 calorimeter (GE 
Healthcare) at 30 °C. The buffer was 20 mM sodium phosphate, 50 mM NaCl, pH 7.4. For determination of 
affinities to -syn, AS69 or ZA3  were used as titrant in the cell at a concentration of ~60 μM, and -syn at 

approximately 10-fold higher concentration as titrant in the syringe. For determination of affinities to A, A 
was used as titrant in the cell at a concentration of 10 μM, and AS69 or ZA3 at 100 μM as titrant in the syringe. 
The heat of post-saturation injections was averaged and subtracted from each injection to correct for heats of 
dilution and mixing.  Data were processed using MicroCal Origin software provided with the calorimeter. 
Dissociation constants were obtained from a nonlinear least-squares fit to a 1:1 binding model. 

 

Aggregation assay. Fibrillation of -syn was followed by thioflavin T fluorescence. The reaction contained 

35 or 70 μM of -syn and 40 M thioflavin T in 20 mM sodium phosphate, 50 mM NaCl, pH 6.0, 0.04% Na- 
azide, in a final volume of 150 μl. Aggregation was performed at 37° C with continuous orbital shaking (300 
rpm) in a round-bottom 96-well black plate (Nunc) containing a 2 mm glass bead in each well. Thioflavin T 
emission  was  recorded  at  480  nm  (excitation  440  nm)  on  an  Infinite  M1000  plate  reader  (Tecan).  For 
background correction, the signal of a buffer sample containing thioflavin T was subtracted. The lag-time was 
defined as the incubation time at which the fluorescence intensity for the first time reaches 5% of the final steady 

state fluorescence of -syn in the absence of AS69. Protein samples were analyzed before and after the aggregation 
assay by size-exclusion chromatography on a Superdex 75 10/300 GL column (GE Healthcare) in 20 mM sodium 
phosphate, 50 mM NaCl, pH 7.4. 

 

MTT cell viability assay. The viability of SH-SY5Y neuroblastoma cells in the presence of -syn was tested 
with an MTT assay (Cell Proliferation Kit I, Roche Diagnostic). SH-SY5Y cells (purchased from DSMZ) were 
seeded in 96-well tissue culture plate at a density of 20,000 cells/well in 100 μL of media (DMEM-F12, 10% 
fetal calf serum) and incubated for 24 h. Following application of the protein samples at the indicated 

concentrations, cells were further incubated for 24 h. Untreated cells and cells either exposed to monomeric - syn 
or AS69 were considered as controls. To assess the effects of test samples on the cells, MTT was added to the 
cells at a final concentration of 0.5 mg/mL in PBS followed by incubation for an additional 4 h at 37 °C. Next, 
100 μL of the solubilization solution (10% SDS and 0.01 M HCl) was added and incubation was continued 
overnight at 37 °C followed by measuring the absorbance at 565 nm in an Infinite M1000 plate reader (Tecan). 
The data was normalized to the value of untreated control cells. All cell cultures were maintained in a 5% CO2 

humidified atmosphere at 37 °C. 
 

NMR and structure determination. NMR experiments were performed at 10 or 30 °C on Varian VNMRS 
instruments at proton frequencies of 800 and 900 MHz, each equipped with a cryogenically cooled Z-axis pulse- 

field-gradient (PFG) triple resonance probe. NMR samples contained [U-13C,15N]--syn or [U-13C,15N]-AS69 at a 
concentration of 0.7 mM and a 20% molar excess of the respective non-isotopically enriched binding partner in 
20 mM sodium phosphate, 50 mM NaCl, pH 7.4. NMR data were processed using NMRPipe[4]  and analyzed 
with CcpNmr.[5]  Mean weighted chemical shift displacements were calculated as [(Δδ1H)2  + (Δδ15N)2/25]1/2. 
Backbone assignments were obtained using BEST-TROSY experiments [6] and side-chain assignments were 
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obtained using standard triple resonance heteronuclear NMR techniques. Histidine side chain protonation states 
were determined using a long-range (1H-15N)-HMQC experiment.[7]  Nuclear Overhauser enhancement (NOE) 
based distance restraints for structure calculation were derived from 3D (1H-1H-15N)-NOESY-HSQC (120 ms 
mixing time), (1H-13Cali-1H)-HSQC-NOESY (100 ms mixing time) and (1H-13Caro-1H)-HSQC-NOESY (100 ms 
mixing time) experiments and 2D NOESY for protons Hη  of Tyr-39 and Hε2  of His-50 of -syn. Backbone 
dihedral angle constraints were derived from chemical shifts, using TALOS+.[8] Structure calculations based on 
NOE distance restraints and dihedral angle restraints were accomplished with a modified version of CNS v. 
1.2.1[9] using an optimized version of the PARALLHDG force field. The MD protocol contained 30 ps high-
temperature torsion angle dynamics (10,000 K) and 20,000 steps during two cooling phases (2,000 K and 50 K). 
Ten lowest energy structures (overall CNS energy) out of 100 calculated were selected and validated using 
Molprobity.[10] Molecular graphics figures were created using PyMOL.[11] 
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Figure S1. Generation of binding specificity for -syn. The affinity of AS69 to -sy n was analyzed by ITC. 

AS69 was used as titrant in the cell at a concentration of 65 M and -syn at 680 µM as titrant in the syringe. 

For comparison, the affinity of AS69 to Awas determined, using A as titrant in the c ell at a concentration of 

10 M, and AS69 at 100 M as titrant in the syringe. The affinities of ZA3 to -syn and Awere analyzed 
under similar experimental conditions. ITC experiments were performed at 30 °C. 
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Figure S2. Effect of AS69 binding on different -syn sequence regions. (1H–15N)-HS QC NMR spectra were 

recorded at 10 °C. At this temperature, resonances from nearly all residues in free -s yn are visible.[12]  Upon 

addition of [NA]-AS69 to [U-15N]--syn, the resonance signals of residues in the -h airpin region of -syn 
disappeared, indicative of intermediate exchange in the complex at this temperature (re d circles). According to 
changes in the peak height (open circles) and in the chemical shifts (crosses), AS69 bind ing had some effect on 
the conformation of the N-terminal part of -syn, especially on the very N-terminal resid ues up to Met-5 and the 

region -syn(22-35) preceding the -hairpin. The changes in chemical shifts were small, however, indicating 
that these regions remain disordered in the bound state. The central as well as the C-t erminal region of -syn 
were essentially unaffected. 



 

64 
 

 
 

 
 
 

Figure S3. Effect of the mutations of the scaffold present in AS69. AS69 carries four amino acid substitutions in 
each homodimer subunit, i.e. G13D, V17F, I31F and L34V. a) The amino acids Phe- 31 and Val-34 in both 
subunits are in contact with the interior face of the -hairpin contributed by residues Val-37, Tyr-39, Val-48, 
His-50 and Val-52. Nonpolar side chains of -syn with <60% solvent accessibility and Phe-31 and Val-34 of 
both AS69 subunits are displayed as sticks and spheres. The two AS69 subunits are sho wn in light and dark gray 
and are labeled AS69 or AS69´, respectively. The disulfide bond is shown in yellow. T he -hairpin of -syn is 
shown in orange. b) The Phe-31 residues of both AS69 subunits are involved in aromat ic-aromatic interactions 
with Tyr-39 and His-50 of -syn. c) The V17F mutation in AS69 stabilizes the -hairp in of -syn by aromatic 
rescue of a glycine, i.e. Gly-41, in the 1 strand of -syn. The side chain of Phe-17 in o ne AS69 subunit adopts 

the gauche+ 1 rotamer and lays over the cross-strand Gly-41. For the G13D mutation l ocated at the N-terminal 
end of the folded region of AS69 no specific interactions of the acidic side chain were di scernible in the complex 

structure. However, this residue might be involved in electrostatic steering of binding, [13]  e.g. by interacting with 
Lys-43, Lys-45, or Lys-58 of -syn. 
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Figure S4. Inhibition of -syn aggregation by substoichiometric concentrations of AS69. The lag-time of 
fibrillation kinetics monitored by thioflavin T in dependence of the concentration of A S69. The mean lag time 
determined from three experiments is given. Error bars represent the s.d. (n.d. = no fibrill ation detectable). 
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Table S1. Constraint statistics of the -syn:AS69 complex 

 

Constraint type Number 
Distance constraints 

Unambiguous NOE constraints 3015
Intra-residue 930
Inter-residue 2085

Sequential (|i – j| = 1) 598
Medium-range (|i – j| ≤ 5) 595
Long-range (|i – j| > 5) 410
Intermolecular 482

Hydrogen bonds 1
Ambiguous NOE constraints 319

Total dihedral angle restraints 196
/ 98

 

 
 
 
 
 
 
 

Table S2. Structure statistics of the -syn:AS69 complex 
 

Statistics                                                                        Value 
Violations (mean and s.d.) 

Distance constraints (Å)                                            0.025 ± 0.0007 
Dihedral angle constraints (º)                                    1.5 ± 0.08 
Max. dihedral angle violation (º)                               11 
Max. distance constraint violation (Å)                      0.35 

Deviations from idealized geometry 
Bond lengths (Å)                                                       0.0065 ± 0.0001 
Bond angles (º)                                                          0.75 ± 0.01 
Impropers (º)                                                             1.84 ± 0.04 

Average pairwise r.m.s. deviation* (Å) 
Heavy                                                                        0.72 ± 0.08 
Backbone                                                                   0.36 ± 0.05 

Ramachandran statistics 
Core regions (%)                                                       92.7 ± 0.6 
Allowed regions (%)                                                 6.3 ± 0.6 
Generous regions (%)                                                1.1 ± 0 
Disallowed regions (%)                                             0 ± 0 

*Pairwise r.m.s. deviation was calculated among 10 refined structures 
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Supporting Experimental Section 

 
Phage Display. Library generation and selections were performed as described.[1] Briefly, a ‐wrapin 

library  based  on  a  pComb3HSS  vector  backbone  (provided  by  C.  F.  Barbas,  The  Scripps  Research 

Institute,  La  Jolla, USA)  containing  the  ZA3  gene was  generated  by  error‐prone  PCR.  The  library 

consisted of 7 x 107 transformants. After four selection rounds against biotinylated ‐syn(1‐108), DNA 

from 90 single colonies was sequenced. 

Protein Preparation. ‐Wrapins,[1] ZA3,[1] ‐syn,[1] A(1‐40) with an N‐terminal methionine,[2] and tau 

K18K280/AA[3] were prepared as previously described. Synthetic  IAPP amidated at  the C‐terminus 

(Merck Millipore) was dissolved in 6 M guanidine hydrochloride (GdnHCl), 50 mM NaCl, 20 mM sodium 

phosphate, pH 6.0, and eluted at a flow rate of 0.5 ml/min from a Superdex 75 10/300 GL column (GE 

Healthcare) equilibrated in 20 mM sodium phosphate, pH 6.0. 

huPrP(23‐144) with  an  N‐terminal  6xHis  tag  and  a  TEV‐protease  recognition  site  (ENLYFQG) was 

expressed  from  a  pET‐302  vector  in  E.  coli  BL21  DE3  and  purified  adopting  previously  published 

methods.[4] Briefly, following cell lysis, the pellet containing inclusion bodies was resuspended in 6 M 

guanidine hydrochloride, 100 mM sodium phosphate, 10 mM Tris‐HCl, pH 8.0. After centrifugation, 

the protein was refolded in 100 mM sodium phosphate, 10 mM Tris‐HCl, pH 8.0, and purified by elution 

from a Ni‐NTA (His‐Select, Sigma) gravity‐flow chromatography column with 300 mM imidazole in the 

same buffer. The protein was digested with TEV‐protease (20 μg per mg of protein) over night and 

purified using reverse phase high‐pressure  liquid chromatography  (RP‐HPLC) on a Zorbax 300SB‐C3 

column employing a gradient of 10‐80 % (vol/vol) acetonitrile in water containing 0.1% (vol/vol) TFA 

for 15 min at a flow rate of 4 ml/min and at 80 °C, followed by lyophilization. 
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ITC.  ITC was performed  in 20 mM sodium phosphate, 50 mM NaCl, pH 7.4, at 30  °C on a Microcal 

iTC200 calorimeter (GE Healthcare). Affinities to ‐syn were determined with ‐wrapins/ZA3 as titrant 

in the cell at a concentration of ~60 μM, and ‐syn at approximately 10‐fold higher concentration as 

titrant in the syringe. Affinities to A were obtained with A as titrant in the cell at a concentration of 

~10 μM, and ‐wrapins/ZA3 at approximately 10‐fold higher concentration as titrant in the syringe. 

Heats of post‐saturation injections were averaged and subtracted from each injection to correct for 

heats of dilution and mixing. Dissociation constants were obtained from a nonlinear least‐squares fit 

to a 1:1 binding model using MicroCal Origin. 

SPR. Synthetic IAPP, N‐terminally modified with biotin and an aminohexanoyl spacer and amidated at 

the  C‐terminus  (Bachem),  was  dissolved  in  20  mM  sodium  acetate,  50  mM  NaCl,  pH  4.0,  and 

immobilized on a series S sensor chip SA (GE Healthcare) to ~1300 response units (RU) on a BIAcore 

T200 (GE Healthcare). The running buffer was 10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 

0.005% (v/v) Tween 20 surfactant. Measurements were performed at a flow rate of 30 µl/min and 25 

°C. The data were fitted using a two‐state 1:1 binding reaction model, consisting of an initial complex 

formation step with association rate constant ka1 and dissociation rate constant kd1 and a subsequent 

conformational change in the complex with forward and reverse rate constants ka2 and kd2. The overall 

equilibrium dissociation constant Kd was calculated using the equation: Kd=kd1*kd2/(ka1(kd2+ka2)). The 

signals of an uncoated reference cell and the signals generated by  injection of running buffer were 

subtracted from the sensorgrams. 

NMR  Spectroscopy.  NMR  spectra  were  acquired  on  a  900  MHz  VNMRS  spectrometer  (Varian) 

equipped  with  a  cryogenically  cooled  Z‐axis  pulse‐field‐gradient  triple  resonance  probe.  The 

temperature was 25 °C except for the tau K18K280/AA samples which were analyzed at 5 °C. The 

[NA]‐component was added in slight excess relative to the [U‐15N]‐component. The buffers were: 20 

mM sodium phosphate, 50 mM NaCl, pH 7.4 (A ‐syn, and IAPP samples); 20 mM sodium phosphate, 

50 mM NaCl, pH 7.0  (tau K18K280/AA samples); 15 mM sodium phosphate, 50 mM NaCl, pH 5.8 

(huPrP(23‐144) samples). NMR data were processed using NMRPipe[5] and analyzed with CcpNmr.[6] 

Amyloid  Formation.  Fibrillation was  performed  in  round‐bottom  96‐well  black  plate  (Nunc)  in  an 

Infinite M1000 plate reader (Tecan). ‐Syn fibrillation was done at 37 °C in 20 mM NaPi buffer, 50 mM 

NaCl, pH 6.0, under orbital shaking with 1 glass bead per microplate well. Afibrillation was done at 

37 °C in 20 mM NaPi buffer, 50 mM NaCl, pH 7.4, under orbital shaking with 1 glass bead per microplate 

well. IAPP fibrillation was done at 30 °C in 20 mM NaPi buffer, 50 mM NaCl, pH 6.0, under quiescent 

conditions. Amyloid formation was followed by Thioflavin T fluorescence at 480 nm (excitation 440 

nm). 
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Toxicity Assay. The viability of SH‐SY5Y neuroblastoma cells was assessed with an MTT assay  (Cell 

Proliferation Kit I, Roche Diagnostics) as described before.[1] Protein samples were aged under amyloid 

formation conditions as described in the section above for 44 h (A), 24 h (‐syn), or 30 min (IAPP) at 

a protein concentration of 50 M (A), 100 M (‐syn), or 50 M (IAPP), respectively, and diluted into 

the cell culture medium to the final concentrations given in Figure 3 D‐F. 

Size Exclusion Chromatography. Size exclusion chromatography was performed at 25°C by injecting 

200 l of 60 M protein solutions in 20 mM NaPi, 50 mM NaCl, pH 7.4, onto a Superdex 10/300 column 

connected to an Äkta Purifier System (GE Healthcare).  

 

 

 

Supporting Figures 

 

 

 

Figure S1. AS10 binds monomers of ‐syn and A. Size exclusion chromatography of the AS10:‐syn (A) and 
AS10:A (B) complexes and their free components on a Superdex 75 10/300 column at a protein concentration 

of 60 M. The apparent molecular weight (MW) of all three proteins in their free states is higher than their 

actual MW (MW(AS10) = 15,100; MW (‐syn) = 14,500; MW (Met‐A1‐40) = 4,500) as a consequence of their 

(partially) disordered character.[7] The apparent MW of the complexes is lower than the sum of the apparent 

MWs of the components, demonstrating that (i) AS10 binds monomers of the amyloidogenic proteins and (ii) 

compaction occurs upon complex formation due to folding coupled to binding. Monomer binding is in 

agreement with the 1:1 stoichiometry observed by ITC (Figure 2 A and B) and with the similarity of the NMR 

spectra of bound AS10 to those of ZA3 (Figure 2 D and Figure S2) and AS69[1] in their complexes with 

monomeric A or ‐syn, respectively.      
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Figure  S2.  (1H‐15N)  HSQC  NMR 

spectra  of  [U‐15N]‐AS10  in  the 

absence  or  presence  of  [NA]‐A, 
[NA]‐‐syn,  or  [NA]‐IAPP  (right), 

compared  to  the  corresponding 

spectra  of  [U‐15N]‐ZA3  in  the 

absence  or  presence  of  [NA]‐A[8] 

(left). 
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Figure S3. Left, (1H‐15N) HSQC NMR spectra of [U‐15N]‐Tau K18K280/AA in the absence or presence of [NA]‐
AS10. Buffer, 20 mM sodium phosphate, 50 mM NaCl, pH 7.0. Right, (1H‐15N) HSQC NMR spectra of [U‐15N]‐

AS10 in the absence or presence of [NA]‐huPrP(23‐144). Buffer, 15 mM sodium phosphate, 50 mM NaCl, pH 

5.8. 
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Discussion 
Misfolding of α-synuclein that leads to the generation of self-assembling conformers, 

forming toxic oligomers and fibril deposits, constitutes a defining step at the outset of 

familial and idiopathic forms of PD and other LB disorders, collectively known as 

synucleinopathies. It is to note that synucleinopathies primarily give rise to intracellular 

aggregates, though recently it has been demonstrated that aggregates also occur 

outside the cells following their secretion [461, 462]. These in turn might act as seeds and 

further contribute to the aggravation of the disease progress. However, it also presents 

the opportunity to target these extracellular aggregates, for instance as evidenced by 

a recent study employing an α-synuclein mAb (Syn303) directed against exogenously 

generated preformed fibrils. Results revealed that blocking the uptake of these fibrils 

limited the amount of seeds and prevented their further cell-to-cell propagation, both 

contributing to arresting the progression of pathology [463].  

As previously indicated an appealing therapeutic strategy to tackle synucleinopathies 

might involve interfering with the aggregation process by stabilizing the native form of 

α-synuclein and thus preventing its misfolding and subsequent aggregation. This, 

however, would require the intracellular expression of drug ligands. Moreover, the 

prevailing conditions in the cell milieu are not to be overlooked, since these might 

impose certain limitations and as a result undermine the stability and functioning of 

liable ligands. For instance, intrabodies were shown to be effective inhibitors of α-

synuclein aggregation in vitro; however, due to the critical role of the disulfide bond in 

maintaining their conformation and structural stability they are rendered susceptible to 

the prevailing conditions within the cells [350]. 

The β-wrapin AS69 is an engineered binding protein selected against α-synuclein from 

a combinatorial library based on the ZAβ3 scaffold and occurs as a dimer with two 

identical subunits. Subunits linkage is achieved through the disulfide bond formed 

between Cys-28 residues on each subunit. AS69 specifically binds to α-synuclein 

monomers and can effectively counteract its aggregation in vitro at sub-stoichiometric 

concentrations. However, in vivo application of the ligand might be hindered by the 

reducing conditions in the cytoplasm, since formation of the homodimer is essential for 

high affinity binding to occur, as shown by structural studies and reinforced with 

evidence gleaned from experiments performed under reducing conditions. In order to 
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remediate this obstacle, it was devised to fuse two individual AS69 monomers and 

create a head-to-tail homodimer for in vivo application. 

1 Role of the disulfide bond in AS69 

Disulfide bonds are an inherent component of numerous proteins, especially 

membrane and secreted proteins, and therefore their efficient formation is deemed to 

be essential for maintaining the structural integrity and proper functioning of proteins. 

Disulfide bonds are associated with conformational stability, which connotes that 

proper folding of proteins is strictly tied to the correct formation of their respective inbuilt 

disulfide bonds [417, 418]. For instance, the presence of intradomain disulfide bond in 

antibodies significantly contributes to their stability [356]. Besides, it can confer certain 

functional capabilities to proteins, such as enzymes that can shuffle between an 

activated and deactivated state by simply breaking-and-reforming their disulfide bonds. 

Formation and rearrangement of the disulfide bonds is in principle a thiol-disulfide 

(SH↔SS) exchange reaction that is kinetically and thermodynamically influenced by 

the environment [419]. The ratio of SH:SS affects the folding kinetics and stability of 

proteins. Formation of the disulfide bonds is influenced by various factors including the 

concentration of thiolate anions, the accessibility, reactivity, and proximity of the SH 

and SS groups [420]. In the eukaryotic cells the reducing environment of the cytosol 

hinders the generation of disulfide bonds; on the contrary, the ER lumen has a more 

favorable redox state that is contributed by the abundant presence of glutathione and 

various other mechanisms [420]. However, the oxidizing capacity of the ER is likely to 

be compromised in pathological conditions due to disruption of the cellular respiratory 

chain leading to drastic increases in the level of ROS. This in turn can have 

catastrophic implications for various cellular processes, including for the function of 

numerous proteins that rely on the redox state of the disulfide bond in their structure.  

Cys-28 residues are conserved throughout the β-wrapin variants, consistent with the 

premise that disulfide bonds are generally conserved among related proteins [421]. 

Likewise, formation of the inter-subunit disulfide bond is essential for AS69 to avidly 

bind to α-synuclein. This is largely due to the key role of the disulfide bond in bringing 

the α-1 helices of the binder into contact with each other, thereby facilitating the 

formation of the hydrophobic tunnel-like cavity that serves as an interaction interface 

where strong hydrogen bonds are formed with the target. In the absence of the disulfide 

bond this optimal interface for interaction is no longer maintained and might collapse. 

Results of this work provide evidence elucidating and confirming the role of the 
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disulfide bond. Binding thermodynamics measured by ITC before and after the 

reduction of the disulfide bond showed a 1000-fold difference in the binding affinity of 

AS69. This observation is in line with the diminished affinity of a mutated ZAβ3 following 

substitution of Cys-28 with Ser-28, where the decreased affinity observed was 

associated with the requirement for cooperative association of two ZAβ3C28S 

molecules with Aβ monomer [399]. Increased affinity following engineering of disulfide 

bonds, i.e. cysteine residues, into an Affibody affinity ligand (ZSPA-1) was also 

observed, where the disulfide bridge was indicated to stabilize the binding surface of 

the ligand [423].  

SEC elution profile and thermal melting experiments performed under oxidizing and 

reducing conditions show that the disulfide bond confers conformational compactness 

and thereby contribute to increased structural stability of AS69. Increased thermal and 

chemical stability afforded by the formation of disulfide bonds has been demonstrated 

previously as well [422-429] and is suggested to be due to the reduced conformational 

entropy of the unfolded state [430].   

As indicated above, the rate of disulfide bond formation is influenced by the proximity 

of the reactive thiol groups, therefore tethering individual molecules through a linker 

would entail shrinking the spatial gap and thus contribute to the accelerated formation 

of disulfide bond.  

2 Selection of an optimal linker for single chain AS69 

An important consideration in construction of fusion proteins is the selection of a 

suitable linker. The nature and length of the linker are both critical to protein 

architecture, i.e. conformational dynamics, and function, and therefore to achieving the 

desired characteristics. Two factors are suggested to be important in preventing 

disturbance of the interconnected domain functions, linker flexibility and hydrophilicity 
[431]. An optimal linker, for instance, should confer the appropriate level of flexibility and 

separation to avoid structural perturbations that could arise due to aberrant interactions 

between the linked moieties and hamper the stability and activity of the fusion protein 
[410].  

Flexible linkers are generally introduced into fusion proteins to remove steric 

constraints and allow the attached domains to pivot or move freely [405]. The most 

widely used flexible linker between domains of fusion proteins is (GGGGS)n. This linker 

is especially suitable when certain movements or interactions are required. An 

important application of this linker is in tethering the immunoglobulin domains in the 
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scFv format where the flexibility of the linker permits the correct orientation of the VH 

and VL domains [432-434]. The glycine-serine linker is also shown to help increase 

biological activity of the fusion protein [358, 435, 436]. 

For generation of single chain head-to-tail fusion of AS69 four constructs were created 

and studied for comparison. (1) Direct fusion of the two subunits without an additional 

linker sequence. (2) Insertion of a 15 amino acid version of the disordered, flexible 

linker of the Oct-1 POU domain with an additional TEV protease cleavage site, yielding 

the AS69-Oct1-TEV construct. (3) Introduction of two repeats of the glycine-serine 

flexible linker with each repeat flanking the intervening TEV protease cleavage site, 

which resulted in the construct AS69-GS2-TEV. (4) The AS69-GS3 construct where 

the two AS69 subunits are spaced by three repeats of the glycine-serine linker. 

Direct subunit fusion has been previously reported for ZAβ3 where the head-to-tail 

dimeric ligand retained its target-binding functionality [398, 400, 422]. However, this 

observation did not uphold in case of AS69 and led to the complete loss of functional 

binding as revealed by ITC measurements. It should be noted that the first 13 residues 

at the N-terminus of ZAβ3 remain disordered when bound to Aβ and are not involved in 

interaction with the β-hairpin portion of Aβ, hence it could serve as a linker [398]. 

Similarly the N-terminal part in AS69 is disordered in complex with α-synuclein. 

Although AS69 and ZAβ3 bear significant sequence resemblance, their respective 

targets i.e. α-synuclein and Aβ have a vastly diverse sequence composition, in 

particular with respect to the residues surrounding the respective β-hairpin in each 

complex.  It might be speculated that the loss of α-synuclein binding potential in directly 

linked AS69 might be due to structural perturbations caused by unusual interactions 

leading to binding-incompetent conformations. Direct fusion of moieties has been 

previously evidenced to result in undesirable outcomes including loss of function or 

impaired activity of the fusion protein [435, 436]. Likewise, the AS69-Oct1-TEV flexible 

linker appeared to interfere with binding, as shown by ITC measurement where titration 

with α-synuclein only produced very slow association. Conversely, the glycine-serine 

rich linkers, i.e. GS2-TEV and GS3, were both able to restore AS69 binding to the 

disulfide-linked AS69 level. Hence, the AS69-GS3 construct was considered for further 

analysis.  

Results showed that the linker did not cause any interference with the thermodynamic 

binding of the single chain AS69 to α-synuclein; to the contrary, binding to α-synuclein 

was promoted due to the accelerated formation of the disulfide bond. Moreover, the 
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aggregation inhibitory effects of the single chain ligand showed consistency with those 

of AS69, exhibiting complete inhibition of aggregation at stoichiometric concentrations 

while delaying the lag-phase of aggregation at sub-stoichiometric concentrations. 

Furthermore, thermal melting profile showed that the linker promotes stability of the 

single chain AS69.  

Numerous factors are associated with enhanced protein stability, such as reduction of 

the conformational entropy in the unfolded state, formation of salt bridges i.e. hydrogen 

bonding and electrostatic interactions, among others [437, 438].  

Linker length and composition are suggested to affect folding and refolding rates and 

consequently the stability of fusion protein [439]. A suitable linker should have a length 

and residue make up that provide optimum stability equilibrium by maintaining a 

balance between fast refolding and slow unfolding. Work by Robinson and Sauer under 

denaturing conditions demonstrated that linkage of fusion proteins involving too long 

linkers entail slow refolding of the protein due to the larger conformational space 

available for the connected domains to sample from before folding takes place. 

Moreover, too short linker sequences were shown to decrease the folding rate, since 

in such a scenario maintaining the linkage of the subunits in their native conformation 

would concur with excessive strain introduced into the native structure [439].   

With regard to the linker composition, the presence of glycine residues in the linker 

sequence confers high flexibility. This is due to the absence of a side chain (β-carbon) 

that allows the backbone chain to access the torsion angles and acquire a specific fold 
[440]. However, too high a number of glycine residues in the linker is also not favorable, 

as it is suggested to ensue decreased stability [439]. Small residues such as glycine and 

serine contribute to the linker stability by forming hydrogen bonds with water [405]. 

Furthermore, formation of stabilizing interaction through hydrogen bonds is suggested 

for serine, though it is not clear whether such interactions occur within the linker or with 

the fused moieties [439].   

Overall, flexibility is afforded to the linker sequence by amino acid residues such as 

threonine, serine, and glycine due to their small size and polar nature [408, 409]. 

Conversely, proline residues are associated with increased stiffness of the sequence 

caused by the lack of amide hydrogen, which prevents formation of hydrogen bonds 

with other amino acids [441]. Though, with respect to Oct-1 POU linker, it is unlikely that 

the presence of a single proline residue in its sequence would have a significant effect 

on its flexibility.  
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Taken together, comparing the results of the stated constructs it could be deduced that 

binding affinity of AS69 to α-synuclein is highly sensitive not only to the length but also 

to the composition of the linker sequence.  

3 In vivo application of β-wrapins 

Expression of mutant forms of α-synuclein (A53T or A30P) and overexpression of the 

wild-type protein are associated with formation of aggregates [248, 442, 443]. Moreover, 

some forms of soluble oligomers are implicated as the primary toxic species 

contributing to α-synuclein pathogenesis [137, 143, 240, 293-295, 298]. The proposed 

mechanisms of α-synuclein induced toxicity has been pointed out earlier in this work 

(see section 2.5).   

Findings of this work are in agreement with other studies that observed toxicity in the 

cultured cells following addition of in vitro generated α-synuclein aggregates [444]. 

Addition of exogenous aggregates led to a drastic reduction in the viability of human 

neuroblastoma SH-SY5Y cells as assessed with MTT assay; whereas equivalent 

concentrations of the recombinant monomeric α-synuclein did not alter cell viability. 

Furthermore, this work revealed that the single-chain engineered β-wrapin AS69-GS3 

efficiently inhibited formation of α-synuclein aggregates, as determined by Thioflavin T 

fluorescence, and rescued viability of SH-SY5Y cells. Likewise, the second β-wrapin 

molecule AS10 displayed equivalent inhibitory activity in blocking aggregation and 

toxicity of not only α-synuclein but also of Aβ and IAPP.  

Although the experimental setup, i.e. addition of exogenously generated α-synuclein 

to cultured cells, would appear artificial; it does present a model imitating toxicity 

induced by extracellular species of α-synuclein to adjacent cells, in line with a recent 

hypothesis suggesting that in the diseased state α-synuclein might be secreted by 

amyloid afflicted cells or released following cell rupture and thus give rise to 

extracellular α-synuclein that can directly or indirectly cause damage to neighboring 

cells [315-317,  463] (see section 2.6). 

The degree of the β-wrapins mediated rescue of SH-SY5Y cells was primarily 

dependent on the concentration of the ligand in relation to that of the target. 

Thermodynamics of β-wrapins binding reveals binding to occur at an equimolar ratio 

with the target(s), i.e. dimeric β-wrapin binds monomeric target in a 1:1 stoichiometry 

as previously observed for ZAβ3 and Aβ [398, 400], thus explaining stoichiometric inhibition 

of aggregation and the resulting cell rescue through monomer sequestration. What 

underlie the effects of β-wrapins at substoichiometric concentrations, is not 
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straightforward. At these concentrations the observed lag time of the target protein(s) 

aggregation is prolonged and cell survival is measurably enhanced.  

In vitro studies show that fibril growth and disassembly involve accretion and 

dissociation of monomers, respectively; where fibril growth is posited to be a highly 

cooperative process extending the fibril ends at a constant rate [445]. This illustrates the 

importance of the monomeric form of α-synuclein to the disease progress. 

Furthermore, a recent study documented a conformational change in the initially 

formed oligomers of α-synuclein that subsequently gave rise to the cell damaging, 

more stable and compact oligomers and finally to mature fibril [457]. However, it was 

observed that the structural conversion was remarkably slow, pointing to the presence 

of a large kinetic barrier. 

It might be plausible to conjecture that β-wrapins interfere with the fibril growth process 

not only by impeding the recruitment of monomeric α-synuclein, but also by binding to 

the initially formed oligomers which might lead to increasing the kinetic barrier and thus 

precluding the conformational change. Moreover, dissociation of the preformed 

oligomers and to a lesser extent fibrils is not to rule out, as evidenced for ZAβ3 [400]. 

These proposed mechanisms are not necessarily mutually exclusive and might 

operate concurrently. 

β-wrapins exert their effects by entrapping a highly hydrophobic region in the sequence 

of α-synuclein that undergoes structural change forming a β-hairpin upon binding with 

the β-wrapin(s). This region corresponds to residues 35-56 and harbors the majority of 

the reported mutations in α-synuclein sequence, thus underscoring its importance and 

relevance to aggregation (see section 2.4.1.2). The β-hairpin conformation has been 

proposed to be a component of Aβ intermediate oligomers [399] and globulomer 

oligomers [460]. This is likely to be the case in oligomeric species of α-synuclein as well. 

Therefore, sequestration of this region is likely to block not only clustering of the 

hydrophobic residues and the resulting tendency to self-assemble, but also aberrant 

interaction between α-synuclein and key mediators of α-synuclein associated toxicity. 

In contradistinction to β-wrapins, the majority of molecules developed to inhibit Aβ 

growth exert their effects by stabilizing high-molecular weight oligomeric intermediates 

on the amyloid pathway [188]. Similar mechanisms are proposed for molecules 

developed to target α-synuclein as well [344, 458, 459].  

Overall, findings of this work provide added evidence that avoidance of protein 

aggregation can constitute a viable strategy in tackling amyloidogenesis.  



 

 
 

Concluding remarks and future work 
This work successfully constructed a single-chain version of the β-wrapin AS69 by 

fusing the individual subunits through a suitable flexible linker, (G4S)3. The resulting 

construct preserves all features of the disulfide linked AS69 dimer with regard to its 

binding thermodynamics and potential in inhibiting the aggregation of α-synuclein. In 

addition, the linker adds further to the stability of the construct and significantly 

enhances the formation of the functionally essential disulfide bridge between the 

subunits. Suitability of the covalently linked construct for in vivo application was 

confirmed by testing in SH-SY5Y neuroblastoma cell line. Results revealed that at 

stoichiometric concentration the exposed cells were thoroughly rescued from α-

synuclein toxicity, while at substoichiometric concentrations cell survival was markedly 

promoted. The single-chain construction concept has also been applied to other β-

wrapins, including AS10. 

The human neuroblastoma SH-SY5Y cell line possesses the complete dopaminergic 

system and therefore constitutes a helpful cellular model for preliminary investigation 

of various pivotal aspects in the pathogenesis of PD and for screening the potential of 

putative therapeutic ligands [464]. Furthermore, in comparison to other systems cellular 

models have the added advantage of having a human genetic background. However, 

since cellular models are rather simplified systems and cannot recapitulate the entire 

chain of events involved in the pathogenesis of PD, other models have evolved to gain 

an elaborate understanding of  the specific aspects and sequence of events underlying 

the disease progression. For instance S. cerevisiae [465], Drosophila Melanogaster [466], 

C. elegans [467], and various tg mouse models [141, 260, 468].  

The fruit fly (Drosophila Melanogaster) has emerged as a suitable model for PD 

pathogenesis, since both the developing and adult fly possess clusters of 

dopaminergic neurons that are shown to undergo enhanced degeneration in the 

presence of soluble α-synuclein oligomers [137]. Since soluble oligomers of α-synuclein 

are central to PD pathology, this model presents an obvious advantage. Moreover, 

another appealing feature of this model is the short timeframe required for the disease 

to develop and to study the effects of potential therapeutic ligands in rescuing the loss 

of dopaminergic neurons. A head-to-tail construct of ZAβ3 has been previously tested 

by its co-expression in the brains of the fly that either expressed the Aβ42 variant or 

the more aggressive familial AD associated E22G mutant variant of Aβ42 [400]. Hence, 

the drosophila model of PD would be an ideal next model system for evaluating the 
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therapeutic potential of single chain AS69-GS3 in rescuing the α-synuclein induced 

neurotoxicity.  

The single chain AS69 construct can also be employed for affinity maturation of the β-

wrapins, considering that individual subunits can be independently engineered to 

create diversity either by site-directed or random mutagenesis and thus optimize the 

affinity and target specificity. Second generation libraries have previously been 

successfully generated for Affibodies [469, 470], and scFv [471, 472] yielding binders with an 

affinity in the low picomolar range. In case of the HER2-binding Affibody molecule, 

affinity maturation led to a 2200 fold increase in affinity towards the target [473].  
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