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Abstract 

 

The identification, characterization and optimization of therapeutic agents are key issues for 

today's pharmaceutical industry. In particular, innovative treatment and development 

strategies are required that either target diseases which are considered incurable or provide 

short development times in response to novel emerging diseases.  In this work, phage display 

selection was performed as a starting point for the development of peptide drugs against the 

two target diseases, Parkinson's disease (PD) as well as coronavirus disease 2019 (COVID-19).  

PD is the most common neurodegenerative movement disorder worldwide. A central feature 

is the progressive degeneration of dopaminergic neurons, which is associated with the 

accumulation of cytosolic inclusions called Lewy bodies. These consist largely of the pre-

synaptically located, physiologically intrinsically unfolded and monomeric protein alpha-

synuclein (α-syn), which, under disease-promoting conditions, associates with itself and 

deposits in structured biopolymers, called fibrils. During aggregation of α-syn, soluble 

oligomers are formed, which are thought to be the key-factor for neurodegeneration. In 

addition, it is hypothesized that prion-like α-syn structures can spread between cells and 

induce aggregation in recipient cells, ultimately leading to spread of neuropathology and 

disease progression. In this work, mirror-image phage display on the D-enantiomeric full-

length α-syn was performed for the identification of all-D-enantiomeric peptides that bind to 

the unstructured monomer with high affinity, thereby stabilizing the physiological status and 

preventing aggregation. In addition, initial sequence optimizations were investigated with 

respect to their ability to eliminate α-syn oligomers and thus recover active monomer.  

Another target disease addressed in this work is caused by the beta-coronavirus severe 

respiratory syndrome coronavirus 2 (SARS-CoV-2), first identified in Wuhan (China) in 2019. 

The high transmission efficiency between humans has resulted in a worldwide pandemic, with 

the disease primarily affecting the upper respiratory tract as well as the lung epithelium. 

Severe courses of coronavirus disease 2019 (COVID-19) can result in systemic inflammatory 

responses eventually leading to multi-organ failure (MOF). The SARS-CoV-2 replication cycle 

is a multi-step process initiated by cell contact of the viral spike protein and human 

angiotensin converting enzyme 2 (hACE2). To lay a foundation for the subsequent project, the 

interaction of the SARS-CoV-2 spike protein with hACE2 was first kinetically characterized in a 

separate project, where a secondary binding state within the already formed complex could 

be identified. This increases the affinity of the virus on the cell surface and is a potential factor 

that can be modulated among the currently circulating variants of concern (VOC). Based on 

these findings, phage display selection was performed on the receptor binding domain (RBD) 

of the SARS-CoV-2 spike protein to identify peptide ligands that block association with hACE2 

and displace the receptor from the already formed complex. For this purpose, the interaction 

kinetics of the peptides with the spike protein were investigated and validated with respect 



x 

 

to inhibition of hACE2 binding. Rational design using the combination of sequences in divalent 

approaches led to improved inhibitory effects.     

To address the previously alluded projects, a novel phage display selection protocol was 

developed that introduces control selections and a next generation sequencing (NGS)-based 

sequence analysis to specifically identify sequence variants that exhibit binding to the 

respective target protein. This protocol was also applied to the target proteins SARS-CoV-2 

3C-like protease (3CLpro, COVID-19) and hSOD1 (human superoxide dismutase, Amyotrophic 

lateral sclerosis (ALS)) in separate projects. Here, the screening protocol also led to the 

identification of peptide ligands that can be considered for therapeutic applications after 

appropriate optimization. In addition, the use of fibrillar α-syn as a target, demonstrates the 

development of peptide ligands for diagnostic purposes. 

In summary, the combined results of the different projects allow the derivation of a general 

approach for the development of therapeutic and diagnostic peptide ligands. 
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Kurzzusammenfassung  

 

Die Identifizierung, Charakterisierung und Optimierung von therapeutischen Wirkstoffen ist 

ein Schlüsselthema für die heutige Pharmaindustrie. Insbesondere werden innovative 

Behandlungs- und Entwicklungsstrategien für jene Erkrankungen benötigt, die entweder als 

unheilbar gelten, oder kurze Entwicklungszeiten als Reaktion auf neu auftretende Krankheiten 

bieten. In dieser Arbeit wurde eine Phagen-Display-Selektion als Ausgangspunkt für die 

Entwicklung von Peptidmedikamenten gegen die beiden Zielkrankheiten, die Parkinson-

Krankheit (PD) und die Coronavirus-Erkrankung 2019 (COVID-19), durchgeführt.  

PD ist die weltweit am häufigsten auftretende neurodegenerative Bewegungsstörung. Ein 

zentrales Merkmal ist die fortschreitende Degeneration dopaminerger Neuronen, die mit der 

Ansammlung von zytosolischen Einschlüssen, den so genannten Lewy-Körpern, einhergeht. 

Diese bestehen größtenteils aus dem präsynaptisch gelegenen, physiologisch intrinsisch 

ungefaltetem und monomeren Protein alpha-Synuclein (α-syn), das unter 

krankheitsfördernden Bedingungen mit sich selbst assoziiert und sich in strukturierten 

Biopolymeren, den sogenannten Fibrillen, ablagert. Bei der Aggregation von α-syn werden 

lösliche Oligomere gebildet, die als Schlüsselfaktor für die Neurodegeneration gelten. Darüber 

hinaus wird angenommen, dass sich Prionen-ähnliche α-syn-Strukturen zwischen Zellen 

ausbreiten und in den Empfängerzellen Aggregation auslösen können, was letztlich zur 

Ausbreitung der Neuropathologie und zum Fortschreiten der Krankheit führt.  In dieser Arbeit 

wurde ein Spiegelbild Phagen-Display gegen das Volllängen D-Enantiomer von α-syn 

durchgeführt, um vollständig D-Enantiomere-Peptide zu identifizieren, die mit hoher Affinität 

an das unstrukturierte Monomer binden und dadurch den physiologischen Zustand 

stabilisieren sowie Aggregation verhindern. Darüber hinaus wurden erste 

Sequenzoptimierungen im Hinblick auf die Eigenschaft untersucht, α-syn-Oligomere zu 

eliminieren und somit das aktive Monomer wiederherzustellen.  

Eine weitere in dieser Arbeit behandelte Zielkrankheit wird durch das Beta-Coronavirus 

schweres respiratorisches Syndrom Coronavirus 2 (SARS-CoV-2) verursacht, das 2019 erstmals 

in Wuhan (China) identifiziert wurde. Die hohe Übertragungseffizienz zwischen Menschen hat 

zu einer weltweiten Pandemie geführt, wobei die Krankheit vor allem die oberen Atemwege 

sowie das Lungenepithel befällt. Schwere Verläufe der Coronavirus-Krankheit 2019 

(COVID-19) können zu systemischen Entzündungsreaktionen und schließlich zu 

Multiorganversagen (MOF) führen. Der Replikationszyklus von SARS-CoV-2 ist ein 

mehrstufiger Prozess, der durch den Zellkontakt des viralen Spike-Proteins und des humane 

Angiotensin-konvertierende Enzyme 2 (hACE2) eingeleitet wird. Um eine Grundlage für das 

nachfolgende Projekt zu schaffen, wurde die Interaktion des SARS-CoV-2-Spike-Proteins mit 

hACE2 in einem separaten Projekt zunächst kinetisch charakterisiert, wobei ein sekundärer 

Bindungszustand innerhalb des bereits gebildeten Komplexes identifiziert werden konnte. 

Dieser erhöht die Affinität des Virus an der Zelloberfläche und ist ein potenzieller Faktor, der 
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bei den derzeit zirkulierenden besorgniserregenden Varianten (VOC) moduliert werden kann. 

Auf Basis dieser Erkenntnisse wurde eine Phage-Display-Selektion an der 

Rezeptorbindungsdomäne (RBD) des SARS-CoV-2-Spike-Proteins durchgeführt, um 

Peptidliganden zu identifizieren, die die Assoziation mit hACE2 blockieren und den Rezeptor 

aus dem bereits gebildeten Komplex verdrängen könnten. Zu diesem Zweck wurde die 

Interaktionskinetik der Peptide mit dem Spike-Protein untersucht und im Hinblick auf die 

Hemmung der hACE2-Bindung validiert. Rationales Design unter Verwendung der 

Kombination von Sequenzen in divalenten Ansätzen führte zu verbesserten Hemmwirkungen.  

Um die zuvor erwähnten Projekte anzugehen, wurde ein neuartiges Phagen-Display-

Selektionsprotokoll entwickelt, das Kontrollselektionen sowie eine auf Next Generation 

Sequencing (NGS) basierende Sequenzanalyse vorsieht, um speziell Sequenzvarianten zu 

identifizieren, die eine Bindung an das jeweilige Zielprotein aufweisen. Dieses Protokoll wurde 

auch auf die Zielproteine SARS-CoV-2 3C-ähnliche Protease (3CLpro, COVID-19) und hSOD1 

(humane Superoxid-Dismutase, amyotrophe Lateralsklerose (ALS)) in separaten Projekten 

angewendet. Auch hier führte das Screening-Protokoll zur Identifizierung von Peptidliganden, 

die nach entsprechender Optimierung für den therapeutischen Einsatz in Frage kommen. 

Zusätzlich wird, durch die Verwendung von fibrillärem α-syn als Zielstruktur, die Entwicklung 

von Peptidliganden für diagnostische Zwecke demonstriert. 

Zusammenfassend ermöglichen die kombinierten Ergebnisse der verschiedenen Projekte die 

Ableitung eines allgemeinen Ansatzes für die Entwicklung therapeutischer und diagnostischer 

Peptidliganden. 
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1 Introduction  

 

1.1 Part I: Stabilization of monomeric α-synuclein by 

all-D-enantiomeric peptide ligands as therapeutic strategy for 

Parkinson’s disease 

1.1.1 Parkinson’s disease  

1.1.1.1 Epidemiology 

Parkinson's disease (PD) is the most common neurodegenerative movement disorder and the 

second most common degenerative disease of the central nervous system  [1]. It affects the 

general population with a prevalence of 0.3 % and an overall risk of 2.0 % for men and 1.6 % 

for women of developing PD during their lifetime [2]. The incidence in the population over 60 

years of age is 1.0 %, increasing to 4.0 % in those over 80 years of age [3, 4]. The incidence 

ranges from 10 to more than 20 individuals per 100,000 per year. In 2009, the total number 

of PD cases worldwide was estimated at 4 million. This number is expected to double to more 

than 9 million cases by 2030, mainly due to the demographic increase in the age of the world 

population [5].   

 

1.1.1.2 Clinical features 

PD is characterized by both motor and non-motor features [6]. Motor cardinal symptoms were 

first recognized by James Parkinson in 1817 and are defined as tremor, rigidity, 

bradykinesia/akinesia, and postural instability [7]. The clinical diagnosis of PD is made by the 

presence of bradykinesia and an additional cardinal motor feature (rigidity or tremor), as well 

as additional supportive and exclusionary criteria  [8].  

Motor symptoms can occur throughout the course of the disease, with an average onset in 

the late fifties. Early-onset PD is defined by an onset of motor symptoms before the age of 45, 

with 10 % of patients having a genetic predisposition [9].  By the time the first motor deficits 

are noted, 50-70 % of dopaminergic neurons have already been lost. The average life 

expectancy from this point is between 15 and 20 years [10, 11].  
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Non-motor symptoms include cognitive impairment, autonomic dysfunction, sleep 

disturbances, depression, and hyposmia [12]. Some of these symptoms may precede cardinal 

motor symptoms by years or even decades (prodromal PD) [13].  

 

1.1.1.3 Neuropathology 

PD is characterized by progressive neurodegeneration in a specific brain region, the substantia 

nigra pars compacta (SNpc). A key feature of SNpc dopaminergic neurons is their steady, 

autonomic pacing, which is critical for the sustained release of dopamine needed by target 

structures such as the striatum to plan and initiate motor functions [14].  

Dopaminergic neurodegeneration is associated with the formation of intracellular protein 

accumulations, called Lewy bodies (LB) and Lewy neurites (LN). Therefore, a common method 

of determining disease progression is to divide the disease into Braak stages based on the 

distribution of LB and LN, known as Lewy pathology. While Braak stages 1 and 2 are 

presymptomatic, Braak stages 3 and 4 involve the midbrain and basal forebrain, eventually 

extending to regions of the neocortex in Braak stages 5 and 6 [15]. Recent research has shown 

that inclusions of α-synuclein (α-syn) can already be observed in the peripheral nervous 

system and caudal brainstem before parkinsonism and neurodegeneration occur in SNpc [16]. 

LB are inclusion bodies formed in the cytoplasm of neurons, whereas LN are typically found in 

the axons of neurons. Both consist of a granular core formed by a large number of nitrated 

[17], phosphorylated and ubiquitinated [18] proteins that are involved in cellular processes 

like several heat-shock proteins, neurofilaments, lysosomal proteins and ubiquitin as well as 

lipids. The core is surrounded by filamentous halo up to 10 nm in size, which is mainly 

composed of α-syn.  Although Lewy pathology is a hallmark of PD, it can also be found in other 

neurodegenerative diseases such as dementia with Lewy bodies (DLB), the Lewy body variant 

of Alzheimer’s disease (AD) and multiple system atrophy (MSA).  

Hereditary forms of PD account for 5-10 % of all cases. Genetic defects in genes associated 

with PD can trigger neuropathology [19] that resembles sporadic PD including impaired α-syn 

homeostasis, impaired mitochondrial function, oxidative stress, calcium homeostasis, axonal 

transport and neuroinflammation [20]. In addition to mutations in the SNCA locus encoding 

α-syn, a variety of loci have been identified as risk factors for PD over the past three decades 

[19]. To date, 15 genes responsible for monogenic forms of PD have been identified, including 

PRKN, PINK1, and DJ-1, as well as autosomal dominant mutations in the LRRK2 gene [21].  



Introduction 

3 

 

1.1.2 α-synuclein 

1.1.2.1 Structure and physiological role 

The protein α-syn was first isolated from synaptic vesicles in the Torpedo fish and termed 

“synuclein”. Later, a homologous protein was identified in rat neuronal synaptic vesicles and 

nuclear envelopes [22]. Human α-syn was first identified in the context of Alzheimer’s disease 

(AD) and later named NACP, the precursor of the non-amyloid beta component of AD [23]. 

Together with β- and γ-synuclein, it belongs to the synuclein family, with α-syn being the only 

member associated with the adaptation of pathological structures [24].  

α-syn is a 14.46-kDa protein with 140 residues that occurs predominantly in the presynaptic 

regions of the central nervous system. The majority of α-syn is located in the cytoplasm of 

dopaminergic neurons, where it is present as an intrinsically disordered protein (IDP) 

associated with the regulation of neurotransmitter release, but is also found in other cell and 

tissue types such as red blood cells, muscle, liver, lung and heart [25, 26]. The primary 

sequence of α-syn can be divided into three distinct regions, each playing a critical role in its 

physiological and pathophysiological behavior: the repeat-rich N-terminus (residues 1-60), the 

“non-amyloid component” (NAC) domain (residues 61-95), and the C-terminal region 

(residues 96-140). 

 

Figure 1: Characteristic structural elements of α-syn. (A) Schematic representation of the structural elements of 

α-syn, the distribution of the repetitive motifs (I-VII) and PD-related point mutations as well as phosphorylation 

and nitration sites (adapted and changed from Cheng et al., 2011 [27]). (B) Protein structure showing α-syn with 

alpha helical secondary structural elements (which α-syn adopts in membrane bound state) located at positions 

1 – 95, (PDB: 1XQ3, [28]).  
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The repeat-rich N-terminus (residues 1-60) as well as the "non-amyloid component" (NAC) 

domain (residues 61-95) adopt alpha-helical substructures upon interaction with lipid 

membranes, allowing regulation of vesicle trafficking [29, 30]. The N-terminal region harbors 

most of the seven imperfect 11-mer repeats carrying a highly conserved hexameric "KTKEGV" 

motif. The 11-mer repeats consist of a conserved apoliprotein-like class A2 helix that mediates 

the binding of α-syn to phospholipid vesicles [31]. Four repeats are located in the N-terminal 

region, while three are localized in the NAC region [32, 33]. The NAC region is highly 

hydrophobic and acidic and acts as a lipid 'sensor' that mediates specificity for binding to 

synaptic vesicles. In addition, α-syn is involved in synaptic maintenance and assembly of 

SNARE proteins and acts as a chaperone, enabled by transient molecular interactions inherent 

to IDPs [34, 35]. α-syn is associated not only with the synaptic vesicle pool but also with 

mitochondria, where both loss and overexpression can lead to mitochondrial dysfunction [36]. 

Finally, the C-terminal portion (residues 96-140) remains unstructured and highly flexible in 

almost all conformations and carries 15 negatively charged residues that provide chaperone 

activity along with the ability to bind metals, polyamines, and positively charged proteins such 

as tau [29, 34, 37, 38]. 

 

1.1.2.2 α-syn aggregation 

In recent decades, there has been a heated debate about whether α-syn exists as a disordered 

monomer or a folded helical tetramer under physiological conditions. However, a growing 

body of evidence, such as in-cell nuclear magnetic resonance (NMR), shows that α-syn indeed 

behaves like a disordered monomeric protein in its native state [39-42]. During PD 

pathogenesis, α-syn loses its IDP status and undergoes structural rearrangements that 

eventually results in the formation of oligomers, protofibrils and mature fibrils (Fig. 2).  
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Figure 2: Aggregation pathway of α-syn. Upon nucleation events, the monomeric α-syn undergoes structural 

rearrangements that will lead to the formation of partially folded, nucleating structures, followed by the 

formation of on- and off-pathway oligomers as well as amorphous aggregates. While off-pathway oligomers are 

to convert into fibrils, on-pathway oligomer assemblies have the ability to undergo structural rearrangements 

that result in the formation of protofibrils which will elongate into highly ordered cross-β-sheet mature fibrils by 

the recruitment of monomeric α-syn (adapted and changed from Mehra et al., 2019; [43]).  

 

Monomeric α-syn has a dynamic structure and populates an ensemble of conformational 

states under solution conditions [44, 45]. In order to form well-defined interactions with 

physiological binding partners, α-syn exposes amino acid stretches and adopts compatible 

conformations [28, 29, 34, 46]. Similarly, monomeric α-syn is able to self-associate and form 

dimeric, trimeric structures, and higher order conformers, eventually leading to the formation 

of stable fibrillar structures. Normally, the Gibbs free energy of monomer transition from the 

solution phase to the aggregated phase is positive and thus kinetically unfavorable [47]. 

However, stable aggregation nuclei can form under supersaturated conditions, which can be 

caused by a sudden change in temperature, pH, or dilution in aqueous solution. The formation 

of stable aggregates is the result of a selection process that favors thermodynamically stable 

conformers capable of further alignment of monomeric α-syn. Therefore, conformations that 

are thermodynamically unstable and lack the ability to self-propagate are excluded during the 

selection process. What remains is an ensemble of fibrils with high stability, while the 

dominant morphology is the conformer that is most populated under certain solution 

conditions and/or the fibril morphology that can grow the fastest [48]. In addition to the 

kinetic selection process, proteolytic selection [49, 50], in which the fibril morphology with 

the highest proteolytic resistance is selected, and cofactor-dependent selection [51], in which 

cofactors stabilize the preferred fibril morphology, have also been proposed.  

Once primary nucleation has occurred and protofibrils have formed, the process of α-syn 

aggregation becomes autocatalytic, such that (i) fibrils are able to recruit further α-syn by 
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elongating fibril ends, (ii) secondary nucleation occurs at fibril surfaces, and (iii) fibril 

fragmentation leads to the formation of additional fibril ends that can be further elongated 

(Fig. 3; [52]). In this context, the relationship between the processes induced by elongation or 

secondary nucleation has been found to be highly pH dependent, with fibril elongation being 

the dominant process at neutral pH and secondary nucleation at intermediate acidic pH [52]. 

In addition to primary nucleation, secondary nucleation is the mechanism that critically 

contributes to the formation of additional oligomeric and proto-fibrillary conformers during 

aggregation and thus is the central mechanism contributing to autocatalytic self-amplification 

[47, 53]. While fibril elongation follows a linear growth rate that slows as monomer depletion 

progresses, secondary nucleation events exhibit many features known from Michaelis-

Menten kinetics of enzyme activity, in which the rate of conversion in the unsaturated region 

depends on monomer concentration and becomes independent at saturating monomer 

concentrations [54].  

 

Figure 3: Mechanism of the seeding process of monomeric α-syn resulting in fibril mass growth and the 

formation of oligomers and protofibrils. Starting with seeds, growth of fibril mass can occur via three distinct 

mechanics together with monomeric α-syn. A) Fibril elongation: monomeric α-syn is recruited to the fibril ends 

and fibrils grow in both directions. B) Secondary nucleation: monomeric α-syn attaches to fibril surfaces and 

undergoes structural rearrangements that result in the formation of novel aggregation nuclei. C) Fibril 

fragmentation: fragmentation of fibrils during the aggregation process results in the creation of novel fibril ends 

which can be elongated by the recruitment of monomeric α-syn analogous to (A).  

 

The concept that α-syn is part of PD etiology was first proposed when mutations in the SNCA 

gene were associated with rare familial cases of PD that resembled symptoms of sporadic PD 

[55]. In addition, enhanced genetic dosage by duplication or triplication of the SNCA gene also 
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results in familial forms of the disease. In the context of the thermodynamically driven 

selection process described, it is hypothesized that PD-associated point mutations of the SNCA 

gene alter the distribution of α-syn conformations such that the thermodynamic barrier to the 

formation of kinetically stable and self-replicating self-assemblies is lowered [56]. Similarly, 

increased gene dosage leads to an overpopulation of such conformations by simply increasing 

the total protein concentration. In contrast, sporadic cases of PD lack the link between direct 

changes in the SNCA locus and α-syn nucleation. Primary nucleation can occur throughout the 

solution (homogeneous nucleation) or at a surface (heterogeneous nucleation) and was found 

to be highly dependent on solution conditions, such as pH and salt concentration [52], air-

water interfaces [57, 58], the presence of polyvalent heavy metal ions and polycationic 

molecules like putrescine or spermidine [59], anionic surfactants including SDS-micelles [60, 

61] as well as oxidative modifications [62]. In addition, to accelerate the rate of aggregation, 

the introduction of artificial surfaces and mechanical actions such as stirring and shaking have 

proven to be extremely effective [63].  

 

1.1.2.3 Structure and toxicity of α-syn oligomers, protofibrils and fibrils 

1.1.2.3.1 Oligomers and protofibrils  

The term oligomer is a widely used to describe soluble aggregated species that have not yet 

adopted a fibrillar conformation. On the way to fibril formation, prefibrillar oligomeric species 

are formed, which, similar to fibrils, occur in different structures, molecular weights and 

morphologies ranging from mainly β-sheet to α-helical secondary structures with different 

proportions of disordered regions [64, 65]. Due to their transient nature, these conformations 

are difficult to study. However, trapping of intermediate structures by inhibition of the 

elongation of certain oligomer types, using compounds as epigallocatechin (EGCG, [66]),  

covalent cross-linking with glutaraldehyde [67] and  formaldehyde [68] as well as stabilization 

by additives such as heme [69], catecholamines [70] and by certain flavonoids like baicalein 

[71] have helped to elucidate and characterize the structural diversity of α-syn oligomers 

behaving "on-pathway". On the other hand, certain “off–pathway” oligomeric conformers, 

which lack the ability to grow into mature fibrils, have shown to be kinetically stable without 

the addition of additives [72], allowing for more detailed structural investigation.      

Depending on the protocol used for oligomer preparation, α-syn oligomers exhibit different 

structural features and functional properties. One of the most commonly used methods for 

the preparation of kinetically stable α-syn "off pathway"  oligomer samples is lyophilization of 

monomeric α-syn, followed by incubation of 12 mg/ml protein at physiological pH and ionic 

strength without addition of supplements [72, 73]. The effect of lyophilization on oligomer 
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formation can be attributed to a combination of factors, including an significant increase of 

the solvent/air ratio and decrease of the molecular distance during the process [74].  

The oligomers thus produced have been shown to contain largely antiparallel β-sheet 

structures and to have an approximate size of 30 α-syn monomer units, corresponding to an 

Mw of  ̴450 kDa [72, 75-77]. It has been suggested that the NAC region, together with an 

N-terminal portion (residues 39 to 89), generates the ellipsoidal core structure of the 

oligomers  [78], which is surrounded by disordered protein proportions (Fig. 4; [72, 73, 79]). 

These oligomer preparations have found to be remarkably stable at extreme pH and 

temperature conditions, dissociating into monomers only at very high urea concentrations 

[80].  

 

Figure 4: Three-dimensional structure of α-syn off-pathway oligomers. (A) Low resolution SAXS model of α-syn 

off-pathway oligomers. The average structure (mesh representation) and the filtered averaged structure (surface 

representation) are displayed and superimposed. The model is shown in two orientations along the longitudinal 

axis (adapted from Giehm et al, 2011; [81]). (B-E) Cryo-electron microscopy (EM) image and structure of two sub-

groups (10S (B/D) and 15S (C/E) oligomers) identified in the α-syn off-pathway oligomer preparation. (B/C) 

Representative Cryo-EM images of side view (top) and end-on view (bottom) of the two oligomer subgroups. 

(D/E) 3D reconstitution of the average structure of the orthogonal views, side (left) and end-on (right) of the two 

oligomer subgroups (adapted from Chen et. al, 2015; [82]).   

 

Over the last decades, evidence has accumulated to demonstrate that aggregated α-syn is 

toxic in its oligomeric form. Toxic properties have been demonstrated in both in vitro studies 

and in vivo models of PD [83-85]. When pre-formed α-syn oligomers were applied to cell 

cultures or formed due to overexpression, they were shown to cause cell death [86-89]. 

Moreover, α-syn rationally designed to form oligomeric structures, rather than converting to 

mature fibrils, was shown to induce cell death when applied to immortalized cell lines, primary 

cultures of rat neurons, or dopaminergic neurons from C. elegans and Drosophila [85]. In 

contrast, a α-syn construct that rapidly forms fibrils showed no toxicity [90].  
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In the past, several possible pathways have been proposed to explain the mechanism of the 

observed toxic effects of α-syn oligomers (Fig. 5).  

 

 

Figure 5: Toxic effects exerted by α-syn oligomers (adapted and changed from Alam et. al, 2019; [48], created 

with BioRender).  

 

Several observations suggest that oligomers can disrupt cellular homeostasis by forming pores 

in the cell membrane [87, 91, 92]. This leads to an increased influx of ions from the 

extracellular space and an impairment of cellular integrity. As described previously, α-syn is 

thought to be involved in the regulation of synaptic trafficking and association with the SNARE 

complex at synapses [93]. Indeed, α-syn oligomers added to rat hippocampal slices were 

found to have an effect on neuronal signaling, and tissues pre-incubated with α-syn oligomers 

showed an increase in synaptic transmission, resulting in suppression of the long-term 

potentiation [94]. Moreover, α-syn oligomers generated by strong sonication of fibrils showed 

a negative effect on neuronal excitability [95].  The formation of α-syn oligomers might also 

be implicated in the failure of protein degradation pathways, such as the 

ubiquitin-proteasome system or the autophagy-lysosomal pathway. One study found a 

connection between inhibition of the lysosomal pathway by bafilomycin, which was 

accompanied by an increased cellular toxicity, and reduced fibril formation Instead, the 

proportion of smaller, soluble species increased [96]. Another mechanism that may be 

involved in the toxicity of α-syn oligomers is the phagocytosis of oligomeric species by 

microglia and astrocytes and their subsequent degradation, which may be related to the 

prevention and/or elimination of oligomer formation. Here, microglia from adult mice were 

shown to exhibit less efficient uptake and clearance of oligomeric α-syn compared to younger 

mice [97]. Overexpression of α-syn A53T and A30P in human neuroblastoma cells was found 

to lead to increased formation of α-syn oligomers in mitochondria. The affected mitochondria 

showed decreased transmembrane potential and impaired cellular respiration [98]. In 
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addition, it was shown that α-syn oligomers can prevent protein import into mitochondria by 

interacting with the translocase TOM20. This interaction may be associated with a decreased 

concentration of the complex I subunit Ndufs3, which was also observed in the SNpc of PD 

patients [99]. Regarding the association of endoplasmic reticulum (ER) and α-syn oligomers, it 

has been shown that oligomers and protofibrils can accumulate in the ER and trigger a stress 

response, possibly contributing to neurodegeneration [100]. Previous studies have shown that 

aggregated extracellular species can cause inflammation and degeneration of affected 

neurons, possibly mediated by generation of reactive oxygen species through activation of 

NADPH oxidase [101] or activation of signaling pathways involving p38, ERK1/2 MAP kinases 

and NF-κB [102].  

 

1.1.2.3.2 Fibrils 

Several structures of different fibrillar α-syn polymorphs have been published. Different 

polymorphs have shown different seeding capacities in vitro and in vivo, which may be 

associated with different types of synucleinopathies that resemble the rate of progression of 

each pathophenotype. The amino acid proportions which are exposed on the fibril surface of 

the different polymorphs define the potential interactions which will impact their specific  

physiochemical properties: (i) formation of fibril bundles, (ii) formation of macromolecular 

structures, (iii) resistance to degradation and protein clearance, (iv) post-translational 

modifications, (v) interactions at neuronal plasma membranes, (vi) interactomes with 

neuronal cell’s cytosol, (vii) escaping rate from endolysosomal compartments after their cell 

entry, (viii) transportation within neurons and their (ix) export from cells, thereby allowing 

spread from cell-to-cell.  

Negative stain electron microscopy (EM) of fibrils extracted from PD and MSA patients 

revealed different polymorphs with either 10 nm wide straight or twisted filaments and a 

smaller population with 5 nm wide straight filaments [103, 104]. Another EM study using 

recombinant α-syn yielded similar polymorphisms, where each of the 10 nm wide filaments 

consisted of a bundle of two α-syn filaments [105]. When brain-derived α-syn was used for 

seeding monomeric α-syn, a correlation between the origin of the different synucleinopathies 

and the seeding capacity of the different fibril polymorphs was found [106]. Similarly, two 

polymorphs generated in vitro exhibited different toxicity and in vitro and in vivo seeding 

properties [107, 108].  

Several structural studies (hydrogen/deuterium exchange NMR, electron paramagnetic 

resonance spectroscopy (EPR), microelectron diffraction (microED), solid-state NMR (ssNMR), 

and cryo-EM) on α-syn fibrils have shown that a central region (aa 44 - 96) forms the fibril 

core, which is flanked by N- and C-terminal residues. While the fibril core region is completely 
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buried and exhibits a highly ordered, homogeneous packing, the N-terminal region is 

structurally more heterogeneous and the C-terminal domain retains its structural flexibility 

[109].    

Regarding the structural details of the core hydrophobic region, two regions, namely the 

preNAC region (47GVVHGVTTVA56) and the NACore region (68GAVVTGVTAVA78), were 

identified as critical for fibril formation and cytotoxicity, both containing a pair of parallel in-

register β-sheets forming a steric zipper (Fig. 6, [110]). In addition, structural analysis by 

ssNMR allowed the identification of a Greek β-sheet motif in the hydrophobic core of each 

filament, which is stabilized by multiple hydrophobic and ionic interactions [38]. Recent 

studies have shown that, although the fibril structure has a conserved core interface for 

different polymorphs (rod and twister filaments), single point mutations can affect the core 

regions, leading to the formation of different polymorphs with different seeding capacity and 

toxic properties [111].  

 

Figure 6: Characteristic structure of α-syn fibril filaments. (A) View of central monomer from residues 44 to 96 

looking down the fibril axis showing the Greek-key motif (top) and stacked monomers showing the side chain 

alignment between each monomer down the fibril axis as determined by ssNMR (bottom; adapted from Tuttle 

et al., 2016; [38]). (B) Location of the preNAC and NACore region within the full-length α-syn sequence (top), 

Cryo-EM cross-section view of the two polymorphs (middle) and residue interactions of two asymmetric units in 

two opposing protofilaments (bottom, viewed down fibril axis). Residues are colored by hydrophobicity (yellow: 

hydrophobic; green: polar; red: negative charge; blue: positive charge; adapted and changed from Li et al., 2018 

[111].)  

 

Similar to the previously described toxic spectrum of α-syn oligomers (Fig. 5), a variety of toxic 

effects have also been described for fibrillary or proto-fibrillary α-syn. α-syn fibrillar species 

have been reported to contribute to neurodegeneration by affecting cellular homeostasis, 

impairing cellular proteostasis, and compromising the integrity of cytosolic organelles such as 
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ER, Golgi, mitochondria, and lysosomes [112]. Moreover, the process of fibril formation has 

been shown to accelerate neurodegeneration due to chronic inflammation [113-116]. While 

oligomeric α-syn exhibits a broader range of toxic functions and higher robustness compared 

to α-syn fibrils, interneuronal spread of aggregated α-syn species in terms of seeding effects 

has been mainly demonstrated for fibrillary conformers [108, 117-119]. Therefore, fibrillar 

species with low MW or protofibrils are the most promising candidates for interneuronal 

propagation of disease pathology in PD and other synucleinopathies. 

 

1.1.2.4 Cell-to-cell transmission and seeding of α-syn: PD as a prion-like disease 

“Prion” is a term coined by Stanley Prusiner in 1982. It is used for the definition of 

“proteinaceous infectious particle” that are able to adopt different conformations, thereby 

seed their endogenous counterparts and induce further aggregation [120, 121]. In a departure 

to the status quo during this time, which was mainly based on the "one protein, one structure" 

hypothesis, prions can adopt different morphologies of misfolding that give rise to different 

disease-related features. Several prion diseases based on misfolding of the same prion protein 

(PrP), such as Kuru, Creutzfeldt-Jacob disease, and Gerstmann-Sträussler-Scheinker 

syndrome, have been identified in humans, but there are also a number of other prion 

diseases not associated with humans [122-124]. In prion diseases, PrPC (cellular PrP) misfolds 

into the pathogenic form PrPSc (scrapie PrP), which forms aggregates that will spread disease 

pathology further into the brain and induce neurodegeneration [120]. The spread of 

neurodegeneration by misfolded PrPSc is realized by two basic mechanisms. First, nuclei form 

de novo upon misfolding events and induce an aggregation downstream cascade that 

amplifies itself auto-catalytically within a donor cell by further recruitment of endogenous PrP 

as previously described for α-syn (Fig. 3). Second, on-pathway misfolded species act as 

template and interact with the native protein of recipient cells which results in the conversion 

of the natively folded protein into its pathological counterpart. Both mechanisms lead to the 

pathological spread within the same organism, but can also infect other organisms by breaking 

the species barrier [125].      

Similar to prion diseases, several other neurodegenerative diseases are associated with prion-

like protein misfolding and templating [126]. The concept of a "prion-like" disease was first 

demonstrated with amyloid-β (Aβ), where Alzheimer's brain homogenates were able to 

induce cerebral β-amyloidosis in transgenic mice [127]. To date, the concept of “prion-like” 

disease mechanism has been extended to many other neurodegenerative diseases such as 

tauopathies, poly-Q diseases, ALS and PD as already mentioned [128-130].  

First evidence that α-syn might be involved in a prion-like disease propagation emerged when 

grafted neuronal cells were transplanted to recipients in an attempt to restore dopaminergic 

neurotransmission. Findings of histological studies on post-mortem tissue revealed LB-like 
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inclusions within the transplanted dopaminergic neurons of eight patients that died more than 

a decade after surgery. Interestingly, the LB in the grafts shared classic features with those of 

the SNpc of the host [131-133]. This observation was further verified when PD brain cell 

homogenate or LB extracts were injected intracerebral in the recipient mouse brain and 

induced similar pathology and spread as that of the host [119, 134]. The observation that Lewy 

disease progression occurs in a sequential order in different brain regions, which has been 

defined as the aforementioned "Braak staging," highlights the potential prion-like spread of 

misfolded α-syn species [15]. However, a recent study has shown that the spread of α-syn 

pathology does not always occur along the connectome as suggested by "Braak staging," 

which may be explained by the presence of intra-astrocytic α-syn pathology [135]. In addition, 

it has been suggested that α-syn pathology could originate in the gut and travel retrograde to 

the brain via the vagus nerve, or alternatively originate from the vagus nerve and spread to 

the gut via anterograde movement [136, 137]. 

As shown by the identification of α-syn in human cerebrospinal fluid (CSF) and plasma as well 

as in the medium of several neuronal culture models, α-syn is able to access the extracellular 

space [138-140]. Even α-syn oligomers have been identified in CSF [141]. However, the exact 

mechanism by which misfolded α-syn leaves cells, is transported between cells, and is 

eventually internalized in a recipient cell to trigger aggregation is still under investigation. 

Several lines of evidence suggest that exocytosis is involved in the release of α-syn species by 

cells, as α-syn can be detected in the lumen of vesicles isolated from rat brain or 

neuroblastoma cells [140, 142]. In addition, export of α-syn to exosomes has been shown to 

be upregulated under conditions that promote its aggregation, potentially allowing the cell to 

remove misfolded species [142]. After release into the extracellular space, the next critical 

step for cell-to-cell transfer of α-syn is the uptake into the recipient cell. While monomeric α-

syn is thought to passively cross the membrane, internalization of larger aggregated α-syn 

species such as fibrils or oligomers most likely requires an endocytic process or receptor-

mediated transport [143, 144].   

 

1.1.3 PD therapy  

1.1.3.1 Symptomatic treatment 

Since the pathology of PD is not yet fully understood, existing therapeutic strategies are 

primarily limited to the treatment of symptoms. The loss of dopaminergic neurons in the SNpc, 

leading to stratal dopamine depletion, is the main reason for the cardinal symptoms of PD. 

The loss of dopaminergic neurons in the SNpc, leading to striatal dopamine depletion, is the 

main reason for the cardinal symptoms of PD. For this reason, one of the most important 
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therapeutic strategies and the gold standard for the treatment of PD remains the substitution 

of dopamine loss by administration of the dopamine precursor amino acid L-DOPA [145]. 

Catechol-O-methyltransferase [146] and Monoamine oxidase type B [147] inhibitors have 

been shown to be advantageous when administered together with L-DOPA in order to 

increase its bioavailability and half-life. However, due to the development of motor 

complications, long-term L-DOPA (also known as Levodopa) treatment is limited in use [148]. 

In addition to dopamine-related targets, treatment of non-motor symptoms such as cognitive 

dysfunction, depression, and autonomic dysfunction has been shown to improve patients' 

quality of life [149]. The breakthrough in symptomatic treatment of Parkinson's disease 

occurred in 1993, when the subthalamic nucleus was identified as a new target. Here, deep 

brain stimulation (DBS), which uses implanted electrodes for high-frequency stimulation of 

specific brain targets to mimic the clinical effect of lesioning, established as an evidence-based 

therapy for motor fluctuations and dyskinesia in patients with advanced PD [150]. However, 

all of the above therapeutic options are symptom-based and therefore unable to halt or 

reverse the progression of PD. 

 

1.1.3.2 α-syn as a pharmacological target  

To date, there are no disease-modifying therapies for PD. As described earlier, α-syn and its 

ability to form toxic aggregates that can self-replicate and spread from cell-to-cell in a prion-

like manner make it a highly attractive target for drug development to intervene at various 

stages of α-syn-induced pathology (Fig.7). 

As a result of the observed intercellular propagation of α-syn aggregation, several therapeutic 

approaches aim to block the process of cellular secretion, transport, and uptake of the 

aggregated species (Fig. 7 (a)). For example, one strategy aims to block the cell surface 

receptor protein LAG3, which has been shown to be involved in the exocytic process of α-syn 

release [151]. Indeed, an anti-LAG3 directed antibody reduced misfolded α-syn induced 

toxicity and transmission in cell cultures [151].  

As described previously, gene duplications and triplications of the SNCA locus lead to heritable 

forms of PD by increasing α-syn protein levels. Therefore, one of the possible treatment 

strategies aims at reducing α-syn biosynthesis by RNA interference (RNAi), using gene 

silencing mechanisms targeting α-syn mRNA [152] or by modulation of α-syn transcription via 

regulation of histone deacetylase (HDAC) activity at the α-syn promoter and enhancer regions 

(Fig. 7 (b); [153]). One of the major drawbacks of this therapeutic approach is that the 

physiological role of α-syn is not fully understood and reducing the total α-syn concentration 

could lead to undesirable side effects.  
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Figure 7: Potential intervention points of α-syn aggregation and prion-like propagation of seeding species. 

Different therapeutic strategies aim for (a) inhibition of host cell release, intercellular translocation and recipient 

cell uptake of seeding α-syn fibrillary or oligomeric species; (b) regulation of α-syn synthesis by modulation of 

transcription and translation processes; (c) activation of autophagic/ lysosomal pathways for intracellular 

degradation of toxic and or seeding species (d) active or passive immunization strategies that target for 

elimination of seeding conformers; (e) inhibition of aggregation starting with the first nucleating events and 

continuing with the formation of oligomers, protofibrils and fibrils; (adapted and changed from Fields et al., 2019 

[154] and Mehra et al., 2019 [43]).  

 

To date, the majority of therapeutic PD approaches related to α-syn target the different stages 

of the aggregation process, aiming either at inhibition of aggregation or cellular elimination of 

misfolded species (Fig. 7 (c - e)).  

Activation of proteasomal degradation or autophagy is one of the most important strategies 

to enhance the elimination of aggregated species. (Fig. 7 (c)). Autophagy is thought to play an 

important role in the intracellular degradation of aggregated α-syn species [155]. The 

mammalian target of rapamycin (mTOR) was identified as essential for the regulation of cell 

apoptosis and autophagy [156]. Rapamycin and its mTOR inhibiting analogs were shown to 

reduce the burden of misfolded α-syn by increasing autophagic clearance [155-159]. Similar 

to autophagy or the proteasomal machinery, heat shock proteins (HSP) are one of the main 

target proteins in order to prevent misfolding of α-syn and enhance cellular degradation of 

already aggregated species [160]. Because HSPs were found to be trapped in aggregated 

protein assemblies during the process of α-syn aggregation, modulation of HSP expression 

levels was proposed as a therapeutic strategy [161].  

Another possible therapeutic approach is the immunotherapy through passive and active 

immunization specifically targeting epitopes of misfolded α-syn (Fig. 7 (d)). Here, the 
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humanized IgG1 antibody PRX002, which binds epitopes near the C-terminus of α-syn, has 

shown to decrease the concentration of α-syn in serum by ~ 97 % [162]. However, a 

disadvantage of full-length antibodies used for passive immunization strategies is that their 

limited penetration of the blood-brain barrier (BBB) means that they have an inadequate 

effect on the target. Other passive immunization approaches using compounds such as intra- 

or nanobodies are more likely to pass the BBB and, have a similar binding profile to their full-

length counterparts, making them more attractive vaccines. Another promising therapeutic 

alternative for active immunization strategies is the administration of short peptide fragments 

that mimic misfolded α-syn-related epitopes [163].  

The final class of α-syn targeting therapeutic strategies aims for the direct interaction with 

misfolded α-syn at various stages of aggregation to inhibit the formation of cytotoxic 

conformers like oligomers or fibrillar species (Fig. 7 (e)). One of the most promising candidates 

is the small molecule compound Anle138b, which was originally identified by a library 

screening to inhibit the formation of PrP and α-syn oligomers [164]. In subsequent 

experiments with A30P-α-syn transgenic mice, the compound showed a reduction in disease 

progression, even when treatment was started after disease onset [165]. Interestingly, no 

direct interaction with monomeric α-syn was detected, while the compound showed affinity 

for fibrillar species [166],  which suggests that the underlying mechanism mode of action 

(MoA) is realized by a reduction of secondary nucleation at the fibril surface [47].  Another 

prominent compound targeting α-syn to prevent the formation of toxic conformations is 

NPT200-11, a small molecule identified by dynamic molecular modeling using α-syn protein 

sequences critical for oligomer and protofibril formation. Although positive effects on 

reducing α-syn pathology were demonstrated when the compound was administered to 

α-syn-overexpressing transgenic mice, evidence of interaction and stabilization of monomeric 

α-syn is still lacking [167].  

 

1.1.3.3 Direct elimination of toxic oligomers and seeding competent fibrils as anti-prionic 

strategy against neurodegenerative diseases  

α-syn aggregates have not only been identified as the most promising particles when it comes 

to the etiology of PD and disease pathology in different brain regions, but they also represent 

the species most likely to directly trigger neuronal cell death during neurodegeneration.  The 

major challenge for scientists in treating prion-like diseases is the strain polymorphism that 

occurs in both, fibril and oligomer formation. Therefore, strategies targeting disease-related 

structures may eliminate only a particular sub-polymorph, leaving the remaining strains 

unaffected. In support of this assumption, it has been observed in prion diseases that 

elimination of certain fibril strains leads to promotion of other, drug resistant, strains [168, 

169]. This implies that the most promising strategy is not to target disease-related structures 
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but rather to stabilize the physiological native state. Drugs following this MoA can act 

independently of the disease-related conformer and independently of the patient's immune 

system (Fig. 8). Monomer stabilization inhibits all processes during the aggregation cascade 

that require further consumption of monomer, such as primary nucleation, elongation, and 

secondary nucleation. Thus, the prion-like autocatalytic amplification cycle is efficiently 

interrupted. Most importantly, a drug that exerts this "anti-prionic" MoA has the potential to 

halt disease progression and eliminate toxic components from already affected cells. 

 

Figure 8: Anti-prionic MoA in prion-like diseases. The compound binds the monomeric IDP with high affinity and 

shifts the equilibrium from the aggregated status to the physiological monomer. Toxic oligomers as well as 

seeding competent structures are progressively eliminated. In addition, all aggregation processes that require 

the further consumption of monomer will be inhibited (adapted and changed from Mehra et al., 2019; [43]).  

 

This therapeutic concept has already been shown to be valid for the prion-like disease 

Alzheimer's disease and its target molecule Aβ [170]. Similar to α-syn, the IDP Aβ is able to 

aggregate in the form of fibrils and soluble oligomers after proteolytic cleavage by γ- and β-

secretase [171]. The resulting aggregated species, which are either fibrillar or oligomeric, were 

found to be capable of seeding aggregation and inducing intercellular disease progression and 

neuronal cell death. Consistent with the previously outlined anti-prionic MoA, the all-D 

enantiomeric peptide compound RD2 [172] (derivative of D3, which was selected by mirror-

image phage display on Aβ monomer [173]) was designed to stabilize monomeric Aβ and 

destabilize and disintegrate pre-existing aggregates. D3 and its derivative RD2 were able to 

eliminate preformed oligomeric species in vitro [174], as well as from brain homogenates of 

transgenic mice [175]. Interestingly, RD2 was able to restore cognitive abilities in mice in which 

AD pathology was already full-blown, suggesting successful elimination of toxic components 

under pathological in vivo conditions [172, 175].  
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Considering these promising results, the aim of this work is to apply this MoA, which has been 

successfully applied to AD, to another prion-like neurodegenerative disease, namely PD with 

its target protein α-syn. 
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1.2 Part II: Kinetic characterization of the SARS-CoV-2 spike protein 

interaction with hACE2 and identification of spike protein 

binding inhibitors of complex formation  

1.2.1 SARS-CoV-2 and COVID-19 

1.2.1.1 Coronaviruses 

Coronaviruses (CoV) belong to a diverse family of single-stranded positive-sense RNA viruses 

that can infect mammals such as humans as well as avian species. They are divided into the 

families of alpha, beta, gamma, and delta coronaviruses, of which alpha and beta 

coronaviruses exclusively infect mammals, while gamma and delta coronaviruses exert wider 

host ranges [176, 177]. Coronaviruses have long been known to circulate in populations as 

endemic viral strains such as HCoV-HKU1, HCoV-OC43, HCoV-NL63, or HCoV-229E, causing 

mainly mild symptoms commonly known as the "seasonal cold” [177].  Three of the seven 

coronaviruses known to include humans in their host range cause more severe symptoms by 

infecting upper respiratory tract cells, bronchial epithelial cells, and pneumocytes. Infections 

with severe acute respiratory syndrome coronavirus (SARS-CoV, 2002), Middle East 

coronavirus (MERS-CoV, 2012), and SARS-CoV-2 (2019) are known to cause life-threatening 

respiratory illness and lung injury for which no therapeutic treatment is yet available [178]. 

Among the three epidemics caused by these viruses, the current epidemic caused by 

SARS-CoV-2 occupies a prominent position due to its widespread and persistent global impact.   

 

1.2.1.2 Epidemiology  

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), first detected in Wuhan, 

China, in December 2019, is the causative agent of 2019 coronavirus disease (COVID-19) [179]. 

As of January 10, 2022, more than 312 million people have been infected with the virus, 

according to the World Health Organization (WHO), of whom 5.5 million have died as a result 

of the severe course of COVID-19 disease [180]. The virus has spread across the world with 

high transmission efficiency, affecting more than 222 countries, and was classified as a global 

pandemic by the WHO in March 2020. Since then, the virus has severely affected social and 

economic systems around the world. After infection, replication of SARS-CoV-2 occurs mainly 

in the upper and lower respiratory tract, so human-to-human transmission most commonly 

occurs via respiratory droplets and aerosols [181]. Replication in the upper respiratory tract 

has been identified as a major cause of increased infectivity of SARS-CoV-2, favoring 

transmission by asymptomatic individuals [182]. The median incubation period until the onset 

of the first symptoms is 5.7 days after primary infection, whereas transmissibility was detected 
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at much shorter intervals before the onset of the first symptoms [183]. Susceptibility to severe 

disease progression of SARS-CoV-2 increases with age, particularly affecting males older than 

70 years [184]. The basic reproduction number (R0) of the SARS-CoV-2 ancestral strain ranges 

in between 2.39 to 3.34 in a naïve population where no preventive measures are taken [185]. 

However, studies suggest that R0 is highly dependent on population density and human 

behavior, which explains the different courses of the pandemic across different countries and 

regions [185]. Compared with previous epidemics such as the SARS-CoV epidemic in 2002 

(R0  = 2.5) and the influenza pandemics of 1918 (R0 = 2.0) and 2012 (R0 = 1.7), the SARS-CoV 2 

virus the SARS-CoV 2 virus proved to be more transmissible, highlighting the prominent role 

of the current pandemic [186].  

  

1.2.1.3 Pathogenesis 

Human-to-human transmission of SARS-CoV-2 occurs primarily via droplets expelled from the 

respiratory tract of an infected individual. The virus then penetrates the mucous membrane, 

particularly the nasal and laryngeal mucosa, infects the lung tissue, and eventually reaches 

the bloodstream [187]. Initial replication of the virus in the lung tissue is accompanied by 

rather mild symptoms like fever, cough, myalgia or fatigue, sore throat, and headache. 

Worsening of symptoms can occur 7 to 14 days after disease onset [188]. Disease progression 

is divided into three distinct phases: pulmonary, proinflammatory, and prothrombotic. The 

first phase, the pulmonary phase, is characterized by decreased expression of human 

angiotensin converting enzyme 2 (hACE2) on lung and tissue cells. This disrupts the 

angiotensin-renin system (ARS), which in turn leads to acute respiratory distress syndrome 

(ARDS) and increased inflammation [189]. In the next phase, the pro-inflammatory phase, the 

immune system responds to infection with an overproduction of cytokines, in some cases 

leading to acute lung injury (ALI) and a cytokine storm via systemic inflammation. In the final 

phase, the prothrombotic phase, platelet aggregation and thrombosis can lead to 

coagulopathy and multiple organ failure (MOF) [190]. Compared to the SARS-CoV 2002 (9.6 %) 

and MERS-CoV (34.4 %) epidemics, the ancestral strain of SARS-CoV-2 resulted in a 

substantially lower case fatality rate (CFR) of 3–4 %  [191]. 

1.2.2 SARS-CoV-2 replication cycle 

Replication of SARS-CoV-2 is a balanced multistep process that begins with attachment of the 

viral particle to the host cell surface, followed by membrane fusion and release of viral RNA 

into the host cell cytoplasm (Fig. 9). This first step is mediated by the interaction of the spike 

glycoprotein (S) located on the viral membrane surface, which interacts with human 

angiotensin converting enzyme 2 (hACE2) via a specific receptor binding motif (RBM) [192, 
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193]. Priming of the spike protein, which ultimately leads to membrane fusion with the host 

cell, is initiated by the cellular transmembrane protease serine kinase 2 (TMPRSS2) and can 

be further facilitated by the endosomal/lysosomal cysteine proteases cathepsin B and L (CZSB, 

CTSL) [194]. Tissue tropism and infection efficiency are further influenced by the presence of 

furin protease (acting on a SARS-CoV-2-specific furin polybasic cleavage site (PRRAR)) together 

with neuropilin-1 (NRP1), which both increase viral infectivity but also provide a pathway for 

central nervous system infection [195].  

 

Figure 9: Viral replication cycle of SARS-CoV-2. The viral replication cycle starts with association of the viral spike 

(S) protein to the host cell surface, followed by cell fusion and release of the genomic RNA into the cytoplasm. 

The translation of the viral polyprotein follows the proteolytic cleavage by 3CLpro into non-structural proteins 

(nsps), which in turn form the reverse transcription complex (RTC). The RTC uses genomic (+) RNA as template 

to produce either copies that are packaged into maturating virions or sub-genomic mRNAs that are further 

translated into structural and accessory proteins. Finally, structural proteins are assembling at the (ER)-to Golgi 

compartment (ERGIC) , followed by release of the mature virion via exocytosis (adapted from Zafferani et al, 

2021, [196]).  

 

Injection of viral RNA follows a highly regulated cascade of viral protein expression that begins 

with the translation of ORF1a and ORF1b producing two polyproteins pp1a and pp1b [197]. 

After proteolytic cleavage by the two cysteine proteases papain-like protease (PLpro) and 

chymotrypsin-like protease (3CLpro) [196], 16 non-structural proteins (nsp1-16) are released 
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from the polyproteins, which either directly contribute to the viral reverse transcription 

complex (RTC) or provide the necessary environment for the RTC [198]. The functioning RTC 

is responsible for replication of genomic RNA, which either serves as a template for synthesis 

of additional copies or is packaged into new virions. During the synthesis process of negative-

stranded RNA, the RTC interrupts transcription when it reaches transcription regulatory 

sequences (TRSs) that induce the formation of a series of subgenomic mRNAs, which are then 

translated into structural and accessory proteins [199].  Open reading frames (ORFs) encoding 

structural proteins (spike protein (S), envelope protein (E), membrane protein (M), and 

nucleocapsid protein (N)) self-assemble and support the process of formation and budding of 

new virions, which takes place in the (ER)-to-Golgi compartment (ERGIC) [200]. This process 

results in the release of the mature virions into the extracellular space by exocytosis. The 

mRNA ORF of the structural proteins are interspersed by so-called accessory proteins (ORF3a, 

ORF6, ORF7a, ORF 7b and ORF8), which display a high variability among the different 

coronavirus groups. Accessory proteins are not required for viral replication in vitro, and 

although their role is not fully elucidated, they are thought to have important functions in host 

interactions, e.g., as interferon antagonists [201, 202].  

Understanding of the SARS-CoV-2 replication cycle, gene function, and host interaction is still 

evolving and may lead in the future to a better understanding of why certain viral alterations 

of VOCs are associated with a more or less severe course of COVID-19 disease. 

1.2.3 The SARS-Cov-2 spike protein: structure and function 

The SARS-CoV-2 S protein is a 1273 aa long, highly glycosylated trimer that facilitates 

attachment of the virus to the host cell surface through interaction with hACE2. It contains 

several functional regions that collectively contribute to the process that ultimately leads to 

fusion of the viral membrane with the host membrane and subsequent injection of genomic 

RNA into the host cell cytoplasm (Fig. 10). 
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Figure 10: The SARS-CoV-2 spike protein structure and function. (A) The subunits and functional domains of the 

viral S protein (upper part) and the folding of the monomeric spike protein adopting down and up conformation 

(lower part, adapted from Wrapp et al., 2020 [203]). (B) The prefusional and postfusional states of the trimeric S 

protein (adapted from Ismail et al., 2020 [204]). (C) The stages of viral attachment to the host cell and subsequent 

membrane fusion (adapted from Gupta et al., 2021 [205]).  

 

The S protein is divided into two subunits: the more variable S1 (residues 14-685) and the 

more conserved S2 (residues 686-1273, Fig. 10 A). The S1 subunit comprises the receptor 

binding domain (RBD, residues 319-541), which enables attachment of the virus to the cell 

surface by specific binding of the host cell surface membrane protein hACE2 via a defined 

receptor binding motif (RBM, residues 424 - 494). The S2 subunit comprises the fusion peptide 

(FP, residues 788-806), heptapeptide sequences 1 and 2 (HR1 and HR2, residues 912-984 and 

1163 - 1213, respectively), as well as the transmembrane domain (TM, residues 1213-1237) 

and the cytoplasmic domain (CP, residues 1237-1273) [206]. 

The S protein adopts two isoforms, classified as prefusional and postfusional depending on 

the state of viral binding (Fig. 10 B [204]). During the prefusional state, the three RBDs of each 

trimer are present either in a "down" conformation, in which the major hACE2 interaction 

sites of the RBM are obscured by interaction with the NTD, or in an "up" conformation, in 

which the RBM is accessible for interaction with hACE2 [203]. In addition, cryo-EM 

experiments have shown that in the closed conformation all three RBDs are in the "down" 

state, whereas in the open conformation either one or two RBDs occupy the "up" state (Fig. 

10 B [204]). After association with hACE2, the conformation of the S protein changes and 

facilitates the availability of the S2’ and S1/S2 cleavage sites for proteolytic cleavage by 

TRMPSS2, followed by insertion of the FP domain into the host cell membrane. In the 

postfusional state the S1 subunit dissociates and refolding events of the remaining S2 unit 
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efficiently bring the viral and host cell membranes together, ultimately leading to membrane 

fusion (Fig. 10 C [207]).  

 

1.2.4 The RBD – hACE2 interface for SARS-CoV-2 and VOCs  

The hACE2 protein is the main receptor targeted by the SARS-CoV-2 S protein. Its main 

function is to negative regulate and thus maintain the renin-angiotensin system (RAS), which 

is crucial for physiological and pathological regulation in various organs such as the heart, 

kidney and lung [208]. The RBD core of SARS-CoV-2 consists of five antiparallel beta strands 

(β1, β2, β3, β4, and β7) connected by helices and loops (Fig. 11 A). β4 and -7 are connected 

via an elongated insertion called RBM (residues 424-494), which interacts with the α2-helix of 

hACE2 mainly via hydrophilic contacts (Fig. 11 B – C; [209]).  

 

Figure 11: Molecular interaction sites of SARS-CoV-2 RBD and hACE2. (A) SARS-CoV-2 RBD (green) interacts via 

a defined RBM (blue) with the N-terminal proportion of hACE2 (magenta; PDBID: 6M0J). (B-D) The interaction of 

the N-terminal α-helix of hACE2 and the RBM is stabilized by mainly hydrophilic interactions (marked by dotted 

lines). 

 

During the course of the pandemic, several VOCs emerged which exhibited enhanced 

infectivity and immune defense properties. Analysis of the corresponding genetic sequences 

led to the identification of numerous mutations in the S protein, some of which are considered 

essential for the observed increased viral fitness. One of the dominant mutations of the S 

protein associated with higher infectivity, transmissibility and stability was identified at 
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position 614 outside the RBD - hACE2 interface, where aspartate was replaced by glycine 

(D614G; [210]). This substitution is present in almost all B-lineage VOCs, such as the α- 

(B.1.1.7), β- (B.1.351), γ- (P.1), δ- (B.1.617.2), and ο-variant (B.1.1.529). Cell culture 

experiments with pseudo-typed viruses have shown that the mutation leads to reduced 

shielding of the S1 subunit, resulting in increased viral infectivity [211]. Another conspicuous 

mutation that also occurs in the above VOCs (apart from the δ-variant) is the N501Y 

substitution, in which the RBM-resident asparagine (Fig. 11 B) is replaced by tyrosine. This 

substitution strengthens intermolecular hydrogen bonding with hACE2 and has been shown 

to directly contribute to increased affinity of the RBD with hACE2, leading to increased viral 

infectivity [212]. Other mutations like K417N [213], N439K [214], S477N [215] and S494P [216] 

have also shown to singularly or cooperatively affect the binding affinity of the S protein with 

hACE2. In addition, other mutations of the S protein are associated with either a change in the 

spike protein immunogenicity like E484K/Q [217], N440K [218] and L453R [219] or facilitation 

of the transformation process from prefusional to postfusional state, such as H655Y and 

P681H/R [220], both of which are located at the polybasic TMPRSS2 cleavage site.  

Continuous emergence of novel VOCs with distinct traits concerning their infectious efficacy 

as well as immune evasive traits will require the development of adapted vaccines and 

medications in the future.  

 

1.2.5 Current medical treatment options for COVID-19 

Severe progression of COVID-19 disease results in increased systemic inflammatory responses 

in response to progressive lung tissue damage. Therefore, medical intervention has mainly 

relied on inflammatory management to prevent MOF using anti-inflammatory agents so far. 

Fortunately, the rapid spread of SARS-CoV-2 has not only triggered the development of highly 

effective mRNA-based vaccines, but one of the major goals of current research is to identify 

and develop antiviral therapies for acute COVID-19 treatment. 

Therapeutic strategies used for the development of tailored SARS-CoV-2 antivirals can be 

classified into two approaches, which either target for direct interference with the virus or 

modulation of the immune system. The latter include therapeutic measures in which, for 

example, blood plasma [221] or monoclonal antibodies [222], are administered in order to 

neutralize the virus.  

Other strategies deal with the impairment of the viral replication cycle (Fig. 9). Here, various 

stages offer attractive therapeutic targets like (i) the process of viral attachment to the host 

cell surface, (ii) fusion and endocytosis, (iii) RNA replication, (iv) protein maturation by viral 

proteases, and (v) virus packaging [206].  
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More recently, efforts to develop 3CLpro inhibitors have led to the development of the small 

molecule compound Paxlovid (Nirmatrelvir, Pfizer), which binds and blocks the active site of 

the main protease, effectively inhibiting further maturation of pp1a and pp1b polyproteins 

[223]. According to a recently published large phase 2/3 study, Paxlovid is 89 % effective in 

preventing hospitalization or death in patients at risk of severe disease [224]. Another 

compound, targeting viral replication cycle impairment is Molnupiravir (Lagevrio, Merck). The 

MoA is the induction of RNA mutagenesis during the viral transcription process. The 

RNA-dependent RNA polymerase (RdRp), which is part of the RTC, uses an intermediate of the 

prodrug Molnupiravir, β-D-hydroxycystidine (NHC), as substrate instead of cytidine 

triphosphate or uridine triphosphate. When the resulting RNA is used as template by the 

RdRp, NHC incorporation leads to mutated RNA products, which in turn inhibits the RNA 

replication and synthesis of structural and accessory proteins [225]. Like Molnupiravir, the 

drug Remdisivir (Gilead Sciences) targets the RdRp by being incorporated into the viral RNA. 

However, unlike Molnupiravir, the transcription complex is stalled when the compound is 

incorporated, preventing further RNA elongation [226].      

Although extensive research for acute COVID-19 drugs has already led to the identification 

and development of first antivirals, it cannot be excluded that, given the high mutation rate 

of SARS-CoV-2, their efficacy against emerging VOCs will be reduced due to escape mutations.  

Therefore, the development of tailored antiviral agents with innovative modes of action will 

continue to be necessary in the future. 

1.2.6 Targeting the SARS-CoV-2 spike protein – hACE2 interaction as therapeutic 

strategy for COVID-19 

One of the potential strategies to inhibit the replication cycle of SARS-CoV-2 is to target the 

interaction of the viral spike protein to the cellular human receptor hACE2. Inhibition of the 

primary step of viral replication can be achieved by developing agents that target the interface 

between hACE2 and spike protein and interact with both components. However, agents 

targeting hACE2 have the major disadvantage of potentially interfering with the physiological 

function of hACE2, leading, for example, to an imbalanced ARS homeostasis. Therefore, a 

more favorable strategy for inhibitor development is to target of the SARS-CoV-2 spike protein 

and, in particular, the RBD with the RBM.  
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Figure 12: MoA of RBD targeting spike – hACE2 inhibitors of complex formation. (A) The SARS-CoV-2 spike 

protein has not formed a complex. In this preset, a compound targeting the RBD binds the spike protein and 

prevents association with hACE2 by shifting the equilibrium towards the unbound spike. (B) In the second preset, 

the spike protein is already bound to hACE2. Here, a compound targeting the RBD should displace hACE2 from 

the spike protein by shifting the equilibrium towards the hACE2-unbound form (adapted and changed from 

Sevenich et. al, 2022, [227]).  

Compounds targeting with high affinity the parts of SARS-CoV-2 relevant to the hACE2 

interaction are in principle not only able to prevent complex formation before binding to the 

viral cell surface (Fig. 12 A), but also to displace the spike protein from the complex before the 

transition to the postfusional state occurs. This MoA shifts the equilibrium toward the hACE2-

unbound form of the spike protein, leading to a reduction in membrane fusion events 

(Fig. 12 B). In principle, the design of compounds that inhibit complex formation with the 

cellular receptor can be accomplished by identifying new interaction partners or by using the 

binding moieties relevant to hACE2 as scaffolds. With the latter option, however, there is a 

risk of generating compounds that have undesirable side effects under physiological 

conditions. For this reason, the identification of hACE2-independent compounds is the more 

attractive approach. Following this principle, the success of antiviral "binding inhibitors" has 

already been demonstrated for HIV, where, among others, the small molecule compound 

Fostemsavir (ViiV Healthcare) binds to the viral surface protein gp120 and prevents interaction 

with the cellular receptor CD4 [228].  

Overall, the development of binding inhibitors targeting the RBD of SARS-CoV-2 represents a 

promising strategy for the development of tailored antiviral agents against COVID-19. In 

particular, the combined administration of antivirals acting at different stages of the viral life 

cycle is very promising in terms of efficacy and circumvention of possible escape mutations 

[229].   
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1.3 Peptides as therapeutics 

1.3.1 Therapeutic peptides throughout the years 

Peptides are a unique class of therapeutics that are of intermediate MW, between small 

molecules and proteins. The history of therapeutically used peptides dates to the first half of 

the 20th century, when peptides were mainly used to supplement hormones, whose 

endogenous levels were found to be insufficient or nonexistent. One example is the treatment 

of diabetes with insulin in the 1920s [230]. While the first use of therapeutic peptides was 

limited to the isolation of hormones from natural sources, new strategies emerged when the 

chemical synthesis of peptides became possible in the 1950s [231, 232]. Soon, the isolation of 

natural products became a popular strategy for the identification of novel peptide 

therapeutics [233] and the progressive decoding of the human genome contributed to the 

identification of new promising receptor targets for peptide ligands.  

Although great potential has been demonstrated for various peptide-related therapeutic 

strategies, the enforcement of therapeutic peptides was soon dampened by the realization 

that the bioavailability of native L-enantiomeric peptides is limited by their short half-life 

under physiological conditions. This is a consequence of certain factors such as peptidases and 

excretory mechanisms that act as regulators of hormone homeostasis in the body but 

promote clearance of native peptide therapeutics when administered to the body [234]. To 

address this problem, chemical strategies were developed that improved half-life, serum 

stability, and receptor selectivity, which soon led, for example, to peptide analogs of native 

hormones with improved pharmaceutical properties. However, the need to inject peptides to 

patients due to their limited oral bioavailability remained one of the key factors making small 

molecule-based strategies more attractive. In addition, high-throughput screening 

technologies accelerated the development of small molecules designed to mimic the binding 

specificity of peptides while offering higher oral bioavailability and easier manufacturing.  

This concept of small molecule development has been successfully applied to several 

application areas. However, in several cases small molecules have been shown to be less 

effective than the corresponding peptide ligand at certain receptors, for example, because 

they cannot cover the spatially challenging binding sites [235, 236]. In addition, small 

molecules are more frequently associated with off-targeting, drug-drug interactions and 

undesired side effects than peptide ligands due to their comparable lower specificity [237].  

Most of the therapeutic peptides developed to date, about 60 approved compounds in total, 

primarily target hormone receptor proteins such as G-protein coupled receptors (GPCRs, 

about 40%). Non-GPCR surface receptor proteins such as natriuretic peptide receptors and 

cytokine receptors are also popular targets for peptide therapeutics. Antimicrobials, ion 
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channels, and extracellular target proteins make up the bulk of the remaining targets for 

peptide therapeutics [238]. 

 

1.3.2 Peptide optimization strategies for improved pharmacokinetics, membrane 

penetrance and enhanced target binding affinity and specificity 

The chemical basis of peptide therapeutics is classified as native, analog or heterologous with 

respect to their original peptide molecules [239]. Native peptides have the same sequence as 

their natural product, while analog peptides are modified or substituted versions, showing 

improved properties compared to the natural molecule. In contrast, heterologous peptides 

are developed independently of the natural peptide sequences, for example, by library 

screening or phage display selection. The current development of optimization strategies for 

therapeutic peptides aims to overcome the previously mentioned drawbacks of peptide drug 

delivery, which mainly focus on the problem of bioavailability due to their poor half-life under 

physiological conditions. However, for drug candidates that target intracellular proteins, to be 

administered orally, or targeting proteins in the brain, another major problem arises that 

reduces the number of potential drug candidates during drug development: the problem of 

membrane penetrance. Again, various optimization strategies have been developed to lower 

the hurdle for peptide drug candidates to overcome membrane barriers. Nevertheless, 

improving target affinity and specificity remains one of the major issues in peptide drug 

optimization (Fig. 13).   
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Figure 13: Fields of peptide drug optimization and corresponding strategies. The main concerns of peptide 

optimizations are (a) enhancement of proteolytic stability and reduction of metabolization under physiological 

conditions for improved bioavailability, (b) enhanced membrane penetrance for compounds where the intended 

site of action is obstructed from the site of application by one or multiple membrane barriers, and (c) 

improvement of binding affinity and specificity to avoid undesired off-target reactions as well as drug-drug 

interactions. 

 

Several factors have been shown to contribute significantly to peptide clearance under 

physiological conditions, such as the renal filtration system and general protease-induced 

clearance during systemic circulation or metabolization in the liver by hepatocytes (Fig. 13 (a)). 

To avoid clearance via the kidney, strategies that increase the Mw and thus the hydrodynamic 

radius of a compound have proven effective [240, 241]. One way to achieve this is by 

conjugation to a moiety such as polyethylene glycol (PEG) or recombinant polypeptides. 

Conjugation of compounds to serum proteins that have a naturally high half-life, such as 

albumin, immunoglobulins and transferrin, has also been shown to be an efficient strategy to 

avoid metabolic clearance by the liver and kidneys [240]. Another approach to improve half-

life is carrier-mediated delivery of peptide compounds, where binding or embedding in a 

carrier environment such as microspheres, liposome matrices, and micro/nanoparticles is 

intended to protect the compound during administration and ensure sustained release of the 

compound at the site of action [242].  

However, all of the above strategies that rely on covalent peptide modifications will most 

likely negatively affect the ability of the drugs to penetrate membranes. Therefore, half-life 

extension strategies that enhance membrane penetration ability are the more attractive 

approach in certain cases. One such strategy is to manipulate or replace certain amino acids. 

Another approach is to completely replace an L-enantiomeric peptide sequence with its 

D-enantiomeric counterpart. This strategy is referred to as the "retro-inverso" approach 

(Fig. 14, [243]). In this process, the amino acid sequence and N-terminal charges of the peptide 

termini are rearranged to resemble the three-dimensional spacing and charge distribution of 

the L-enantiomeric derivative, thereby preserving binding affinity and specificity for the target 

structure. The replacement of the L- by the D-enantiomeric amino acids results in increased 

proteolytic resistance, as the D-enantiomers of amino acids are a less preferred target of the 

corresponding endogenous proteases. [244]. Another approach to realize a proteolytic more 

resistant all-D-enantiomeric peptide compound is the phage display selection of 

L-enantiomeric peptide ligands on the D-enantiomeric target protein, which yields 

D-enantiomeric peptide ligands that exert high affinity for the L-enantiomeric target. This 

technique, which will be illuminated in more detail in the following section, is called 

mirror-image phage display [245]. 
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Figure 14: Retro-inverso peptide optimization strategy for phage display derived L-enantiomeric peptide 

sequences. First, the L-enantiomeric peptide sequence is converted in a D-enantiomeric sequence. The D-

enantiomeric sequence is then inverted (and rotated 180 ° along the x-axis for better visualization). Finally, end-

group modifications are introduced to achieve a charge distribution similar to that of the original L-enantiomeric 

peptide: acetylation of the primary amino group (resembles amidated C-terminus of the original L-peptide) and 

introduction of ethylenediamine at the carboxylic group (resembles N-terminal primary amino group of the 

original L-peptide).  

 

Once a potential drug peptide has achieved proteolytic stability, another challenge is 

membrane penetration (Fig. 13 (b)). This problem must be solved for drugs whose target 

proteins are either localized intracellularly or for which penetration of a natural membrane 

barrier such as the BBB is essential to reach the intended site of action. In general, membrane 

crossing can occur via three different pathways: passive diffusion, direct translocation and 

endocytosis [246-248].  

Small, relatively nonpolar molecules can pass through membranes by passive diffusion, which 

is characterized by concentration dependence, fast kinetics, and energy independence [249]. 

This mechanism is less suitable for cell-penetrating peptides (CPPs) with molecular weight 

(Mw) > 1.2 kDa. An optimization strategy that primarily targets passive diffusion aims for 

minimizing of solvent exposed surfaces. This is done by reducing the size of the molecule via 

cyclization or masking of hydrogen donors, e.g., N-methylation of the backbone [250]. 

The most well-known mechanism for CPPs is the endocytosis-dependent mechanism. In this 

energy-dependent process, a CPP first attaches to the membrane surface, is endocytosed into 

the cell and finally released into the cytoplasm [251, 252]. Guanidinium group patterning, in 

which arginine is placed along the peptide sequence at defined intervals, has been shown to 

trigger endocytosis-dependent uptake [253]. Another strategy that relies on 
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endocytosis-mediated uptake is amphipathic patterning. Various covalent crosslinking 

modifications of the side chains, also called "stacking", have been shown to enhance 

membrane penetration primarily by stabilizing the secondary structure of the peptides in an 

α-helical conformation [254-256]. This effect can be further strengthened by the combination 

of amphipathic patterning and guanidinium group patterning [257].  

A final aspect of peptide drug optimization aims to increase the affinity of the peptide toward 

the target protein. Similar to the presented aspects of proteolytic stability and membrane 

penetrance, different techniques and combinations can be used to improve the stability of the 

complex and increase the binding specificity. One method, already mentioned in the context 

of passive diffusion, is the cyclization of peptides, in which peptide termini and/or side chains 

are covalently bound. The reduced conformational flexibility of the cyclized peptides should 

lead to a reduction in the Gibbs free energy of binding compared to the linear derivative, thus 

increasing the stability of the complex formed [258, 259]. Another powerful approach for 

optimization of binding affinities is the use of peptide micro-array screens [260, 261]. This 

method allows screening of different punctate amino acid substitutions and their synergistic 

effects with respect to target binding affinity. In addition, micro-array screens allow the 

reduction of the binding sequence to its minimal active portion by sequence shortening, 

consecutive deletions or alanine replacements [262]. This can reduce the size of the peptide 

sequence and improve the binding specificity. Finally, combining minimally active sequences 

in the form of a multivalent drug complex is a promising strategy to increase the avidity and 

local concentration of a drug. Here, various combinatorial techniques such as head-to-tail, tail-

to-tail, head-to-head or linker-conjugated multivalent approaches represent potential 

strategies [263].  

 

 

1.4 Phage display selection 

 

Phage display technology is a powerful technique developed in 1985 [264] and awarded the 

2018 Nobel Prize to  George P. Smith and Gregory P. Winter [265]. Since its first application, 

the method has been widely used to study protein – protein [266] as well as protein – non 

protein interaction [267]. The method has also been successfully applied for the identification 

of novel pharmaceutical or biotechnological compounds, as for example for the targeting of 

tumor-related antigens [268, 269]. A phage library is a mixture of phage clones which display 

a randomized library of either peptide sequences, proteins or protein domains that are 

genetically fused to the phage surface proteins, typically using filamentous M13 [270] or 

spherical T7 [271] bacteriophages. The physical linkage of phenotype and genotype in one 

self-replicating phage particle allows the high-throughput screening and analysis of sequence 
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variants based on their biophysical behavior (Fig. 15, A). Phage display libraries are usually 

constructed with a target capacity of 1010- 1011 displayed variants from which potential target 

protein binding sequences are selected and enriched within the variant pool by a repetitive 

process known as biopanning (Fig. 15, B and C; [272]). In this procedure, the phage library is 

incubated with the surface- immobilized target protein to allow binding. Subsequently, phages 

that bind to non-target-related surfaces are washed off by repeated washing and finally target 

related variants are eluted (Fig. 15 B).  

 

Figure 15: Principle of M13 phage display selection. (A) The M13 bacteriophage is composed of circular single 

stranded DNA (ssDNA), encapsulated by approximately 2,700 copies of the major coating protein gp8 and several 

copies of the minor coating proteins gp7, gp9, gp6 and gp3. In a phage display library, the minor coating protein 

gp3, which caps the bacteriophage with five copies, is fused to a randomized library (green). (B) Schematic 

depiction of the phage display selection procedure. The naïve phage library consists of 1010 – 1011 variants, which 

are screened for binding affinity towards an immobilized target protein during biopanning. After washing, phage 

variants with affinity for the target (green and blue) remain on the surface, while those with no or weak affinity 

are removed by washing (red). Bound phage variants are recovered by elution, amplified, and used as input for 

the subsequent selection round. (C) By performance of repetitive selection rounds, the number of variants is 

reduced, while their target affinity progressively increases.  

 

There are two major pitfalls of this process. The first is that non-target related enrich together 

with target related variants during the selection process and potentially outcompete target 

binders in the sequence pool. Second, the preference for certain sequences in amplification 

by E. coli could lead to a biased library before and during selection. To overcome these hurdles, 

several strategies aim to identify typical sequences variants that are unrelated to the target 

[273, 274] or sequences that have an amplification advantage [275]. In addition, optimization 

of the selection procedure, e.g., by alternating blocking conditions and/or immobilization 

surface with each selection round has been shown to be beneficial [276]. In addition, deep 

sequencing techniques like NGS enable the identification of millions of sequences per sample, 

allowing the separation of target-related  and non-target-related sequences in a single 

experiment [277, 278]. Depending on the number of sequences identified by NGS, even one 

selection might be sufficient to identify target-related binders [279]. Another strategy to 

increase the proportion of target-related variants during selection is the enhancement of the 
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elution specificity in comparison to unspecific elution methods like pH or ultrasound [280, 

281]. This can be achieved by competitive elution methods with addition of the target protein 

in high excess concentrations [282] or detachment of the target related phages together with 

the reversibly immobilized target protein  (e.g., by elution of D-desthiobiotin and streptavidin 

with biotin [283]).  

Another more specialized phage display technique of particular interest for the development 

of therapeutic peptides is the mirror-image phage display method (Fig. 16, [245]). In 

mirror-image phage display, the selection of binding peptide sequences is performed on the 

D-enantiomer of the target protein. The resulting peptides are initially synthesized as 

D-enantiomeric variants, which in turn target the physiological L-enantiomeric protein. Due to 

stereoisomerism, the binding affinity and selectivity between the two isoforms of the same 

sequence are maintained. This selection technique allows the development of D-enantiomeric 

target binders that exhibit an improved proteolytic stability and therefore higher 

bioavailability than their L-enantiomeric counterparts. The success of the method has been 

shown in several publications [173, 284-286] and thus seems to be more promising than 

comparable strategies based on rearrangement of already identified L-enantiomeric ligands 

to resemble D-enantiomeric isomers (e.g. by retro-inverso, Fig. 14).     

 

Figure 16: Mirror-image phage display selection. Mirror-image phage display is used for the identification of 

L-peptide sequences that bind a synthetic D-enantiomeric target protein (left side). The proteolytic more stable 

D-enantiomeric (mirrored) isomer of the same sequence can then bind the physiological L-enantiomeric target 

protein (right side).     
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1.5 Aim of this work 

 

Phage display, invented towards the end of the last century, is a versatile tool for the 

straightforward development of high affinity ligands. The target molecules or surfaces can be 

freely chosen, making the method versatile for various applications.  

In this work, the phage display method is used to identify peptide ligands that can bind to 

therapeutically relevant protein targets and thereby prevent or attenuate the progression of 

the corresponding diseases. Although the two target diseases mainly considered in this work, 

namely PD and COVID-19, represent a related pathogenic mode characterized by 

self-replicating particles (prions and viruses), the MoA targeted with the peptide compounds 

is distinct.  

In neurodegenerative PD and its target protein α-syn monomer, the mirror-image phage 

display selection should yield D-enantiomer peptides that bind to the α-syn monomer, 

thereby stabilizing the physiological form and preventing aggregation. At the same time, the 

identified compounds revert aggregate formation by shifting the equilibrium from the toxic 

aggregated structures to the physiological monomer. The latter implies eliminating the toxic 

and self-replicating conformers of α-syn in PD.  

Second, to identify therapeutic peptides for COVID-19 treatment, a phage display procedure 

targeting the SARS-CoV-2 spike protein RBD should be performed. The proposed MoA aims to 

inhibit and reverse the association of the spike protein with its natural host cell receptor 

hACE2. Since the formation of the complex is the first crucial step of the viral replication cycle, 

the therapeutic goal is to attenuate viral replication. A basic understanding of the kinetic 

properties of the interaction of the SARS-CoV-2 spike protein with hACE2 is required to 

characterize the inhibitory potential of the selected compounds. Therefore, another aim of 

this work is the kinetic characterization of this specific interaction. 

For both therapeutic strategies, the identified lead compounds should be further 

characterized with respect to their in vitro efficacy concerning the intended MoA. Moreover, 

first optimizations for improved therapeutic profiles should be realized and evaluated.   

In addition to the therapeutic diseases and target proteins mentioned above, this work also 

includes the identification, characterization, and optimization of additional phage display-

derived peptides for other therapeutic targets and MoA. The first target protein is human 

superoxide dismutase 1 (hSOD1), which is thought to be one of the key factors in another 

neurodegenerative disease, Amyotrophic lateral sclerosis (ALS). Again, the MoA aims to 

stabilize the physiological conformation through peptide-ligand interaction to prevent protein 

aggregation. Another MoA in this work addresses the inhibition of the viral SARS-CoV-2 3CLpro-

main protease by therapeutic peptides. This MoA targets inhibition of the enzymatic activity 

thus polyprotein maturation, which is required for viral replication of SARS-CoV-2.  
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Considering the different target proteins and therapeutic applications, this work should give 

insights in a general strategy for the identification, evaluation, and optimization of therapeutic 

peptides.  
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3 Global discussion  

 

Phage display selection is a versatile tool for rapid and straightforward identification of protein 

compounds that interact with a target of choice. In this PhD thesis, a unique NGS-supported 

phage display selection strategy was developed to identify peptide ligands with therapeutic 

or diagnostic purpose.  

 

3.1 Optimization of the phage display selection protocol  

 

Phage display selection is a powerful tool for the identification of novel ligands. However, the 

biopanning-based selection procedure is prone to yield and enrich sequence variants that are 

not target-related due to interaction with other components of the selection (e.g., the plate 

surface or blocking agents) or have an advantage during the amplification process [275]. For 

this reason, great efforts have been made in the past for the elimination of target-unrelated 

sequence variants i.e. by collecting  large numbers of selection-derived target-unrelated 

sequences in data bases like SAROTUP [274], innovative amplification strategies that minimize 

amplification advantage [287] or specific elution methods that reduce elution of target-

unrelated sequences [283]. Despite the efforts to limit the selection of target-irrelevant 

sequences, experience has shown that the appearance of target-unspecific sequences at the 

end of a selection cannot be completely avoided.  

Thus, the focus was not primarily on reducing the enrichment of variants unrelated to the 

target (although appropriate measures such as changing immobilization surfaces and blocking 

conditions were taken), but rather on filtering out those sequences that depleted when the 

target was not present during panning. Therefore, negative controls were introduced during 

the selection process, which are necessary to track the frequency and target relationship of 

each sequence variant during the selection process. To cope with the enormous number of 

sequence variants, the high throughput method NGS was used. Although NGS can identify 

only 0.005 - 0.1 % of the total library capacity, the implemented filtering system reduces the 

number of sequence variants to 20 % of the input, making it highly efficient in identifying and 

excluding off-target sequences after selection. Moreover, the introduction of a scoring system 

allowed the ranking of sequences based on their enrichment and target-associated 

occurrence.  

Sequences that passed the filter are inserted in a final processing step using Hammock 

clustering software [288]. The program clusters sequences with iterative cycles of cluster 

extension and merging steps by aligning sequences with a high degree of identity. This 

procedure not only minimizes the total number of sequence variants, but also provides 
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valuable information on possible amino acid substitutions and hypothetical minimal active 

sequences, which in turn can be used especially when a sequence needs to be optimized with 

respect to proteolytic stability, membrane permeability, and affinity (Fig. 13).  

Together with the sequence-specific scoring values, the clustering enables the identification 

of positive hits by reducing the total number of variants to a few sequence motifs. The success 

of the data processing method was demonstrated throughout this dissertation with the target 

proteins α-syn (monomer), α-syn (fibril), SARS-CoV-2 RBD, SARS-CoV-2 3CLpro and hSOD1. In 

particular, the phage display selection on the SARS-CoV-2 RBD demonstrated that coupling of 

phage display with NGS and the subsequent extensive data processing is a powerful tool for 

identifying high affinity peptide ligands. In this project, a final number of five cluster motifs 

was identified after cluster analysis, each comprising approx. 2,000 to 35,000 unique sequence 

variants. In contrast, selections on other targets such as monomeric and fibrillary α-syn did 

not yield as high enrichment values and cluster motif sizes as the selection on the SARS-CoV-2 

RBD. Here, the analysis method is crucial to identify positive hits that otherwise would not 

have been found at all.  

In conclusion, the phage display selection protocol was successfully extended by NGS and the 

subsequent data analysis procedure. Possible further optimization steps lie in the comparison 

of multiple selections on different targets. On the one hand, this extension should enable 

faster and data-based identification of non-target-related sequences, but on the other hand, 

it should also facilitate the identification of similar or identical target-related peptide 

sequences selected on different targets.  

 

3.2 In vitro screening and characterization 

 

The previously described process of phage display selection and NGS-based data analysis 

allows the identification of a set of peptide sequences that enriched during phage display in 

the presence of the target protein as well as the identification of their cluster motifs. However, 

a critical step in the development of therapeutic or diagnostic phage display derived peptide 

sequences is the in vitro screening for mode of action (MoA) -related effects. 

Regardless of the subsequent use of the selected peptides, analytical methods to determine 

target affinity should always be one of the initial experiments of the in vitro screening process, 

as phage display selection enriches sequence variants based on their target affinity. In this 

context, it is important to note that the way in which peptides are presented during phage 

display differs substantially from the way in which both interaction partners interact freely in 

solution. First, the peptide library used in this work uses 16-mer sequences fused to the pIII 

minor-coating protein, presenting five copies of each sequence variant in close spatial 

proximity. This implies the possibility of multivalent binding if the binding valences of the 
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target protein are localized at similar distances. Consequently, the density at which a target 

protein is immobilized for biopanning, is critical for the affinity of the selected peptide 

sequences. Another aspect deals with the restricted structural flexibility of peptides fused to 

phage particles. In particular, the N-terminal part of the peptides can be expected to behave 

with higher flexibility in solution than the phage-fused version. These limitations explain, why, 

on the one hand, certain sequence variants are highly enriched during phage display selection, 

but, on the other hand, exhibit lower affinity in solution compared to less enriched variants. 

In this work, this observation was made when selecting on the SARS-CoV-2 RBD target protein. 

Here, the most enriched sequence CVRBDL-1, which also represented the largest cluster, 

showed only low binding affinity compared to other, less enriched variants when tested in 

solution. 

Once the affinity screening process is complete, the next critical step for further evaluation of 

positive hits in therapeutic peptide development is to assess MoA-related effects in vitro. This 

step of lead compound identification is highly variable and should be tailored for each target 

protein. Most importantly, peptide variants that have shown high affinity interactions in the 

previous interaction-based screen do not necessarily have to exert MoA-related effects. This 

is most likely due to their heterogeneity concerning the interaction sites on the target but also 

their interaction kinetics. Therefore, the step of MoA-related in vitro screening is crucial for 

the identification of therapeutic lead compounds.  

Due to the variability and complexity of the aggregation cascade, α-syn was the target with 

the most challenging MoA in this work. In general, the intended MoA, which aims for IDP 

monomer stabilization, implies two major features: (i) inhibition of α-syn aggregation at all 

stages where incorporation of α-syn monomers into α-syn aggregates is required, and (ii) the 

elimination of already existing aggregates, which should lead to restoration of the 

physiological monomer. To detect MoA-related effects, in vitro conditions were created in 

which the growth of α-syn fibrils originates either from pure monomer (primary nucleation) 

or from monomer supplemented with seeds (seeded aggregation). In addition, it was also 

tested, whether pre-formed aggregates disintegrate in the presence of the compounds by 

observing changes in particle size distribution during the incubation period. Finally, to further 

verify the specificity of the observed effects, we recreated the experimental set-up in cellular 

environments using both intracellular fibril formation and cell viability as readouts. Cellular 

screening systems are in particular critical for lead compound identification, since they verify 

specificity of compound-target interactions in a highly protein-enriched environment, 

revealing compounds primarily interacting with ubiquitous protein structures or sequences. A 

useful addition to MoA-related set of screening experiments, which was not implemented in 

the current work, is the study of oligomer formation and elimination during aggregation. Here, 

the establishment of the QIAD assay, originally developed for Aβ [174], would be conceivable, 

although the heterogeneity of the primary nucleation of α-syn could pose a problem for the 

reproducibility of this assay. Another more straightforward option is to calculate the flux from 
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monomer to oligomeric species based on global kinetic fitting as demonstrated by 

Vendruscolo et al. [289]. Since secondary nucleation has been shown to be fundamental as a 

catalyst for the formation of oligomers compared to primary nucleation [290], the influence 

of compounds on this aggregation step should be carefully monitored.   

Another MoA targeted in this work is the inhibition of the SARS-CoV-2-hACE2 complex 

formation as a potential therapeutic treatment for COVID-19. In contrast to the previously 

discussed MoA, which aimed to inhibit self-association of an IDP target protein, this MoA aims 

to inhibit the interaction of two different proteins, both exhibiting a well-defined globular fold. 

In vitro screening for MoA-related effects was primarily performed by interaction 

measurements in presence and absence of the peptide variants. Here, compound screening 

led to the identification of sequence variants that inhibited SARS-CoV-2 S1S2 monomer spike 

protein association with hACE2. Moreover, the compound was able to displace hACE2 from 

the spike protein when the complex has already formed. Although the compound already 

showed inhibitory effects in kinetic experiments, additional analysis will be required to 

complete the in vitro screening. First, the spike protein is homotrimeric in the physiological 

state. Consequently, further screening steps need to test for inhibition of hACE2 association 

using the physiologically active trimer. In addition, a cellular assay is required to validate the 

specificity of the observed effect. Here, viral proliferation assays in the presence of the 

compound would be a desirable approach [291].  

The exact design of the MoA-related in vitro screening of phage display derived peptides 

depends on the targeted MoA of the compound. It is essential to precisely define the 

physiologically desired mechanism of action and to reproduce it under in vitro conditions using 

cellular as well as cell-free systems. Regardless, determining target affinity is critical and 

should precede all subsequent analytical steps.   

 

3.3 A general procedure for the identification of D-enantiomeric 

peptide compounds by phage display selection  

 

In this work, a phage display based system for the straightforward identification and 

subsequent in vitro screening of D-enantiomeric peptides for therapeutic and diagnostic 

purposes was developed. Repeated application in different projects (α-syn monomer, α-syn 

fibril, SARS-CoV-2 RBD, SARS-CoV-2 3CLpro, hSOD1) has shown that the elaborated selection 

and screening process is applicable to different target proteins with different MoA. This work 

therefore provides a general protocol for the identification and in vitro characterization of 

D-enantiomeric peptides for therapeutic and diagnostic applications. Fig. 17 summarizes the 
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experimental steps required for the development of highly efficient D-enantiomeric peptide 

compounds starting from a naïve phage display library.  

 

 

Figure 17: Schematic representation for the development of therapeutic and diagnostic peptide compounds. 

The development of therapeutic peptides starts with the identification of target binders by phage display 

selection. Here, a large-scale library with > 1010 sequence variants is screened to yield a set of sequence variants 

that interact with the desired target (red ball: no interaction with target; light green ball: low affinity interaction 

with target; dark green ball: high affinity interaction with target). Subsequent NGS and clustering analysis reduce 

the number of potential compounds to approx. 20 to 30. Next, in vitro screening strategies are required for the 

identification of actual compound – target binding affinity and functional therapeutic effects that correspond 

with the intended MoA. This bottleneck will reduce the sequence pool to approx. five to ten sequence variants. 

Finally, pharmacokinetic studies will further reduce the number of lead compounds to less than five. Most likely, 

rational and semi-rational compound optimization strategies are needed at this point, such as strategies to 

improve membrane penetrance, proteolytic stability and binding affinity to further increase target selectivity, 

stability and membrane penetrance (if required). As optimization creates a larger pool of lead compound 

derivatives, these compounds must in turn overcome the last two bottlenecks. Finally, the feed-back loop 

consisting of optimization and screening will yield highly active and specific peptide compounds that can be used 

for screening in in vivo disease models.   

 

The strength of the described development process lies in the initial diversity of variants 

provided by phage display selection. Compared to chemical synthesized small molecule 

screening libraries, phage display libraries offer up to 106-fold higher capacities [292].    

In the development process outlined, phage display selection is followed by an NGS-based 

screening process, which is coupled with clustering-based motif identification. This process 

allows the reduction of potential binding sequences to approx. 20 to 30 variants. The next 

critical step includes in vitro assays that screen for target affinity in combination with MoA-

related effects. This step requires the development of a set of experiments that recreate the 

targeted disease-related mechanism under in vitro conditions. Experience has shown that this 
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screening step requires the combination of multiple experimental setups, which shed light on 

different aspects of the targeted disease mechanism and the corresponding compound effect.  

The next critical screening step, not yet considered in the present work, is the pharmacokinetic 

characterization of the remaining sequence variants. Depending on the intended site of action 

and route of administration, a potential drug candidate must fulfill certain criteria to achieve 

a sufficient bioavailability. Again, the combination of multiple in vitro and in vivo experiments 

are required to obtain a complete picture of pharmacokinetics. Such experiments can be 

performed by investigation of the peptide stability in isolated blood plasma as well as in liver 

microsomes [293], permeability in BBB [294] and intestinal barrier cell models [295], and time-

resolved quantification of tissue and fluid distribution in mouse studies [296].  

Since most of the drug candidates that have reached stage of development most likely do not 

have sufficient properties in terms of pharmacokinetics or certain aspects of MoA-related 

effects, an iterative process consisting of compound optimization is required. This process 

consists of a combination of rational design and semi-rational design elements. Rational 

design, for example includes the introduction or replacement of certain amino acids to 

improve certain traits like proteolytic stability or membrane permeability based on existing 

knowledge, whereas semi-rational approaches, i.e., focus on construction and screening of 

large libraries. The latter could be realized i.e., by array slide analysis to optimize target 

affinities.  

The repeated cycles of compound screening and rational as well as semi-rational drug design 

will ultimately result in an optimized compound that has a high chance of success in the 

subsequent testing in in vivo disease models for proof-of-concept (PoC) studies. 
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4 Summary  

 

Based on the phage display method, peptide ligands for therapeutically relevant target 

proteins were identified in this work. To identify variants with high affinity, the phage display 

method was extended to include positive and negative controls and coupled with NGS and 

subsequent cluster analysis. The resulting screening system was then successfully applied to 

several projects with different target proteins. The obtained sequence variants were analyzed 

with respect to binding affinities, but also screened in vitro for MoA-related effects. In this 

way, lead sequences were identified and partially optimized by rational design. Screening for 

MoA-related effects allowed the identification of the most promising candidates for future 

therapeutic or diagnostic applications.  

In the first project, a mirror-phage display selection was performed on the target protein α-syn 

for the neurodegenerative disease PD. Fourteen peptides were identified using the NGS-based 

analysis system and screened for inhibitory effects using ThT-aggregation assay. The identified 

lead compound SVD-1 was modified in a first rational optimization (SVD-1a) and showed 

improved inhibitory effects under both, de novo and seeded aggregation conditions, while 

monomeric α-syn was stabilized in presence of the compound. Moreover, the addition of 

SVD-1a was shown to destabilize PFF α-syn oligomers, leading to the recovery and stabilization 

of the physiological monomer. Finally, SPR and MST measurements were used to demonstrate 

a high affinity interaction of the compounds with the monomer. In addition, 1H-15N HSQC and 

NMR-PRE-measurements demonstrated that the interaction occurs along the entire α-syn 

monomer, with a focus on the C-terminal region. This study not only provides insight into the 

development of anti-prionic compounds for PD, but also provides a general understanding of 

how peptide compounds interact with and stabilize IDP targets. 

In the second project, which focused on SARS-CoV-2, the interaction of the spike protein with 

hACE2 was elucidated in detail by kinetic characterization. This led to the finding that the 

interaction consists of a transition of the primary complex to a secondary state, which may be 

a critical factor for the transmission efficiency of the virus and may be modulated between 

different VOCs. Following these findings, phage display selection with the RBD protein of the 

SARS-CoV-2 spike protein was performed, resulting in the identification of five highly 

conserved peptide ligand sequences. Screening for inhibition of the association of the spike 

protein with the cellular receptor hACE2 led to the identification of the CVRBDL-3 lead 

sequence, which was then optimized using a divalent approach. The optimization resulted not 

only in improved target affinity, but also in improved inhibitory activity under conditions 

before and after hACE2-spike protein complex formation.  

In addition to the above projects, the developed phage display and NGS screening protocol 

has been successfully applied to other disease-related target proteins such as 
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SARS-CoV-2 3CLpro and hSOD1. For both proteins, peptide ligands were identified that not only 

exhibited high affinities in in vitro experiments, but also showed aggregation-reducing 

(hSOD1) or enzymatic activity-inhibiting (SARS-CoV-2 3CLpro) properties when screened for 

MoA-related effects. To improve proteolytic stability, SARS-CoV-2 3CLpro peptide ligands were 

also optimized using a retro-inverso strategy. Here, it was demonstrated that the binding site 

of the retro-inverso peptides is conserved compared to the L-enantiomeric counterpart. This 

result confirms that the retro-inverso strategy in combination with phage display is an efficient 

method to generate high-affinity D-enantiomeric peptide ligands. 

In the final project, α-syn fibrils were used as a target structure for phage display. In contrast 

to the above projects, peptide ligands with potential use for PD diagnostic were identified. 

The resulting lead sequence SVLfib-5 showed binding affinity primarily toward aggregated 

α-syn fractions with lower MW, potentially targeting oligomeric conformers.  

In conclusion, this works provides a strategy for identifying, characterizing, and optimizing 

peptide ligands for therapeutic and diagnostic applications starting from phage display 

libraries. Using the described selection and screening strategy, high-affinity and proteolytic 

stable peptide ligands can be generated, which will represent a new and highly efficient drug 

class in the therapy of various diseases in the future. 
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