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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 (a-syn), which, under disease-promoting conditions, associates with itself and
deposits in structured biopolymers, called fibrils. During aggregation of a-syn, soluble
oligomers are formed, which are thought to be the key-factor for neurodegeneration. In
addition, it is hypothesized that prion-like a-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 a-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 a-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



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 (3CLP™, 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 a-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.



Kurzzusammenfassung

Die Identifizierung, Charakterisierung und Optimierung von therapeutischen Wirkstoffen ist
ein Schlisselthema fir die heutige Pharmaindustrie. Insbesondere werden innovative
Behandlungs- und Entwicklungsstrategien fiir jene Erkrankungen bendtigt, 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 fiir die
Entwicklung von Peptidmedikamenten gegen die beiden Zielkrankheiten, die Parkinson-
Krankheit (PD) und die Coronavirus-Erkrankung 2019 (COVID-19), durchgefiihrt.

PD ist die weltweit am haufigsten auftretende neurodegenerative Bewegungsstérung. Ein
zentrales Merkmal ist die fortschreitende Degeneration dopaminerger Neuronen, die mit der
Ansammlung von zytosolischen Einschliissen, den so genannten Lewy-Kérpern, einhergeht.
Diese bestehen groftenteils aus dem prasynaptisch gelegenen, physiologisch intrinsisch
ungefaltetem und monomeren Protein alpha-Synuclein (a-syn), das unter
krankheitsfordernden Bedingungen mit sich selbst assoziiert und sich in strukturierten
Biopolymeren, den sogenannten Fibrillen, ablagert. Bei der Aggregation von a-syn werden
I6sliche Oligomere gebildet, die als Schliisselfaktor fiir die Neurodegeneration gelten. Darlber
hinaus wird angenommen, dass sich Prionen-dhnliche a-syn-Strukturen zwischen Zellen
ausbreiten und in den Empfangerzellen Aggregation auslosen konnen, was letztlich zur
Ausbreitung der Neuropathologie und zum Fortschreiten der Krankheit fiihrt. In dieser Arbeit
wurde ein Spiegelbild Phagen-Display gegen das Volllangen D-Enantiomer von a-syn
durchgeflhrt, um vollstandig D-Enantiomere-Peptide zu identifizieren, die mit hoher Affinitat
an das unstrukturierte Monomer binden und dadurch den physiologischen Zustand
stabilisieren  sowie  Aggregation verhindern. Darliber hinaus wurden erste
Sequenzoptimierungen im Hinblick auf die Eigenschaft untersucht, a-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 Ubertragungseffizienz zwischen Menschen hat
zu einer weltweiten Pandemie gefiihrt, wobei die Krankheit vor allem die oberen Atemwege
sowie das Lungenepithel befdllt. Schwere Verlaufe der Coronavirus-Krankheit 2019
(COVID-19) koénnen zu systemischen Entziindungsreaktionen und schlieBlich zu
Multiorganversagen (MOF) fihren. 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 fiir das
nachfolgende Projekt zu schaffen, wurde die Interaktion des SARS-CoV-2-Spike-Proteins mit
hACE2 in einem separaten Projekt zunachst kinetisch charakterisiert, wobei ein sekundarer
Bindungszustand innerhalb des bereits gebildeten Komplexes identifiziert werden konnte.
Dieser erhoht die Affinitat des Virus an der Zelloberflache 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
Rezeptorbindungsdomane (RBD) des SARS-CoV-2-Spike-Proteins durchgefiihrt, um
Peptidliganden zu identifizieren, die die Assoziation mit hACE2 blockieren und den Rezeptor
aus dem bereits gebildeten Komplex verdrangen konnten. 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 Ansdtzen fiihrte zu verbesserten Hemmwirkungen.

Um die zuvor erwdhnten 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-dhnliche Protease (3CLP™, COVID-19) und hSOD1
(humane Superoxid-Dismutase, amyotrophe Lateralsklerose (ALS)) in separaten Projekten
angewendet. Auch hier flihrte das Screening-Protokoll zur Identifizierung von Peptidliganden,
die nach entsprechender Optimierung fiir den therapeutischen Einsatz in Frage kommen.
Zusatzlich wird, durch die Verwendung von fibrillarem a-syn als Zielstruktur, die Entwicklung
von Peptidliganden fiir diagnostische Zwecke demonstriert.

Zusammenfassend ermoglichen die kombinierten Ergebnisse der verschiedenen Projekte die
Ableitung eines allgemeinen Ansatzes fiir die Entwicklung therapeutischer und diagnostischer
Peptidliganden.
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1 Introduction

1.1 Part I: Stabilization of monomeric a-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].



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 a-synuclein (a-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 a-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 a-syn
homeostasis, impaired mitochondrial function, oxidative stress, calcium homeostasis, axonal
transport and neuroinflammation [20]. In addition to mutations in the SNCA locus encoding
o-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].



1.1.2 a-synuclein

1.1.2.1 Structure and physiological role

The protein a-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 a-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 B- and y-synuclein, it belongs to the synuclein family, with a-syn being the only
member associated with the adaptation of pathological structures [24].

o-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 a-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 a-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).
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Figure 1: Characteristic structural elements of a-syn. (A) Schematic representation of the structural elements of
a-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 a-syn with
alpha helical secondary structural elements (which a-syn adopts in membrane bound state) located at positions
1-95, (PDB: 1XQ3, [28]).



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 a-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, a-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]. a-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 a-syn aggregation

In recent decades, there has been a heated debate about whether a-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 a-syn indeed
behaves like a disordered monomeric protein in its native state [39-42]. During PD
pathogenesis, a-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 a-syn. Upon nucleation events, the monomeric a-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-B-sheet mature fibrils by
the recruitment of monomeric a-syn (adapted and changed from Mehra et al., 2019; [43]).

Monomeric a-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, a-syn exposes amino acid stretches and adopts compatible
conformations [28, 29, 34, 46]. Similarly, monomeric a-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 a-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 a-syn
aggregation becomes autocatalytic, such that (i) fibrils are able to recruit further a-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].
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Figure 3: Mechanism of the seeding process of monomeric a-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 a-syn. A) Fibril elongation: monomeric a-syn is recruited to the fibril ends
and fibrils grow in both directions. B) Secondary nucleation: monomeric a-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 a-syn analogous to (A).

The concept that a-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 a-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 a-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 a-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 B-sheet to a-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 a-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, a-syn oligomers exhibit different
structural features and functional properties. One of the most commonly used methods for
the preparation of kinetically stable a-syn "off pathway" oligomer samples is lyophilization of
monomeric a-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



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 B-sheet
structures and to have an approximate size of 30 a-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].

A

90A 45A

Figure 4: Three-dimensional structure of a-syn off-pathway oligomers. (A) Low resolution SAXS model of a-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 a-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 a-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 a-syn oligomers were applied to cell
cultures or formed due to overexpression, they were shown to cause cell death [86-89].
Moreover, a-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 a-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 a-syn oligomers (Fig. 5).
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Figure 5: Toxic effects exerted by a-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, a-syn is
thought to be involved in the regulation of synaptic trafficking and association with the SNARE
complex at synapses [93]. Indeed, a-syn oligomers added to rat hippocampal slices were
found to have an effect on neuronal signaling, and tissues pre-incubated with a-syn oligomers
showed an increase in synaptic transmission, resulting in suppression of the long-term
potentiation [94]. Moreover, a-syn oligomers generated by strong sonication of fibrils showed
a negative effect on neuronal excitability [95]. The formation of a-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 a-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 a-syn compared to younger
mice [97]. Overexpression of a-syn A53T and A30P in human neuroblastoma cells was found
to lead to increased formation of a-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 a-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 | subunit Ndufs3, which was also observed in the SNpc of PD
patients [99]. Regarding the association of endoplasmic reticulum (ER) and a-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-kB [102].

1.1.2.3.2 Fibrils

Several structures of different fibrillar a-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 a-syn yielded similar polymorphisms, where each of the 10 nm wide filaments
consisted of a bundle of two a-syn filaments [105]. When brain-derived a-syn was used for
seeding monomeric a-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 a-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 (47GVVHGVTTVAss) and the NACore region (ssGAVVTGVTAVAsg), were
identified as critical for fibril formation and cytotoxicity, both containing a pair of parallel in-
register B-sheets forming a steric zipper (Fig. 6, [110]). In addition, structural analysis by
ssNMR allowed the identification of a Greek B-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].
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Figure 6: Characteristic structure of a-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 a-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 a-syn oligomers (Fig. 5), a variety of toxic
effects have also been described for fibrillary or proto-fibrillary a-syn. a-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 a-syn exhibits a broader range of toxic functions and higher robustness compared
to a-syn fibrils, interneuronal spread of aggregated a-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 a-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-Straussler-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, PrP¢ (cellular PrP) misfolds
into the pathogenic form PrP*¢ (scrapie PrP), which forms aggregates that will spread disease
pathology further into the brain and induce neurodegeneration [120]. The spread of
neurodegeneration by misfolded PrP> 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 a-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-B (AB), where Alzheimer's brain homogenates were able to
induce cerebral B-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 a-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 a-syn species [15]. However, a recent study has shown that the spread of a-syn
pathology does not always occur along the connectome as suggested by "Braak staging,"
which may be explained by the presence of intra-astrocytic a-syn pathology [135]. In addition,
it has been suggested that a-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 a-syn in human cerebrospinal fluid (CSF) and plasma as well
as in the medium of several neuronal culture models, a-syn is able to access the extracellular
space [138-140]. Even a-syn oligomers have been identified in CSF [141]. However, the exact
mechanism by which misfolded a-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 a-syn species by
cells, as a-syn can be detected in the lumen of vesicles isolated from rat brain or
neuroblastoma cells [140, 142]. In addition, export of a-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 a-syn is the uptake into the recipient cell. While monomeric a-
syn is thought to passively cross the membrane, internalization of larger aggregated a-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 a-syn as a pharmacological target

To date, there are no disease-modifying therapies for PD. As described earlier, a-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 a-syn-induced pathology (Fig.7).

As a result of the observed intercellular propagation of a-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 a-syn
release [151]. Indeed, an anti-LAG3 directed antibody reduced misfolded a-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 a-syn protein levels. Therefore, one of the possible treatment
strategies aims at reducing a-syn biosynthesis by RNA interference (RNAi), using gene
silencing mechanisms targeting a-syn mRNA [152] or by modulation of a-syn transcription via
regulation of histone deacetylase (HDAC) activity at the a-syn promoter and enhancer regions
(Fig. 7 (b); [153]). One of the major drawbacks of this therapeutic approach is that the
physiological role of a-syn is not fully understood and reducing the total a-syn concentration
could lead to undesirable side effects.
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Figure 7: Potential intervention points of a-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 a-syn fibrillary or oligomeric species; (b) regulation of a-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 a-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 a-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 a-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 a-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 a-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 a-syn (Fig. 7 (d)). Here, the
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humanized IgG1 antibody PRX002, which binds epitopes near the C-terminus of a-syn, has
shown to decrease the concentration of a-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 a-syn-related epitopes [163].

The final class of a-syn targeting therapeutic strategies aims for the direct interaction with
misfolded a-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 a-syn oligomers [164]. In subsequent
experiments with A30P-a-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 a-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 a-syn to prevent the formation of toxic conformations is
NPT200-11, a small molecule identified by dynamic molecular modeling using a-syn protein
sequences critical for oligomer and protofibril formation. Although positive effects on
reducing a-syn pathology were demonstrated when the compound was administered to
a-syn-overexpressing transgenic mice, evidence of interaction and stabilization of monomeric
a-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

o-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.
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equilibrium shift by D-enantiomeric peptide ligands
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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 AB [170]. Similar to a-syn, the IDP AB is able to
aggregate in the form of fibrils and soluble oligomers after proteolytic cleavage by y- and B-
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 AB monomer [173]) was designed to stabilize monomeric AB 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 a-syn.
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1.2 Part ll: 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 (WHQO), 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 (Ro) of the SARS-CoV-2 ancestral strain ranges
in between 2.39 to 3.34 in a naive population where no preventive measures are taken [185].
However, studies suggest that Ro 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
(Ro =2.5) and the influenza pandemics of 1918 (Ro = 2.0) and 2012 (Ro = 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

o

central nervous system infection [195].
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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 3CLP™ 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 ORFla and ORF1b producing two polyproteins ppla and pplb [197].
After proteolytic cleavage by the two cysteine proteases papain-like protease (PLP™) and
chymotrypsin-like protease (3CLP™) [196], 16 non-structural proteins (nsp1-16) are released

21



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
(B1, B2, B3, B4, and B7) connected by helices and loops (Fig. 11 A). B4 and -7 are connected
via an elongated insertion called RBM (residues 424-494), which interacts with the a2-helix of
hACE2 mainly via hydrophilic contacts (Fig. 11 B — C; [209]).
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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: 6MO0J). (B-D) The interaction of
the N-terminal a-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 a-
(B.1.1.7), B- (B.1.351), y- (P.1), 6- (B.1.617.2), and o-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 6&-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 3CLP™ 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 ppla and pplb 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, B-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 My, 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 vyields
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
a-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 10%°- 10! 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).
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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 naive phage library consists of 10'° — 10! 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).

Phage display selection on
D-enantiomeric target

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 a-syn monomer, the mirror-image phage
display selection should yield D-enantiomer peptides that bind to the a-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 a-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 3CLP™-
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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ABSTRACT

Parkinson’s disease (PD) is the most common neurodegenerative movement disorder
worldwide. One of its central features is the neurodegeneration that starts in the substantia nigra
and progressively tends to involve other brain regions. a-Synuclein (a-syn) and its aggregation
during pathogenesis have been drawn into the center of attention, where especially soluble
oligomeric and fibrillar structures are thought to play a key role in cell-to-cell transmission and
induction of toxic effects. Here, we report the development of all-D-enantiomeric peptide
ligands that bind monomeric a-syn with high affinity, thereby stabilizing the physiological
intrinsically disordered structure and preventing initiation of aggregation, and more important,
disassembling already existing aggregates. This "anti prionic" mode of action (MoA) has the
advantage over other MoAs that it eliminates the particles responsible for disease propagation
directly and independently of the immune system, thereby restoring the phsyiological
monomer. Based on mirror image phage display on the D-enantiomeric full-length a-syn target,
we identified SVD-1 and SVD-1a by next generation sequencing, Thioflavin-T screens and
rational design. The compounds were analyzed with regard to their anti-aggregation potential
and both compounds showed aggregation delaying as well as seed capacity reducing effects in
de novo and seeded environments, respectively. High affinity towards the monomeric a-syn,
in the low nano- to picomolar Kp range was identified by surface plasmon resonance (SPR).
SVD-1a reduced toxic effects as well as intracellular seeding capacity of a-syn pre-fromed
fibrils (PFF) in cell culture. SVD-1a disassembled a-syn PFF into monomers as identified by
atomic force microscopy (AFM), time dependent dynamic light scattering (DLS) and size
exclusion chromatography (SEC) analysis. The present work provides promising results on the
development of lead compounds with this anti-prionic mode of action for treatment of

Parkinson’s disease and other synucleinopathies.
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INTRODUCTION

Fibrils consisting of a-syn have been extracted from brain tissue of patients suffering from
Parkinson’s disease (PD) . PD, dementia with Lewy bodies (DLB) and multiple system atrophy
(MSA) are diseases that are collectively referred to as synucleinopathies, as they are all
characterized by the accumulation of insoluble a-synuclein (a-syn) aggregates in neuronal
cells. The majority of the filamentous proportion of these deposits is composed of the a-syn
protein (/, 2). a-Syn, encoded by the SNCA gene, is a 140 amino acid, 14.6 kDa, pre-
synaptically located, and intrinsically disordered protein (IDP), which is thought to be involved
in synaptic vesicle trafficking, synaptic plasticity as well as modulation of neurotransmitter
release including dopamine (3, 4). More than insoluble a-syn fibrils, smaller soluble versions
of them as well as a-syn oligomers are suspected to be responsible for progression of the

disease and the spreading of the pathology through the brain.

On- as well as off-pathway oligomers show a clear negative impact on many cellular processes
including membrane, proteasome, mitochondria and ER function, as well as inflammation,
autophagy, and synaptic transmission (5-7). In addition, recent insights suggest that aggregated
species of a-syn are able to self-propagate between neuronal cells in a prion-like manner and,

therefore, might be the central factor of the progressive nature of disease pathology (8-70).

In this sense, the most promising mode of action for PD treatment is the destabilization and
direct elimination of the toxic and self-replicating a-syn species. We have therefore termed
such a therapeutic strategy and the compounds that realize it, “anti-prionic” (/7). This term
stays in analogy to the term “antibiotic” where elimination of the self-replicating pathological
species is also the desired mode of action. In contrast to antibiotics, where it is about killing
bacteria by chemical intervention of bacterial enzymes, anti-prionics need to inverse a
thermodynamic equilibrium that favors formation of a-syn fibrils and oligomers from a-syn
monomers (Fig. 1). This is achieved by compounds that stabilize the IDP conformation of the

a-Syn monomer.
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Figure 1: Mechanistic model of the anti-prionic mode of action realized by the all-D-peptide described in
the present work. Anti-prionic all-D- peptides are designed to stabilize monomers in their native, intrinsically
disordered conformation — symbolized by circles. This conformation is distinct from the yet unknown, but
certainly highly defined beta-sheet-rich conformation building blocks in oligomers — symbolized by hexagons.
(A) Qualitative and schematic free energy landscape for the anti-prionic mode of action. The black line represents
the energy landscape in absence of the anti-prionic all-D-peptide. Monomer building blocks in oligomers are more
stable than monomers. This allows the formation of oligomers from monomers thermodynamically, although there
is a kinetic barrier, which is called primary nucleation and currently under intensive investigation. Stabilization
of the monomer by the anti-prionic all-D-peptide is lowering the free energy of the monomer (light green line),
when in complex with the all-D-peptide, by the free binding energy (blue arrow) of the complex. Because in the
presence of the anti-prionic all-D-peptide, the monomer has a lower free energy as compared to the oligomer,
oligomers are disassembled into monomers. (B) Mechanistic model for disassembly of already existing oligomers
from top to bottom: Anti-prionic all-D- peptides — symbolized by circle segments — approach oligomers. Due to
their affinity to a-syn monomers, each all-D-peptide will interact with one of the a-syn building blocks within the
oligomer assembly and thereby pushes its conformation towards the intrinsically disordered monomer
conformation. This is incompatible with the oligomer assembly and therefore destabilizing the oligomer assembly.
Further destabilization by interaction of additional anti-prionic molecules with other monomer building blocks,
ultimately leads to the complete disassembly of the oligomer into monomers in their native intrinsically disordered
conformation. Both molecules remain disordered in this transient complex, which may therefore be called “fuzzy
complex” (/2). We called this mode of action “anti-prionic”, because it is ultimately disrupting prion-like
behaving aggregates (/7).

The success of this therapeutic strategy against the target Ap oligomers for the treatment of
Alzheimer’s disease (AD) was previously demonstrated with the anti-prionic compound RD2
(13-15). RD2 is a 12-aa all-D-enantiomeric peptide that binds Ap monomers with high affinity
(16). This results in the destabilization and ultimately the disassembly of oligomers into
monomers. This kind of target engagement has been demonstrated in vitro (14), in vivo (13)
and most recently, ex vivo with patient brain derived AP oligomers (/7). Moreover, the
compound proofed cognitive restoration when administered to AD-mice with full-blown
pathology (/3), while its D-enantiomeric structure and low molecular weight confers

proteolytic stability, high bioavailability and penetration of the blood-brain barrier (14, 18, 19).
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In this study, we demonstrate the realization of the anti-prionic MoA for a-syn. The developed
all-p-enantiomeric peptides SVD-1 and SVD-1a bind monomeric a-syn with high affinity,
inhibit non-seeded as well as seeded a-syn aggregation, and most importantly disassemble pre-

formed fibrils (PFF) into monomers with high efficiency.
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MATERIAL AND METHODS

Recombinant expression and purification of monomeric wt and a-syn A140C

N-terminal acetylated a-syn wt (hereinafter referred to as a-syn) and acetylated a-syn-A140C
were expressed in E. coli BL21(DE3) carrying codon-optimized a-syn in pT7 vector and the
pNatB vector with the N-terminal acetylation enzyme from Schizosaccharomyces pombe (20).
Expression was performed in LB or "N-supplemented M9-minimal medium with 1 mM IPTG
after reaching an ODsgo of 1.2 followed by incubation for 4 h at 37 °C. Purification was
performed as described previously (2/) with some modifications: The pellets from 1 1
expression was resuspended in 25 ml 20 mM Tris pH 8.0 and boiled at 95 - 100 °C for 2 x 15
min. After centrifugation at 20.000 x g for 30 min at 4 °C, the supernatant was precipitated
using a final concentration of 0.45 g/ml of ammonium sulfate. The protein was pelleted at
20.000 x g for 30 min and resuspended in 50 ml 20 mM Tris-HCI pH 8.0. After sterile filtration
the sample was loaded on a HiPrep QFF 16/10 (Cytiva, USA, CV = 20 ml) anion exchange
column. Gradient elution was performed with a target concentration of 800 mM NaCl over 20
CV. Recombinant a-syn eluted at a conductivity of 28-32 mS/cm. The fractions containing
recombinant o-syn were pooled and precipitated using ammonium sulfate as described
previously. The pellets were resuspended in 5 ml 50 mM Tris-HCI1 pH 7.4 50 mM NaCl and
loaded on a HiLoad Superdex 60/75 pg gel filtration column (Cytiva, USA, CV =120 ml). The
expression yielded 20-30 mg/1 as determined by Az7s with an extinction coefficient of 5600 M-

Uem!. Protein aliquots were frozen with liquid nitrogen and stored at -80 °C.

Mirror-image phage display selection

In phage display, exogenous peptides are presented on phage particles by fusion with the major
coating proteins. Consecutive rounds of biopanning and amplification increase the fraction of
phages presenting strong target binders, which is detectable by sequencing of the variable
portion of the genome (22). Using mirror-image phage display, the L-enantiomeric selection

target is replaced by an otherwise identical D-enantiomeric version. This allows the
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identification of D-enantiomeric peptides that show high affinity for the physiological L-target

and are more resistant to metabolic degradation than their L-enantiomeric counterparts (23, 24).

For mirror-image phage display, the commercially available M 13-bacteriophage library TriCo-
16 (Creative Biolabs, USA) was used. The library has a capacity of 2.6 - 10'° pIII fused 16-mer
peptide variants. D-enantiomeric full-length a-syn carrying a C-terminally biotinylation and N-
terminal acetylation was purchased as lyophilized powder from P&E (Peptides and Elephants,
GE) with a purity of > 90 %. To minimize non-target related peptide enrichment, the display
format was alternated between a polystyrene and polypropylene streptavidin functionalized 96-
well plate surface (Maximum capacity plates, BioTeZ, GE). For target immobilization, D-
enantiomeric a-syn was diluted to a concentration of 2 pmol/well. Non-coupled streptavidin
was quenched using biotin. The selection was performed as described previously (25-27) with
some minor modifications. Briefly, three consecutive selection rounds were performed using
alternating blocking conditions with bovine serum albumin (BSA) and milk powder (MP) with
PBS pH 7.4 as selection buffer. Selection pressure was stepwise increased with each selection
round using 5 to 10 washing repetitions. The selection was performed in three consecutive
rounds on the target (target selection ="TS). Additionally, input phages resulting from selection
rounds on the target were incubated on a surface without target (direct control = DC), which
was otherwise treated identically to the TS surface. As a second control, a consecutive selection
was performed exclusively without target on otherwise identically treated surfaces (empty
selection=TES). A concentration of 2 - 10 ' CFU ml"' was used as input for all selection rounds

and controls.

Enrichment ELISA

Enrichment ELISA is a method to identify enrichment of target binding phages during phage
display selection. All steps were performed as described previously with some minor changes
(25). Briefly, 20 pmol/well of the D-enantiomeric a-syn target was immobilized on a
streptavidin coated polystyrene 96-well plate (maximum capacity plates, BioTeZ, GE). Both,
the target immobilized and target free surface were quenched with biotin In total, 2.5 - 10"
phages from the TS input samples were diluted in 100 pl washing buffer and incubated on
target and control surface. The Asso of the product of the peroxidase reaction product 3,3',5,5'-
tetramethylbenzidine diimine was quantified after reaction stop with H2SO4 by absorption

measurement in a Fluorostar optima platereader (BMG labtech, GE; n = 3).
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ssDNA purification and next generation sequencing of phage input samples

The ssDNA of the input phage suspensions resulting from mirror-image phage display
selection was purified by phage precipitation and subsequent ssDNA separation as described
previously (25, 28, 29). For next generation sequencing, PCR was performed adding adapter
sequences to both, the 3> and 5” end of the amplification product. Amplicon next generation
sequencing was performed by BMFZ-GTL Diisseldorf (GE) with a MiSeq system (Illumina,
USA).

Analysis of the next generation sequences by filtering and clustering

Variable DNA sequences resulting from next generation sequencing (NGS) were transcribed
to peptide sequences as described previously (25, 28, 29). The transcribed sequences were
filtered based on their frequency increase in TS (library <TS1 < TS2 < TS3), their correlation
with the presence of the target (TS2 > DC2; TS3 > DC3) and their frequency in the selection
without target (TS1 > ES1; TS2 > ES2; TS3 > ES3). Sequences that passed the filter were
ranked corresponding to their enrichment from library to TS3 (TS3/library = enrichment score)
and their frequency in TS3 compared to ES3 (TS3/ES3 =empty score). Filtered sequences were
used as input for Hammock clustering software (30). The input FASTA-file included all filtered
sequences as ranked by their empty score. Hammock clustering software was run in full mode
with sequences ranked according to their input position (-R input). Cluster motif logos were

generated from initial clusters after greedy clustering using the WebLogo 3.4 application.

D-enantiomeric peptides

D-enantiomeric peptides were purchased with C-terminal amidation from CASLO (CASLO,
DK) as lyophilized chloride salt powder with a purity of > 95 %. SVD-1 and SVD-1a were
tested in different buffer conditions including PBS pH 7.4, where UV-vis absorption
measurements after 1 h incubation at 37 °C and 20.800 xg centrifugation showed that both

compounds completely retained in the supernatant up to at least I mM initial concentration.
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Thioflavin T assay

The Thioflavin T (ThT) assay is commonly used for the visualization of a-syn fibrilization,
since the dye ThT is able to bind to the amyloidogenic cross-B-sheet proportions of fibril
structures. Recombinant a-syn was thawed on ice and centrifuged for 30 min at 21.000 x g and
4°C. The concentration of the supernatant was determined as described previously. Lyophilized
D-peptides were thawed at RT for 1 h and dissolved in 500 pl PBS pH 7.4. After centrifugation
for 30 min at 21.000 x g the supernatant concentration was determined by UV-vis using the
corresponding extinction coefficient at Aso. All ThT assay experiments were performed at 37
°C with 15 uM ThT and 0.05 % sodium azide (w/v) in PBS pH 7.4 if not otherwise stated. ThT
fluorescence was monitored with bottom optics at Aex = 448 nm and Aem = 482 nm in a
fluorescence plate reader with orbital averaging on 3 mm (Clariostar or Polarstar Optima, BMG
labtech, GE). Prior to measurement start, 120 ul sample solution was transferred to a non-
binding 96-half area well plate with transparent flat bottom (Corning, USA). One borosilicate
glass bead (d = 3.0 mm, Hilgenberg, GE) was added to each well for all de novo aggregation
assays. For seeded aggregation assays no bead was used and samples were incubated under
quiescent conditions. Wells that surrounded the sample wells were filled with the same volume
of buffer to improve heat distribution. Experiments were performed with five replicates (n = 5)

if not otherwise stated.

ThT assay was used for different purposes. First, de novo ThT aggregation assays served as
screening platform for the aggregation delay with the synthetic D-peptides. Here, 50 uM
recombinant o-syn was incubated with a three-fold molar excess of each D-peptide,
respectively. Samples were shaken before each cycle using orbital shaking mode at 300 rpm
for 30 s. Peptides that were insoluble in aqueous buffer were dissolved in 2.5 ul DMSO (0.5
mg peptide) and gradually mixed with PBS pH 7.4 until a final concentration of 2.5 % (v/v)
DMSO was reached. For these samples, the reference aggregation of a-syn alone was also
performed in PBS pH 7.4 with 2.5 % (v/v) DMSO. Aggregation curves of each replicate were

individually fitted using a symmetric Boltzmann sigmoidal fit (OriginPro 2020, OriginLab,

A1~ 4
1+e(x—x0)/dx

USA) with the following formula: y = + A, (A = initial value, A, = final value,

xo = inflection point [s], dx = time constant [1/s]). The inflection point of the fit determines the
aggregation half-time t /2, whereas the lag-time was approximated with the following formula:

tip—2 - dtip, where dti2 is defined as the slope of the fit at x = tiin 1/s (37). Half-time and
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lag-time were calculated as mean value of the separate fits. For the concentration dependency
of aggregation delay, different compound concentrations were applied to 50 pM recombinant
a-syn. Lag-time and t 2 were calculated as described previously. For graphical representation,
the fitted steady-states were normalized to 1 for all conditions and the mean error was
calculated based on the fits. Statistical testing on the significance of the time shifts was
performed using the two sample Welch‘s t-test with p < 0.05 (OriginPro 2020, OriginLab,
USA). For de novo ThT assays including sub-stoichiometric compound concentrations, 10 uM
a-syn was used. In contrast to the screening aggregation assay o-syn samples were
continuously shaken at 300 rpm using orbital shaking mode to reduce the aggregation time
taking measurements every 5 min. Statistical evaluation was performed as described previously
by comparing the significance of t 12, lag-time shifts and steady state reduction in the presence
of the inhibitor and the same concentration of the corresponding control peptide. For seeded
ThT assays, 50 nM monomer equivalent PFF oligomers were incubated ON at 37 °C under
quiescent condition together with or without different concentrations of the compounds in the
fluorescence plate reader. After 20 h 20 pM monomeric a-syn was added to the samples

mixture to start seeding. Measurements were taken every five minutes (n = 3).

Preparation of PFF oligomers

PFF oligomers were prepared as described previously with some modifications (32). First,
insoluble PFF were produced by incubation of 300 uM recombinant a-syn in a LoBind reaction
tube (Eppendorf GmbH, GE) with one borosilicate glass bead (d = 3.0 mm; Hilgenberg, DE)
in 20 mM NaPi pH 7.0 150 mM NaCl 0.05 % (w/v) sodium azide for one week at 37 °C. The
insoluble PFF were harvested by ultracentrifugation at 100.000 x g for 30 min at 4 °C and the
pellet was washed several times with 20 mM NaPi pH 7.0 150 mM NaCl. The monomer
equivalent concentration was determined by measuring the o-syn concentration in the
supernatant after the first centrifugation and subtracting it from the start concentration for
fibrilization. The insoluble PFF were resuspended in buffer and frozen at -80 °C with liquid
N». PFF oligomers were generated by harsh sonication of 200 pl insoluble PFF with 300 pM
monomer equivalent concentration for 3 x 15 s (1 sec. on/off) and 60 % amplitude with a tip
sonifier (MS 72 micro tip, Sonopolus, Brandelin, GE). Insoluble PFF were separated by
centrifugation at 100.000 x g for 1 h at 4 °C. The supernatant containing PFF oligomers was

separated, aliquoted and frozen at - 80 °C with liquid N,.
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Surface plasmon resonance kinetic experiments

Measurements were performed using an 8K Biacore device (Cytiva, USA). Interactions were
measured using single cycle kinetics experiments. For all assays, the peptide compounds were
immobilized as ligand on the sensor surface and recombinant a-syn was injected as analyte in
the flow. SVD-1 and SVD-1a were immobilized via primary amino groups on a CMD200M
carboxyldextran matrix chip (Xantec, GE). Immobilization was performed after 7 min
EDC/NHS activation at 10 pl/min with 50 pg/ml peptide in 10 mM NaAc pH 5.0 for SVD-1
and pH 7.0 for SVD-1a until a saturation signal was reached (SVD-1: 400 RU, SVD-1a: 500
RU). Surface quenching was performed using 1 M ethanolamine pH 8.3. The kinetic
experiments were performed using a flow rate of 30 pl/min in PBS pH 7.4 if not otherwise
stated. The surface was regenerated in between cycles using 30 s injections of 2 M Gua-HCl at
30 ul/min. Data evaluation was performed using Biacore insight evaluation software v3.0

(Cytiva, USA).

SVD-1a_Cys_MTSL spin label preparation

The spin-labeled analogue of SVD-1a was prepared by covalent attachment of MTSL (S-(1-
oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate, Toronto
Research Chemicals, USA) to the C-terminal D-cysteine residue of SVD-1a_Cys. MTSL was
dissolved in DMF (N,N-dimethylformamide) with a concentration of 20 mM and diluted in
200 mM HEPES pH 7.6 to a final concentration of 2 mM. 900 pul of the solution was then added
to 1 mg of lyophilized SVD-1a_Cys to create a fivefold molar excess of MTSL compared to
SVD-1a_Cys. The reaction mixture was incubated for 2 at RT and subsequently applied to a
semipreparative RP-HPLC C8 column (Zorbax-300 SB, Agilent, GE) connected to an HPLC
system (Agilent 1260, Agilent, GE). Purification of the spin-labeled peptide
SVD-1a_Cys_MTSL was achieved by applying an aqueous acetonitrile (ACN) gradient
(8% ACN, 0.1% trifluoroacetic acid (TFA) to 60% ACN, 0.1% TFA in Milli-Q water within
40 min), running at a flow rate of 4 ml min"! at 25 °C with a detection at 214 nm. The purified
reaction product was flash-frozen with liquid N and lyophilized (LT-105, Martin Christ, GE).
The purity of the SVD-1a_Cys_MTSL spin labeled peptide was verified by RP-HPLC with
> 98 %.
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NMR spectroscopy

Samples were prepared at final concentrations of 25 uM PN-labeled full-length acetyl-a-syn
in the absence (reference) and presence of an equimolar amount of SVD-1a (not isotopically
labeled, thus NMR-invisible) in PBS buffer, pH 7.4, with an addition of 5 % DO for internal
reference. 2D 'H-"N HSQC spectra were recorded back-to back, on a Bruker AVANCE NEO
spectrometer (Bruker, USA) operating at 1200 MHz proton Larmor frequency. The
experimental temperature was 10 °C. Spectral dimensions were 16.02 ppm (‘H) x 30 ppm
(13N), with 2048 points in the 'H dimension and 256 increments in the '’N dimension, resulting
in an acquisition time of 53 ms for the 'H dimension and 35 ms for the '’N dimension. For each
increment, 32 scans were recorded, with a recovery delay of 1 s between scans, resulting in an

overall experimental time of 4.8 h per spectrum.

NMR Paramagnetic Relaxation Enhancement (PRE) data were recorded on 25 uM '"N-labeled
full-length acetyl-a-syn in presence of 25 uM paramagnetically labeled (but not isotopically
enriched) SVD-1a_Cys_MTSL (using a MTSL spin-label covalently attached to the SVD-1a
C-terminus), resulting in a 1:1 ratio of a-syn : SVD-1a. Intensities (Ipara) Were extracted from
2D 'H-'SN Best-TROSY NMR spectra recorded at 600 MHz and 10 °C, each with 128 scans
per increment, resulting in a total experimental time of 16 h per spectrum. Reference data were
obtained by adding a 20-fold molar excess of ascorbic acid to the same sample, therefore
quenching the paramagnetic effect of the spin-label and obtaining a diamagnetic reference
sample. The diamagnetic reference spectra and intensities (Isia) were recorded back-to-back

and under identical conditions as for the paramagnetic sample.

NMR data sets were processed using the Bruker TopSpin software (version 4.1.1) and
visualised using CcpNmr Analysis (v2.4.2) (33). For the assessment of chemical shift changes
of a-syn resonances in presence of SVD-la relative to the reference spectrum (without
SVD-1a), peak positions were extracted using the CcpNmr Analysis software. From the residue

specific chemical shift changes in the 'H and >N dimensions, an absolute chemical shift

change, A3 was calculated using the formula Ad =\/0.5(é‘§, + (0.14 é‘ZN) ) (34). For analysis

of the PRE data, resonance intensities of the paramagnetic sample and the diamagnetic

reference sample peak intensities were extracted using CcpNmr Analysis.

12

49



Size exclusion chromatography (SEC)

Elimination of PFF oligomers was evaluated by SEC and subsequent detection of the PFF
oligomer and monomer peaks. PFF oligomers were incubated with or without SVD-1a in
PBSpH 7.4 for 3 d at 37 °C under quiescent condition in low retention Eppendorf tubes
(Eppendorf, GE). Prior to injection, samples were centrifuged at 20.800 xg for 2 min and 100 ul
sample was injected on a SEC-HPLC column (Bio SEC-3 300 A, Agilent, USA) using an
Agilent 1260 Infinity II system (Agilent, USA) with a flow rate of 1 ml/min and PBS pH 7.4

as mobile phase. Protein was detected using Asia.

Dynamic light scattering (DLS)

Measurements were performed using a SpectroSize 300 131 (XtalConcepts, GE) instrument
and a sample volume of 1 ml in a sealed quartz cuvette (Hellma Group, GE). Samples were
incubated at 37 °C under quiescent conditions. Prior to measurements, all samples were
centrifuged at 21.000 x g for 30 min at 4 °C in order to remove potential impurities from
solution. For time dependent DLS measurements data points were recorded every 30 s.
Diffusion coefficients were obtained from analysis of the decay of the scattered intensity
autocorrelation function and were used to determine apparent hydrodynamic radii via the

Stokes-Einstein equation.

Atomic forced microscopy (AFM)

Samples were prepared by dilution to 1 pM a-syn monomer concentration and 5 pl was
incubated and dried on a freshly cleaved mica surface. Surfaces were then three-times washed
with 200 pl ddH,O and dried using a gentle stream of N». Measurements were performed in a
Nanowizard 3 system (JPK BioAFM - Bruker Nano GmbH, GE) using intermittent contact
mode with 2 x 2 and 5 x 5 pm section and line rates of 0.5-2 Hz in ambient conditions using a
silicon cantilever and tip with nominal spring constant of 26 N/m, average tip radius of 9+2 nm
and a resonance frequency of approximately 300 kHz (Olympus OMCL-AC160TS-R3). The

images were processed using JPK data processing software (version spm-5.0.84). For the
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height profiles presented, a polynomial fit was subtracted from each scan line, first
independently and then using limited data range.

Circular dichroism (CD) spectroscopy

Far-UV circular dichroism (CD) data were collected using a Jasco J-1100 spectropolarimeter
(Jasco, GE). 350 ul samples were pooled and loaded into a high precision quartz cuvette with
a path length of 1 mm (Hellma group, GE). A scan speed of 20 nm/min with five accumulations
per sample was performed using far UV wavelengths from 260 to 190 nm. Baseline was

corrected by subtracting measurements of the buffer only.

Cell assay for a-synuclein aggregation

A construct encoding full-length AS3T-mutated human a-syn fused with YFP at the C-terminus
was synthesized and introduced into the p MK—RQ expression vector (GeneArt; Thermo Fisher
Scientific, USA). The a-synAS3T—YFP construct was subcloned into the pIRESpuro3 vector
(Clontech; Takara Bio, JPN) using Nhel (5') and Notl (3') restriction sites. HEK293T cells
(American Type Culture Collection) were cultured in high glucose Dulbecco’s Modified
Eagle’s Medium (DMEM; Sigma-Aldrich, USA) supplemented with 10 % fetal calf serum
(Sigma-Aldrich, USA), and 50 units/ml penicillin as well as 50 pg/ml streptomycin (Sigma-
Aldrich, USA). Cells were cultured in a humidified atmosphere of 5 % CO; at 37 °C. Cells
plated in DMEM were transfected using Lipofectamine 2000 (Invitrogen; Thermo Fisher
Scientific, USA). Stable cells were selected in DMEM containing 1 pg/ml puromycin (EMD
Millipore, USA). Monoclonal lines were generated by fluorescence-activated cell sorting of a
polyclonal cell population in 96-well plates using a MoFlo XDP cell sorter (Beckman Coulter,
USA). Finally, the clonal cell line B5 was selected from among 24 clonal cell lines and is
referred to as aSynAS3T—YFP cells. Peptides were incubated with 1.5 % Lipofectamine 2000
in OptiMEM for 2 h at room temperature. The a-synA5S3T—YFP cells were plated in a 384-well
plate with poly-D-lysine coating (Greiner, AT) at a density of 1,000 cells per well with
0.1 pg/ml Hoechst 33342 (Thermo Fisher Scientific, USA) and the previously prepared
transfection mix was added directly to the cells in the well. To seed cellular aggregation of
a-syn in 0-synAS3T-YFP cells, 30 nM soluble a-syn PFF oligomers were incubated with 1.5 %
Lipofectamine in OptiMEM for 2 h at room temperature and added to each well 3 h after the

first transfection. The plate was then incubated in a humidified atmosphere of 5 % CO, at
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37 °C. On day 3 the cells were imaged with an IN Cell Analyzer 6500HS System (Cytiva,
USA) using the blue and green fluorescence channel, and analyzed using IN Carta Image
Analysis Software (Cytiva, USA) after an algorithm was established to identify intracellular
aggregates in living cells. For each condition we used four wells and took 16 images per well,
which were analyzed by a fully automated algorithm to avoid bias. Statistical analysis was
performed using one-way ANOVA followed by Dunnett's multiple comparisons test

(GraphPad Prism 9, GraphPad Software, USA). Error bars represent standard deviation.

Cell-viability assay (CellGlo test)

We used the CellTiter-Glo Luminescent Cell Viability Assay (Promega GmbH, GE) to
determine the number of viable cells in culture based on quantitation of the ATP present, an
indicator of metabolically active cells. After culturing cells in 384-well plates for three days,
35 pl of medium was removed from the wells and 40 ul of CellTiter-Glo Reagent directly
added to each well. After mixing, luminescence was measured 10 min later using a Fluostar
(BMG labtech, GE).

Immunofluorescent cell staining

After culturing cells for 3 days on 384-well plates, the cells were fixed in 4 % formaldehyde
(Sigma-Aldrich, USA) in PBS (pH 7.4) for 15 min. After washing three times with PBS for 5
min each, the cells were permeabilized with 0.25 % Triton X-100 (Sigma-Aldrich, USA) in
PBS for 10 min. After another three washes with PBS for 5 min each, the cells were blocked
with 1 % bovine serum albumin (Sigma-Aldrich, USA) in PBS supplemented with 0.1 %
Tween 20 (Sigma-Aldrich, USA) for 30 min. The cells were stained with CF633 (Biotium,
USA) fluorescently labeled antibodies at 8 pg/ml in 1 % bovine serum albumin in PBS
supplemented with 0.1 % Tween-20 for 1-3 h at room temperature in the dark. For detecting
total a-syn, we used the anti-a-syn antibody syn211 (Abcam, UK). For detecting oligomeric
and fibrillar a-syn, we used the anti-aggregated a-syn antibody, clone 5G4 (Sigma-Aldrich,
USA). For detecting a-syn phosphorylated at serine 129, we used the recombinant anti-a-syn
(phospho S129) antibody EP1536Y (Abcam, UK). After a final three washes in PBS for 5 min
each, the cells were imaged in PBS using an IN-Cell Analyzer 6500HS System and 40-fold
magnification (Cytiva, USA).

15

52



Cell viability assay (MTT test)

The potential cell viability rescue of PC12 cells (Leibniz Institute DSMZ, GE) from a-syn
toxicity through addition of SVD-1, SVD-1a or SVD-1_scrambled was measured in a MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell viability test. PC12 cells
(Leibniz Institute DSMZ, GE) were cultivated on collagen A-coated (Biochrom GmbH, GE)
tissue culture flasks in RPMI 1640 medium supplemented with 5 % fetal calf serum and 10 %
horse serum in a 95 % humidified atmosphere with 5 % COz at 37 °C. 10.000 cells per well in
avolume of 100 ul were seeded on collagen A-coated 96-well plates (Thermo Fisher Scientific,
USA) and were incubated for 24h at 37 °C and 300 rpm in a thermo cycler. Then, final
concentrations of 30 nM a-syn either in the absence or after pre-incubation with 15 uM SVD-
1, SVD-1_scrambled or 0.5 uM SVD-1a was added to the cells. In addition, 15 pM of the
peptides alone, cell media, buffer without peptides and 0.1 % Triton X-100 (cytotoxic
compound) served as controls. After further incubation in a 95 % humidified atmosphere with
5 % COz at 37 °C for 24 h, cell viability was measured using the Cell Proliferation Kit I (MTT)
(Roche Applied Science, CH) according to manufacturer's protocol. The MTT formazan
product was quantified by measuring the absorbance at 570 nm corrected by subtraction of the
absorbance at 660 nm in a FluoroStar Optima plate reader (BMG labtech, GE). All results were
normalized to untreated cells grown in medium only. Test on significance was performed using

one-way ANOVA with Bonferroni post hoc analysis (OriginPro 2020, OriginLab, USA; n = 4).
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RESULTS

A phage display selection against the mirror image of full-length a-syn yielded SVD-1 as the
most promising all-D-peptide for stabilization of native a-syn monomers (for full description
of the phage display and peptide screening procedure please see SI Fig. 1 to 6). SVD-lais a
derivative of SVD-1, with D-methionine replaced by D-leucine at position 2, D-lysine replaced
by D-arginine at position 1, and addition of five D-arginines to the C-terminal end yielding the

sequence shown in fig. 2.

Figure 2: Natta projection of the D-enantiomeric lead compound SVD-1 and its first optimized derivative
SVD-1a. Amino acid residues marked in red were exchanged or added for improved bioavailability, membrane
penetrance and inhibitory effects.

First, we characterized binding affinites of SVD-1 and SVD-1 to a-syn monomer. SPR
experiments allow the detection of kinetic values, thereby giving insights in time dependency
of target recognition and complex rigidity. Prior to measurements, the SVD peptides were
immobilized on a carboxyl dextran matrix surface via amino coupling and a-syn was injected
as analyte in the concentration range of 30 to 500 nM (Fig. 3 A). Likewise, a control peptide
that had the same amino acid composition as SVD-1 but with random amino acid sequence
(SVD-1_scrambled) was immobilized. As control for SVD-1a, five arginines were added to

the C-terminus of SVD-1 control peptide (SVD-1_scrambled+5r; (Fig. 3 B)).
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Figure 3: Single cycle kinetic experiment with a-syn and immobilized SVD-1 and SVD-1a and control
peptides. (A) SVD-1 (left) and SVD-1a (right) were immobilized on a carboxyl dextran matrix via amino coupling
until saturation was reached (CMD200M, Xantec, GE). a-Syn was injected for 100 s at 30 ul/min in PBS 7.4 in a
serial dilution ranging from 30 to 500 nM, followed by a dissociation time of 60 min or 30 min, respectively. The
experiment was performed as individual measurement. The interaction kinetics were fitted with a 1:1 kinetic
interaction model: SVD-1: Kp: 880 pM, kon: 6.56 * 10* M s, kose 5.78 s+ 1075; SVD-1a: Kp: 100 pM, Kon:
3.13-10° M 57!, kofr: 3.13 - 107 s°!. The non-referenced signal of active and referenced surface is shown in SI
Fig. 7. (B) SVD-1_scrambled (left) and SVD-1_scrambled+5r (right) were immobilized on a carboxyldextran
matrix via amino coupling until saturation was reached (CMD200M, Xantec, GE). Full-length a-syn was injected
for 100 s at 30 ul/min in PBS 7.4 in a serial dilution ranging from 15 to 250 nM, followed by a dissociation time
of 60 min. Y-axis scaling was adjusted to the (A).

When applying a 1:1 Langmuir based interaction model, we obtained a Kp value of 880 pM
with a kon of 6.56 - 10* M! s'! and a kot of 5.78 - 107 57! for SVD-1. For SVD-1a a Kp of
100 pM with akon 3.13 - 10° M- st and a ke 0f 3.13 - 1073 57! was identified. However, the data
is not fully explained by the 1:1 model, which is evident from a deviation of the fits from the
data obtained for the later injections, suggesting an additional low-affinity binding mode in the

higher nM range.

The inhibitory effects on amyloid formation was further verified in ThT assays under de novo
as well as seeded conditions with several ratios of a-syn and SVD-1or SVD-1a (SI Fig. 8). For
seeding assays we incubated SVD-1 or SVD-1a together with pre-formed fibrillary (PFF)
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oligomers that induce fibril mass growth in the presence of monomeric a-syn. In order to obtain
fibril seeds with a homogeneous size and high seeding capacity, we started from mature fibrils
and treated them by harsh ultra-sonication. This yielded short fibrils with a high ratio of fibril
ends per mass. Eventually remaining larger fibrils were removed by ultracentrifugation as
described by Kaufmann et al. ((32), SI Fig. 9). Referring to their small size, we call them “PFF
oligomers” throughout the manuscript. Due to their high ratio of fibril ends per mass, added

monomeric o-syn is very efficiently and reproducibly elongating the seeds (35).

Sequence specificity of the effect was confirmed by comparing the inhibitory effects of SVD-1
and SVD-1a with the respective control peptides. The sequence-randomized control peptides
had virtually no inhibitory effects, clearly suggesting that not the overall electrostatic charge
or hydrophilicity were important, but the amino acid sequence of SVD-1 and SVD-1a (SI Fig.
8). In contrast to the sequence-randomized control peptide, SVD-1 confirmed its efficacy by a
concentration dependent delay of aggregation onset as well as by a reduction of steady state
levels under de novo aggregation conditions. Thus, SVD-1 inhibits primary nucleation of o-
syn. Also, in contrast to the sequence-randomized control peptide, SVD-1 was able to
significantly decelerate amyloid growth in the seeded environment. Thus, SVD-1 also inhibits
elongation and secondary nucleation of a-syn. Similar observations were made for SVD-1a
under de novo aggregation conditions, where at twofold molar excess aggregation was
completely inhibited. When SVD-1a was present in the pre-incubation period with the PFF
oligomers, a reduction of the elongation rate was observed later during the incubation period
with a-syn monomers already at 5 pM SVD-1a. 20 uM or higher SVD-1a concentrations even
led to the complete inhibition of the seeding capacity. 20 uM of the control peptide,
SVD-1_scrambled+5r, did not yield any inhibition of seeding, again underlining the SVD-1a

sequence specificity for the observed effects.

It is tempting to speculate that SVD-1a was successfully reducing the amount of PFF oligomer
seeds during the 20 h pre-incubation period to explain the reduction of their seeding activity.
In order to investigate this further, we incubated 100 nM monomer equivalent purified PFF
oligomers with increasing concentrations of SVD-1a for 72 h and analyzed then the samples
by SEC, time dependent dynamic light scattering (DLS) and atomic forced microscopy (AFM)
(Fig. 4).
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Figure 4: SVD-1a disassembles PFF oligomers into o-syn monomers. PFF oligomers were prepared as
described previously. 100 nM monomer equivalent PFF oligomers were incubated with or without 400 nM and
1600 nM SVD-1a for 3 d at 37 °C in PBS pH 7.4. (A) HPLC-SEC measurement samples were injected on a Bio
SEC-3 column (300 A, Agilent, USA). The PFF oligomers elute after approx. 5 min, while a-syn monomer is
detected after approx. 8.6 min. (B) Time dependent DLS measurements with 100 nM PFF oligomers in presence
(red) and absence (black) of 400 nM SVD-1a. 1 ml sample was continuously measured in a sealed quartz cuvette
at 37 °C under quiescent condition every 30 s for 72 h in a SpectroSize 300 instrument (XtalConcepts, GE). Data
are shown as radius plot where the signal amplitude of each particle size is represented by the data point diameter.
(C) For AFM analysis 5 ul of the samples as described in (A) was rescued before centrifugation and incubated
and dried on a freshly cleaved mica surface followed by washing with ddH2O and drying using a gentle stream of
Na2. Analysis was performed using NanoWizard 3 system (J-1100, JPK BioAFM, USA), recording multiple
surface sections. The sections shown in C are representative for the observed species and particle density identified
on all surface sections.

The SEC analysis yielded that the PFF oligomer preparation contains a substantial fraction of
monomers in equilibrium that may occur due to the proportionally high number of fibril ends
as compared to mature fibrils. Incubation of the PFF oligomers with increasing concentrations
of SVD-la (here 400 and 1600 nM) resulted in an increase of monomer concentration
paralleled by a decrease in oligomer concentration (Fig. 4 A). This is supported by AFM
(Fig. 4 O). In addition, the time dependent DLS measurement (Fig. 4 B) shows that SVD-1a
is progressively eliminating the PFF oligomers (Fig. 4 B, red, 100 to 1000 nm radius) by

disassembling them into monomeric a-syn (Fig. 4 B, red, 3 nm radius). In contrast, no change
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of the PFF oligomer particle size radius was observed when SVD-1a is absent (Fig. 4 B, black,
100 to 1000 nm radius).

In conclusion, the analysis of the inhibitory mechanism of SVD-1a on a-syn aggregation under
seeded condition has shown that (i) SVD-1a eliminates PFF oligomers in a time dependent
process, (ii) stabilizes monomeric a-syn in its random coil conformation and (iii) reduces the

emergence of mature fibrils.

To further verify whether SVD-1a is also able to counteract the seeding potential of soluble
a-syn PFF oligomers in living cells, a-synA5S3T-YFP expressing cells were transfected with
soluble a-syn PFF oligomers together with SVD-1a or a negative-control peptide with similar
molecular weight as SVD-la but no affinity to monomeric o-syn (Fig. 5). In the
a-synAS53T-YFP cell system, human a-syn with the familial A53T mutation fused to YFP is
stably expressed in HEK293T cells and enables fluorescence-based detection of intracellular
aggregation of endogenously expressed a-synA53T after seeding with patient-brain extracts
containing PFFs as shown previously (36-39) or with PFF oligomers as shown here. To avoid
interference with the fluorescence-based aggregate detection, we intentionally did not use
fluorescence labelled SVD-1a or control peptide. Another reason was that fluorescence dyes
can positively or negatively interfere with the transfection efficacy and possibly also with the

subcellular localization of the respective peptide.
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Figure 5: SVD-1a inhibits seeded a-syn aggregation in cells. To validate the inhibitory effect of SVD-1a in

cells, we used the a-synA53T-YFP cell system, which stably expresses human a-syn with the familial A53T
mutation fused to YFP in HEK293T cells and enables fluorescence-based detection of aggregates that show up as
highly fluorescent spots within the cells clear above background, intracellularly after seeding with PFF oligomers.
In order to avoid interference of the peptide with the uptake of PFF oligomers, we performed a two-step
transfection starting with a first transfection of peptide and a second transfection with PFF-oligomers. SVD-1a
but not the negative control peptide (kgvgnleyqlwalegk-NH2) inhibited a-syn aggregation in aSynA53T-YFP
cells in a dose-dependent manner (A). To quantify the number of cells with aggregates in our images and to avoid
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experimental bias, we used a fully automated algorithm for image analysis. Significance was calculated using
one-way ANOVA followed by Dunnett's multiple comparisons test. One asterisk denotes p values less than 0.05
and three asterisks a p value less than 0.001. Error bars indicate standard deviation. In contrast to unseeded cells,
which did not harbor any a-syn aggregates at day three after plating (B-E), seeding with soluble a-syn PFF
oligomer induced aggregation in 85 % of cells treated with a negative-control peptide (25 pM) that does not bind
to a-syn (F—I). Treatment with increasing concentrations of SVD-1a, here imaged at 25 uM, led to a concentration-
dependent reduction in the number of cells with aggregates (J-M). Panels B, E, and H show nuclei stained with
Hoechst 33342. Panels C, F, and I show aSynAS53T-YFP fluorescence. Panels D, G, and J show merged images.
The scale bar in L represents 100 um and applies to panels B-D, F-H, and J-L. Panels E, I, and M represent
magnifications of the insets in D, H, and L, respectively the scale bar in M applies to panels E, I and M and
represents 25 uM. The viability of the cells was not reduced by transfection with seeds or in SVD-1a as shown in
SI Fig. 12. Confirmation that highly fluorescent aggregates contain a-syn is shown in SI Fig. 10 by co-
immunostaining with syn-211 antibody, anti-a-syn (phospho S129) antibody and 5G4 antibody.

Seeding with a-syn PFF oligomers in the presence of a negative-control peptide induced
aggregation in 85 % of the cells (Fig. 5 A, E-G). We verified that the induced intracellular,
yellow-fluorescent aggregates consist of a-syn by immunofluorescence staining with three
different antibodies recognizing aggregated a-syn, a-syn phosphorylated at serine 129, and
total a-syn (SI Fig. 11). When SVD-la was transfected into the cells, a concentration-
dependent reduction of aggregate-positive cells was observed resulting in 64 % and 57 %
aggregate-positive cells using 5 and 25 uM of SVD-1a, respectively (Fig 13 A, H-J). Also, the
viability of PFF oligomer-seeded a-synAS3T—YFP cells was not significantly reduced in the
presence of any of the two peptides (SI Fig. 12. SVD-1aCys_Alexa647 is crossing the
membrane without transfection (SI Fig. 13). These results demonstrate that SVD-1a inhibits
PFF oligomer-induced aggregation of a-syn in the intracellular environment without inducing
cytotoxicity. Moreover, in PC12 cells a reduction of PFF oligomer cytotoxicity was verified in

presence of SVD peptides using cell viability assay (SI Fig. 14).

SVD-1 and SVD-1a have been selected and developed to specifically bind a-syn monomers in
order to stabilize a-syn in its monomeric conformation, which is well known to be a classic
example of an intrinsically disordered protein (IDP). The constant and fast sampling of a large
conformational space gives IDPs the structural plasticity and adaptability to interact with and
control multiple binding partners at the same time. IDPs have very characteristic NMR spectra.
The amide protons of the protein backbone are solvent exposed and not involved in typical
secondary structural elements like B-sheets or o-helices. This and the high mobility of the
protein backbone and the side chains on a very rapid time scale limit the chemical shift

dispersion of IDPs more or less to the time averaged random coil chemical shifts of the
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respective amino acid residues of the protein in aqueous solution. This is the reason, why the
amide protons of IDPs have a typical chemical shift dispersion of only 0.7 ppm. In contrast,
the amide protons of globularly folded proteins have a chemical shift dispersion of up to 4 ppm,
and the individual chemical shift of the amide proton is dependent of its involvement in a
hydrogen bond and whether its chemical environment contributes more shielding or de-

shielding contributions, both of which are not averaged out over time as in IDPs (40, 41).

Of course, we were very curious to investigate, whether SVD-1 and SVD-1a have a significant
impact on the IDP conformation of o-syn monomers, given their high affinity based on SPR.
The highly dynamic and transient interactions may for each amide proton and *N-nucleus lead
to many different shielding and de-shielding events in their chemical environment that become
zero, when averaged over the NMR time scale. The probability, however, that each chemical
shift change is averaged to exactly zero, is very low. Thus, we investigated the chemical shift
changes upon binding of SVD-1a to a-syn monomers at the highest available field. Figure 6 A
shows the superposition of the "H-'>N HSQC NMR spectra of 25 uM *N-labeled full-length
a-syn in absence and presence of 25 uM SVD-la. Careful and automated peak analysis
revealed that there are indeed small chemical shift changes that are shown a-syn sequence
specifically in Figure 6 C with some examples displayed in Figure 6 B. Overall, the chemical
shift changes are very small, with most residues showing significant chemical shift changes

located in the C-terminal region but also residues in other parts of a-syn are affected.

To obtain more information, which parts of the a-syn molecule are involved in the highly
dynamic and transient interaction, we applied paramagnetic relaxation enhancement (PRE)
NMR experiments. Such NMR-PRE data have proven insightful for the study of binding

interactions of amyloid-f recently (42).

Residue-specific NMR PREs intensity ratios, Iy / Lsia, were recorded for ’N-labeled (NMR-
visible) a-syn in the presence of SVD-1a, with a paramagnetic spin-label covalently attached
at its C-terminus (Fig. 6 D). Decrease of intensity ratios point to proximity of the paramagnetic
spin-label of SVD-1a to the respective residue of a-syn. Indeed, we observed an overall
decrease of intensity ratios, Ipam / Ldia, in the spectra (paramagnetic vs diamagnetic sample) for
practically all residues, in the order of 15 to 20 % and with an increased reduction for the
C-terminal residues of a-syn (Fig 6 D). Strikingly, this coincides with the residues showing the
“largest” of the very small chemical shift changes (Fig. 6 B) that were most prominent in the

C-terminal region. The apparently weak transient interactions with the N-terminal 108 a-syn
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residues, as observed by the NMR-PRE data, are in their accumulated sum effect relevant and
impactful. This is indicated by the observation that the de novo aggregation not only of full
length a-syn is efficiently inhibited by SVD-1 and SVD-1a, but also that of the C-terminal
deletion mutant of a-syn, a-syn (1-108) (SI Fig. 15).

The PRE data together with the absence of large chemical shift changes are in-line with lowly
populated transient binding interactions, presumably due to an on/off hopping of SVD-1a to
a-syn occurring on a very fast time scale. Hence, the binding mode is potentially best described
by an IDP — IDP interaction with multiple dynamic binding sites, whereas both partners retain
their disordered structure (12, 43). Such fuzzy complexes have been described previously (44-
50). In some cases no chemical shift changes have been reported at all (44). For several of
those cases, NMR paramagnetic relaxation enhancement (PRE) measurements revealed

transient interactions between the protein and the binding partner (44-50).
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Figure 6: NMR analysis of '*N-labeled a-syn interacting with SVD-1a (not isotope labeled). (A) Overlay of
two-dimensional "H-'"N HSQC spectra of 25 pM >N o-syn in the presence (red) and absence (black) of an
equimolar amount of SVD-1a. (B) Enlargement of several resonances in the spectra shown under (A) that show
small chemical changes for residues in the presence (red) relative to the absence (black) of SVD-1a (130E, 129S
126E, 122N, 119D, 65N); for comparison, resonance 77V is shown that does not show any chemical shift change.
(C) Residue-specific absolute NMR chemical shift changes in the spectra of '’N a-syn in presence of SVD-1la
relative to the absence of SVD-1a. The standard deviation, o, as well as the 2-fold standard deviation, 2o, of the
distribution of observed chemical shift changes are indicated as dashed lines. (D) NMR PRE intensity ratios of
5N a-syn in the presence of the paramagnetically-labeled SVD-1a. Residue-specific intensity ratios, Ipara / Laia, of
the cross-peak intensities in the two-dimensional 'H-'>N NMR spectra of the paramagnetic vs diamagnetic sample
are shown. The lower the intensity ratios, Ipaa / Laia, the closer the proximity of the paramagnetically-labeled
SVD-1a to the respective residue of o-syn. An intensity of one would indicate the absence of interactions. Data
point to a bit more pronounced (transient) binding interaction of SVD-1a with residues in the C-terminal region
of a-syn, as compared to the average effect on residues in the remaining N-terminal region.

To investigate in further detail how this interaction mode functions under aggregation
promoting conditions, we performed de novo aggregation in presence and absence of the

peptide and analyzed the endpoint samples by circular dichroism spectroscopy (CD) and AFM.
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Figure 7: De novo aggregation analysis of a-syn in the presence and absence of SVD-1a using ThT, DGC,
CD and AFM. (A) De novo ThT assay of 10 uM a-syn with and without 20 uM SVD-1a. ThT fluorescence
progression was measured in a 96-well non-binding half-area plate (Corning, USA) with a Fluorostar platereader
(BMG labtech, GE) at Aex = 448 nm and Aem = 482 nm with 300 rpm continuous orbital shaking between reads.
Data are shown as mean values with + SD (n = 5). (B) CD secondary structure analysis of de novo aggregation
samples. Samples were incubated as described in (A) without added ThT (n = 3) and subsequently pooled for CD
analysis. Far-UV ellipticity of the samples was measured in a quartz cuvette (I = 10 mm) in a J-1100 CD-
spectrometer (Jasco, GE). In addition to (A), a sample with 20 uM SVD-1a alone was incubated under identical
conditions and later used as reference for the sample with a-syn and SVD-1a. For this sample (o-syn + SVD-1a
(after incubation)) the SVD-1a reference subtracted CD spectrum is shown. (C) Samples from (A) were isolated
directly after incubation and diluted in PBS pH 7.4 to a final concentration of 1 uM a-syn monomer equivalent.
5 ul diluted sample was incubated and dried on a freshly cleaved mica surface followed by washing with ddH.O
and drying using a gentle stream of N». Analysis was performed using NanoWizard 3 system (J-1100, JPK
BioAFM, USA), recording multiple surface sections. The section shown in (C) are representative for the observed
species identified on all surface sections.

CD secondary structure analysis (Fig. 7 B) of replicate samples without ThT shows that
incubation of monomeric a-syn results in a shift from random coil (Fig. 7 B, black line) to beta-
sheet (Fig. 7 B, blue line) CD spectrum, typical for a-syn fibrils (57). However, in the presence
of SVD-1a, while the overall signal is slightly reduced, no spectrum shift towards a beta-sheet

spectrum was observed (Fig. 7 B, grey line). In combination with the ThT measurements, the
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CD measurements clearly indicate that the majority of monomeric a-syn that is present at the
start point of incubation, is retained in its monomeric random coil form when SVD-1a is present
and is only aggregating into -sheet rich fibrils when SVD-1a is not present. These observations
are confirmed by AFM pictures of the samples taken from the incubation endpoints in the ThT
assay of figure 11 A (Fig. 7 C). Here, the sample without SVD-1a shows mature fibrils (Fig. 7
C, left). The AFM pictures from samples that contained SVD-1a reveal small particles that are
artifacts due to the drying of the samples (Fig. 7 C, right) before imaging. However, they clearly
do not contain any fibrils, supporting that SVD-1a was able to inhibit fibril formation as already

demonstrated by the ThT experiments.

In order to integrate the results shown into a mechanistic model (Fig. 1) of a therapeutic mode
of action, the following considerations are crucial: only very small chemical shift changes were
identified for unbound vs bound a-syn, indicating that the presence of the compounds did not
significantly change the overall o-syn conformation. At first glance, this may seem counter-
intuitive when compared to the classical receptor-ligand interaction studies, where one would
expect chemical shift changes for the residues close to the “binding pocket”. However, the
binding mode of IDPs, such as 0-syn, may substantially deviate from such classical picture (52,
53). Thus, we carried out NMR experiments with "N isotope-labelled a-syn and SVD-1a with
a paramagnetic label attached. When applying paramagnetic relaxation enhancements (PRE)
experiments the PRE-label associated with the peptide decreases the peak intensities around
the binding site. As our PRE measurements indicate (Fig. 6 D), SVD-1a interacts with the entire
o-syn monomer, with the C-terminal part showing the strongest interaction. PRE data indicate

a transient and highly dynamic interaction.

The binding data would be consistent with the following scenario: SVD-1 and SVD-la
encounter o-syn in various conformations. Each conformation of this conformational ensemble
is transient and sparsely populated, with conformations interconverting among each other on
fast time scales. In sum, the accumulated high number of sparsely populated binding events
will result in the observed macroscopic high affinity binding constant. Note, that the observed
overall binding will not necessarily induce large chemical shift changes for the individual
residues (44, 45), but leads to the observed NMR PRE effects. This is a binding mode, which
comes closest to the envisioned mode of action for SVD-1 and SVD-1a, namely to stabilize

o-syn monomers in their highly dynamic and flexible IDP conformation.
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For the majority of the a-syn anti-aggregation compounds that have been developed over the
last years, an essential dogma was the avoidance of a direct interference with the physiological
monomeric form of a-syn in order to exclude effects that might influence the physiological
function of the target protein (54, 55). The following data support the conclusion that SVD-1a
binds to the a-syn monomer, stabilizes it in its IDP-like conformation, and keeps it monomeric
in its physiological IDP conformation. Incubation of 25 uM a-syn with 25 uM SVD-1a for
4.8 hat 10 °C for the NMR experiments shown in Figure 6 A did not yield any signs of signal
loss due to precipitation. Similarly, for the PRE NMR experiments (Fig. 6 D), the observed
amide cross peak intensity reduction due to the PRE label interaction with a-syn residues, was
fully rescued upon addition of ascorbate to quench the PRE label (which was the diamagnetic
reference experiment). Thus, SVD-1a is not sequestering a-syn monomers into any other
conformation or state. SVD-1a is rather stabilizing a-syn monomers in their IDP conformation
by the free binding energy underlying the high affinity demonstrated by the SPR measurements
(Fig. 3). The strong binding of SVD-la to oa-syn monomers is not influencing its IDP
conformation, suggesting that its physiological role in the cell might not be affected or limited
by SVD-1a. Figure 1 A illustrates, why the stabilization of a-syn monomers by the free binding
energy of SVD-1a, is also disassembling already existing PFF oligomers (Fig. 1 B), just
because SVD-1a bound a-syn monomers are thermodynamically more stable than the a-syn
building block conformation in oligomers. This strongly supports the proposed mode of action
of SVD-1a. Disassembly of PFF oligomers by SVD-1a as demonstrated by SEC analysis of
PFF oligomers incubated with SVD-la by the observed increase of a-syn monomer
concentration paralleled by the decrease of the PFF oligomer concentration, in an SVD-1a
concentration dependent manner, also verified by DLS (Fig. 4). All these results support the

mechanistic model for SVD-1a’s mode of action as described in Fig. 1.

Taken together, the oligomer-elimination assay as well as the assays for which PFF oligomers
were used as the pre-formed aggregate species (cell viability assay, intracellular aggregation
assay, seeded aggregation assay) show that the compounds are able to eliminate soluble a-syn
aggregates independent of their overall structural assembly. This result appears to be in
agreement with the intended anti-prionic mode of action, where the compounds stabilize the
physiological IDP-like monomer structure, thereby destabilizing and disassembling the toxic
aggregates. This allows the mode of action to be independent of the specific conformation of
specific toxic aggregate assemblies. The physiological solution structure of monomeric a-syn

remains the same in vitro and in vivo, irrespective of the localization (56). This makes
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monomeric 0-syn a more attractive target, since this mode of action is independent of the final

form of the toxic component, and thus independent of any prion strain.

These results are a promising starting point for further development of an all-D-enantiomeric
peptide compound is even disassembling already existing aggregates. Since the compounds
presented here are predominately interacting with the physiological active monomeric form of
a-syn, future studies will also address the preservation of its physiological functionality in
presence of the compounds. In addition, future efforts will deal with the investigation of the
compound’s blood-brain-barrier penetrance and pharmacokinetic profile to show the

transferability of the anti-prionic mode of action in vivo.
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SUPPLEMENTARY INFORMATION
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SI Figure 1: CD-measurement of recombinant L- and synthetic D-enantiomeric full-length a-syn. The D-
enantiomeric C-terminally biotinylated synthetic a-syn was used as selection target. Measurements of 20 ug ml!
protein in 50 mM NaPi pH 7.4 were performed as described in the method section.
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SI Figure 2: Results of the mirror image phage display selection and NGS analysis. Mirror-image phage
display and NGS analysis was performed as described as follows: The full-length D-enantiomeric a-syn target
protein (SI Fig. 1) was immobilized by directed coupling on a streptavidin derivatized surface via a C-terminal
biotin to ensure a homogenous interaction surface during biopanning with the 16-mer M13 phage library. In
addition to incubation of the phage library with the target protein (TS = target selection), an identical parallel
selection, which lacks the target immobilization (ES = empty selection), was performed. Each purified phage
suspension resulting from one TS round was additionally incubated on a surface without target (DC = direct
control). Enrichment of target binding phages was verified after three selection rounds by direct detection of the
phage coating protein in an ELISA set-up. The purified DNA of the phage suspensions was analyzed by NGS
resulting in 0.9 — 1.1 Mio total sequences per sample. Target related sequences were identified after normalization
by filtering specifically for those sequences whose number increased during selection rounds (TS3 > TS2 > TS1
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> library) and occurred with a higher frequency in TS than in the corresponding controls that miss the target (TS1
>ES1, TS2 >ES2, TS3 > ES3, TS2 > DC2, TS3 > DC3). Thus, the sequence pool was narrowed down to 140,000
sequence variants with ~ 4,000 showing more than one appearance. The sequences were ranked by a scoring
system based on enrichment (enrichment factor = TS3/ library) and target related occurrence (empty score = TS3/
ES3), which allowed the identification of the sequence variants with the highest probability for a target interaction.
In addition, clustering of the filtered sequences allowed the identification of motifs and possible cluster extensions.
Based on these results, 14 D-enantiomeric synthetic peptides were further analyzed in in vitro experiments. (A)
Enrichment ELISA of phage suspensions after amplification. 2.5 - 10! phages were incubated with or without 20
pmol/well immobilized D-enantiomeric full-length a-syn target protein (n = 3). (B) Scoring values for enrichment
(empty score = TS3/ ES3) and target specificity (enrichment factor = TS3/ library) of the filtered sequences
resulting from NGS sample analysis. (C) List of sequences that were selected for synthesis based on NGS-scoring,
empty score and enrichment factor. These sequences were screened for aggregation delaying effects in ThT-assay
as shown in SI Fig. 4.
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ST Figure 3: Mass spectrometry spectrum of recombinant a-syn. An HPLC-MS method with ESI as an
ionization mode with a Triple Quadrupole Qtrap6500 instrument (ABSciex, GE) coupled with an Agilent 1260
HPLC system (Agilent, GE) was used. The reversed-phase column Thermo, Accucore-150-C4 (100%4.6 mm 2.6
pum) was used with the following gradient: the gradient started with 5 % B for 5 min, followed by a 15 min ramp
from 5 % to 9 % B followed by a hold of 95 % B for 5 min and a re-equilibration of 10 min with 5 % B. [(A: 0.1
% v/v formic acid in H20), (B: 0.1 % v/v formic acid in ACN)] at 30°C and an injection volume of 10 ul. Mass
deconvolution was performed with ESIProt (57).

37

74



[l ¢ 1/2 increase or decrease relative to control without SVD peptides
25 -lag-time increase or decrease relative to control without SVD peptides

T T T T T T

lag-time and t 1/2 increase
or decrease [h]

IR - N D D O O\
O P O VOV POV OO VO Vo O O
S S & S & & & g o ZNO OO

S

SI Figure 4: Thioflavin-T assay with a-syn and D-enantiomeric 16-mer peptides SVD-1 to SVD-14.
Monomeric a-syn (SI Fig. 3) was incubated with or without a 3-fold molar excess of the D-peptides. Peptides
SVD-11 and -12 were found to be insoluble in aqueous buffer and organic solvents and were therefore excluded
from further analysis. The ThT positive aggregation was fitted with a symmetric Boltzmann fit and t /2- and lag-
time were calculated accordingly. Since ThT signal is not always correlating with absolute amyloid mass (since
different inhibitors can induce the formation of different fibril polymorphs) we decided not to evaluate the steady
state in the early screening phase but rather concentrate on peptide induced t %2 - and lag-time shifts. 50 uM
recombinant a-syn was incubated with or without a three-fold molar excess of the respective D-peptide in PBS
pH 7.4 at 37°C. ThT fluorescence progression was measured in a 96-well non-binding half-area with a Fluorostar
plate reader at Aex = 448 nm and Aem = 482 nm. Samples were shaken at 300 rpm for 30 s per cycle using orbital
shaking mode t /- and lag-time increase or decrease were calculated after Boltzmann sigmoidal fitting. The t 2
is given by the inflection point of the fit and the lag-time was approximated using the formula
[lag-time =t 2 - 2dx] where dx is defined as the slope of the fit at x =t /4. t /2 and lag-time increase or decrease
were determined based on the differences between samples with and without SVD peptide, whereas the 0-value
represents the reference control without inhibitor. Mean data are shown with +SD (n = 3). For a-syn without
peptide the following t %2- and lag-times were determined: t /2 50.5 h (PBS) and 50.1 h (PBS + 2.5 % DMSO);
lag-time: 38.2 h (PBS) and 38.9 h (PBS + 2.5 % DMSO). Non-normalized aggregation curves are provided in SI
Fig. 5. Seven out of twelve D-peptides delayed a-syn aggregation (SVD- 1, 3, 4, 6, 7, 10, 14), whereas three
D-peptides promoted the aggregation onset (SVD 2, -5, -13) and two D-peptides did not show significant impact
on the aggregation (SVD 8 and -9). Among the peptides that delayed the aggregation, SVD-1, -4, -6, -10 and -14
showed the strongest inhibitory effects ranging from + 5 to 15 h t % - and lag-time shifts. Next, to verify the
concentration dependency of the inhibitory effect, a-syn was incubated with increasing peptide concentrations,
starting with equimolar concentration and continuing with a three-fold and five-fold molar excess, respectively
(SI Fig. 6).
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SI Figure S: Non-normalized ThT data of de novo aggregation assay screen with a-syn and SVD peptides 1
to 14 as shown in ST Fig. 4. 50 pM recombinant full-length L-a-syn was incubated with or without a three-fold
molar excess of the respective D-peptide in PBS pH 7.4 at 37°C. ThT fluorescence progression was measured in
a 96-well non-binding half-area with a Fluorostar plate reader at at Aex = 448 nm and Aem = 482 nm. Samples
were shaken at 300 rpm for 30 s per cycle using orbital shaking mode t %2- and lag-time shifts were calculated
after Boltzmann sigmoidal fitting. Mean data are shown with =SD (n = 3). For a-syn without peptide the following
t %4~ and lag-times were determined: t /2 50.5 h (PBS) and 50.1 h (PBS + 2.5 % DMSO); lag-time: 38.2 h (PBS)
and 38.9 h (PBS +2.5 % DMSO).
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SI Figure 6: Thioflavin-T assay with e-syn and D-enantiomeric 16-mer peptides. 50 uM o-syn was incubated
with or without 50, 150 or 250 uM D-peptide in PBS pH 7.4 (black: 0 uM; red: 50 uM; blue: 150 pM; green:
250 uM). ThT fluorescence progression was measured in a 96-well non-binding half-area plate (Corning, USA)
with a Fluorostar platereader (BMG labtech, GE) at kex = 448 nm and Aem = 482 nm. Samples were shaken at
300 rpm for 30 s per cycle using orbital shaking mode. The five replicates of each condition were individually
fitted with a Boltzmann fit. The t /% is given by the inflection point of the fit and the lag-time was approximated
using the formula [lag-time = t %2 - 2dx] where dx is defined as the slope of the fit at x =t 2. t /2 and lag-time
increase or decrease were determined based on the differences between samples with and without peptide, whereas
the 0-value the reference control without inhibitor. The significance of time-shifts was tested with a two sample
Welch's t-test with p < 0.05 (significant: *). Mean data shown with = SD (n = 5). For a-syn without peptide the
following t /2~ and lag-times were determined: For SVD-1 and SVD-4: t }2: 70.4 h and lag-time 58.9 h for SVD-
10 and SVD-14: t5: 59.8 h and lag-time 49.4 h. All of the tested D-peptides decelerated a-syn aggregation, with
SVD-1 being most efficient, with a t V4-time shift of + 28 h+ 4.2 h and a lag-time shift of + 29 h +4.9 h for a five-
fold molar excess. Because of these results, we decided to continue with SVD-1 for further verification of the
sequence specificity of the observed effects (Fig. 2).
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SI Figure 7: Single cycle injections of a-syn on active surface with immobilized SVD-1 and SVD-1a and the
non-immobilized reference surface. SVD-1 (left) and SVD-1a (right) were immobilized on a carboxyldextran
matrix via amino coupling until saturation was reached (CMD200M, Xantec, GE). Full-length a-syn was injected
for 100 s for each concentration at 30 ul/min in PBS 7.4 on the active sensor with immobilized SVD peptide (red)
and on the empty reference surface (black). Injections were performed using a serial dilution in the range of 30 to
500 nM and 30 to 150 nM for SVD-1 and SVD-1a, respectively. Referenced data are shown in Fig. 7.
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SI Figure 8: De novo and seeded ThT aggregation with SVD-1 and SVD-1a and the respective randomized
control peptides (SVD-1_scrambled and SVD-1_scrambled+5r). ThT fluorescence progression was measured
in a 96-well non-binding half-area plate (Corning, USA) with a Fluorostar platereader (BMG labtech, GE) at kex
=448 nm and kem = 482 nm. D-peptide sequences are shown as single letter amino acid code in grey. (A) De
novo aggregation assay. 10 uM o-syn monomer was incubated with 5, 10 and 20 uM peptide at 37 °C, adding one
borosilicate glass bead per well (d = 3.0 mm, Hilgenberg, GE) with continuous orbital shaking at 300 rpm in
between reads. Mean data shown with + SD (n = 5). The statistical evaluation on significance of inhibitory effects
is shown in SI Fig. 10. Please note, when comparing the lag-times in this figure with those in SI figures 4 to 6,
that shaking conditions were different. (B) Seeded aggregation assay. 50 nM monomer equivalent PFF oligomers
as seeds were pre-incubated for 20 h with or without peptide at 37 °C under quiescent conditions. Only then,
20 pM a-syn monomer was added for induction of seeding and the incubation time with a-syn monomers started.
Mean data shown with £ SD (n = 3).
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SI Figure 9: Atomic force microscopy image of a-syn PFF oligomer seed preparations. The preparation after
ultracentrifugation was diluted to a final concentrations of 5 yM monomer equivalent in PBS pH 7.4. 5 ul was
incubated for 30 min at RT on a freshly cleaved mica, washed three times with distilled water and dried in a gentle
stream of N>. Measurements were performed in a Nanowizard 3 system (JPK Instruments AG, GE) using
intermittent contact mode with 2.5 x 2.5 um section and line rates of 0.5—1 Hz in ambient conditions with a silicon
cantilever with nominal spring constant of 26 newtons/m and average tip radius of 7 nm (Olympus OMCL-
AC160TS).
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SI Figure 10: Statistical evaluation of de novo aggregation t ':-, lag-time shifts as well as steady state
reduction for SVD-1 and SVD-1_scrambled as shown in SI Fig. 9 The five replicates of each condition were
individually fitted with a symmetric Boltzmann fit. For each fit, x 4, lag-time and steady state response was
determined in order to calculate their mean value for each condition. The t %2 is given by the inflection point of
the fit and the lag-time was approximated using the formula [lag-time =t /2 - 2dx] where dx is defined as the slope
of'the fit at x =t %. t 2 and lag-time shifts were determined based on the differences between samples with and
without peptide, whereas the 0-value represents the reference control without inhibitor. The 2:1 stoichiometric
sample of SVD-1a was not fitted due to lacking signal intensity and thus is marked with n.a.. a-Syn untreated
control aggregation time: SVD-1:t % 32.9 h, lag-time 23.0 h; SVD-1 scrambled: 43.0 h; lag-time: 31.2 h; SVD-
la: t /2 38.2 h; lag-time 27.2 h; SVD-1_scrambled+5r: t /2 60.8 h; lag-time: 44.5 h. The significance of time-shifts
between sample and the same concentration of the according control peptide was tested with a two sample Welch‘s
t-test with p < 0.05 (significant: *). Mean data shown with + SD (n = 5).
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SI Figure 11: Immuofluorescence staining of a-syn aggregates in a-synAS3T-YFP cells. After culturing
unseeded cells (a—d, i-1, and g-t) and cells seeded with a-syn PFF oligomers s (e-h, m—p, and u—x) for 3 days,
cells were fixed, permeabilized, and stained with fluorescently labeled antibodies (red). For detecting oligomeric
and fibrillar o-syn, we used the anti-aggregated o-syn antibody, clone 5G4 (c, d, g, h). For detecting a-syn
phosphorylated at serine 129, which accumulates when a-syn aggregates and forms deposits, we used the
recombinant anti-a-syn (phospho S129) antibody EP1536Y (k, 1, o, p). For detecting total asyn, we used the anti-
a-syn antibody syn211 (s, t, w, x). Nuclei were stained with Hoechst 33342. a-synA53T-YFP fluorescence is
shown in green. Panels on the right represent merged images (d, h, 1, p, t, x). While a-synA53T-YFP fluorescence
is diffusely distributed in unseeded cells, it forms foci in cells seeded with a-syn PFF oligomers , indicative of a-
syn aggregation. Yellow arrows indicate aggregated a-syn (yellow), a colocalization of antibody staining for o-
syn (red) and fluorescence of aggregated a-synA5S3T—YFP (green). The scale bar indicates 100 um.
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SI Figure 12: The transfection of PFF oligomers and SVD-1a does not significantly reduce HEK293 cell
viability. CellTiter-Glo Luminescent Cell Viability Assay (Promega GmbH, GE) was used to determine the
number of viable cells in culture based on quantitation of the ATP present, an indicator of metabolically active
cells. After culturing cells in 384-well plates for three days, 35 ul of medium was removed from the wells and 40
ul of CellTiter-Glo Reagent directly added to each well. After mixing, luminescence was measured 10 min later
using a Fluostar (BMG labtech, GE). The luminescence of seeded aSynAS53T-YFP cells was slightly lower than
that of unseeded cells, however, the difference was not significant. Also, treatment with a negative-control peptide
or with SVD-1a did not induce significantly different luminescence in comparison to unseeded cells or seeded
cells without peptide treatment. Significance was calculated using one-way ANOVA followed by Dunnett's
multiple comparisons test with p < 0.05.
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SI Figure 13: Fluorescently labeled SVD-1aCys_Alexa647 is taken up in a-synAS3T-YFP cells. Unseeded
0-synAS3T-YFP cells were supplemented with 5 uM of SVD-1aCys Alexa647 in the cell culture medium for
24 h. Confocal images of the cells show a diffuse green signal for cytoplasmic a-synA53T-YFP (A), and a diffuse
red signal for SVD-1aCys_Alexa647 that was labeled with a red fluorescent dye and taken up by the cells (B).
Nuclei were stained with Hoechst 33342 in blue. The last panel represents a merged image (C). The scale bar
indicates 20 um. Because the red fluorophore signal was homogeneously distributed in the cytosol of the cells,
we assume that the peptide is able to enter the cells even without transfection.
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SI Figure 14: SVD-1 and SVD-1a increase cell viability in MTT assay with PFF oligomers seeds. SVD-1,
SVD-1a SVD-1_scrambled were incubated over night at 37 °C and 300 rpm with or without 30 nM PFF oligomers
and subsequently incubated with PC12 cells in final concentrations of 15 uM (SVD-1 and SVD-1_scrambled) or
0.5 uM (SVD-1a). While the cell viability was reduced with 30 nM PFF oligomers alone to 50 %, 89 and 82 %
of cells were rescued in the presence of SVD-1 and SVD-1a, respectively. Slight increase of cell viability saving
effect was also detected for 15 uM of the control peptide SVD-1 scrambled. Test on significance was performed
using one-way ANOVA with Bonferroni post hoc analysis: * p < 0.5, *** p <0.01. Mean data are shown with
+SD (n = 4). While the cell viability was reduced by 50 % in the presence of 30 nM soluble o-syn PFF oligomers
alone, no toxic effect of the compounds on PC12 was observed. However, when the seeds were pre-incubated
with SVD-1 or SVD-1a, the cell viability increased to 89 and 82 % using 15 uM or 0.5 puM compound
concentrations, respectively. Thus, similar cell viability saving effects were found for SVD-1a using a 30-fold
lower concentration. For the concentration of 15 uM SVD 1_scrambled, only a slight cell viability saving effect
was found which was significantly lower than the cell saving effect identified for the same concentration of
SVD-1. This result shows that the efficacy of the compounds on the soluble a-syn PFF is not only limited to a
seeding capacity reduction, but additionally, the compounds also reduce the toxicity of the seeds in the cellular
environment.
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SI Figure 15: SVD-1 and SVD-1a inhibit the aggregation of 1-108 truncated a-syn. 25 uM monomeric 1-108
o syn was incubated with or without equimolar concentrations of SVD-1 and SVD-1a as described in the method
section for de novo ThT-aggregation screening set-up. Aggregation curves were fitted with a symmetric

Boltzmann fit and the steady state signal was normalized to 1. SVD-1 as well as SVD-1a show delay of 1- 108
truncated o-syn aggregation.
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ABSTRACT Since its outbreak in 2019, severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) has spread with high transmission efficiency across the world,
putting health care as well as economic systems under pressure. During the course
of the pandemic, the originally identified SARS-CoV-2 variant has been multiple
times replaced by various mutant versions, which showed enhanced fitness due to
increased infection and transmission rates. In order to find an explanation for why
SARS-CoV-2 and its emerging mutated versions showed enhanced transmission effi-
ciency compared with SARS-CoV (2002), an enhanced binding affinity of the spike
protein to human angiotensin converting enzyme 2 (hACE2) has been proposed by
crystal structure analysis and was identified in cell culture models. Kinetic analysis of
the interaction of various spike protein constructs with hACE2 was considered to be
best described by a Langmuir-based 1:1 stoichiometric interaction. However, we
demonstrate in this report that the SARS-CoV-2 spike protein interaction with hACE2
is best described by a two-step interaction, which is defined by an initial binding
event followed by a slower secondary rate transition that enhances the stability of
the complex by a factor of ~190 (primary versus secondary state) with an overall
equilibrium dissociation constant (K,) of 0.20 nM. In addition, we show that the sec-
ondary rate transition is not only present in SARS-CoV-2 wild type (“wt”; Wuhan
strain) but also found in the B.1.1.7 variant, where its transition rate is 5-fold
increased.

IMPORTANCE The current SARS-CoV-2 pandemic is characterized by the high infectivity
of SARS-CoV-2 and its derived variants of concern (VOCs). It has been widely assumed
that the reason for its increased cell entry compared with SARS-CoV (2002) is due to
alterations in the viral spike protein, where single amino acid residue substitutions can
increase affinity for hACE2. So far, the interaction of a single unit of the CoV-2 spike
protein has been described using the 1:1 Langmuir interaction kinetic. However, we
demonstrate here that there is a secondary state binding step that may be essential
for novel VOCs in order to further increase their infectivity. These findings are impor-
tant for quantitatively understanding the infection process of SARS-CoV-2 and charac-
terization of emerging SARS-CoV-2 variants of spike proteins. Thus, they provide a tool
for predicting the potential infectivity of the respective viral variants based on second-
ary rate transition and secondary complex stability.

KEYWORDS SARS-CoV-2, human angiotensin converting enzyme 2, protein kinetics,
spike protein, surface plasmon resonance, variants of concern
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Secondary Conformation State of SARS-CoV-2 Spike

evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a beta class coro-

navirus that was first discovered and characterized in Wuhan, China, at the end of
2019 (1, 2). Since then, it has challenged health care systems due to its rapid spread
and COVID-19 transmission throughout the world. Far more than the past coronavirus
pandemic, caused by SARS-CoV in 2002, the ongoing pandemic has claimed over 6.2
million lives with over 504 million total cases so far (3-5).

The SARS-CoV-2 coronavirus replication depends on a multistep process starting
with the interaction of the viral trimeric spike (S) protein and human angiotensin con-
verting enzyme 2 (hACE2) that mediates the uptake of the viral RNA into the host-cell
cytoplasm. Each monomer of the S protein consists of the two functional subunits S1
and S2. The S1 subunit comprises the receptor binding domain (RBD) that interacts via
a defined motif sequence (RBM) with an N-terminally located helical structure of the
hACE2. The S2 subunit, however, plays a crucial role in the membrane fusion process.
While the S1-hACE2 interaction allows viral attachment to the host cell surface, the S2'-
site is cleaved by the human endoprotease TMPRSS2. This leads to irreversible confor-
mational changes of the S protein that result in cell membrane fusion and viral uptake
by the host cell (6). Although the viral S proteins of SARS-CoV (2002) and SARS-CoV-2
(wt; Wuhan strain) share ~76% amino acid sequence identity, SARS-CoV-2 shows an
enhanced cell infectivity and human-to-human transmission efficiency compared with
SARS-CoV (7, 8). Since its first appearance in 2019, the virus has undergone numerous
mutational events, resulting in variants with enhanced fitness concerning their trans-
missibility (9, 10). A large proportion of these mutations cluster in the spike protein,
where one-third of the sequence has been associated with diverse alterations (11). To
date, the most widespread variants B.1.1.7 (a-variant), B.1.617.2 (§-variant), P.1 (y-vari-
ant), and B.1.1.529 (o-variant) have widely replaced the originally identified SARS-CoV-
2 virus due to their enhanced fitness (10, 12-17).

In order to understand why certain variants increase infectivity, the process of virus
contact with the cell surface and cell uptake has been drawn into the center of atten-
tion. Although a more efficient fusion process will also impact the infectiousness of the
virus (18), the interaction of the spike protein with hACE2 will provide the initial con-
tact and therefore limit the time frame for subsequent processes. To date, the kinetics
of the SARS-CoV spike-hACE2 interaction have been defined widely as a one-step bind-
ing process with a monoexponential decay using a Langmuir-based 1:1 fitting model
for surface plasmon resonance or biolayer interferometry experiments (6, 19-23).
However, this model fails to describe the complexity of the interaction, which becomes
very apparent when looking at the heterogeneity of the complex decay.

Here, we report that the interaction of the isolated monomeric SARS-CoV-2 ectodo-
main with hACE2 has a two-state binding mode. The additional secondary conforma-
tional transition increases the overall stability of the prefusional state dramatically and
therefore potentially enlarges the time frame for the initiation of membrane fusion
and viral cell entry. In addition, we characterized the secondary interaction state in the
trimeric SARS-CoV-2 B.1.1.7 (a-variant) spike protein, where the conversion rate to the
secondary conformational state is increased dramatically compared with the SARS-
CoV-2 wild type. This observation gives insights into how the infectivity among SARS-
CoV-2 mutants is modified and represents a precise and fast analysis method to predict
the infectivity of novel SARS-CoV-2 variants with mutated spike protein sequences.

RESULTS AND DISCUSSION

The Langmuir 1:1 binding model is not sufficient to fit experimental data for
spike protein binding to hACE2. For characterization of the S1-S2 spike protein inter-
action with the hACE2 receptor, two different kinetic methods were applied. First, for
biolayer interferometry, hACE2 was immobilized via a C-terminal biotin on a streptavi-
din-coated sensor surface. Incubation with a serial dilution of the S1-S2 spike protein
yielded the sensograms shown in Fig. 1A. To obtain apparently good-looking fits based
on a Langmuir 1:1 model, the dissociation time needed to be shortened significantly
(Fig. 1B). Such incomplete fitting allowed the determination of an equilibrium
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FIG 1 BLI kinetic experiment with SARS-CoV-2 S1-52 and hACE2. The sensogram (A) was globally fitted with a 1:1 interaction model (B and C,
black dashed lines) either with a cropped dissociation time of 200 s (B) or the full dissociation time of 600 s (C). (B) K, 22 nM; k, 1.1 E +
5+ 75E + 4 [1/Ms]; k, 2.4 E-3 = 4.7 E-3 [1/s]. R?, 0.98. (C) K,, 11 nM; k,, 1.7E + 5 = 1.5 E + 5 [1/Ms), k,, 1.9 E-3 = 4.7 E-3 [1/s]. R?, 0.96.

dissociation constant (K,) and kinetic rates similar to those that have been published
previously (6, 19, 22, 23). The model fails, however, to describe the dissociation phase
of the interaction, which cannot be fitted satisfactorily by a monoexponential decay
(Fig. 1 Q).

This conclusion is confirmed by surface plasmon resonance (SPR) experiments. hACE2
was coupled via an IgG1 fc-tag on a protein A/G derivatized surface, and various concen-
trations of the S1-S2 spike protein were applied as analytes (Fig. 2A). Apparently satisfying
fits based on a Langmuir 1:1 model are obtained only when the dissociation time is only a
few hundred seconds (Fig. 2B). The inclusion of longer dissociation times into the analysis,
however, clearly shows that the interaction of the viral S1-S2 spike protein and the hACE2
is not of a 1:1 Langmuir binding model (Fig. 2C).

S1-S2 spike protein hACE2 interaction induces a time-dependent secondary
state. Because the interaction of hACE2 and S1-S2 spike protein is not matching a 1:1
Langmuir binding model, we checked for the existence of a potentially underlying sec-
ond rate processes by SPR (Fig. 3A) (24, 25) and verified the monomeric status of $1-S2
and the dimeric status of hACE2 by size exclusion chromatography-high-pressure lig-
uid chromatography (SEC-HPLC).

For a test on the secondary state by SPR (Fig. 3A), hACE2 was coupled at a constant
immobilization level of 25 resonance units (RU). The S1-S2 spike protein was injected
at a concentration of 500 nM. Contact times were increased gradually by increasing
the injection times ranging from 150 to 600 s. For each injection, steady state was
reached within a short time interval so that a constant complex concentration can be
assumed during the different contact times.

The resulting plot reveals a strong dependency of incubation time and dissociation
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FIG 2 SPR-multicycle kinetic experiment of SARS-CoV-2 S1-52 and hACE2. The sensogram (A) was globally fitted with a Langmuir 1:1
interaction model (B and C, black dashed lines) either with a cropped dissociation time of 200 s (B) or the full (C) dissociation time of
54E+ 7 *

1,200 5. (B) Ky, 285 nM; k,, 1.7 E + 5 = 54 E + 2 [1/Ms]; k,, 47 E-3 + 1.0 E-5 [1/s]. Chi?, 028 [RUZ. (C) Ky, 122 nM; k,,
22E + 6 [1/Ms]; k, 0.7 = 0.03 [1/s]. Chi? 6.6 [RUZ].

rate (Fig. 3). Increasing injection times and thus increasing contact time correlate with
decreasing dissociation rates. This finding cannot be expected for a single-step 1:1
interaction but clearly indicates the formation of a secondary complex state, whose
proportion increases with contact time duration. This is typical for a two-step binding
mode, in which the formation of the primary complex induces a conformational
reorganization into a secondary complex conformation that strengthens the interac-
tion and leads to a very low dissociation rate.
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120
contact time: 40
100
——150s 30
5 80 ——300s =)
4 450s <
$ 6o —600s E 20
S 40 3
4
& < 10
]
=20
0 T 0
-2000 1750 -1500 -1250 -1000 -750 -500 -250 O 5 6 7 8 9 10 11

time [s] elution time [min]

FIG 3 SPR experiment testing for the presence of a two-state reaction. (A) A total of 500 nM SARS-CoV-2 S1-S2 spike protein was
injected over a constant immobilization level of 25 RU hACE2. Injection times were gradually increased (150 to 600 s).
Dissociation start point was aligned on the time scale. (B) SEC-HPLC using 5-ug/mL injections of SARS-CoV-2 $1-52 monomer and
hACE2 dimer. Column calibration was performed using protein standards of thyroglobulin (660 kDa, 5.78 min), yglobulin
(150 kDa, 7.52 min), ovalbumin (45 kDa, 8.52 min), and aprotinin (6.5 kDa, 11.12 min).
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FIG 4 SPR multicycle kinetic experiment of SARS-CoV-2 S1-S2 and hACE2. (A) The sensogram was globally
fitted with a two-state kinetic model, including the full dissociation time of 1,200 s. Kinetic parameters for the
first interaction were determined with K, of 37.5 nM, k,, of 1.8E + 5 = 1.9 E + 2 [1/Ms] and kg, of 6.6 E-3 =
8.0 E-6 [1/s]. Kinetic parameters for the second interaction were determined with k,, of 8.3 E-4 = 2.0 E-6 [1/5]
and kg, of 8.5 E-5 = 2.5 E-6 [1/s]. Chi?, 0.08 [RU?. The overall Ky, for both events was identified with 0.2 nM.
The dissociation rate of the secondary state contributes significantly to the increase in overall affinity (red box).
(B) Component analysis of the 31.3 nM S1-S2 spike protein binding curve as shown in A. The sensogram (total)
is composed of the primary binding event (red), followed by a secondary transition event (blue) which results
in a highly stable secondary complex (AB*).

Secondary complex state of the S1-S2 spike protein with hACE2 results in
enhanced complex stability. In order to define the secondary rate kinetics of complex
transition after primary binding, the interaction of the S1-S2 spike protein and hACE2 was
fitted with a secondary state model. In contrast to the previously presented attempts of
the Langmuir model fitting (Fig. 1 and 2), the two-step kinetic model allows the descrip-
tion of the interaction with high accuracy over the complete dissociation time (Fig. 4A).

The kinetic rates of the primary binding event were identified with k,, of 1.8 x 10—
M~ s (k, = association rate or on-rate) and kg, of 6.7 x 1073 s~ (k4 = dissociation
rate or off-rate) resulting in a dissociation constant (K) of 37.5 nM. This result matches
with previously reported kinetic values for the RBD interaction with hACE2 (6, 19, 22,
23). As soon as the first complex is formed, a secondary event increases the complex
stability (Fig. 4B). This transition is most likely a structural rearrangement that
decreases the complex dynamics as proposed previously (16). The kinetic data show
that this secondary process is with an on-rate of 8.3 x 104 s~ rather slow compared
to the primary binding event but at the same time increases the complex half-life by a
factor of ~80 with an off-rate of 8.5 x 107> s~'. When the kinetic values of the primary
and secondary events are combined to one binding constant, the full binding process
yields a total affinity that is described with Kp ., of 0.20 nM.
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FIG 5 The SARS-CoV-2 RBD interaction with hACE2 follows a Langmuir-based kinetic with time-independent monoexponential decay. (A)
Multicycle experiment with SARS-CoV-2 RBD. hACE2-fc was immobilized on a protein A/G sensor chip, and SARS-CoV-2 RBD was injected in
a concentration range of 3.9 to 1,000 nM. The K, was globally fitted with a 1:1 Langmuir-based interaction model. The kinetic parameters
were determined with a K, of 213 nM, k, of 43 E + 5 * 22 E + 2 [1/Ms], and k, of 9.1 E-3 + 4.2 E-6 [1/s]. Chi? 0.05 [RU?] (B) Test on
secondary state reaction. hACE2 was immobilized on a protein A sensor surface, and 500 nM SARS-CoV-2 was injected at a constant
concentration for increasing contact intervals. Dissociation starting point was aligned on the time scale. (C) SEC-HPLC using 5-ug/mL
injections of SARS-CoV-2 RBD and hACE2 dimer. Column calibration was performed using protein standards of thyroglobulin (660 kDa,
5.78 min), y-globulin (150 kDa, 7.52 min), ovalbumin (45 kDa, 8.52 min), and aprotinin (6.5 kDa, 11.12 min).

The SARS-CoV-2 RBD interaction with hACE2 follows a Langmuir interaction ki-
netic. To verify whether the secondary transition can be obtained exclusively for the
S$1-52 monomeric construct or might be associated with certain proportions of the
spike protein, a SARS-CoV-2 RBD construct was assayed for the existence of an underly-
ing secondary rate kinetic (Fig. 5A and B).

After confirmation of its monomeric status (Fig. 5C), SARS-CoV-2 RBD was analyzed
in a multicycle kinetic experiment on the immobilized hACE2, where the dissociation
phase showed a clear monoexponential behavior with complete baseline dissociation,
which is in full agreement with a Langmuir-based 1:1 interaction model (Fig. 5A). This
finding appears to be in contrast with the previously identified biphasic dissociation
for the S1-S2 SARS-CoV-2 construct. Additionally, the RBD did not show a contact time-
dependent alteration of the dissociation phase, when increasing contact times are
applied (Fig. 5B). However, the dissociation constant as well as the on- and off-rate of
the RBD and the primary binding event of the monomeric S1-52 show high similarity.
This finding implies that the primary binding event of the two-state interaction is car-
ried out by the interaction of the RBD and hACE2 alone, whereas the context of the full
$1-S2 protein is essential for the formation of the secondary complex.
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FIG 6 Multicycle SPR experiments with SARS-CoV (2002), SARS-CoV-2 wt, and SARS-CoV-2 B.1.1.7 trimeric spike proteins. (A) hACE2-fc was immobilized on a
protein A/G sensor surface, and CoV trimer proteins were injected in concentration range of 0.62 to 50 nM. The sensograms were globally fitted with the
secondary state reaction model. SARS-CoV (2002): Ky, 6.7 nM; k,,, 6.72 E + 5 * 44 E + 3 [1/Ms]; kg, 4.7 E-3 [1/5] £ 6.9 E-5; k,,, 8.8 E-3 = 6.9 E-5 [1/Ms];
Ky 2.1 E-4 + 1.6 E-6 [1/5]; Ky 1orar 160 pM. Chi? 0.6 [RU?]. SARS-CoV-2 wt: K, 1.8 nM; k,,, 78 E + 5 = 1.2E + 3 [1/Ms]; ky,, 1.41 E-3 = 3.75E-5 [1/5]; k,, 1.1
E-2 = 1.8 E-4 [1/Ms]; kg, 2.4 E-4 £ 3.6 E-6 [1/5]; Kpora 41 PM. Chi% 0.8 [RU2]. (SARS-CoV-2 B.1.1.7) Kp,, 193 nM, k,,, 1.31 E + 6 = 15 E + 4 [1/Ms]; kg, 2.5
E-2 + 1.5 E-3 [1/s]; k,y, 5.3 E-2 = 1.5 E-3 [1/Ms]; ky,, 1.1 E-4 & 2.6 E-6 [1/5]; Ky oar 40 pM; Chi?, 0.7 [RUZ]. For graphic representation of the distribution of
primary and secondary state reaction, a component analysis was performed for each of the trimeric spike proteins using the injection concentration of
5.56 nM spike. The sensogram (total) is composed of the primary binding event (red), followed by a secondary transition event (blue) which results in a
highly stable secondary complex (B) On-off chart for the kinetic values of the SARS-CoV spike trimers in the primary and secondary state. (C) SEC-HPLC
using 5-pug/mL injections of SARS-CoV-2 S1-S2 trimer, SARS-CoV (2002) trimer, SARS-CoV-2 B.1.1.7 trimer, and hACE2 dimer. Column calibration was
performed using protein standards of thyroglobulin (660 kDa, 5.78 min), yglobulin (150 kDa, 7.52 min), ovalbumin (45 kDa, 8.52 min), and aprotinin
(6.5 kDa, 11.12 min).

The secondary state transition rate is modified among SARS-CoV, SARS-CoV-2,
and B.1.1.7 trimeric spike proteins. The secondary state model was essential to fully
describe the interaction of the $1-52 monomer with hACE2. Next, we analyzed the interac-
tion of the SARS-CoV (2002), SARS-CoV-2 wt, and SARS-CoV-2 B.1.1.7 mutant trimeric spike
protein with hACE2 as described previously. After confirmation of their trimeric status by
SEC-HPLC (Fig. 6C), the sensograms were again fitted using global fitting with the two-
state reaction model (Fig. 6A and B).

The dissociation phases of the trimeric spike proteins (Fig. 6A) show biphasic decays
as already observed for the monomeric SARS-CoV-2 S1-S2. Again, the secondary state
model allowed the most accurate fit for the given sensograms. The component analy-
sis reveals that the secondary state transition (Fig. 6A, blue line) was dominating the
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complex formation after a short initial contact time. Fig. 6B shows the on-off chart of
the primary and secondary interaction mode as fitted for the SARS-CoV (2002), the
SARS-CoV-2 wt, and SARS-CoV-2 B1.1.7 trimers. When the k, and k, values of the pri-
mary interaction are compared with those found for the SARS-CoV-2 S1-S2 and RBD
constructs, the 2002 and wt trimeric spikes show values in the same range, implying
that the initial binding event is not so much different among these constructs. The
B.1.1.7 mutant, however, showed faster association and dissociation for the primary
contact. Similarly, the kinetic values of the B.1.1.7 secondary state deviate from those
identified for the 2002 and wt trimers. Here, the secondary state transition rate is of
highest interest because it will directly impact the contact time that will be needed to
form a complex with enhanced stability. The k, identified for B.1.1.7 is 5.1 and 6.1 faster
than the transition rate for the wt and 2002 trimer, respectively.

The significance of this finding becomes obvious when it is transferred to physio-
logical conditions, where the probability of a potential primary contact between the vi-
ral spike and the cell surface located hACE2 is limited by the local concentration of the
two interaction partners. Hence, a more rapid transition of a low- to high-affinity bind-
ing state will increase the complex half-time once a primary contact occurs and there-
fore increases the infection efficacy as observed for the B.1.1.7 and other mutants.

Summary and conclusion. This study helps to understand the basis of the enhanced
infectivity that has been observed for SARS-CoV-2 and its derived mutants compared with
SARS-CoV (2002). We have demonstrated that a secondary state of the SARS-CoV-2 spike-
hACE2 complex exists and that the transition increases the stability of the complex by a
factor of ~190 (primary versus secondary state) with an overall K, of 0.20 nM for the
monomeric spike S1-S2 protein (for full list of all kinetic values see Table 1). Furthermore,
when the isolated RBD was assayed for its affinity to hACE2, no secondary state formation
was observed. This finding clearly suggests that the context of the whole ectodomain is
needed to promote the secondary state within the complex after the first contact is medi-
ated by the RBD. When the kinetics of the monomeric SARS-CoV-2 S1-S2 were compared
with the trimeric variant, an increased secondary state transition was identified for the tri-
meric protein, suggesting cooperative effects between the subunits. These cooperative
effects are best explained by the dimeric status of hACE-fc (26), which results in the inter-
action of two RBDs in the “up” position of one trimeric spike. Using the secondary state
model, a 5- to 6-fold increased secondary state transition rate was observed for the B.1.1.7
variant compared with that of the wt and 2002 trimeric spike protein. A previous cryo-elec-
tron microscopy (cryo-EM) analysis of the spike-hACE2 complex demonstrated that the
RBD-hACE2 complex is dynamic relative to the remaining part of the S protein as well as
exhibits intrinsic dynamics (27, 28). This structural flexibility leaves room for the here
observed secondary state, which is possibly mirrored by the gradually shift of initially more
flexible proportions toward a more rigid conformation. Because these conformational
changes are not necessarily restricted to the direct binding interface, we refrain from spec-
ulations on what residues may be involved.

Taken together, these findings highlight the role of the SARS-CoV-2 spike protein in
the context of the ongoing pandemic and stress its importance as a potential drug tar-
get. The presented SPR method for the verification of secondary state transitions
within the spike protein-hACE2 complex will allow a straightforward way of predicting
the infectiousness of newly appearing SARS-CoV-2 variants. To date, several studies
aim for the inhibition of the spike-hACE2 interaction by targeting one of the interac-
tion partners (29-32). However, the present study shows that an efficient inhibitor
should impact both the primary as well as secondary binding state in order to obtain a
significant reduction of complex formation. Since the secondary transition rate is the
decisive parameter for a potentially enhanced infection rate, it is important to under-
stand its molecular mechanism. Targeting the secondary state transition may be very ef-
ficient for the development of therapeutic compounds for COVID-19. Most importantly,
we suggest that future researchers should determine the full quantitative kinetic binding
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TABLE 1 Kinetic values of spike protein constructs with hACE2¢

Analyte Expt Fitting method  k,, [1/Ms] k;, [1/s] Ky, [nM]  k,[1/Ms] kg, [1/s] Koo [NM] R?/Chi? [-1°
SARS-Cov-2 S1-S2 monomer  BLI (cropped)  1:1 Langmuir 1.1E+5 2.4E-3 22 0.98
SARS-Cov-2 S1-S2 monomer BLI (full) 1:1 Langmuir 17E+5 1.9E-3 11 0.96
SARS-Cov-2 S1-S2 monomer  SPR (cropped) 1:1 Langmuir 17E+5 4.7E-3 285 0.28 RU?
SARS-Cov-2 S1-S2 monomer  SPR (full) 1:1 Langmuir 54E+7 0.7 12.15 6.63 RU?
SARS-CoV-2 RBD SPR 1:1 Langmuir 425E+5 9.1E-3 213 0.05 RU?
SARS-Cov-2 S1-S2 monomer  SPR Secondary state  1.8E + 5 6.6E-3 375 8.3E-4 8.5E-5 0.2 0.08 RU?
SARS-CoV-2 RBD SPR 1:1 Langmuir 43E+5 9.1E-3 213 0.05 RU?
SARS-CoV (2002) S1-S2 trimer ~ SPR Secondary state  6.7E + 5 4.7E-3 6.7 8.8E-3 21E-4 0.6 0.06 RU?
SARS-CoV-2 wt S1-S2 trimer SPR Secondary state  7.8E + 5 1.4E-3 18 1.1E-2 24E-4 0.04 0.08 RU?
SARS-CoV B.1.1.7 S1-S2 trimer  SPR Secondary state 131E+6 25E-2 1927 5.3E-2 1.1E-4 0.04 0.07 RU?

aMeasurements were performed using the immobilized hACE2 dimer as the ligand and spike protein constructs as analytes.
b[-] means that RU? and Chi? values have no Sl unit.

behavior to hACE2 for newly appearing spike protein variants to possibly predict the
infectivity efficacy of the underlying virus variant.

MATERIALS AND METHODS

Protein expression and purification. Expression of SARS-Cov-2 spike protein constructs was either per-
formed using High Five insect cells [SARS-CoV-2 RBD, SARS-CoV-2 S1-S2 monomer and trimer, SARS-CoV-2
B.1.1.7 $1-52 trimer, SARS-CoV (2002) trimer] or HEK293-6E cells (hACE-2) via transient gene expression (33, 34).
The High Five (Hi5) insect cell line (officially called BTI-Tn-5B1-4) was isolated by the Boyce Thompson Institute
for Plant Research (USA). The cell line was obtained from Thermo Fisher Scientific (USA). The HEK293-6E cell
line was licensed from National Research Council (NRC), Biotechnological Research Institute (BRI, Canada).
Recombinant protein genes for the CoV constructs (see Fig. S2 in the supplemental material) were synthesized
by Genscript (USA) or Thermo Fisher Scientific. Protein samples were purified using HisExcel columns (Cytiva)
for 6x His-tagged proteins, StrepTrap HP columns (Cytiva, USA) for TwinStrep-tagged proteins (all trimeric pro-
teins with foldon sequence were Strep- and His-tagged and were purified via StrepTrap HP column), or protein
A columns (Thermo Fisher Scientific) for Fc-tagged proteins (see Table 2 for complete list of all constructs and
modifications). The C-terminal introduction of a T4 bacteriophage foldon sequence (with exception of the
SARS-CoV construct) was used for the induction of S1-52 stable trimers (35). All purifications steps were per-
formed on Akta Start or Akta Pure systems (Cytiva) according to the manufacturer’s protocol. Depending on
the protein size, size exclusion chromatography (SEC) was performed as a final polishing step using either a
Superdex 200 or Superose 6 column (Cytiva) in 20 mM Tris (pH 8.0) and 150 mM Nadl as the running buffer.
For verification of the oligomeric status of the spike protein constructs as well as hACE2, SEC-HPLC was per-
formed. For SEC-HPLC, proteins were diluted to 5 wg/mL and injected on a Bio-SEC3 300 A column using a 1260
Infinity Il system (Agilent, USA) with 1 mL/min phosphate-buffered saline (PBS; pH 7.4) as the running buffer. A
full list of all used protein constructs and their origin as well as included modifications are shown in Table 2.

Kinetic experiments biolayer interferometry (BLI). BLI kinetic experiments were performed with
an Octet RED 96 BLI system using streptavidin-coated high-precision SAX-sensors (Sartorius, GE) and a
shaking speed of 1,000 rpm. hACE2 was immobilized to a binding level of 1.6 nm with a concentration
of 5 ug/mL. Serial dilutions of the S1-52 SARS-CoV-2 spike protein were prepared in range of 3.9 to
250 nM in 10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, and 0.005% Tween 20. The experiment was
performed with double reference subtraction.

Surface plasmon resonance kinetic experiments. SPR kinetic experiments were performed with a
T200-SPR Biacore system (Cytiva) using a protein A/G-coated sensor chip (PAGD-200M; Xantec) and a
flow rate of 30 uL/min unless otherwise noted. hACE2 was captured to a response level of 70 RU for
each cycle using a concentration of 2.5 ug/mL. The surface was regenerated with 10 mM NaOH by
2 x 30-s injections at 10 uL/min. For kinetic measurements, serial dilutions of the spike protein were
prepared in range from 3.9 to 62.5 nM for the monomeric S1-S2 and 0.65 to 50 nM for the trimeric con-
structs in 10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, and 0.005% Tween 20. Data fitting was

TABLE 2 List of SARS-CoV, SARS-CoV-2 spike protein, and hACE2 constructs used in the study

Construct name Supplier Expression organism Tag

SARS-CoV-2 RBD-His In-house High Five insect cells 6x His tag

SARS-CoV-2 $1-52-His monomer In-house High Five insect cells 6x His tag

SARS-CoV (2002) S1-S2-His trimer In-house High Five insect cells 6x His tag

SARS-CoV-2 S1-52-His-T4 trimer In-house High Five insect cells 6x His tag, T4-foldon
SARS-CoV-2 B.1.1.7 S$1-S2 -His-T4 trimer In-house High Five insect cells 6x His tag, T4-foldon
hACE2-fc dimer In-house HEK293-6E cells 19G1-Fc

hACE2-His biotin dimer Acrobiosystems, USA HEK293 cells Biotinylated Avitag, 6 x His

(Cat. No. AC2-H82E6)?

2UniProt KB Q9BYF1.
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performed using Biacore T200 data evaluation software v. 3.2. For all fits, a contribution of refractive
index was excluded.
While testing for the second state interaction, hACE2 was immobilized to a response level of 25 RU
for each cycle. A total of 500 nM S1-S2 spike protein was injected with contact times of 150 to 600 s.
Buffer referencing was performed prior to each analyte injection cycle. The experimental evaluation was
done by alignment of the dissociation start and normalization of the saturation response signal to 100%
by the time point of injection phase end.
Data availability. The data sets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.
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Abstract: Severe respiratory syndrome coronavirus-2 (SARS-CoV-2) is a highly contagious beta-
class coronavirus. Although vaccinations have shown high efficacy, the emergence of novel variants
of concern (VOCs) has already exhibited traits of immune evasion. Thus, the development of
tailored antiviral medications for patients with incomplete, inefficient, or non-existent
immunization, is essential. The attachment of viral surface proteins to the cell surface is the first
crucial step in the viral replication cycle, which for SARS-CoV-2 is mediated by the high affinity
interaction of the viral trimeric spike with the host cell surface-located human angiotensin
converting enzyme-2 (hACE2). Here, we used a novel and efficient next generation sequencing
(NGS) supported phage display strategy for the selection of a set of SARS-CoV-2 receptor binding
domain (RBD)-targeting peptide ligands that bind to the target protein with low uM to nM
dissociation constants. Compound CVRBDL-3 inhibits the SARS-CoV-2 spike protein association to
hACE2 in a concentration-dependent manner for pre- as well as post-complex formation conditions.
Further rational optimization yielded a CVRBDL-3 based divalent compound, which demonstrated
inhibitory efficacy with an ICso value of 47 nM. The obtained compounds were not only efficient for the
different spike constructs from the originally isolated “wt” SARS-CoV-2, but also for B.1.1.7 mutant
trimeric spike protein. Our work demonstrates that phage display-derived peptide ligands are potential
fusion inhibitors of viral cell entry. Moreover, we show that rational optimization of a combination of
peptide sequences is a potential strategy in the further development of therapeutics for the treatment of
acute COVID-19.

Keywords: SARS-CoV-2; coronavirus; spike protein; phage display; acute COVID-19 treatment;
spike-hACE2 inhibitor

1. Introduction

SARS-CoV-2 is a beta class coronavirus with the ability for human-to-human
transmission that was initially discovered and characterized in Wuhan, China, at the end
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of 2019 [1,2]. Since then, it has challenged health care systems due to its rapid spread and
the transmission of COVID-19 throughout the world. Far more than the past coronavirus
pandemics, caused by SARS-CoV in 2002 and MERS-CoV in 2012, the ongoing pandemic
has claimed over 5.7 million lives with over 386 million total cases across the world [3-6].

The coronavirus replication depends on a multi-step process starting with the
interaction of the viral trimeric spike protein (S) and the human angiotensin converting
enzyme (hACE2) receptor that mediates uptake of the viral RNA into the host-cell
cytoplasm. Each monomer of the spike protein consists of the two functional subunits S1
and S2. The S1 subunit comprises the receptor binding domain (RBD) that interacts via a
defined motif sequence (RBM) with an N-terminally located helical structure of the
hACE2. In accordance with previous observations from SARS-CoV, the SARS-CoV-2 RBD
has been found to exist in two conformational states, from which the ‘up’ state initiates
interaction with hACE2 and the ‘down’ state’s main function is the shielding of receptor
binding relevant proportions from immune reactions [7]. The S2 subunit plays a crucial
role in the membrane fusion process. While the S1-hACE2 interaction allows viral
attachment to the host cell surface, the S2 site is cleaved by the human endoprotease
TMPRSS2. Together with cooperative actions of other tissue specific endogenous
proteases, proteolytic cleavage results in irreversible conformational changes of the S
protein that eventually results in cell membrane fusion and endocytic host-cell uptake [8].

Although the viral S proteins of SARS-CoV and SARS-CoV-2 share ~73% amino acid
sequence identity, SARS-CoV-2 shows significantly enhanced transmission efficiency
when compared to SARS-CoV [9,10]. Structural studies suggest that alterations at the furin
cleavage site, located at the boundary between S1 and S2 subunits, may result in reduced
stability of the S protein, which facilitates the conformational adaptation that is required
for receptor binding [11]. In addition, SARS-CoV-2 specific amino acid residues identified
within the RBM were shown to enhance the binding affinity of the SARS CoV-2 spike
protein and hACE2 as compared to SARS-CoV [12-14].

Since its first appearance in 2019, the virus has undergone numerous mutational
events, resulting in variants of concern (VOCs) with enhanced fitness regarding their
transmissibility and disease severity [15,16]. A large proportion of these mutations cluster
in the spike protein, influencing its binding affinity towards hACE2 [13,17-20]. To date,
the most widespread mutants such as B.1.617.2 (d6-variant), P.1 (y-variant) and B.1.1.529
(o-variant) have widely replaced the originally identified SARS-CoV-2 virus due to their
enhanced fitness [21-25]. Interestingly, most of the circulating variants that have
enhanced infectivity as compared to the ancestral strain carry a D614G substitution in the
S1 domain of the spike protein. Several indications suggest that the mutation may be
directly linked to the enhanced transmissibility [21,24].

Although mRNA-based vaccines in particular turned out as a successful strategy for
controlling the pandemic spread of SARS-CoV-2, vaccinations have already been shown
to be partially less effective for certain VOCs [19,25]. The selection pressure created by
different immunization strategies in combination with naturally occurring spontaneous
mutations consequently leads to the enforcement of variants with increased immune
evasive traits, making adaptation of vaccines as well as repetitive renewal of
immunization mandatory. This situation, which resembles the status quo of the influenza
virus [26], requires the development of antiviral medication, especially for cases where either
no sufficient immunity is present or already existing immunity is circumvented by novel viral
strains.

Hence, various research efforts have either focused on the development of novel drug
candidates for a causative treatment such as Paxlovid (Pfizer), repurposing approved
compounds such as Molnupiravir (Merck), or even screening components from natural
sources [27-33]. However, there are no generally proven effective antiviral treatment
options for SARS-CoV-2 infections. In this study, we present a novel phage display based
strategy for the development of SARS-CoV-2 RBD-targeting peptide ligands. The
resulting lead compounds show high binding affinity for the RBD in the nanomolar scale
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and binding selectivity for the SARS-CoV-2 RBD, as well as for the B.1.1.7 mutant («-
variant). Moreover, when analyzed in binding experiments with the isolated proteins, one
of the selected peptide sequences reduced the SARS-CoV-2 spike protein binding towards the
cellular receptor hACE2 when added before complex formation on one side, but was also able
to displace the spike protein from the already formed complex. In addition, a first optimization
of the most promising lead compound resulted in an even more efficient compound.

2. Materials and Methods
2.1. Phage Display Selection

In phage display, exogenous peptides are presented on phage particles as fusion
constructs with coat proteins. Consecutive rounds of biopanning and amplification
increase the fraction of phages presenting strong target binders, which can be identified
by sequencing of the variable portion of the genome [34].

For biopanning, the commercially available M13-bacteriophage library TriCo-16
(Creative Biolabs,Shirley, USA) was used. The library had a capacity of 2.6 x 101 plII fused
16-mer peptide variants. The biotinylated SARS-CoV-2 RBD target protein (positions 319
to 541) was purchased as lyophilized powder from Acrobiosystems (# QHD43416, USA)
with a purity of >95%. The protein carries a C-terminal His-Tag for Ni-NTA purification
followed by an Avitag sequence (SPD-C82E9, [35]) for BirA catalyzed transfer of biotin.
The protein was expressed in HEK293 cells and had a Mw of 28.2 kDa with additional 5
to 8 kDa due to glycosylation. For surface immobilization, the target protein was
incubated on a streptavidin-functionalized polystyrene 96-well plate (High capacity,
Thermo Fisher Scientific , Waltham, USA) for 1 h at RT using 70 pmol/well of target
protein in 25 mM HEPES, pH 7.4, 150 mM NaCl, 100 uM EDTA (selection buffer). Non-
coupled streptavidin was quenched by 10 min incubation with 100 uL of 10 uM biotin.
Subsequent surface blocking was performed for 1 h by incubation with either 1% (w/v)
BSA or nonfat milk powder in selection buffer. For the first selection round, 10 uL of the
phage library (6 x 10" phages/well) was diluted in 90 uL selection buffer with 0.2% (w/v)
BSA or milk powder and incubated for 20 min. The subsequent washing steps with 200
uL washing buffer (0.05% (v/v) Tween-20 and either 0.2% (w/v) bovine serum albumin
(BSA) or milk powder in selection buffer) were gradually increased from 5 to 15
repetitions with the number of selection rounds. Phage elution was performed using 10
min incubation with 100 uL of 0.2 M glycine-HCI (pH 2.2), followed by neutralization in
25 L of 1 M Tris-HCI (pH 9.1). Eluted phages were amplified for 4.5 h in 20 mL of LB-
cultured E. coli K12 ER2783 with a starting ODew of 0.1. The pelleted cells were discarded
after 20 min centrifugation at 5000x ¢ and the phages were precipitated by addition of 7
mL 20% (w/v) PEG-8000, 2.5 M NaCl followed by overnight (ON) incubation at 4 °C.
Phages were pelleted by centrifugation at 5000x g for 1 h at 4 °C and resuspended in 1 mL
PBS (pH 7.4). After additional centrifugation at 10,000 rpm for 10 min, the supernatant
was mixed with 200 uL of 20% (w/v) PEG-8000, 2.5 M NaCl and incubated for 1 h at 4 °C.
The phages were pelleted in a last purification step for 1 h at 5000 rpm and the pellet was
suspended in 100 pL selection buffer. Phage concentration of the purified phages was
determined by serial dilution of the phage suspension and incubation with E. coli K12
ER2783 on IPTG/X Gal-LB titer plates ON at 37 °C. The concentration of input phages was
calculated based on the serial dilution and a concentration of 6 x 102 phage forming units
ml- (PFU) was used as the input for all selection rounds and controls. The selection was
performed for three consecutive rounds on the target (target selection = TS). Additionally,
input phages resulting from selection rounds on the target were applied to a parallel
selection (direct control = DC) on a surface without target, which was otherwise treated
identically to the TS surface. As a second control, a consecutive selection was performed
exclusively without target on otherwise identically treated surfaces (empty selection = ES).

101



Biomedicines 2022, 10, 441

4 of 24

2.2. Enrichment ELISA

Enrichment-ELISA is a method to identify enrichment of target binding phages dur-
ing phage display selection. All steps were carried out at RT. A total of 20 pmol/well of
the biotinylated SARS-CoV-2 RBD target protein was immobilized on a streptavidin-
functionalized polystyrene 96-well plate (High capacity, Thermo Fisher, USA). Both the
target-immobilized and target-free surfaces were quenched with biotin as described pre-
viously. The surfaces were blocked with 1% (w/v) BSA in selection buffer for 1 h and
washed with washing buffer (0.2% (w/v) BSA, 0.05% Tween-20 in selection buffer). A total
of 2.5 x 10" phages from the TS input samples or library were diluted in 100 uL washing
buffer and incubated on target and control surfaces for 1 h. After washing with 200 pL
washing buffer, the anti-M13 gpVIII monoclonal HRP-antibody (Sino Biologicals, Beijing,
CHN) was diluted to a final concentration of 0.4 mg ml™ in washing buffer and 100 pL
per well was incubated for 1 h. After six-fold washing with washing buffer, 100 uL of
3,3',5,5'-3,3,5,5-Tetramethylbenzidin (Sigma-Aldrich, St. Louis, MO, USA) substrate solu-
tion was incubated for 20 min and stopped by addition of an equal volume of 2 M H2SOx.
The signal intensity was quantified by absorption measurement in a Fluorostar optima
platereader at 450 nm (BMG Labtech, Ortenberg, GE; n = 3).

2.3. ssDNA Purification and next Generation Sequencing (NGS) of Phage Samples

The ssDNA of the phage suspensions resulting from each phage display selection
round was purified by phage precipitation, as described before, followed by resuspending
in 200 uL of a 10:1 mixture of 3 M sodium acetate pH 5.2:1 x TE-buffer and addition of 500
uL of 99% ethanol. ssDNA was precipitated at 14,000 rpm for 10 min at 4 °C and the su-
pernatant was discarded. After pellet purification by the addition of 250 uL of 70% EtOH
and repeated centrifugation at 10,000 rpm, the pellet was dried and the DNA concentra-
tion was determined by signal quantification at Az«. For next generation sequencing, a
polymerase chain reaction (PCR) was used to add adapter sequences to both the 3" and 5’
end of the amplification product. Success of the amplification was determined by agarose
gel separation with ethidium bromide staining. Amplicon next generation sequencing
was performed with a MiSeq system (Illumina, San Diego, CA, USA).

2.4. Analysis of next Generation Obtained Sequences

Variable DNA sequences resulting from next generation sequencing (NGS) were
transcribed into peptide sequences, as described previously [36]. The transcribed se-
quences were filtered based on their relative frequency increase within the TS (library <
TS1 < TS2 < TS3), the relative frequency of a sequence observed in one TS compared to its
abundancy within the respective DC (TS2 > DC2; TS3 > DC3) and the relative frequency
of one sequence observed in one TS round compared to its abundancy within the respec-
tive ES round (TS1 > ES1; TS2 > ES2; TS3 > ES3). Sequences of the last TS round that passed
the filter were ranked corresponding to their enrichment from library to TS3 (TS3/library
= enrichment factor) and their relative frequencies in TS3 compared to ES3 (TS3/ES3 =
empty score). Filtered sequences were used as inputs for the Hammock clustering soft-
ware [37]. The input FASTA-file included all filtered sequences as ranked by their empty
score. The Hammock clustering software was performed in full mode with sequences
ranked according to their input position (-R input). Cluster motif logos were generated
from initial clusters after greedy clustering using the WebLogo 3.4 application.

2.5. CVRBDL Compounds

CVRBDL peptides were purchased with C-terminal amidation from CASLO (Copen-
hagen, DK) as lyophilized chloride salt powder with a purity of >95%.

102



Biomedicines 2022, 10, 441

5 of 24

2.6. SARS-CoV-2 Spike Protein and hACE2 Sample Preparation

Expression of SARS-CoV-2 spike protein constructs was either performed using High
Five insect cells (SARS-CoV-2 RBD, SARS-CoV-2 S1S2 monomer and trimer, SARS-CoV-
2 B.1.1.7 S1S2 trimer, SARS-CoV (2002) trimer, and SARS-CoV-2 “closed” S1S2 trimer) or
HEK293-6E cells (hACE-2) via transient gene expression [38,39]. The High Five (Hi5) in-
sect cell line (officially called BTI-Tn-5B1-4) was isolated by the Boyce Thompson Institute
for Plant Research (Ithaca, NY, USA); the cell line can be acquired from Thermo Fisher
Scientific (USA). The HEK293-6E cell line was licensed from National Research Council
(NRC), Biotechnological Research Institute (BRI, CAN). Recombinant protein genes for
the CoV constructs (Figure A1) were synthesized by Genscript (Piscataway Township, NJ,
USA) or Thermo Fisher Scientific (Waltham, MA, USA). Protein samples were purified
using HisExcel columns (Cytiva, Marlborough, MA, USA) for 6xHis tagged proteins,
StrepTrap HP columns (Cytiva, MA, USA) for TwinStrep tagged proteins (all trimeric pro-
teins with fold-on sequences were Strep and His-tagged and purified via StrepTrap HP
columns) or protein A columns (Thermo Fisher Scientific, USA) for Fc-tagged proteins
(see Table A1 for complete list of all constructs and modifications). A C-terminal intro-
duction of a T4 bacteriophage fold-on sequence (with exception of the SARS-CoV con-
struct) was used for the induction of S1S2 stable trimers [40]. All purifications were per-
formed on Akta Start or Akta Pure systems (Cytiva, USA) according to the manufacturer’s
protocol. Depending on the protein size, size exclusion chromatography (SEC) was per-
formed as a final polishing step using either a Superdex 200 or Superose 6 column (Cytiva,
USA) in 20 mM Tris (pH 8.0), 150 mM NaCl as running buffer. The SARS-CoV-2 nuclear
magnetic resonance (NMR) sample was additionally purified via 10/300 Superdex 200 In-
crease SEC (Cytiva, USA) in 20 mM 2-(N-morpholino)ethanesulfonic acid (MES) (pH 6.5),
100 mM NaCl. The oligomerization state and purity of each construct was verified by
SEC—multiangle light scattering (SEC-MALS).

2.7. NMR Sample Preparation

SARS-CoV-2 RBD protein was expressed in HighFive insect cells as described previ-
ously. The NMR sample was prepared using 0.85 mM (25.7 mg/mL) SARS-CoV-2 RBD,
dissolved in 20 mM MES (pH 6.5), 100mM NaCl sample buffer. After recording the refer-
ence NMR spectrum of the RBD domain alone (see below), CVRBDL-3 was added to a
final concentration of 1 mM, resulting in a molar stoichiometry of 1.1:1 for the peptide vs.
RBD domain.

2.8. NMR Spectroscopy

Two dimensional 'H-*N HMQC (heteronuclear multiple quantum coherence) spec-
tra of the isolated RBD domain (natural abundance) were recorded on a Bruker Avance
Neo 1.2 GHz spectrometer, equipped with a3 mm HCN cryoprobe. Spectral dimensions
were 16.02 ppm ('H) x 32.89 ppm (*N); 1024 and 27 complex points were recorded in the
direct (*H) and indirect (**N) dimension, resulting in acquisition times of 53.2 ms and 6.8
ms in the direct and indirect dimension, respectively. To compensate for the low sensitiv-
ity of the natural abundance sample (N natural abundance of 0.37%), 8192 scans were
recorded for each increment in the indirect dimension. The recovery delay between ex-
periments was set to 1 s, resulting in a total experimental time of 5 d 15 h per spectrum.
The experimental temperature was 20 °C. Spectra of the RBD domain in the presence of
the peptide, as well as for the isolated peptide, were recorded back-to-back, under identi-
cal conditions as for the reference spectrum of the RBD domain alone. Spectra were pro-
cessed using the Bruker Topsin 4 software (Billerica, MA, USA) and analyzed using the
CCPN Analysis 2.3 software (Collaborative Computing Project for NMR; [41]).

103



Biomedicines 2022, 10, 441

6 of 24

2.9. Surface Plasmon Resonance (SPR) Experiments

SPR experiments were performed with a Biacore T200 device (Cytiva, USA) using 10 mM
HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, 0.005% (v/v) Tween-20 as assay buffer. SPR
experiments were performed at a flow rate of 30 puL/min and RT if not otherwise stated.

2.10. SPR Affinity Measurements

Affinity screening for CVRBDL peptides -1 to -5 was performed by immobilization
of the biotinylated SARS-CoV-2 RBD selection target (Acrobiosystems, Newark, NY, USA)
on a streptavidin-functionalized sensor surface (SA sensor, Cytiva, USA). CVRBDL pep-
tides were injected for 300 s in a concentration range of 11.1 to 0.01 uM, followed by 600 s
of dissociation phase detection. For affinity measurements on SARS-CoV-2 and COVID
(2002) RBD, 5152 monomer and S1S2 trimer constructs, the proteins were immobilized on
a polycarboxylate sensor surface using EDC/sulfo-NHS chemistry at pH 5.5 (HC200M,
Xantec, GE). Injections were performed for 60 s association and 100 s dissociation using
CVRBDL-3 and -3_3 concentration ranges of 5 to 0.04 uM. For both setups, regeneration
was performed using 2 x 30 s injections of 20 mM glycine-HCI (pH 3.5). Data evaluation
was performed using Biacore T200 Evaluation Software v3.2 (Cytiva, USA).

2.11. SPR Inhibition Assay

The SPR inhibition assay was performed by immobilization of hACE-fc on a Protein
A functionalized sensor surface by injecting 6 ug/mL protein for 45 s at 10 uL/min (Protein
A, Cytiva, USA). Next, 50 nM of the SARS-CoV-2 S1S2 monomer was injected for 300 s
with or without compound concentrations in the range of 100 uM to 6.4 nM and 5 uM to
20 nM for CVRBDL-3 and -3_3, respectively. All injections including compound were ref-
erenced with the corresponding injections of compound only on the immobilized hACE2,
while the S1S2 injection without compound (before and after the concentration row) was
referenced with a buffer only injection. For ICs validation, the responses at injection times
of t =750 s were plotted against the logo of the used compound concentration. Data fitting
was performed using a Boltzmann fit model (OriginPro 2020, OriginLab, Northampton,
MA, USA):y = (A1 - A2)/(1+ e™((x — x0)/dx)) + A2 with A1 = initial value, A2 = final value,
xo = inflection point =1Cso, and dx = time constant.

2.12. SPR Displacement Assay

The displacement assay was performed by hACE2-fc immobilization as described in
the previous section. Next, 50 nM SARS-CoV-2 wt 5152 was injected for 300 s at 30 uL/min,
followed by a dissociation recording of 1200 s. During dissociation, different concentra-
tions of CVRBDL-3 and -3_3 were injected in the range of 2 uM to 0.63 uM for 300 s. These
injections were referenced with compound-only injections using the same concentration
on the immobilized hACE-fc. Data evaluation was performed by plotting the response at
t =1050 s against the corresponding compound concentration. Displacement effects were
fitted using a mono exponential decay model (OriginPro 2020, OriginLab, Northampton,
MA, USA): y =yo A e"(-x/t) with yo = offset, A = amplitude, t = time constant, and t %2 =
DCs = tIn(2).

3. Results
3.1. Phage Display Selection on the SARS-CoV-2 RBD Target Protein

For identification of RBD binding peptide sequences, M13 phage display selection
was performed on the biotinylated SARS-CoV-2 RBD target protein in three consecutive
selection rounds (TS = target selection). The control selections on “empty” surfaces (same
surfaces but without RBD) were either derived from selection rounds on the target (DC =
direct control) or from a selection starting from the original library that was exclusively
performed without target protein (ES = empty selection; Figure 1A).
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Figure 1. M13 phage display selection on SARS-CoV-2 RBD in three consecutive selection rounds.
(A) Selection scheme: lib = naive library; TS = target selection on RBD; DC = direct control; ES =
empty selection. Samples are derived from each other in the direction of the connecting arrow start-
ing with the naive phage display library (lib). For TS, the selection target SARS-CoV-2 RBD was
immobilized on a streptavidin-functionalized surface, while no target protein was immobilized for
ES and DC. (B) Output phage titer in PFU/mL for selection samples of TS, ES and DC as measured
past phage elution after biopanning. (C) Enrichment ELISA with input titer samples on the immo-
bilized SARS-CoV-2 RBD selection target protein. Phage concentration was adjusted based on Azss
UV-vis measurements to a total input of 2.5 x 10 phages for all samples.

During the selection process, the success of target-related sequence enrichment was
verified by determination of the PFU concentration in phage elution suspensions after
biopanning (Figure 1B). Here, a 270-fold increase of the output titer was observed for the
TS3 as compared to TS1, while an output titer reduction by a factor of ~5 was observed
when no target was present during biopanning (ES3 compared to ES1). Likewise, the titer
of TS derived samples decreased when a surface without target was used for the subse-
quent selection round (DC). In addition, the enrichment ELISA with the input titer phage
samples showed a ~5-fold increase in end-point signal on the selection target, while a low
signal was identified when no selection target was present (Figure 1C).

3.2. Analysis of Sequences Derived from NGS Sequencing

NGS sequencing of phage-isolated ssDNA yielded about 500,000 to 600,000 sequence
reads per sample. In order to identify sequences that were enriched during phage display
selection due to specific binding to the target protein, the TS3 sequences were filtered ac-
cording to their enrichment on the target during the selection (lib < TS1, TS2 < TS3), their
frequency in the target selection as compared to selections missing the target protein (TS1
>ES1, TS2 > ES2, TS3 > ES3), and the relative frequency decrease when a target-selection-
derived sequence was subjected to a surface without target (TS2 > DC2, TS3 > DC3). In
total, 90,000 unique sequences were identified that passed the filtering process. Analysis
of the sequence enrichment (enrichment score [TS3/lib]) revealed that 18 unique se-
quences were enriched by a factor of 1000 or more. More than 50% of the total number of
all sequence reads that passed the filter are represented by these 18 variants (Figure 2A).
Additionally, 14 of the 18 sequences were identified with an ES of at least 1000 (empty
score [TS3/ES3]), which underlines the target specificity of these sequences.
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Figure 2. NGS sequence filtering and clustering reveals five main sequence motifs. (A) Evaluation
of the enrichment factors (TS3/lib) and empty scores (TS3/ES3) of the first 1000 sequences as ranked
by their enrichment factor or empty score, respectively. Sequences were filtered according to their
enrichment on the target (lib > TS1 > TS2 > TS3), their frequency in the target selection as compared
to the empty selection (TS1 > ES1; TS2 > ES2; TS3 > ES3) as well as their frequency decrease when
the target selection was subjected to a surface without target (TS2 > DC2; TS3 > DC3). (B) Cluster
distribution of the filtered sequences after three consecutive rounds of cluster extension and merg-
ing. The pie chart depicts the total number of sequences that were assigned to one cluster including
multiple occurrences of identical sequences. The legend shows the number of unique sequences that
were assigned to each cluster. Additionally, for each main sequence of the cluster, the specific empty
score and enrichment factor is listed. (C) Conserved cluster motifs resulting from cluster assign-
ments as shown in (B) derived by Hammock clustering software.

Next, the sequences were clustered according to their sequence homology in three
consecutive rounds of cluster alignment and extension using Hammock clustering soft-
ware (37). Clustering resulted in 16 clusters containing 57,712 unique and 383,503 total
sequences, where ~96% of total sequence reads that passed the filter were assigned to five
main clusters. The clusters were named CVRBDL-1 to -5, corresponding to the descending
order of their total number of assigned sequence reads. The largest proportion by far, with
over 70% of total sequence reads, was assigned to CVRBDL-1, followed by 10, 7, 6 and 3%
for CVRBDL-2 to -5 (Figure 2B). Based on the sequence alignments, motifs were generated
for each of the main clusters (Figure 2C), revealing five highly conserved sequence motifs,
including amino acid residue variations, which can be used for potential sequence opti-
mization steps. The amino acid residues with the highest occurrence at each position de-
termined the peptide sequence of the peptides together with three C-terminally intro-
duced arginines for enhanced solubility and C-terminal amidation: CVRBDL-1:
MLDEWGWENYPSKFWHRRR-NH2; CVRBDL-2: WTYMKDPLSYWGGYYRRR-NH2;
CVRBDL-3: HDFWWEYDKKNDTWTRRRR-NH2; CVRBDL-4: EVWGINFYP-
NRVPEKVRRR-NH2; CVRBDL-5: IGINQVAQPWWYNKSDRRR-NH2.
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3.3. Affinity of CVRBDL Peptides towards the SARS-CoV-2 RBD

To verify whether the compounds showed affinity towards the selection target, the
biotinylated SARS-CoV-2 RBD, as already used for phage display selection, was immobi-
lized on a streptavidin-derivatized sensor surface and the compounds CVRBDL-1 to -5
were injected as analytes in a multicycle SPR experiment, which was subsequently evalu-
ated by steady-state analysis.

All of the tested peptides showed affinity towards the immobilized SARS-CoV-2
RBD in the low uM range as determined by steady-state analysis. As typical for peptides
interacting with a folded binding partner, a transient binding behavior was detected for
most of the compounds (Figure 3). However, the transient binding proportion CVRBDL-
1 and -2 showed a partially slower complex decay, which can be recognized by a non-
mono-exponential complex decay during the dissociation phase. This suggests that mul-
tiple binding sites for these peptides may exist, which would be a reasonable explanation
for these sequences to be assigned as main sequences of the most prominent clusters as
shown previously (Figure 2). Interestingly, the lowest affinity constant and therefore high-
est complex stability was identified for CVRDBL-3 with a Kb of 1.3 uM, showing a ~70-
fold higher affinity than the least stable interaction with CVRBDL-5.
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Figure 3. SPR affinity measurement of compounds CVDRBDL-1 to -5 on the immobilized SARS-
CoV-2 RBD selection target. The C-terminally biotinylated SARS-CoV-2 RBD was immobilized on a
streptavidin-derivatized sensor surface in a T200 SPR device (SA, Cytiva, USA). The compounds
were injected for 300 s with 30 uL/min in a range of 0.01 to 11.11 uM in 10 mM HEPES (pH 7.4), 150
mM NadCl, 3 mM EDTA, 0.005% (v/v) Tween-20. Surface regeneration in between cycles was per-
formed using 30 s injections of an acidic regeneration cocktail (pH 5.0), (0.15 M oxalic acid, 0.15 M
HsPOs, 0.15 M formic acid, 0.15 M malonic acid). The Ko was determined by steady state fit as fol-
lows: CVRBDL-1: 8.6 uM + 1.3 uM; CVRBDL-2: 4.2 uM + 0.38 uM; CVRBDL-3: 1.3 uM + 0.12 uM;
CVRBDL-4: 12.0 uM + 0.87 uM; CVRBDL-5: 89.4 uM + 32.0 uM. Kb evaluation was performed using
the Biacore T200 data evaluation software v. 3.2 with offset set to zero.
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Further, binding properties of the peptide CVRBDL-3 to the RBD domain were in-
vestigated by solution NMR spectroscopy. Two-dimensional 'H->N HMQC (Heteronu-
clear Multiple Quantum Coherence) spectra of an 0.85 mM RBD domain sample (unla-
beled, natural abundance) were recorded using a Bruker AvanceNeo 1.2 GHz spectrome-
ter (Figure 4), as described in the Material and Methods section. Figure 4A shows the 'H-
BN correlation spectrum of the RBD domain. Roughly, every resonance in the spectrum
corresponds to one amino acid residue of the protein sequence, with the nitrogen reso-
nance correlated to the proton resonance of the backbone amide group. Therefore, the
HMQC spectrum serves as a “fingerprint” of the protein. Because of the natural abun-
dance of the N isotope of only 0.37%, the “NMR active” concentration of the 0.85 mM
RBD sample corresponds to about 3 uM. Therefore, presumably only the most intense
(most dynamic) residues of the RBD domain are visible in the spectra, while the more
rigid regions stay below the detection threshold and thus remain invisible.

Il RBD
Hl RBD + CVRBDL-3 (1:1.1)

B RED B I CVRBDL-3

5N [ppm]

'H [ppm]

Figure 4. Two-dimensional "H-"N HMQC spectra (at 1.2 GHz proton frequency) of the RBD domain
(natural abundance) in absence (A) and presence (B) of the peptide CVRBDL-3. (A) Reference spec-
trum of the RBD alone. (B) The spectrum of the RBD domain alone (black) is overlaid with the spec-
tra of the RBD in presence of the peptide (red), as well as the isolated peptide (blue).

Next, the CVRBDL-3 peptide was added to the RBD domain at a molar ratio of about
1.1:1 (peptide: RBD domain). The resulting spectrum showed decreased intensities for
several resonances of the RBD domain (Figure 4B, red spectrum), compared to the refer-
ence spectrum of the unbound RBD (black). A possible explanation is that residues in-
volved in the binding become more rigidified upon peptide interaction, leading to de-
creased intensities, as a result of faster transverse relaxation. A second reference spectrum
of the peptide only was recorded (blue, Figure 4B). Interestingly, the resonances of the
peptide (natural abundance, 1.1 higher concentration than the RBD domain) disappear in
the spectra of the RBD plus peptide sample (Figure 4B, red spectrum), clearly indicating
binding. Presumably, the peptide binds to the more rigid (invisible) region of the RBD
and therefore becomes invisible as well (as it assumes the same NMR relaxation properties
as the invisible part of the RBD).

3.4. Inhibition of the SARS-CoV-2 S1S2 Spike Protein Interaction with hACE2

Phage display selection was combined with NGS to identify peptides that target the
SARS-CoV-2 RBD with medium to low pM affinities. To further verify whether the
CVRBDL peptides are able to interfere with the association of the spike protein towards
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hACE2, SPR-based inhibition assays were performed. hACE-fc was immobilized on a pro-
tein A-derivatized sensor surface and the monomeric SARS-CoV-2 S1S2 protein (ectodo-
main of the spike protein) was injected as an analyte together with or without a 100-fold
molar excess of one of the CVRBDL peptides.

Three out of five peptides (CVRBDL-2, -3 and -4) were able to interfere with associa-
tion of the monomeric S152 spike protein to hACE2 in our experimental setup, which can
be recognized by a reduction in the binding signal of the S1S2 protein to hACE2 in the
steady-state phase upon compound addition (Figure 5A). Here, CVRBDL-3 showed the
strongest inhibitory effect by a steady-state reduction of ~33% as compared to the setup
without compound. CVRBDL-2 and -4 reduced the steady-state signal only by ~10 and
5%, respectively (Figure 5B). To verify whether the effect observed for CVRBDL-3 was
concentration-dependent, compound concentrations in the range of 6.4 nM to 100 uM
were applied to the inhibition setup.
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time [s] time [s] 1.2 3 45

CVRBDL peptide

Figure 5. SPR inhibition assay of SARS-CoV-2 S1S2 spike interaction to hACE2 with and without
compounds CVRBDL-1 to -5. (A) hACE2-fc was immobilized on a protein A/G derivatized sensor
surface in a T200 SPR device (Cytiva, USA). 50 nM SARS-CoV-2 S1S2 was injected with (red dotted
line) or without (solid grey line) 5 uM of compounds CVRBDL-1 to -5. Prior to each injection of S152
with compound, a separate injection without compound was performed. All injections with com-
pound were referenced with compound-only injections on the hACE2 immobilized surface. Injec-
tions were performed with a flow rate of 30 uL/min in 10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM
EDTA, 0.005% (v/v) Tween-20. (B) Relative steady state responses of the injections with compound
as detected 270 s after injection start. CVRBDL-3 shows the strongest inhibitory effect with a steady-
state reduction of ~33% as compared to SARS-CoV-2 S1S2 injection without compound.

When CVRBDL-3 is applied with increasing molar ratios concerning the SARS-CoV-
2 S1S2 protein, a concentration-dependent inhibition of the 5152-hACE2 complex for-
mation can be observed (Figure 6A). Surprisingly, the compound was not able to inhibit
the complex formation completely, which can be attributed either to an insufficient steri-
cal inhibition of the hACE2 accessibility or to an inherent heterogeneity of the S1S2-hACE2
complex. The latter has already been described by us previously [42], where we identified
the 5152-hACE2 complex formation as undergoing a two-state reaction binding behavior.
In this context, the compound CVRBDL-3 is able to block the primary association of the
RBD with hACE2 but possibly not the secondary state transition, which is inherent to the
already formed complex. However, although CVRBDL-3 is not able to completely sup-
press the spike protein association to hACE2, the inhibitory effect can be characterized
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HDFWWEYDKKNDTWTR-Abu-R-Abu-R-COO

with an ICs of 532 nM by Boltzman sigmoidal fitting, showing a maximum inhibitory
saturation level of ~58% (Figure 6B).
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Figure 6. Concentration dependency of the inhibitory effect of CVRBDL-3 on the SARS-CoV-2 5152
interaction with hACE2. (A) hACE2-fc was immobilized on a protein A/G derivatized sensor surface
in a T200 SPR device (Cytiva, USA). 50 nM SARS-CoV-2 S152 was injected with or without 6.4 nM
to 100 uM CVRBDL-3. Injections without compound were performed prior and after the concentra-
tion row to demonstrate reproducibility of the 5152 binding level. All injections with compound
were referenced with the corresponding concentration of compound only injections on the hACE2 im-
mobilized surface. Injections were performed with a flow rate of 30 uL/min in 10 mM HEPES pH 7.4, 150
mM NaCl, 3 mM EDTA, 0.005% (v/v) Tween-20. (B) Relative response in steady as detected at t = 750 s.
The inhibitory effect of CVRBDL-3 saturates at ~58% of the S1S2 binding level without compound. The
ICs was determined by a Boltzman sigmoidal fit to be 532 nM (OriginPro, OriginLab, USA).

3.5. Tail-To-Tail Construct Design: CVRBDL-3_3

In order to further increase the compound affinity towards the SARS-CoV-2 spike
protein, we created a tail-to-tail construct of the compound CVRBD-3 leading to a divalent
compound. This construct, named CVRBDL-3_3, consists of a lysine with two CVRBDL-3
molecules covalently linked with their C-termini to the a- and e-amino groups of the ly-
sine via linkers each consisting of y-aminobutyric acid (Abu) and arginine (Figure 7). The
tail-to-tail connection was expected to retain the availability of the N-termini of the
CVRBDL-3 moieties, which was also exposed during phage display selection as the N-
terminal extension of the M13-phage coating protein plIL
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Figure 7. Amino acid single letter sequence and Natta projection of peptide construct CVRBDL-3_3.
CVRBDL-3_3 was created by C-terminal attachment of two CVRBDL-3 sequences via the side chain
primary amino group of a C-terminal introduced lysine. Each of the peptides carries a C-terminal [-
Abu-R-Abu-R-] spacer region for increased binding flexibility and spacing of binding regions (Abu
= y-amino butyric acid). (A) Single letter amino acid CVRBDL-3_3 sequence. (B) Natta projection of
the CVRBDL-3_3 sequence.
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3.6. CVRBDL-3_3 Shows Increased Affinity for the CoV-2 Spike Protein Compared with
CVRBDL-3

We compared the affinity of the single peptide CVRBDL-3 and the tail-to-tail combi-
nation CVRBDL-3_3 to the poly-His tagged spike protein constructs of SARS-CoV-2 RBD,
5152 monomer and the S1S2 trimer using SPR analysis. SARS-CoV-2 RBD, 5152 monomer
and S1S2 trimer were immobilized via primary amino group coupling on a polycarbox-
ylate sensor surface and the compounds were injected in a multicycle experiment using
concentrations in the range of 0.04 to 5 uM. The subsequent evaluation was performed by
steady-state analysis (Figure 8).
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Figure 8. SPR affinity measurement of CVRBDL-3 and CVRBDL-3 _3 on the SARS-CoV-2 RBD, 5152
monomer and trimeric spike constructs. The spike constructs were immobilized on a polycarbox-
ylate matrix by coupling via primary amino groups with sulfo-NHS ester at pH 5.5 (200 HCM, Xan-
tec, GE). Measurements were performed in 10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA,
0.005% Tween-20 solution in a T200 device (Cytiva, USA). Six concentrations of each compound
were injected for 60 s with a 1:1 serial dilution, with5 uM being the highest concentration for
CVRBDL-3 and 2.5 uM for CVRBDL-3_3. KD evaluation was performed using Biacore T200 data
evaluation software v. 3.2 with an offset of zero. The theoretical Rmax was calculated based on the
molecular weight ratio of the interactants and the immobilization level after quenching.

The interaction of CVRBDL-3 towards the SARS-CoV-2 RBD was identified to be
~two-fold more affine than for the original biotinylated selection target (Kp: 680 nM vs.
1.3 uM, respectively), whereas slightly higher affinities were determined for the 5152
monomer and the trimeric S152 (Ko: 400 and 406 nM, respectively). As already observed
during affinity measurement on the selection target protein, CVRBDL-3 shows again a
transient binding behavior for all of the tested spike protein constructs. Additionally, the
identified Rmax was found to be lower than the theoretical Rmax for all measurements, which
indicates a 1:1 binding stoichiometry. Notably, the CVRDBL-3 binding is not influenced
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when the RBD is presented in the context of the monomeric and trimeric spike ectodo-
main. This implies that the interaction of CVRBDL-3 with the RBD binding epitope is not
significantly disturbed by the RBD switch between “up-" and “down-“ conformations.

CVRBDL-3_3 shows increased binding affinity as compared to the single peptide
alone. The complex stability increased by a factor of ~2 towards the RBD (Kb: 327 nM) and
by a factor of ~2.5 towards the monomeric and trimeric S152 (Kp: 162 and 154 nM, respec-
tively). The binding kinetics changed for CVRBDL-3_3 as compared to CVRBDL-3 from a
transient binding mode with fast dissociation to a more stable complex with partially
slower dissociation. However, the kinetics cannot be described with a 1:1 stoichiometric
Langmuir binding behavior, indicating a distinct binding mode. Moreover, the bivalent
analyte model was not able to sufficiently describe the interaction’s heterogeneity. A pos-
sible explanation could be that the aforementioned continuous position switching be-
tween “up’ and ‘down’ conformations of the SARS-CoV-2 RBD does not influence the in-
teraction with CVRBDL-3 on the one side, but potentially restricts the association of
CVRBDL-3_3 on the other site. This interference possibly hinders the assignment of a clear
kinetic model to the observed sensograms. However, since the binding kinetics of
CVRBDL-3_3 appears almost identical for monomeric and trimeric S1S2, a simultaneous
binding of two RBD located epitopes with an increased avidity seems implausible, leaving
room for further optimization of the linker length.

3.7. CVRBDL-3 and CVRBDL -3_3 Show High Affinity for the B.1.1.7 Mutant Spike Trimer
and Bind the SARS-CoV (2002) and SARS-CoV-2 “Closed” RBD Trimer with Reduced Affinity

We have previously shown that the compounds CVRBDL-3 and -3_3 show high af-
finity with nM binding constants towards the SARS-CoV-2 RBD, 5152 monomer and tri-
mer. Here, we additionally verify whether the binding specificity of the compounds is
limited to the “wt” of SARS-CoV-2 spike protein or can also be extended to mutant ver-
sions, where some have been found to show enhanced affinity for the cellular receptor
hACE2. Therefore, we analyzed the binding affinity of the compounds towards the SARS-
CoV-2 B.1.1.7 S1S2 trimeric spike mutant (a-variant) as a model for other emerging vari-
ants of the spike protein. In total, seven amino acid sequence positions differ between
SARS-CoV-2 “wt” spike protein and the B.1.1.7 variant, whereas four mutations are lo-
cated at intermolecular interaction sites of the subunits and one mutation, namely N501Y,
is found in the RBM of the RBD [43]. This amino acid residue substitution has been shown
to increase the binding affinity for the hACE2, which may be one of the reasons for the
observed four to six-fold increase in transmissibility in cooperation with other mutations
that do not directly interfere with receptor binding but enhance binding e.g., by increasing
RBD flexibility such as D614G [44-46].

The affinity measurement on the trimeric B.1.1.7 (Figure 9) shows clearly that the
binding affinity of neither CVRBDL-3 nor -3_3 is influenced by the mutation sites of the
B.1.1.7 variant. Similar binding constants as already identified for the SARS-CoV-2 “wt”
S1S2 spike protein were identified (528 and 243 nM for -3 and -3_3), whereas the binding
kinetics shows a clear transient binding mode for CBRBDL-3 and higher complex stability
with slower complex decay for CVRBDL-3_3. Since the SARS-CoV 2002 RBD shares 73%
sequence identity and high structural similarity with the SARS-CoV-2 “wt” RBD [47], we
speculated that the compounds are also able to bind the COVID 2002 trimeric spike pro-
tein with high affinity.
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Figure 9. SPR affinity measurement of CVRBDL-3 and tail-to-tail construct CVRBDL -3_3 on the
SARS-CoV-2 B.1.1.7 trimer spike, SARS-CoV (2002) trimer and the SARS-CoV-2 “closed” RBD tri-
meric spike. The spike constructs were immobilized on a polycarboxylate matrix by coupling via
primary amino groups with sulfo-NHS ester at pH 5.5 (200 HCM, Xantec, GE). Measurements were
performed in 10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, 0.005% Tween-20 in a T200 device
(Cytiva, USA). Six concentrations of each compound were injected for 60 s with a 1:1 serial dilution,
with 5 uM being the highest concentration for CVRBDL-3 and 1.25 uM for CVRBDL -3_3. Kb eval-
uation was performed using Biacore T200 data evaluation software v. 3.2 with the offset set to zero.
The theoretical Rmax was calculated based on the molecular weight ratio of the interactants and the
immobilization level after quenching.

The affinity measurements, however, show that CVRBDL-3 and -3_3 do not have any
affinity for this construct (both Ko’s in high mM range). Next, we verified the binding
affinity towards the “closed” SARS-CoV-2 trimer [48]. For construct design, the spike pro-
tein was manipulated by the replacement of amino acid residues at positions 383 and 985
with cysteines in order to form a disulfide bond that fixes the RBD in its “down” position.
Hence, the relevant positions for interaction with hACE2 are masked in this construct.
When the compounds’ affinities were determined for this RBD “down” fixed S152 con-
struct, significantly decreased affinities were observed. Additionally, the experimental
Rmax reached only 32 and 24% of the theoretical Rmax for CVRBDL-3 and -3_3, respectively.

3.8. CVRBD-3_3 Efficiently Inhibits the Spike-hACE2 Complex Formation and Displaces the
Spike Protein from the Pre-Formed Complex

The tail-to-tail combination of the two CVRBDL-3 peptides achieved (CVRBDL-3_3)
increased binding affinities and decreased dissociation rates for the different SARS-CoV-
2 constructs. Moreover, CVRBDL-3_3 retained its target specificity and the high binding
affinity towards the SARS-CoV-2 B.1.1.7 mutant spike protein. Here, we compared
CVRBDL-3 and CVRBDL-3_3 concerning their ability to (i) inhibit complex formation of
the SARS-CoV-2 5152 monomer with hACE2 and (ii) displace the spike protein from the
pre-formed complex, consisting of the 5152 monomer and hACE2. Two experimental set-
ups allowed a complete evaluation of the compound'’s effectiveness in either pre- or post-
complex formation conditions.

We injected constant concentrations of the monomeric 5152 spike protein with or
without increasing CVRBDL-3_3 concentrations on the immobilized hACE2 receptor.
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As already observed for CVRBDL-3, CVRBDL-3_3 also shows a concentration-de-
pendent reduction of the SARS-CoV-2 S1S2 association towards hACE2 (Figure 10A). In-
terestingly, the inhibition saturates at 58% of the binding level without compound, which
is identical with the saturation level that was previously identified for CVRBDL-3. Evalu-
ation of the ICx (Figure 10B) shows that the inhibition efficiency of complex formation
increased by a factor of ~11 as compared to CVRBDL-3 (532 nM as compared to 47 nM for
CVRBDL-3 and CVRBDL-3_3, respectively).
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Figure 10. CVRBDL-3_3 much more efficiently inhibits the SARS-CoV-2 S1S2 spike protein interac-
tion with hACE2 as compared to CVRBDL-3. (A) hACE2-fc was immobilized on a Protein A/G-
derivatized sensor surface in a T200 SPR device (Cytiva, USA). 50 nM SARS-CoV-2 5152 was injected
with or without 6.4 nM to 100 uM CVRBDL-3_3. Injections without compound were performed
prior and after the concentration row to verify reproducibility of the S152 binding level. All injec-
tions with compound and spike protein were referenced with the corresponding concentration of
compound only injections on the hACE2 immobilized surface. Injections were performed with 30
pL/min in 10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, 0.005% (v/v) Tween-20. (B) Relative
response in steady state as detected 270 s after injection start (for CVRBDL-3 see Figure 6). The inhibitory
effect of CVRBDL-3 and CVRBDL-3_3 saturates at ~58% of the S152 binding level without compound.
The ICs was determined by Boltzman sigmoidal fit to be 532 nM (OriginPro, OriginLab, USA).

Next, we analyzed the effectiveness of CVRBDL-3 and -3_3 in displacing SARS-CoV-
2 51S2 monomers from the pre-formed complex with hACE2. For this assay, a constant
concentration of monomeric S152 was injected on pre-immobilized hACE2 for all injection
cycles. During dissociation, increasing concentrations of the compounds were applied to
the pre-formed complex.

The sensogram course during compound injection indicates whether the compound
presence accelerates the complex decay by shifting the equilibrium between hACE2
bound and unbound spike protein to the dissociated form (Figure 11A,B). For both com-
pounds, the effect of spike protein displacement was observed by a concentration-de-
pendent acceleration of signal reduction during the compound injection phase. When the
remaining signal at t = 1050 s was plotted against the injected compound concentration,
the concentration dependent effect is best described with a mono-exponential decay func-
tion (Figure 11C). Here, again CVRBDL-3_3 shows an enhanced effect as compared to
CVRBDL-3. Although the concentration needed for reaching 50% of the maximum dis-
placement just slightly differs between the two compounds (DCs: 510 and 417 nM for
CVRBDL-3 and 3_3, respectively), the maximum displacement of CVRBDL-3_3 surpasses
the one observed for CVRBDL-3 by a factor of 1.6 (yo: 84 and 74% for CVRBDL-3 and 3_3,
respectively).
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Further analysis in an SPR-based experiment using the isolated SARS-CoV-2 5152
spike and hACE2 proteins demonstrated that CVRBDL-3 inhibits the complex formation
when it is injected together with the monomeric S1S2 spike protein on the immobilized
hACE2 (Figure 5). CVRBDL-3 also displaced hACE2 from the spike protein when the com-
plex was already preformed (Figure 11). These two experimental SPR set-ups resemble
physiological conditions where the virus has either not attached to the cell surface or the
spike protein is already attached to the cellular receptor. A potent inhibitor targeting fu-
sion inhibition can be expected to interfere with pre- as well as post-complex formation
states. Because CVRBDL-3 is efficient in both, the targeted binding site of CVRBDL-3 on
the RBD surface appears to be critical for its complex formation with hACE2 and remains
at least partially accessible for CVRBDL-3 once the complex with hACE2 has been formed.

The divalent version of CVRBDL-3, CVRBDL-3_3, had a two- to three-fold higher
affinity for the SARS-CoV-2 spike protein (RBD, S1S2 monomer, S1S2 trimer) as compared
to CVRBDL-3. The dissociation rates for the interaction of CVRBDL-3_3 with monomeric
and trimeric S1S2 were substantially decreased for CVRBDL-3_3. Because there was no
difference between the Ko values of CVRBDL-3_3 and monomeric and trimeric SARS-
CoV-2 5152 spike protein (Figure 8), we conclude that the designed divalent binding mode
was realized, but the increased affinity is much more likely due to the increased local con-
centration of the CVRBDL-3 moiety leading to decreased dissociation rates due to en-
hanced rebinding effects [49]. This leaves room for much more enhanced affinities by op-
timizing the linker length within CVRBDL-3_3 in the future. Nevertheless, CVRBDL-3_3
demonstrated increased binding affinity as compared to CVRBDL-3 in pre- as well as in
post-complex formation conditions (Figures 10 and 11).

To further verify the binding specificity of CVRBDL-3 and CVRBDL-3_3, we tested
their affinity towards the trimeric spike protein constructs of SARS-CoV-2 B.1.1.7, SARS-
CoV (2002) and a “closed” SARS-CoV-2 spike, for which the RBD was fixed in a “down”
position. CVRBDL-3 and CVRBDL-3_3 bind the B.1.1.7 mutant spike protein as efficiently
as the “wt” spike trimer. This finding supports the idea that inhibitory binding sites do
not necessarily overlap with the typical VOC mutational sites and thus future emerging
variants may still be vulnerable to the compounds. On the other hand, the spike protein
of the “old” SARS-CoV virus from the year 2002 did not show efficient binding by
CVRBDL-3 and CVRBDL-3_3. This result indicates that the binding site and the observed
inhibitory effect of CVRBDL-3 and CVRBDL-3_3 is specific for SARS-CoV-2 and probably
not interchangeable with other SARS coronaviruses. The binding affinity, as well as the
fraction of the theoretical Rmax that is achieved towards the “closed” RBD trimeric CoV-2
constructs, is substantially decreased compared to the non-manipulated “wt” version.
This result points to a decisive role of the inaccessible regions in the “closed” trimer for
interaction with the compounds.

In conclusion, affinity measurements clearly show that the CVRBDL-3 and CVRBDL-
3_3 compounds target a binding site of the RBD that (i) is specific to SARS-CoV-2, (ii) is
conserved in a mutant version, (iii) shows reduced accessibility in the “closed” confor-
mation, and finally (iv) is critical for the interaction with hACE2. Phage display is an ap-
propriate strategy for the identification of potent SARS-CoV-2 fusion inhibitors. This con-
cept is not limited to coronaviruses only, but is transferable to other viruses, opening an
option for a general and straightforward identification of drug compounds against novel
emerging VOCs. The presented compound selection strategy yields small peptide com-
pounds that are not template-protein-derived and thus are less likely prone to exhibit un-
desired side effects under physiological conditions. This can, for example, be expected for
hACE2-template-based peptides [50,51]. The expected poor bioavailability of such L-en-
antiomeric peptide therapeutics may be overcome by their conversion into D-enantio-
meric derivatives, for example by “retro-inverso” strategies [52] that endow all-D-enanti-
omeric peptide compounds with enhanced proteolytic stability [53] but conserve binding
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specificity and affinity. After optimization of proteolytic stability and binding affinity, fu-
ture studies will first address testing of the optimized compounds in viral proliferation
assays to ensure transferability of the observed effects to the cellular level.
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Appendix A

Table A1. SARS-CoV, SARS-CoV-2 spike protein and hACE2 constructs used in the study including
organism used for expression, introduced tags for multimerization and purification, molecular
weight (MW) and experimental usage.

Expression MwMonomer .
Construct Name Organism Tag [kDa] Experimental Usage
SARS—CpV-Z RBD HEK293 cells Av?tag, 282 Phage 'chlsplay screening,
(Acrobiosystems) 6xHis-tag affinity screening
High Five insect Affinity measurement with
SARS-CoV-2RBD & "IVEIMSEE ¢ g tag 318  CVRBDL-3 and CVRBDL-3_3,

cells NMR

Inhibition and displacement
6x His-tag 133.13 analysis with CVRBDL-3 and
CVRBDL-3_3
Affinity measurement with

SARS-CoV-2 S1S2- High Five insect
His cells

SARS-CoV (2002) High Five insect

S1S2-His trimer cells 6xHistag 1324 C\RBDL-3 and CVRBDL-3_3
SARS CoV-2S51S2  High Five insect 6x His-tag, 141.9 Affinity measurement with
trimer cells T4-foldon CVRBDL-3 and CVRBDL-3_3
SARS CoV-2 B.1.1.7 High Five insect 6x His-tag, 141.6 Affinity measurement with
5182 cells T4-foldon CVRBDL-3 and CVRBDL-3_3
Inhibition and displacement
hACE2 HEK293-6E cells  IgG1-Fc 95.2 analysis with CVRBDL-3 and
CVRBDL-3_3
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10 20
MAQCVNLTTR TQLPPAYTNS
70 80
NGTKRFDNPV LPFNDGVYFA
QFCNDPFLGV YHKNNKSWME

0
KNIDGYFKIY SKHTPINLVR

250 260
SSGWTAGAAA YYVGYLQPRT
310

TSNFRVQPTE SIVRFPNITN
o 380
STFKCYGVSP TKLNDLCETN
430 440
AWNSNNLDSK VGGNYNYLYR
0
YGFQPTYGVG YQPYRVVVLS

SNKKFLPFQQ FGRDIDDTTD
610 620

VNCTEVPVAI HADQLTPTWR
0 680
QTOTNSHGSA SSVASQSLIA
0 740

SVDCTMYICG DSTECSNLLL
0 800
KDFGGENFSQ ILPDPSKPSK
860

FNGLTVLPPL LTDEMIAQYT
0 20
VLYENQKLIA NQFNSAIGKI
970 980
SVLNDILARL DPPEAEVQID
1030 1040
GOSKRVDECG KGYHLMSFPQ
0 1100
FVSNGTHWEV TQRNFYEPQI

1150 1160
YFKNHTSPDV DLGDISGINA

10 20
MGSDLDRCTT FDDVQAPNYT

70 80

INHTFDNPVI PFKDGIYFAA
o 140

LCDNPFFAVS KPMGTQTHTM

0

GFLYVYKGYQ PIDVVRDLES

250 260
YEVGYLKPTT FMLKYDENGT
310 320
DVVREENITN LCPFGEVENA

0 380
TKLNDLCFSN VYADSEVVKG

0
STGNYNYKYR YLRHGKLRPF

QPYRVVVLSF ELLNAPATVC
9 560
GRDVSDFTDS VRDPKTSEIL
610 620

ADQLTPAWRT YSTGNNVFQT

670 680
KSIVAYTMSL GADSSIAYSN
o 740
ANLLLQYGSF CTQLNRALSG
0 8

LKPTKRSFIE DLLENKVTLA
850 860
IAAYTAALVS GTATAGWTFG

AISQIQESLT TTSTALGKLQ
o 980

EVQIDRLITG RLQSLQTYVT
1030 1040

MSFPQAAPHG VVFLHVTYVP

1090 1100

FSPQIITTDN TFVSGNCDVV

1150

SARS-CoV-2 $152-His monomer (My: 133.13 kDa)

30 10
FTRGVYYPDK VFRSSVLHST
o 100
STEKSNIIRG WIFGTTLDSK
150 160
SEFRVYSSAN NCTFEYVSQP
210 220
DLPQGFSALE PLVDLPIGIN

FLLKYNENGT ITDAVDCALD
330 340
LCPFGEVFNA TRFASVYAWN

390

VYADSEVIRG DEVRQIAPGQ
450 460
LERKSNLKPE ERDISTEIYQ

FELLHAPATV CGPKKSTNLV
570 580
AVRDPQTLEI LDITECSFGG
630 640
VYSTGSNVFQ TRAGCLIGAE

690 700
YTMSLGAENS VAYSNNSIAL
750 760
QYGSFCTQLN RALTGIAVEQ

810 820
RSFIEDLLFN KVTLADAGEL
870 880
SALLAGTITS GWTFGAGAAL
o 910
QDSLSSTASA LGKLQDVVNQ
990 1000
RLITGRLQSL QTYVTQOLIR
1050 1060
SAPHGVVFLH VTYVRAQEKN
1110 1120
ITTHNTFVSG NCDVVIGIVN
1170 1180
SVUNIQKEID RLNEVAKNLN
HHH

30 40 50
QHTSSMRGVY YPDEIFRSDT LYLTQD)
90

100

50 60
QDLFLPFFSN VTWFHAISGT

TOSLLIVNNA TNVVIKVCEF

o 180
FLMDLEGKQG NFKNLREFVF
230 240
ITRFQTLLAL HRSYLTPGDS

o 300
PLSETKCTLK SFTVEKGIYQ
350 360

RKRISNCVAD YSVLYNSASF

o 420
TGKIADYNYK LPDDFTGCVI

470 180
AGSTPCNGVE GENCYFPLOS
530

KNKCVNENFN GLTGTGVLTE
590 o
VSVITEGINT SNQUAVLYQG

660

HVNNSYECDI PIGAGICASY
720

PINFTISVT
770 o
DKNTQEVFAQ VKQIYKTPPI
830 o
KQYGDCLGDI AARDLICAQK

QIPFAMQMAY RENGIGVTON
950 960
NAQALNTLVK QLSSNFGAIS
1010 1020
AAEIRASANL AATKMSECVL

1070 1080
FTTAPAICHD GKAHFPREGV
1130 1140
NTVYDPLQPE LDSFKEELDK
1190 1200
ESLIDLOELG KYEQAAAHHE

SARS-CoV (2002) S1S2-His trimer without foldon sequence (M., monomer: 132.4 kDa)

60
P FYSNVTGFHT
120

TEKSNVVRGH VFGSTMNNKS QSVIIINNST NVVIRACNFE

150 160

IFDNAFNCTF EYISDAFSLD VSEKSGN

210 220

180
H LREFVFKNKD
230

GENTLKPIFK LPLGINITNF RAILTAFSPA QDTWGTSAAA

270 280
ITDAVDCSQN PLAELKCSVK

290 300

SFEIDKGIYQ TSNFRVVPSG

350

0 0
TKFPSVYAWE RKKISNCVAD YSVLYNSTEF STFKCYGVSA

410

DDVRQIAPGQ TGVIADYNYK LEDDEMGCVL AWNTRNIDAT

480

ERDISNVEFS PDGKPCTPPA LNCYWPLNDY GFYTTTGIGY

510 520

530 540

GPKLSTDLIK NQCVNFNFNG LTGTGVLTPS SKRFQEFQQF
0 0

0
DISPCSFGGV SVITPGTNAS SEVAVLYQDV NCTDVSTATH
630 640 650 660

QAGCLIGAEH VDTSYECDIP IGAGICASYH TVSLLRSTSQ

690 700 710 720
NTIAIPTNFS ISITTEVMPV SMAKTSVDCN MYICGDSTEC

750
IAAEQDRNTR EVFAQVKOMY
810

780
FNFSQILPDP
840

DAGFMKQYGE CLGDINARDL ICAQKFNGLT VLPPLLTDDM
870 880 890 900

AGAALQIPFA MOMAYRFNGI GVTONVLYEN QKQIANQFNK

930 940

DVVNQNAQAL NTLVKQLSSN FGAISSVLND ILSRLDKVEA

990 1000

QOLIRAAEIR ASANLAATKM SECVLGOSKR VDFCGKGYHL

1050 1060

SQERNFTTAP AICHEGKAYF PREGV
1120

1110

950 960
1010 1020
1070 1080
G TSWFITQRNF
1130 1140

IGIINNTVYD PLQPELDSFK EELDKYFKNE TSPDVDLGDT

1160 1170

1180 1190

SGINASVVNI QKEIDRLNEV AKNLNESLID LQELGKYEQY IKWPAAAFHENEHE
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SARS-CoV-2 RBD-His (Mw: 31.8 kDa)

10 20 30 40 50
MARVQPTESI VRFPNITNLC PFGEVFNATR FASVYAWNRK RISNCVADYS

70

80 90

100 110

FKCYGVSPTK LNDLCFINVY ADSEVIRGDE VRQIAPGQTG KIADYNYKLP
150 160

0
NSNNLDSKVG GNYNYLYRLF RKSNLKPFER DISTEIYQAG

190

FQPTNGVGYQ PYRVVVLSFE LLHAPATVCG PKKSTNLVKN

200 210

260

220 230

270 280

KKFLPFQQFG RDIADTTDAV RDPQTLEILD ITPCSAAAHHIHEHE

60

VLYNSASFST
120

DDFTGCVIAW

[}
STPCNGVEGF NCYFPLQSYG

240

KCVNENENGL TGTGVLTESN

SARS CoV-2 S1S2 trimer with foldon sequence (Mw monomer: 141.9 kDa)

10
MAQCVNLTTR
70
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130
EFQFCNDPFL

FVFKNIDGYF
250
GDSSSGWTAG

0
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370
ASFSTFKCYG
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0
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20 30
TQLPPAYTNS FTRGVYYPDK
80
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PVLPFNDGVY FASTEKSNIT
140 150
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200 210
KIYSKHTPIN LVRDLPOGES

260 270
ARAYYVGYLQ PRTFLLKYNE
0 330
PTESIVRFPN ITNLCPFGEV
380 390
VSPTKINDLC FINVYADSFV
440 450
DSKVGGNYNY LYRLFRKSNT
500 510
GVGYQPYRVV VLSFELLHAP
0 570
FQOFGRDIAD TTDAVRDEQT
620 630
VAIHADQLTP TWRVYSTGSN
680 690
GSASSVASQS IIAYTMSLGA
740 50
ICGDSTECSN LLLQYGSFCT
800 810
FSQILEDPSK PSKRSFIEDL

0

PPLLTDEMIA QYTSALLAGT
920 930
LIANQFNSAI GKIQDSLSST

0 990
SRLDPPEAEV QIDRLITGRL
1040 1050
FCGKGYHIMS FPQSAPHGVV
1100 1110
WEVTQRNEYE PQIITTDNTE
1160 1170
PDVDLGDISG INASVVNIQK
1220 1230
YIPEAPRDGQ AYVRKDGEWV

1270

a0 50
VFRSSVLHST QDLFLPFEFSN
0

RGWIFGTTLD SKTQSLLIVN
160 170
SANNCTFEYV SQPFLMDLEG
220 0
ALEPLVDLPI GINITRFQTL

280 290
NGTITDAVDC ALDPLSETKC
0 350
FNATRFASVY AWNRKRISNC
400 410
IRGDEVRQIA PGQTGKIADY
460 470
KPFERDISTE IYQAGSTPCN
520 530
ATVCGPKKST NLVKNKCVNF
580 590
LEILDITPCS FGGVSVITPG
640 650
VFQTRAGCLI GAEHVNNSYE
700 710
ENSVAYSNNS IAIPTNFTIS
760 770
QLNRALTGIA VEQDKNTQEV
820 830
LFNKVTLADA GFIKQYGDCL

0
ITSGWTFGAG AALQIPFAMQ
940 950
ASALGKLQDV VNQNAQALNT
1000 1010
QSLQTYVTQQ LIRAAEIRAS
1060 1070
FLHVTYVPAQ EKNFTTAPAT
1120 1130
VSGNCDVVIG IVNNTVYDPL
1180 1190
EIDRLNEVAK NLNESLIDLO
1240 1250
LLSTFLVENL YFQGGSAWSH
1280

GGSGGSAWSH PQFEKLEHHH HHHHH*

118

60
VTWFHAIHVS
120
NATNVVIKVC
180
KQGNFKNLRE
240
LALHRSYLTP
300
TLKSFTVEKG
360
VADYSVLYNS
420
NYKLPDDFTG
480
GVEGFNCYFP
540
NENGLTGTGV
600
TNTSNQVAVL
660
CDIPIGAGIC
720
VTTEILPVSM
780
FAQVKQTYKT
840
GDIAARDLIC
900
MAYRENGIGV
960
LVKQLSSNFG
1020
ANLAATKMSE
1080
CHDGKAHFPR
1140
OPELDSFKEE
1200
ELGKYEQAAR
1260
PQFEKGGGSG
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10 20
MAQCVNLTTR TQLPPAYTNS
70 80
NGTKRFDNPV LPFNDGVYFA

130 0
QFCNDPFLGV YHKNNKSWME
190 200
KNIDGYFKIY SKHTPINLVR
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310 320
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370 380
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430 440
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0 500
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550 0
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610 620
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670 0
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730 740
SVDCTMYICG DSTECSNLLL
790 800
KDFGGFNFSQ ILPDPSKPSK
850 860
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910 0
VLYENQKLIA NQFNSAIGKI

970 980

SVLNDILARL DPPEAEVQID
1030 1040
GOSKRVDECG KGYHLMSFPQ
1090 1100
FVSNGTHWFV TQRNFYEPQI
1150 1160
YFKNHTSPDV DLGDISGINA
1210 1220
RGSPGSGYIP EAPRDGQAYV

270
GGSAWSHPQF EKLE]

hACE2-fc (Mw: 95.2 kDa)
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610 620
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730 740
KAKGQPREPQ VYTLPBSRDE
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STEKSNIIRG WIFGTTLDSK
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RPLYEEYVVL
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650
EVICVVVDVS
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EYKCKVSNKA
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SARS CoV-2 B.1.1.7 S1S2 trimer with foldon sequence (Mw monomer: 141.6 kDa)
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VTWFHAISGT

120
TNVVIKVCEF
180
NFKNLREFVE

240

HRSYLTPGDS

SFTVEKGIYQ
360
YSVLYNSASF
420
LPDDFTGCVI
480
GFNCYFPLOS
GLTGTGVLTE
SNQVAVLYQG
660
PIGAGICASY
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EILPVSMTKT
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VKQIYKTPPT
840
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200
RENGIGVTON
960
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GKAHFPREGV
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LDSFKEELDK
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KYEQAAALVE
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60
DKWSAFLKEQ

YSTGKVCNPD
180
KNEMARANHY
240
KLMNAYPSYT
300
IFKEAEKFEV
360
DDFLTAHHEM
420
DFQEDNETEL
480
VVEPVPHDET
540
STEAGQKLFN

STDWSPYADA

HEDPEVKFNW
720
LPAPIEKTIS
780
ENNYKTTPPV

LDSDGSFFLY SKLTVDKSRW QQGNVESCSV MHEALHNHYT QKSLSLSPGK

119

Figure Al. Single letter amino acid sequence of the SARS-CoV spike protein and hACE2 constructs
used for SPR experiments. T4 fold-on sequences are marked in yellow, Poly-His sequences are
marked in green and fc-tags are marked in turquoise.
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ARTICLE INFO ABSTRACT

Keywords: The development of specific disease-associated PET tracers is one of the major challenges, the realization of
Tracer which in neurodegenerative diseases would enable not only the efficiency of diagnosis but also support the
Diagnosis

development of disease-modifying therapeutics. Parkinson’s disease (PD) is the most common neurodegenerative
movement disorder and is characterized by neuronal fibrillary inclusions composed of aggregated o-synuclein
(a-syn). However, these deposits are not only found in PD, but also in other related diseases such as multiple
system atrophy (MSA) and dementia with Lewy bodies (DLB), which are grouped under the term synucleino-
pathies. In this study, we used NGS-guided phage display selection to identify short peptides that bind aggregated
a-syn. By surface plasmon resonance (SPR)-based affinity screening, we identified the peptide SVLfib-5 that
recognizes aggregated a-syn with high complex stability and sequence specificity. Further analysis SPR showed
that SVLfib-5 is not only specific for aggregated a-syn, but in particular recognizes fibrillary and oligomeric
structures. Moreover, fluorescence microscopy of human brain tissue sections from PD, MSA, and DLB patients
with SVLfib-5 allowed specific recognition of a-syn and a clear discrimination between diseased and non-
diseased samples. These findings provide the basis for the further development of an a-syn PET tracer for
early diagnosis and monitoring of disease progression and therapy progress.

Alpha synuclein
Parkinson’s disease
Multiple system atrophy
Dementia with Lewy bodies
Synucleinopathies

Phage display

1. Introduction (Papp et al., 1989; Spillantini et al., 1998). Initial indications that these

abnormal deposits are likely to be associated with disease progression

Abnormal intra-neuronal deposition of a-synuclein (a-syn) is the
hallmark of many neurodegenerative diseases such as Parkinson’s dis-
ease (PD), dementia with Lewy bodies (DLB), and multiple system at-
rophy (MSA) (Spillantini et al., 1997a; Poewe et al., 2017). These
intraneuronal inclusions, termed Lewy bodies (LB) or Lewy neurites
(LN) depending on their intracellular location (soma or neurite,
respectively), are found mainly in the substantia nigra of PD patients,
whereas they are largely distributed in the cerebral cortex of DLB pa-
tients. In contrast to PD and DLB, MSA patients show filamentous in-
clusions not only in neurons but also to a higher extent in
oligodendrocytes, where they are referred to as Papp-Lantos bodies

were provided by the finding that they are mainly consisting of insoluble
fibrillary biopolymers of physiologically monomeric a-syn and that
certain mutations in the SNCA region, encoding for a-syn, are linked to
certain types of familial PD (Chartier-Harlin et al., 2004; Alcalay et al.,
2010; Nuytemans et al., 2010). Moreover, structural analysis of fibrils
extracted from brain homogenates of diseased patients has shown that
the different synucleinopathies are associated with different fibril
polymorphs that have distinct capacities to induce aggregation in the
presence of monomeric a-syn. This led to the hypothesis that the fibril
polymorph is not only decisive for the pathophenotype, but also for
disease progression (Peng et al., 2018; Yamasaki et al., 2019).
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Among the various fibrillary conformers of a-syn aggregates formed
during autocatalytic self-amplification of seeding species, soluble olig-
omeric non-fibrillary structures are considered to be the major toxic
component causing neuronal cell death in PD and other synucleino-
pathies (Bengoa-Vergniory et al., 2017; Winner et al., 2011). Similar to
fibrils, oligomeric a-syn structures occur with a high degree of structural
diversity, which, together with their transient nature, complicates their
biophysical characterization and detection (Alam et al., 2019; Giehm
et al., 2011; Lorenzen et al., 2014).

Recent progress was made in quantitating soluble a-syn oligomers in
CSF of PD patients and patients from other synucleinopathies (Blomeke
etal., 2022). However, currently, there is no reliable method to visualize
a-syn aggregates in patients, which not only hinders early detection of
the disease and thus appropriate therapeutic intervention, but also im-
pedes the development of new causative treatments. Positron emission
tomography (PET) has the potential to reveal the pathogenesis of brain
diseases and to evaluate the effect of novel therapeutics if appropriate
tracer molecules are available (Barc and Kuzma-Kozakiewicz, 2019).
However, in the absence of suitable disease-related tracers, imaging of
dopaminergic neurons remains the most important application for
evaluating the success of disease-modifying PD treatments. In fact, in
most patients, the disease begins much earlier, before dopaminergic
neurons degenerate, and the loss of dopaminergic neurons is a conse-
quence of disease progression rather than its cause (Olanow and Brun-
din, 2013). A specific tracer molecule that recognizes disease-related
a-syn aggregates in the central nervous system (CNS) would therefore be
crucial.

One of the major challenges in the development of a-syn PET-tracers
is that the absolute concentration of a-syn aggregates found in the CNS is
significantly lower than for other neurodegenerative disease markers
such as AP or tau aggregates (Mathis et al., 2017). Therefore, tracer
molecules with the highest specificity and selectivity are needed for
identification of disease-related «a-syn aggregates. Moreover,
structure-based design is complicated not only by the polymorphism of
a-syn aggregates but also by the limited availability of high-resolution
structures of fibrils or oligomers.

In the present work, we took a different approach from the structure-
guided design by using phage display selection with subsequent next
generation sequencing (NGS) analysis (Sevenich et al., 2022) for the
development of an anti-a-syn tracer molecule that specifically recog-
nizes aggregated a-syn. The resulting 16-mer peptide SVLfib-5 does not
only bind fibrillary a-syn with high sequence specificity, but also rec-
ognizes off-pathway oligomer structures, while showing no affinity for
monomeric a-syn. Moreover, when applied to brain samples derived
from PD, DLB and MSA patients, staining with SVLfib-5 allowed an ac-
curate discrimination between patient and control samples.

Thus, SVLfib-5 represents a promising candidate for a specific PET
tracer for PD, DLB, and MSA. In addition, the described method can be
extended to other neurodegenerative diseases such as Alzheimer’s dis-
eases for the straightforward identification of peptide-based PET tracers.

2. Methods
2.1. Expression and purification of monomeric wt and a-syn A140C

Expression of N-terminal acetylated full-length wt a-syn and acety-
lated full length a-syn-A140C was performed in E. coli BL21(DE3).
Acetlyation was achieved by introducing a pT7 vector encoding for N-
terminal acyltransferase (pNatB) from Schizosaccharomyces pombe
(Johnson et al., 2010). For expression in LB-medium, 1 mM IPTG was
added in mid-log phase following incubation for 4 h at 37 °C. Purifica-
tion was performed as described previously (Hoyer et al., 2002) with the
following modifications: cells from 1 1 expression were pelleted and
resuspended in 25 ml 20 mM Tris pH 8.0. Cell lysis was performed by
boiling the cells at 95-100 °C for 2 x 15 min. After centrifugation, a final
concentration of 0.45 g/ml of ammonium sulfate was added for protein

Neurochemistry International 161 (2022) 105422

precipitation. The protein was pelleted and resuspended in 50 ml buffer.
Subsequently, the sample was loaded on a HiPrep QFF 16/10 (Cytiva,
USA, CV = 20 ml) anion exchange column. a-syn was recovered by
applying a gradient elution with a target concentration of 800 mM NaCl
over 20 CV. a-syn containing fractions were pooled and precipitated as
described previously. A final chromatography step was performed by
purifying monomeric a-syn with a HiLoad Superdex 60/75 pg gel
filtration column (Cytiva, USA, CV = 120 ml). Protein aliquots were
frozen with liquid nitrogen and stored at —80 °C.

2.2. Biotinylation and purification of 140C a-syn

For biotinylation of a-syn 250 pM a-syn 140C was incubated with a
ten-fold excess of TCEP at RT for 30 min. The labeling reaction was
performed in 25 mM NaPi pH 7.0 by incubation with a ten-fold excess of
PEG,-biotin maleimide (Thermo Fisher, USA) for 2 h at RT. Labeled
biotinylated 140C-PEG,-biotin a-syn was purified using an Agilent 1260
Infinity II system and C8 RP-HPLC column (Zorbax 300 SB-C8, Agilent,
USA) at 80 °C. Mobile phases consisted of A: Water +0.1% TFA and B:
Acetonitrile +0.1% TFA. Elution of labeled peptides and proteins was
performed with a gradient of 5-40% (v/v) B within 30 min. Fractions
containing the labeled protein were united and lyophilized. Lyophilized
protein was stored at —20 °C until usage.

2.3. Preparation of biotinylated a-syn fibrils for selection

Preparation of a-syn fibrils was performed as described previously
(Heise et al., 2005) with the following modifications: for preparation of
10% biotinylated a-syn fibrils, wt and biotinylated 140C a-syn was
mixed in a 10:1 M ratio. A total volume of 500 pl with a concentration of
400 pM in 25 mM Tris-HCI pH 7.4, 0.05% (w/v) NaN3 was incubated at
37 °C in a quartz cuvette and continuously stirred at 200 rpm using a
teflon bar. To monitor fibrillation, 5 pl sample was removed, mixed with
95 pl Tris buffer and 10 pM ThT (20 pM monomer equivalent a-syn) and
transferred to a Greiner half area non-binding 96-well plate (Greiner
Bio-one, GE). ThT fluorescence was monitored with bottom optics at Aex
= 448 nm and Ay = 482 nm in a fluorescence plate reader with orbital
averaging on 3 mm (Clariostar or Polarstar Optima, BMG labtech, GE).
After 6 d of incubation, the whole sample was centrifuged at 175,000 xg
for 30 min at 4 °C. The supernatant was removed, and the pellet was
washed several times with buffer and finally resuspended in 500 pl
Tris-HCl pH 7.4. After 3 x 45 s sonification with a microtip (10% max.
amplitude, 50% cycle, Ultrasonics sonifier 250, Branson, USA), the
sample was aliquoted to 10 pl and flash frozen with liquid nitrogen.
Samples were stored at —80 °C until further usage.

2.4. Saturation ELISA

Saturation ELISA was performed to verify the successful immobili-
zation of the fibrils on the streptavidin derivatized selection surface.
Biotinylated a-syn fibrils were thawed on ice, diluted to 20 pM in 20 mM
Tris-HCl pH 7.4 (Tris-buffer) and subsequently sonified as described
previously. 100 pl/well of 2.5, 5, 10 and 20 yM monomer equivalent of
fibrils was incubated for 1 h at RT in a High Capacity streptavidin coated
96-well plate (Thermo Fisher Scientific, USA). Afterwards, the surface
was quenched using 100 pl of saturated biotin solution. Subsequently,
the surface was blocked using 100 pl of BSA (bovine serum albumin)
blocking solution (1% (w/v) BSA in 25 mM Tris-HCl pH 7.4). The surface
was washed three times with 200 pl washing solution (Tris-buffer +
0.1% (v/v) Tween-20). The primary anti-aggregated monoclonal a-syn
antibody (clone 5G4, Merck, USA) was diluted to a final concentration of
1 pg/ml in Tris-buffer and 100 pl was incubated for 1 h at RT. The
surface was washed five times with 200 pl washing buffer. The sec-
ondary antibody (goat anti-mouse-IgG-HRP antibody, Thermo Fisher,
USA) was diluted to 0.2 pg/ml in Tris-buffer, 100 pl was added to the
wells and incubated for 1 h at RT. After washing six times with 200 pl
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washing buffer, the TMB substrate (3,3',5,5-Tetramethylbenzidine,
Sigma Aldrich, USA) was incubated for 4 min and the reaction was
stopped by adding equal volumes of 2 M sulfuric acid. The absorption
was quantified at A4so using a platereader (Clariostar, BMG Labtech,
GE).

2.5. Phage display selection

Phage display was performed as described previously (Sevenich
et al., 2022) with some modifications: For selection, 25 mM Tris-HCI pH
7.4 50 mM NaCl was used as selection buffer. All other buffers such as
blocking, incubation and washing buffer were modified by addition of
the corresponding substance as described previously. Fibrils were ho-
mogenized by sonication as previously described and 100 pl was added
to a High Capacity streptavidin 96-well plate (Thermo Fisher Scientific,
USA) in 10 pM monomer equivalents (1000 pmol/well). Selection was
performed using either the commercially available NEB-12 (New En-
gland Biolabs, USA) or Trico-16 (Creative Biolabs, USA) libraries. For
the first selection round, the phage library titer was determined by ab-
sorption at Aggo, and 2x10'! total phages were used as input. Three
consecutive selection rounds were performed using alternating blocking
conditions with either MP (milk powder) or BSA and 10-fold washing
repetitions for each selection round.

2.6. Enrichment ELISA

Enrichment ELISA was performed as described previously (Sevenich
et al., 2022) with the following modifications: for target immobilization
either 0.2 pM sonified biotinylated o-syn fibrils or 140C PEG-bio-
tin-a-syn monomer was incubated. All steps were performed using 25
mM Tris-HCl pH 7.4, 50 mM NacCl (blocking buffer: addition of 1% (w/v)
BSA; washing buffer: addition of 0.5% (w/v) BSA and 0.05% Tween-20).

2.7. Next generation sequencing (NGS) and cluster evaluation

DNA sample preparation and NGS sequencing was performed as
described previously (Sevenich et al., 2022). Hammock clustering soft-
ware (Krejci et al., 2016) was used with default settings except for -U set
as “input”. Decision for synthesis of peptide variants was made based on
empty score, enrichment factor values, cluster size and sequence motif
conservation.

2.8. SVLfib peptide synthesis

L-enantiomeric SVLfib peptides were purchased with C-terminal
amidation from CASLO (CASLO, DK) as lyophilized chloride salt powder
with a purity of >95%.

2.9. Surface plasmon resonance (SPR) screening

SPR experiments were used to screen the interaction of the SVLfib
peptides with aggregated a-syn, to verify binding specificity (monomer,
fibrils, oligomers), and to kinetically characterize the interaction with
the target molecules. All measurements were performed using a Biacore
T200 device and Biacore insight evaluation software v3.0 for kinetic
evaluation (Cytiva, USA). For affinity screening of whole aggregate pool
samples, wt a-syn was aggregated and purified as previously described
for the preparation of biotinylated fibrils. The resulting aggregated
sample was immobilized on a carboxymethyl dextran matrix using EDC/
NHS chemistry (CM5 or CM3 sensor surfaces, Cytiva, USA). SVLfib
peptides were dissolved in DMSO and diluted to a final concentration of
2.5% (v/v) in 25 mM Tris-HCI pH 7.4 50 mM NaCl. Multicycle injections
without regeneration were performed using peptide concentrations of
8.4-135 uM with a flow rate of 30 pl/min. For kinetic characterization of
SVLfib-5 peptide with the whole aggregate pool sample, measurements
were either performed as multicycle injections without regeneration or
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as single cycle injections. Both experiments were performed in 25 mM
Tris pH 7.4, 50 mM NacCl at RT using flow rates of 60 pl/min for the
association phase and 30 pl/min for dissociation phase. SVLfib-5 was
diluted in running buffer at a concentration range from of 1.3-135 pM.
Biotinylated a-syn monomers were immobilized on streptavidin deriv-
atized SA sensor surfaces (Cytiva, USA). Data fitting was performed
using a 1:1 kinetic interaction model (Biacore T200 data evaluation
software v. 3.2, Cytiva, USA). For comparison of SVLfib-5_original, CP1,
_CP2 and _short interaction with the whole aggregate pool and inter-
action with off-pathway oligomers, identical experimental conditions
were used as described previously. Biotinylated a-syn off-pathway
oligomers were immobilized on a streptavidin derivatized SA-sensor
surface (SA, Cytiva, USA). Peptides were injected using concentration
ranges from 6.25 to 100 pM.

2.10. Preparation of biotinylated a-syn off-pathway oligomers

a-syn off-pathway oligomers were prepared as described by Giehm
et al. (2011) with some modifications: wt a-syn monomer was mixed
with 5% biotinylated 140C-a-syn monomer before incubation. Bio-
tinylated off-pathway oligomers were purified using a Superdex 200
10/300 column (Cytiva, USA) in 25 mM Tris 125 mM NaCl pH 7.0 as
running buffer (SI Fig. 1).

2.11. CF633 fluorophore labeling of SVLfib-5Cys

Fluorophore labeling of the peptide was achieved by covalently
linking the CF633 maleimide labeling reagent (Sigma-Aldrich, USA) and
the C-terminally introduced cysteine of the peptide SVLfib-5Cys. Briefly,
CF633 was dissolved in DMSO to a final stock concentration of 10 mM.
100 pM SVLfib-5Cys was reduced by incubation with a 10-fold molar
excess of TCEP in 10 mM NaPi pH 7.0 for 30 min at RT. Subsequently, a
20-fold molar excess of the CF633 maleimide labeling reagent was
added followed by incubation ON at 4 °C. Labeled SVLfib-5_CF633 was
purified using a RP-HPLC C18 column (Zorbax 300 SB-C18, Agilent,
USA) with isocratic elution at 18.5% (v/v) Acetonitrile and 0.1% (v/v)
TFA in ddH2O for 40 min at RT (SI Fig. 2). Samples were flash frozen in
liquid Ny, lyophilized and stored at —20 °C. The concentration of dis-
solved labeled product was determined by absorbance at Aagp and Ag3s
as described in the manufacturer’s protocol.

2.12. Preparation of brain sections

Brain tissue samples were obtained from the Netherlands Brain Bank
(nbb; NL). Menzel Superfrost slides (Thermo Fisher, USA) were frozen at
—20 °C for preparation of brain sections in the cryostat (Leica CM3050S,
GE). After the temperature of the cryostat was set at —20 °C and the
temperature of the preparation head was set at 14 °C, the brain sections
were attached to the preparation head with TissueTek O.C.T. medium
(Science Services, GE). Sections were cut into 20 pm thick slices,
transferred to slides, and thawed at RT, followed by drying on a hot plate
at 37 °C for 30 min. Long-term storage was performed at —80 °C until
further use.

2.13. Immunostaining of brain sections with SVLfib-5_CF633 and the
monoclonal antibody 211_CF488

The monoclonal antibody syn-211 (Thermo Fisher, USA) was labeled
with CF488 succinimidyl ester (Sigma Aldrich, USA) via primary amino
groups and then purified according to the manufacturer’s protocol
(DOL: 3.16). For staining, brain sections were thawed at RT for 5 min
and then fixed in 4% paraformaldehyde (Sigma-Aldrich, USA) in Tris-
buffered saline (TBS) for 10 min. The sections were then washed 3 x
3 min in TBS-T (TBS + 1% (w/v) Triton X 100). syn-211 mAb was
diluted to a final concentration of 1 pg/ml and SVLfib-5_CF633 was
diluted to a final concentration of 0.65 pg/ml (MW: 2612 g/mol) in TBS-
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T containing 1% (w/v) BSA, followed by incubation on the brain sec-
tions ON at 4 °C. After incubation, the sections were washed 3 x 3 min in
TBS-T and incubated with DAPI (0.1 pg/ml in TBS, Thermo Fisher, USA)
for 5 min. After 3 x 3 min washing in TBS, samples were covered with
Fluoromount G Mounting Medium (Thermo Fisher, USA) and dried until
the next day. Fluorescence images were acquired with identical expo-
sure times for the different sections at 420 nm (DAPI), 488 nm
(211_CF488) and 568 nm (SVLfib 5_CF633) excitation wavelength (Leica
Application Suite v4.0).

3. Results and discussion
3.1. Preparation and validation of the aggregated a-syn selection target

Biotinylated a-syn fibrils were prepared by incubation of 5% bio-
tinylated a-syn monomer with wt monomer, followed by incubation for
6 d at 37 °C under aggregation promoting conditions (Heise et al., 2005).

During the incubation process, formation of ThT-positive a-syn ag-
gregates was monitored by probing the sample at different time points
(Fig. 1A). After 6 d of incubation, insoluble aggregates were harvested
and separated from remaining free a-syn monomer by centrifugation.
The identity of the a-syn aggregates and the status of biotinylation were
subsequently verified by saturation ELISA using the anti-aggregated
a-syn monoclonal antibody 5G4 as the primary detection antibody to
detect biotinylated a-syn aggregates, which were immobilized in 96-
well plate derivatized with streptavidin (Fig. 1B). Additional AFM
sample analysis shows fibrillary polymorphs, which were detected
together with smaller species, probably induced by sonication of the
sample prior to surface immobilization. The biotinylated a-syn fibrils
were further used as target for the following phage display selection
procedure.

3.2. Phage display selection

To identify peptide ligands that bind to aggregated w-syn species,
phage display selection on aggregated a-syn was performed in three
consecutive selection rounds using either NEB 12-mer or Trico 16-mer
M13 phage libraries (New England Biolabs and creative Biolabs, USA,
respectively). The selection procedure, including positive and negative
control surfaces, was performed as described previously (Sevenich et al.,
2022; Kolkwitz et al., 2022; Santur et al., 2021).

To verify the successful enrichment of the target-specific binding
sequences during the selection process, output titer after phage elution

>
w
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(Fig. 2A) and the enrichment of the binding phages on the target protein
and the monomeric a-syn control were determined (Fig. 2B). The output
titer analysis for the Trico-16 selection shows a slight increase from 4 to
7 « 107 PFU/ml when the target was present during the selection process
(target selection = TS), while a titer decrease from 1 e 10% to 7 » 107
PFU/ml was observed when the target was absent (empty selection = ES;
Fig. 2A, left). Similar, the enrichment ELISA of amplified phages shows
progressive signal increase on the fibril target with each selection round,
while the third selection round additionally shows a higher signal on the
fibril target as compared to the monomer target (Fig. 2 B, left). These
results indicate that the selection with the Trico-16 library resulted in an
enrichment of peptide variants that exhibit affinity for aggregated a-syn,
but reduced affinity for the a-syn monomer.

In contrast to the Trico-16 selection, the output titer of the NEB-12
selection decreases from the first to the third selection round from 2 e
108 to 6 ¢ 10’ PFU/ml (Fig. 2A, right). While the output titer of TS, ES,
and DC of the third selection round (DC = direct control; TS-derived
input is exposed to an empty surface) show titer values in the same
range (Fig. 2A, right), a higher signal was detected for the fibril target
compared to the monomer-coated surface for the third selection round
in the ELISA assay (Fig. 2B, right).

Since both selections show a specific target-related signal in the third
selection round, both selections were further analyzed by NGS.

3.3. NGS and sequence clustering yield SVLfib peptide sequences

NGS sequencing resulted in identification of ~250,000 and
~173,000 sequence variants per sample for the NEB-12 and Trico-16
phage display selections, respectively. By applying an automated filter
system, which sorts for target specific, enriching variants, the total
number of variants was reduced to ~150,000 for the NEB-12 selection
and ~110,000 for the Trico-16 selection. Sequence ranking by empty
score (TS3/ES3) and enrichment factor (TS3/lib), combined with motif
clustering using Hammock clustering software (Krejci et al., 2016),
allowed the identification of five sequence variants per selection, that
showed an increase of its relative frequency, when subjected to the
target in TS, and decrease, if the target was not present (DC). Moreover,
motif clustering reveals, that the majority of the sequence positions is
highly conserved (Fig. 3A and B). Interestingly, the majority of the se-
quences that emerged from Trico-16 selection showed a pronounced
accumulation of amino acids with acidic isoelectric point, such as
aspartic acid and glutamic acid, toward the C-terminus of the sequence,
which may indicate a general function of negative charges for
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Fig. 1. Preparation and characterization of biotinylated a-syn fibrils. (A) ThT monitoring of biotinylated a-syn fibril formation. Biotinylated fibrils were
prepared by incubation of 400 pM 5% a-syn 140C_PEG2-biotin with 95 % wt a-syn at 37 °C under continuous stirring with a teflon coated micro bar at 200 rpm (in
25 mM Tris pH 7.5, 0.01% NaNj3). (B) Saturation ELISA with 2.5-20 uM freshly sonicated biotinylated a-syn fibrils. Biotinylated fibrils were incubated on streptavidin
coated 96-well plates. Fibrils were detected using 5G4 anti-aggregated «-syn as primary antibody and anti-IgG-HRP fusion secondary antibody (error bars show SD; n
= 3). (C) Atomic force microscopy (AFM) measurement of biotinylated a-syn fibrils. The fibrils were diluted to a final concentration of 1 pM a-syn monomer
equivalent. 5 pl diluted sample was incubated and dried on a freshly cleaved mica surface followed by washing with ddH,O and drying using a gentle stream of N.
Analysis was performed using a NanoWizard 3 system (J-1100, JPK BioAFM, USA).
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Fig. 2. Selection on a-syn fibrils using Trico-16 and NEB libraries. Selection on biotinylated a-syn fibrils was performed in three consecutive selection rounds
using either Trico 16 or NEB12 phage libraries. (A) Output phage titer of phage forming units (PFU)/ml were determined by blue-white screening. Please note that in
round 1 the direct control is identical to the empty selection and this is not shown separately. (B) Enrichment ELISA using input phage samples from Trico and NEB12
selections. Streptavidin derivatized surfaces were coated using biotinylated a-syn monomer or biotinylated fibrils to verify the target specificity of the

enriched phages.

interaction with the aggregated a-syn target protein.

Based on the NGS filter and motif clustering results, the 10 synthetic
peptides SVLfib-1 to —10 (5 sequences per selection, Fig. 3A and B, ta-
bles) were evaluated in the following assays to investigate their inter-
action with the selection target.

3.4. Identification of lead peptide sequence SVLfib-5 by affinity screening

The synthetic peptides SVLfib-1 to —10 were analyzed for their
interaction with the selection target. For this purpose, wt a-syn was
fibrillated without biotin tag and then purified as described previously.
Subsequently, the aggregated a-syn sample was sonicated and immo-
bilized on a carboxyl dextran sensor surface. Elongation capacity of the
immobilized species was verified by injection of monomeric o-syn, and
identity was proven via recognition by the anti-aggregation o-syn
monoclonal antibody 5G4 (SI Fig. 2). For subsequent affinity screening,
the solubility of SVLfib peptides was tested by diluting DMSO dissolved
samples to a target concentration of 2.5% DMSO in 25 mM Tris pH 7.4
50 mM NaCl. SVLfib-1 and -6 precipitated during the procedure and
were therefore excluded from further analysis. The remaining SVLfib
peptides were injected onto aggregated a-syn-immobilized sensor sur-
faces (Fig. 4) (see Fig. 5).

Multicycle injections of the SVLfib peptides on the immobilized
aggregated a-syn revealed transient interaction profiles for SVLfib-3, -4,
-9 and -10, whereas a stable interaction was identified for sequence
SVLSib-5 (Fig. 4).

To further characterize the interaction with the aggregated a-syn
species kinetically, SVLfib-5 was injected in multicycle as well as single
cycle kinetic experiments on carboxymethyl dextran derivatized sur-
faces immobilized with aggregated a-syn as described previously
(Fig. 6A and C). In addition, the peptide was injected on a streptavidin
surface immobilized with biotinylated «-syn monomer as control
(Fig. 6B).

Kinetic analysis of SVLfib-5 interaction with aggregated and

monomeric a-syn shows that the interaction is specific for the aggre-
gated sample, while the monomer is not bound by the peptide. This
result is consistent with the enrichment ELISA, which showed lower
specificity for a-syn monomer compared to the aggregated sample
(Fig. 2B). Fitting of multicycle and single-cycle kinetic experiments
yields kinetic rates in the same range. Interestingly, a rather slow as-
sociation rate without signal curvature was obtained for both experi-
ments, probably indicating mass transport limitation. This is likely due
to the high ligand immobilization level. Because the mass transport
limitation is not satisfactorily reduced by increasing the flow rate, the
interaction kinetics presented here must be considered as indicative
rather than absolute kinetic parameters. Moreover, the heterogeneity of
the immobilized pool of aggregated a-syn species might make it difficult
to assign a unique kinetic model for the interaction.

However, since most of the above experimental constraints should
lead to an underestimation of the association rate, the actual Kp is most
likely in the nM range.

3.5. SVLfib-5 recognizes a-syn oligomers and fibrils with high sequence
specificity

Previous experiments have led to the identification of lead sequence
SVLfib-5, exhibiting high affinity towards the whole immobilized pool of
a-syn aggregates. Since the immobilized aggregate sample consists of
various fibrillary as well as non-fibrillary conformers, we decided to
additionally analyze the affinity towards a purified, non-fibrillar
conformer. For immobilization on a streptavidin derivatized sensor
surface, we prepared biotinylated off-pathway oligomers. To further
verify the sequence specificity of the observed interactions we designed
the two randomized control peptides SVLfib CP1 and _CP2 (CP1:
AAVGGGDWPQWDWMPD-NH,; CP2: DDPGWWPAQDAGMVWG-NH3)
as well as a hypothetical binding region, which comprises the C-terminal
part of SVLfib-5, containing the previously mentioned negatively
charged aspartate residues: SVLfib-5_short (WPDADAWP-NH,). All
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D Sequence Ts3 | Es3 | b3 | Ts2 g2 | pc2 | Ts1 | Es1 | lib | &PY
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SVLfib-1_| FXPHEQHWOWLVOTOM | 6133 | 062 | 3466 | 642 | 067 | 251 | 136 | 070 | 1.14 | 98.78 | 5362
SVLfib-2 | FAAVETYANQYY 37.33 | 0.62 | 23.10 | 2698 | 6.66 | 26.37 | 12.21 | 841 | 6.86 | 60.13 | 544
SVLfib-3 | RGRITYHYPKEQ 2033 | 062 | 1617 | 642 | 067 | 377 | 407 | 140 | 2.29 | 4724 | 1282
SVLfib-4_| QYDVRYAPQWED 28.00 | 0.62 | 231 | 899 | 067 | 377 | 271 | 070 | 114 | 4509 | 24.48
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Fig. 3. NGS sequencing and motif clustering of Trico 16 and NEB phage display selections on a-syn fibrils. NGS sequencing and cluster motif generation was
performed as described previously (Sevenich et al., 2022) for Trico 16 (A) and NEB12 (B) phage display selection. Based on empty score and enrichment score, 5
peptides of each selection were selected for synthesis and further evaluation steps (SVLfib-1 to —10). Cluster motifs were generated with Hammock clustering software
(Krejci et al., 2016), where the corresponding NGS-identified sequence built the cluster core. This means that the sequence shown in the motif can partially deviate

from the one identified by NGS.

variants were injected on sensor surfaces, which were previously
immobilized either with the whole a-syn aggregate pool (Fig. 7A) or
purified biotinylated a-syn off-pathway oligomers (Fig. 7B).

Both experiments show that SVLfib-5_original recognizes aggregated
a-syn with high sequence specificity. While no binding signal of the
control peptides SVLfib_CP1 and _CP2 was observed for the oligomeric
a-syn (Fig. 7B), binding with substantially slower association rate and
faster dissociation rate as compared to SVLfib-5_original was identified
on the whole aggregate ligand (Fig. 7A). Interestingly, SVLfib_short,
which encompasses the hypothetical binding region, shows no affinity
for either sample, similar to SVLfib_CP1 and _CP2. These results show
clearly, that the recognition of SVLfib-5 is highly sequence specific and
that the complete 16-mer sequence is required for target interaction.
Regarding the identity of the target conformer, the results indicate that
SVLfib-5 binding is not only restricted to fibrillary conformers (Fig. 7A),

but might be specific for binding sites that are shared by certain types of
fibrillary and oligomeric polymorphs (Fig. 7B).

3.6. Staining with SVLfib-5_CF633 overlaps with anti-a-syn specific
staining of PD, MSA and DLB tissue samples

SVLfib-5 has shown high specificity for certain aggregated a-syn
species in previous experiments. To further verify, whether this speci-
ficity is also valid for human samples with actual disease-associated
structures, immunofluorescence double staining was performed with
the anti-a-syn monoclonal antibody syn-211_CF488 (green channel) and
labeled SVLfib-5_CF633 (red channel) to confirm co-localization (Fig. 8).
Syn-211 binds a C-terminal epitope (positions 121 to 125 (Giasson et al.,
2000) of a-syn and, therefore, recognizes a-syn in both its monomeric
and aggregated forms (oligomeric and fibrillary (Kumar et al., 2020),
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Fig. 4. SPR multicycle screening of SVLfib peptides on immobilized non-biotinylated a-syn fibrils. a-syn fibrils were prepared as described previously without
the addition of biotinylated a-syn monomer. Fibrils were immobilized via primary amino group coupling on a carboxyl-derivatized matrix (CM5, Cytiva, USA) using
EDC/NHS chemistry. SVLfib peptides were injected in TBS pH 7.4, 50 mM NaCl, 2.5% DMSO using 30 pl/min in a Biacore T200 device (Cytiva, USA). No regen-
eration was performed in between cycles to avoid fibril disruption. Peptides SVLfib-2 and -6 were not soluble in the assay buffer and therefore excluded from

the screening.
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Fig. 5. Natta projection and single letter amino acid code of the lead compound sequence SVLfib-5.

although accumulated signal will most likely indicate aggregated a-syn
species.

For staining, sections from PD, MSA, and DLB patients as well as age
matched non-demented controls (for sample specifications see SI
Table 1) were prepared and incubated with the syn-211_CF488 as well as
SVLfib-5_CF633 probes (Fig. 8).

Subsequent fluorescence detection showed clear differences between
diseased and non-diseased control samples. Co-localization of SVLfib-5
and syn-211 are evident in larger areas in the diseased samples, but
not in the non-demented controls. In the samples of the non-demented
controls, the fluorescent signal is mainly green and only a small frac-
tion yellow, suggesting that the signal detected here originates from
nonspecific binding of syn-211 or auto-fluorescence rather than from co-
localization with SVLfib-5. In addition, the size of the co-localized areas
shows a marked difference between the diseased sample and the cor-
responding controls. Although, due to the fact that syn-211 recognizes
both monomeric and aggregated species, no concluding statement can
be made about the morphologic identity of the co-localizing signal ac-
cumulations, it is tempting to speculate that they are indeed fibrillary or
oligomeric a-syn in the form of Lewy bodies, Lewy neurites, or Papp-
Lantos inclusions. This assumption is supported in particular by the
striking structure and size of these areas, which has been described
previously numerous times (Spillantini et al., 1997b; Kanazawa et al.,
2008; Jellinger and Lantos, 2010).

More importantly, SVLfib-5 is recognizing only structures that are

also stained by monoclonal antibody syn-211 and the majority of the
larger structures can be clearly assigned to the diseased samples.

4. Summary and outlook

In this study, we presented a novel phage display and NGS-based
method for the straightforward identification of PET tracer peptides
tailored for PD and other synucleinopathies. The development of tracer
molecules for these diseases is of utmost importance, as there is
currently no approved disease-associated tracer.

SPR-based affinity screening led to the identification of the lead
sequence SVLfib-5, which exhibited low micromolar to nanomolar
dissociation constants for the entire immobilized aggregate pool,
whereas no affinity for the monomeric a-syn was detected. Further
analysis using randomized control peptides showed not only that the
interaction is highly sequence specific, but also that a-syn off-pathway
oligomer preparations were recognized with similar affinity as
compared to the entire aggregate pool. Finally, comparison of immu-
nofluorescence staining of PD, MSA, and DLB brain samples with the
corresponding non-diseased controls showed that SVLfib-5 specifically
recognizes a-syn containing structures that are also recognized by syn-
211.

Taken together, all experimental results show that SVLfib-5 recog-
nizes aggregated a-syn structures (oligomer and or fibrillary) with high
affinity and specificity. One of the fundamental advantages of using
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Fig. 6. Kinetic analysis of SVLfib-5 interaction with aggregated and monomeric a-syn. (A/C) Kinetic multicycle (A) and single cycle (C) analysis of SVLfib-5 on
immobilized «-syn fibrils. a-syn fibrils were prepared as described previously without the addition of biotinylated a-syn monomer. Fibrils were immobilized via
primary amino group coupling on a carboxyl-derivatized matrix (CMS5, Cytiva, USA) using EDC/NHS chemistry. SVLfib-5 was injected in TBS pH 7.4, 50 mM NaCl
using 60 pl/min for association phase and 30 pl/min for dissociation phase at RT. Fitting was performed using a 1:1 kinetic interaction model (Biacore insight
evaluation software v3.0 (Cytiva, USA)). (B) Multicycle injection of SVLfib-5 on a-syn monomer. 140C-PEG,-biotin a-syn was immobilized on a streptavidin
derivatized SA-sensor surface (Cytiva, USA).

whole aggregate pool oligomers
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Fig. 7. Single cycle kinetic experiment with SFLfib-5 and its control peptides on the whole immobilized aggregate pool or off pathway oligomers. (A) For
immobilization of the whole aggregate pool, non-biotinylated a-syn aggregates were immobilized via primary amino group coupling on a carboxyl methyl-
derivatized matrix (CM5, Cytiva, USA) using EDC/NHS chemistry. SFLfib-5, CP1, CP2 and _short were injected in TBS pH 7.4, 50 mM NaCl using 6.25, 12.5,
25, 50 and 100 pM concentrations at 60 pl/min with 300 s association, followed by 3 h dissociation at 30 pl/min. (B) Biotinylated a-syn off-pathway oligomers were
immobilized on a streptavidin functionalized SA-Sensor Chip (Cytiva, USA), followed by quenching with biotin. SFLfib-5, CP1, _CP2 and _short were injected in TBS
pH 7.4, 50 mM NaCl using 6.25, 12.5 25, 50 and 100 pM concentrations at 60 pl/min with 300 s association, followed by 1 h dissociation at 30 pl/min.

peptides as tracer molecules is their high penetration rate of the blood-
brain barrier compared to antibodies (Zhou et al., 2021). However, since

(Herrmann et al., 2017), in combination with tailored high-affinity
all-D-peptide tracers, would be a promising strategy for the early diag-

L-enantiomeric peptides such as SVLfib-5 are rapidly degraded by pro-
teases when administered to the body, further optimization steps
regarding their stability may be required in the future. Here, the
retro-inverso strategy could be used to create p-enantiomeric peptides
with higher proteolytic resistance (Vaissiere et al., 2017). On the other
hand, ex vivo detection of a-syn oligomers in body fluids such as blood,
cerebrospinal fluid or saliva for PD, MSA and DLB diagnosis could be
another promising application for SVLfib-5. Methods based on the
identification of single aggregate particles, such as the sFIDA assay

nosis of these diseases. Although staining of brain tissue from PD, MSA,
and DLB patients has shown that SVLfib-5 is rather a general marker for
aggregated a-syn species and not able to distinguish polymorphic sub-
types, the histopathological distribution of aggregates and the spread of
pathology should allow differentiation between PD, MSA, and DLB.

In conclusion, the presented data show promising initial results on
the development of a a-syn specific tracer peptide for PD and other
synucleinopathies. In particular, the transfer of the described methods to
other neurodegenerative disease such as Alzheimer’s, Tauopathies and
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50 um

Fig. 8. Co-staining of brain tissue samples using SVLfib-5_CF633 (red) and mAb syn-211_CF488 (green). Brain tissue samples (obtained from Netherlands Brain
Bank) were selected based on diagnosis and affected brain region (substantia nigra for PD and middle frontal gyrus for MSA and DLB, respectively). Immunoflu-
orescence was performed on 20 pm frozen brain sections, which were subsequently incubated ON with SVLfib-5_CF633 and syn-211_CF488. For visualization of cell
nuclei, counterstaining with DAPI (blue) was performed and fluorescence images were recorded with identical exposure time for each sample and fluorescence

channel. The sections shown here are representative for multiple recorded sections.

Poly-Q diseases could be a promising starting point for the development
of further disease-specific tracer peptides.
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ABSTRACT: During the replication process of SARS-CoV-2, the main protease of the virus [3-
chymotrypsin-like protease (3CLP®)] plays a pivotal role and is essential for the life cycle of the sova sona soni7
pathogen. Numerous studies have been conducted so far, which have confirmed 3CLP™ as an - /5 .\ # i
attractive drug target to combat COVID-19. We describe a novel and efficient next-generation %

sequencing (NGS) supported phage display selection strategy for the identification of a set of

SARS-CoV-2 3CLF™ targeting peptide ligands that inhibit the 3CL protease, in a competitive or =g 2%

|l Metrics & More ‘ @ Supporting Information

Discovery of all-D-peptide inhibitors of
SARS-CoV-2 3C-like protease

noncompetitive mode, in the low #M range. From the most efficient L-peptides obtained from the |
phage display, we designed all-p-peptides based on the retro-inverso (ri) principle. They had ICy,

values also in the low yM range and in combination, even in the sub-micromolar range. ,,‘»,1“\,'. slggu“;
Additionally, the combination with Rutinprivir decreases 10-fold the ICy, value of the competitive ~ °/ Q} v T .Q“};’.‘.)c
inhibitor. The inhibition modes of these p-ri peptides were the same as their respective L-peptide ‘ N‘gv FEE
versions. Our results demonstrate that retro-inverso obtained all-p-peptides interact with high - e
affinity and inhibit the SARS-CoV-2 3CL protease, thus reinforcing their potential for further '

development toward therapeutic agents. The here described p-ri peptides address limitations associated with current L-peptide
inhibitors and are promising lead compounds. Further optimization regarding pharmacokinetic properties will allow the
development of even more potent D-peptides to be used for the prevention and treatment of COVID-19.

1. INTRODUCTION

The spread of Coronavirus disease 2019 (COVID-19) caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), with increasing levels of infectivity and transmissibility, has
strained human health and public safety worldwide." By May
2022, the COVID-19 pandemic has resulted in more than 524
million confirmed cases and more than 6.2 million confirmed
deaths, according to the World Health Organization (WHO).
To date, vaccination is considered the key strategy for ending the
pandemic’ and the worldwide vaccination campaign using
clinical safe and efficient vaccines against SARS-CoV-2 have
controlled the number of death. However, not yet the spread of
the diseases.*™” So far, more than 11.8 billion vaccine doses have
been administered.” Remdesivir, Dexamethasone, Favipiravir,
Lopinavir/Ritonavir, Nirmatrelvir/Ritonavir (Main protease
inhibitor), and Darunavir have been approved for emergency
use to inhibit SARS-CoV-2 infection and replication.®'* Given
a considerable limitation of direct-acting antivirals for COVID-

that features a His41-Cys14S catalytic dyad. A glutamine (Gln)
residue is commonly located at the P1 site on the protease
substrate. No known human cysteine protease cleaves after Gln,
thus oﬂerin{g gotential selectivity for this viral target over human
proteases.' 1 Viral proteases have been attractive targets for
oral small-molecule therapies in treating HIV and HCV.'*"”
The use of SARS-CoV-2 3CLP™ as a drug target has several
advantages over other virus proteins: (i) its essential role in the
viral replication process, (ii) its potential for mechanistic safety,
and (iii) the expected lack of variant resistance challenges.x
3CLP* inhibition represents an attractive approach for a safe and
orally available antiviral therapy to treat COVID-19.

Drugs are conventionally classified into two molecule weight
classes: “small-molecule” drugs (<500 Da) and protein/peptide-
based drugs (>1000 Da).”” Besides the obvious advantages of
small molecules like favorable oral bioavailability and a rational
design,”' they often have low target selectivity, ultimately
resulting in side effects. In comparison, peptides were often
neglected as potential molecules for drug development, despite

19 and an increasing presence of SARS-CoV-2 variants
(B.1.1.529, B.1.617.2, B.1.1.7, B.1.351, A.23.1, B.1.525,
B.1.526 and P.1),"* it remains a strategic priority to develop
new drug candidates with minimal side effects and also targeting
the new variants.

For the expression and replication of the CoV gene, proteases
play essential roles involving the proteolytic processing of
replicase polyproteins, which makes them attractive targets for
drug development.”’15 The main protease, also called 3CL
protease (3CLP™), is the 3-chymotrypsin-like cysteine protease
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binding to their target proteins with high affinity and specificity.
They are smaller than proteins and can be obtained synthetically
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Figure 1. Schematic overview of the investigated p-ri peptides and their mother L-peptides.

by well-established and cost-efficient methods.”* The disadvan-
tages of peptide drugs are their potential immunogenicity and
low bioavailability due to degradation and short half-lives.
Several approaches have been developed to approach these
problems. Dp-Enantiomeric amino acid residues effectively
enhance the resistance to degradation since most proteolytic
enzymes have substrate specificity for L-peptide bonds, allowing
oral administration of p-enantiomeric peptides.z’z'24 Further-
more, all-D-peptides are less immunogenic.25

Several studies described the development of the first all-p-
peptide designed to treat Alzheimer’s disease, and it proved to be
efficient in animal models and safe in humans.”*~** In the case of
SARS-CoV-2, several studies describe the identification of D-
peptide inhibitors against SARS-CoV-2 Spike protein and
3CLP 73 Of particular interest are all-p-peptides composed
of p-amino acid residues. However, many peptide-based drug
development strategies, like phage display selection, end up with
L-peptides. So-called D-retro-inverso (p-ri) peptides are
composed solely of p-amino acid residues in the reverse
sequence of their parental L-peptide (Figure 1). Such a peptide
assembled in reversed sequence from p-amino acid residues will
have almost the same structure, stability, and bioactivity as its
parent peptide made of L-amino acid residues, but with the
advantage of being more resistant to proteolytic degradation.
This combination makes p-ri peptides attractive drug
candidates.”® The overall orientation of the side chains of the
D-ri peptides is very similar to the original L-peptides, which,
however, does not lead to perfect p-ri peptides, which is
undoubtedly one reason why the retro-inverso approach was not
successful in every case.**™°

However, in this paper, we demonstrate the inhibition
potential of L-peptides selected using phage display targeting
SARS-CoV-2 3CLF. Subsequently, its retro-inverso versions
were explored, also in combination.

2. RESULTS

2.1. Characterization of SARS-CoV-2 3CLP Inhibition
by L- and p-Retro-Inverso Peptides. All experiments were
performed with recombinant produced SARS-CoV-2 3CLF™
protein (Supporting Information, Figure S1). To select binding
L-peptides to the 3CLP™, M13 phage display selection was
performed (Figure 2A). Detailed information about the phage
display process is described in Supporting Information, Text S1,
Figures S2 and S3, and Tables S1—S3. To verify whether the
selected peptides showed inhibition toward the target protein,
they were primary tested using a final concentration of 10 M of
each peptide, separately, in an enzyme-based fluorescence assay
(Figure 2B). With more than 60% inhibition, the peptides
3CVL-2 (SPHGWPSQSIEVQPQW), 3CVL-4
(AHEGWTWDWTPQYSWK), and 3CVL-7 (TVAPLHA-
HYWDVEERH) were selected for further analysis (Figure
2C—E). Concerning their potential to inhibit 100% of the
protease activity, determination of the ICs, was performed using
0-140 uM (3CVL-2), 0-120 uM (3CVL-4), and 0—100
(3CVL-7). The 3CVL-2 at a final concentration of 140 uM
showed 100% inhibition of the protease (Supporting Informa-
tion, Figure S4A) with a calculated ICy, value of 4.90 + 0.8 uM
(Table 1 and Figure 2C). In a similar concentration range, the
tested 3CVL-4 inhibited 100% of the protease activity at a final
concentration of 120 uM (Supporting Information, Figure
S4C), presenting an ICg, value of 2.44 + 0.6 uM (Table 1 and
Figure 2D). The selected peptide 3CVL-7 performs even better
and inhibits 100% of the recombinant SARS-CoV-2 protease
activity at a final concentration of 80 uM (Supporting
Information, Figure S4E) with an ICj, value of 0.98 & 0.2 uM
(Table 1 and Figure 2E). Further inhibition mode assays
identified 3CVL-2 and 3CVL-7 as competitive inhibitors. These
peptides compete with the substrate for the active and/or
binding sites of the protease (Supporting Information, Figure
S4B,F). Remarkably, the inhibition mode has shown that 3CLP*
can be allosterically inhibited by 3CVL-4, which discloses a
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Figure 2. Phage display scheme and screening of phage display L-peptides against SARS-CoV-2 3CLP™ activity. (A) Schematic diagram of the phage
display process. (B) Primary screen of the 11 selected peptides (10 M) against SARS-CoV-2 3CLF™ activity. 3CVL-2, 3CVL-4, and 3CVL-7 inhibit
the virus protease activity by more than 60%. (C—E) Selected peptide inhibiting SARS-CoV-2 3LP™. Dose—response curves for ICq, values of 3CVL-2
(C), 3CVL-4 (D), and 3CVL-7 (E) were determined by nonlinear regression. Data shown are the mean = standard deviation (SD) from three
independent measurements (1 = 3). Asterisks mean that the data differ from the control (0 #M inhibitor) significantly at p < 0.05 (*), p < 0.01 (**),
and p < 0.001 (***) levels according to analyses of variance (ANOVA) and Tukey’s test.

Table 1. Summary of the SARS-CoV-2 3CL™ Inhibition
Experiments by 3CVL-2, -4, and -7

peptide ICy, (uM) inhibition mode
3CVL-2 4.90 + 0.8 competitive
3CVL-4 244 £ 0.6 noncompetitive
3CVL-7 0.98 +£0.2 competitive

noncompetitive inhibition mode (Supporting Information,
Figure S4D).

To improve the poor proteolytic stability of L-enantiomeric
peptides without losing affinity and binding specificity to their
target protein, the peptides 3CVL-2, 3CVL-4, and 3CVL-7 were
synthesized in retro-inverse D-enantiomeric (D-ri) form and
designated as 3CVLri-2, 3CVLri-4, and 3CVLri-7, respectively.
Glycine does not have a chiral center that was the reason that the
D-ri peptides have identical amino acid sequences, except for
glycine, which was replaced by alanine. Additionally, an arginine
was added to the C-termini of each D-ri peptide to increase the
permeability of the peptides. The representative scheme is
shown in Figure 3A,B.

Like the L-peptides, the p-ri-peptides were tested using a
concentration range of up to 140 yM (3CVLri-2 and 3CVLri-4)
and up to 100 yM (3CVLri-7), which showed 100% inhibition
of the protease by the corresponding used final concentration
(Supporting Information, Figure SSA,C,E). Based on the
enzymatic assay, the IC;, values were determined for each p-ri
peptide, displaying for 3CVLri-2 (9.09 + 0.5 uM), 3CVLri-4
(5.36 + 1.7 uM) and 3CVLri-7 (1.57 + 0.2 uM) an increase of
the ICy, values of about 2-fold compared to the L-peptides
(Figure 3C—E and Table 2). The mode of inhibition of the p-ri
peptides was maintained, displaying a competitive mode of
3CLVri-2 and -7 and an allosteric mode of inhibition for
3CVLri-7 (Supporting Information, Figure S5B,D,F). A
sequence analysis between the preferred 3CLP™ cleavage
sequence pattern at the substrate-binding site and the identified
inhibitors demonstrated that the competitive inhibitors have a
higher similarity (ranging from 62.5 to 12.5%) compared to the
noncompetitive inhibitors (no similarity) (Supporting Informa-
tion, Figure S6).

2.2. Competitive and Noncompetitive p-Retro-Inverso
Peptides Act Cooperatively to Inhibit SARS-CoV-2
3CLP™. To presume the effect of the competitive (3CVLri-2

https://doi.org/10.1021/acschembio.2c00735
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Figure 3. Principle for obtaining D-retro-inverso peptides and inhibitory effect against SARS-CoV-2 3CLP™ activity. (A) Schematic diagram of D-retro-
inverso (p-ri) peptides. (B) Sequences of 3CVLri-2, -4, -7 and their mother L-peptides. In the p-ri peptides, glycine (G) was replaced by alanine (a).
(C—E) All-D-ri peptides inhibit SARS-CoV-2 3CLP™ activity. Dose—response curves for ICs, values of 3CVLri-2 (C), 3CVLri-4 (D), and 3CVLri-7

(E) were determined by nonlinear regression. Data shown are the mean =+ SD from three independent measurements (n = 3).

Table 2. Summary of the SARS-CoV-2 3CLP™ Inhibition
Experiments by 3CVLri-2, -4 and -7

peptide ICsy (uM) inhibition mode
3CVLri-2 9.09 + 0.5 competitive
3CVLri-4 536+ 1.7 noncompetitive
3CVLri-7 1.57 £ 0.2 competitive

and 3CVLri-7) and noncompetitive (3CVLri-4) p-retro-inverso
peptides, a combined inhibitory assay was performed (3VLri-2 +
3CVLri-4 and 3CVL-7 + 3CVL-4). Both peptides were mixed in
a 1:1 volume ratio and tested against the protease activity
(Figure 4).

The calculated IC, values for the 3CVLri-2 + 3CVLri-4
combination and the 3CVLri-7 + 3CVLri-4 combination were
0.87 + 0.3 and 0.39 + 0.1 uM (Figure 4A,B).

2.3. Cooperative Inhibition of SARS-CoV-2 3CLP™ by
Rupintrivir and 3CVLri-4. Rupintrivir is a known inhibitor of
the 3C cysteine protease family but showed a weak inhibitory
potential against the SARS-CoV-2 3CLP™.*"* The determined
I1Cs value for Rupintrivir was 109 + 14.40 uM (Figure SA) and
is in agreement with published data.**** The ICg, value for the
Rupintrivir/3CVLri-4 combination was 15.10 = 1.60 uM
(Figure SB).

2.4. Binding Affinities of Selected 3CLP™.- and b-
Peptide Inhibitors. The interaction kinetics of 3CVL-2, -4,
and -7 with 3CLP™ and its p-ri form was determined using
surface plasmon resonance (SPR) experiments. 3CLP™ was
immobilized via covalent primary amino group coupling, and
3CVL and 3CVLri peptides were injected as analytes.
Supporting Information Figures S9 and S10 show the SPR
sensorgrams for 3CVL peptides at assay concentrations of 50,

A 100 100
o @
w “w
§ 3CVLri-2 + 3CVLri-4 § 3CVLri-7 + 3CVLri-4
& so Iyt 0.87 £ 0.3 uM & so 141 0.39 £ 0.1 uM
-3 [-3
0+ r H Y 0+ . . ; t .
0 2 a 6 0 1 2 3 a 5

Log concentration [nM]

Log concentration [nM]

Figure 4. SARS-CoV-2 3CLP™ inhibition by a combination of competitive and noncompetitive p-retro-inverso peptides simultaneously. Dose—
response curves for ICy, values of the combination were determined by nonlinear regression. Data shown are the mean =+ SD from three independent
measurements (n = 3). The corresponding normalized activity and inhibition plots of SARS-CoV-2 3CL under the influence of the combined
peptides are shown in the Supporting Information, Figure S7. (A) Dose—response curve of the 3CVLri-2 + 3CVLri-4 combination. (B) Dose—
response curve of the 3CVLri-7 + 3CVLri-4 combination.
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Figure 5. SARS-CoV-2 3CLP™ inhibition by Rupintrivir and Rupintrivir/3CVLri-4 combination. Dose—response curves of the ICs, values were
determined by nonlinear regression. Data shown are the mean + SD from three independent measurements (n = 3). The corresponding normalized
activity and inhibition plots of SARS-CoV-2 3CLP under the influence of the combined peptides are shown in Supporting Information, Figure S8. (A)
Dose—response curve of Rutinprivir. (B) Dose—response curve of the Rutinprivir/3CVLri-4 combination.

25, 12.5, 6.25, 3.12, 1.56, 0.78, and 0.39 uM on 3CLP™
immobilized on the CMS5 sensor chip. The fit for the competitive
inhibitors was made using a heterogeneous ligand model in
which the two binding sites on the dimer are assumed to behave
differently, as described for the 3CLP™ dimer active sites.**™*>
The fit for the noncompetitive inhibitor was made using a 1:1
stoichiometric kinetic fitting.

Heterogeneous ligand fitting revealed dissociation constants
from the low #M to low nM range for the higher affine binding
site. Global 1:1 fitting showed dissociation constants in the low
UM range (Supporting Information, Figures S9 and S10 and
Table 3).

Table 3. Ky, Values Determined by SPR Experiments

heterogeneous ligand fitting

peptide Kpl Kp2
3CVL-2 0.5 nM 6.5 uM
3CVL-7 1.8 uM 7.8 uM
3CVLri-2 46.8 uM 1.7 uM
3CVLti-7 2.4 nM 35 uM
1:1 ligand fitting

peptide Kp

3CVL-4 5.1 uM

3CVLri-4 252 uM

The binding kinetic parameters of the association rate k,
dissociation rate kg, and dissociation constant Ky, (ky/k,) for the
interaction of 3CLP™ with peptides 3CVL-2, -4, -7, and 3CVLri-
2, -4, and -7 are shown in Supporting Information, Figures S9
and S10.

2.5. 24 h Stability and Promiscuous Assays of 3CVLri
Peptides. Peptide-based inhibitors targeting active proteolytic
proteases can lose their inhibitory effect over time. Based on our
focus, the retro-inverso peptides were tested regarding their
stability over 24 h. The results demonstrated a constant
inhibition of SARS-CoV-2 3CLP™ over time, showing that the
peptides are not prone to the 3CL protease digestion
(Supporting Information, Figure S11). Furthermore, a deter-
gent-based control was carried out to exclude peptide inhibitors
that possibly act as an aggregator of 3CLP™, so-called
“promiscuous” inhibitors. The experiment was performed by
adding 0.001, 0.01, and 0.1% of Triton X-100 detergent to the
reaction. Suppose that a molecule exhibits significant inhibition
of 3CLP™, but this is diminished by detergent; it may act as an
aggregation-based inhibitor. This was not observed for the
tested 3CVLri peptides (Supporting Information, Figure S12).

2.6. Metabolic Stability of 3CVLri Peptides. To
investigate the 3CVLri-2, 3CVLri-4, and 3CVLri-7 peptides’
resistance against enzymatic degradation, the peptides were
incubated in media simulating the gastrointestinal tract, blood,
and liver, and the unmetabolized peptides were quantified by
reversed-phase high-performance liquid chromatography (RP-
HPLC). In simulated gastric fluid (SGF), the resistance of
3CVLri-2, 3CVLri-4, and 3CVLri-7 was monitored over 8 h.
The results showed that the 3CVLri-4 and -7 peptides are
relatively stable (>80 + 3%) within 8 h. In contrast, 3CVLri-2
was remarkably metabolized (~75 + 2%) (Figure 6A). The
resistance of the D-ri peptides was also investigated using a
simulated intestinal fluid (SIF). The peptides 3CVLri-2 and
3CVLri-4 remained rather stable over the selected time (>90 +
1.5%), as well as 3CVLri-7 (=85 + 5%) (Figure 6B). In human
plasma, the stability of 3CVLri-2 and 3CVLri-7 was monitored
for 48 h, with approximately 5% being metabolized (=95 +
4.5%). In contrast, the 3CVLri-4 showed about 21 + 5.6% of
degradation within 48 h (Figure 6C). Furthermore, human liver
microsomes were monitored for 24 h, and 3CVLri-2 and
3CVLri-7 were about S + 1.1% metabolized. However, 3CVLri-
7 was almost 50% metabolized (>4 + 3.7%) in the same period
(Figure 6D). The corresponding HPLC profiles of the stability
tests are shown in Supporting Information, Figures S13—S16.

2.7. In Silico Structural Properties of 3CVL and 3CVLri
Peptides and Their Similar Interaction Mode with SARS-
CoV-2 3CLP™. Protease-peptide docking and subsequent
molecular dynamics (MD) simulations were performed to
investigate the possible binding interface between 3CLP"-L and
p-ri-peptide complexes. The secondary structure of the three-
dimensional (3D) models of the L-peptides (3CVL-2, -4, and -7)
and their D-ri counterparts corroborates with circular dichroism
(CD) spectroscopy results.

The models are supported by the results of the inhibition
assay. The inhibition mode assay identified two peptides as
competitive inhibitors, which requires interaction in the active
site and/or in the substrate-binding site. Another peptide was
identified as a noncompetitive inhibitor, which requires
interaction with an allosteric site. Indeed, the two competitive
inhibitors docked in the active site formed a very stable
interaction during the MD simulations. The noncompetitive
inhibitor was docked in an allosteric site, which was described
previously and showed a stable interaction through MD
simulation.

During the 1 ys MD simulations of the unbound peptides,
they mainly contained a random coiled secondary structure.
However, the L- and p-ri-3CVL-4 peptides also frequently
formed an a-helix (Supporting Information, Figure S17A—C).

https://doi.org/10.1021/acschembio.2c00735
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Figure 6. Stability of 3CVLri-2, 3CVLri-4, and 3CVLri-7 peptides incubated in SGF, SIF, human plasma, and human liver microsomes. (A) SGF, (B)
SIF, (C) human plasma, and (D) human liver microsomes. Unmetabolized peptides were quantified by P-HPLC. The peak areas of the unmetabolized
peptides after different incubation times were normalized to the peptides’ peak areas after direct extraction from the media. Data are presented as mean

+SD (n=3).

The atomic coordinates of SARS-CoV-2 3CLP® dimer (PDB
entry: 6M2N) and ten representative structures per peptide
from the peptide simulations were submitted for docking using
AutoDock Vina.*?

The competitive peptides 3CVL-2/3CVLri-2 and 3CVL-7/
3CVLri-7 were docked into the active site and substrate-binding
site of the protease (Supporting Information, Table S4). The
noncompetitive peptides 3CVL-4 and 3CVLri-4 were docked in
a potential allosteric binding site (Supporting Information,
Table S4). Previous studies have indicated that only one active
site of the dimer is functional.*”** Based on that information,
200 ns control MD simulation of the dimer without ligands was
performed to identify a potentially less stable protomer or
collapsing binding sites. Based on the volume of the active sites,
we did not identify any differences between both protomers
(Supporting Information, Figure S18). Therefore, we docked
the competitive peptides into the active site of chain A. After
docking, 100 ns MD simulations with 3 different initial
structures of the 3CLP™/peptide complexes obtained from
docking were conducted to further assess their stabilities. The
initial structures were selected based on the calculated binding
free energy and the distance to the critical catalytic dyad residues
(Cys14S and His41). The flexibility of the peptides in complex
with the protease was monitored by calculating the root-mean-
square deviation (RMSD), root-mean-square fluctuations
(RMSF), and AH as the enthalpy of binding (Supporting
Information, Figures S19—S21). In all three simulations of each
3CLP/peptide complex, the peptide maintained its overall
conformation in the binding pocket and no unbinding event was
detected. Representative structures for all three simulations of
each L- and p-ri-peptide are shown in Supporting Information,
Figures S22 and S23. To investigate the 3CLP® peptide
interactions in more detail, we selected one of the three MD
simulations per peptide based on several criteria, such as the
RMSD, RMSF, and the binding free energy, elongated the
simulations to 200 ns and conducted them in triplicate. Each
replica of the elongated simulations showed a stable interaction

between the L- and p-ri-3CVL peptides and their respective
binding site of the 3CLP™ dimer throughout the simulation.
To identify the most popular binding modes sampled during
the elongated simulations, we applied conformational clustering
but considered only the nonflexible/interacting residues (RMSF
< S A) of the peptides (Supporting Information, Figure $24).
Interactions between the residues of the peptides and the
protease were analyzed by calculating the minimum distance
between them for the first three clusters per complex (Table 4).

Table 4. Summary of MD Simulation Triplicates Considering
Nonflexible/Interacting Residues of Peptides

peptide #cluster representative frames first 3 clusters (%)
3CVL-2 8 97
3CVL-4 12 88
3CVL-7 28 80
3CVLri-2 12 83
3CVLri-4 10 99
3CVLri-7 14 93

Analysis of the 3CLP™-peptide complexes provides valuable
information on the interaction interface similarities between
3CVL and 3CVLri peptides. Structural representation (Figure
7) demonstrated that 3CVL-2 extends along with S1’,S1, and S3
subpockets of the protease substrate-binding site (Figure 7A).

In contrast, the 3CVLri-2 interacts with the substrate-binding
site differently. However, it extends along with S1’, S1, S2, and
S3 (Figure 7B), which shows that one of the p-Gln residues of
the 3CVLri-2 is very well accommodated. The 3CVL-7 and
3CVLri-7 interaction areas comprise residues of the S1’, S1, S2
and S3 subsites (Figure 7C,D). The graphs in Figure 7 that show
the minimum distance between peptide and 3CLP™ residues
reveal that all analyzed peptides formed several interactions with
3CLP™ active/binding site residues. The localization in the
substrate-binding region of the 3CVL peptides and their p-ri
counterparts, even when it does not interact with the catalytic

https://doi.org/10.1021/acschembio.2c00735
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Figure 7. Comparison of the competitive 3CVL and 3CVLri peptide inhibitors binding position in the 3CVLP™ active and substrate-binding site.
3CLP™ is shown in ribbon view: chain A (gray) and chain B (turquoise). The 3CVL (green) and 3CVLri (orange) peptides are shown as sticks. The
surface view demonstrates a preferred position of the peptide in the substrate-binding region, and the single subsites are marked by different colors
(S1’: yellow; S1: blue; S2: pink; S3: red). The distance between the 3CLP™ substrate-binding site residues and the peptides shows that active site
residues His41 and Cys14S are blocked by the inhibitors: (A) 3CVL-2, (B) 3CVLri-2, (C) 3CVL-7, (D) 3CVLxi-7.

dyad (His41 and Cys14S), showed the potential to block the
entrance of the substrate.

To investigate the impact of the competitive inhibitors 3CVL-
2, 3CVLri-2, 3CVL-7, and 3CVLri-7, two-dimensional NMR
1H-15N correlation spectra of 100 uM 1SN 3CLP* were
recorded in the presence of an equimolar amount of the
respective peptides (1:1 ratio). Supporting Information, Figure
S25A shows the reference spectrum of 1SN 3CLF™ in the
absence of the peptides. Spectral resonances are well resolved
and display the properties of a globular protein containing both
f-sheets and a-helices. Several other 1SN 3CLF™ resonances
appear in the presence of 3CVL-2 (orange spectrum) compared
to the reference spectrum (black) (Supporting Information,
Figure S25B). That could point either to a second 3CLP™
conformation becoming visible or previously invisible parts of
3CLP* becoming more dynamic and visible in the presence of
the peptide. The effect seems less intense for 3CVLri-2
(Supporting Information, Figure S25C, light blue spectrum).

The NMR spectra of 15N 3CLP™ in the presence of 3CVL-7
(Supporting Information, Figure S26B) look very similar to
those for 3CVL-2; several new resonances of 15N 3CLP™ appear
in the presence of 3CVL-7 and 3CVLri-7 (Supporting
Information, Figure S26B,C), indicating higher conformational
or overall dynamics.

Contrary, the noncompetitive inhibitors 3CVL-4 and
3CVLri-4 were docked in a suggested allosteric site at the
interface of the protomers. Structural representation of the
interfaces of 3CLP™ in complex with the 3CVL-4 and 3CVLri-4
peptides are shown in Figure 8A,B.

Analysis of the distance between residues of the allosteric site
of each protomer demonstrated that several residues of both
protomer chains interact with the protease, in particular Lys12,
97, and 100 (Figure 8).

MD simulations of 3CVL-4 and 3CVLri-4 in a proposed
allosteric site showed that this interaction induces conforma-
tional changes in the protease’s active site.

https://doi.org/10.1021/acschembio.2c00735
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Figure 8. Comparison of the noncompetitive 3CVL-4 and 3CVLri-4 peptide inhibitors in a supposed 3CL" allosteric site. 3CLP* is shown in ribbon
view, and each protomer is colored differently: chain A (gray) and chain B (turquoise). 3CVL (green) and 3CVLri (orange) peptides are shown as
sticks. The surface view demonstrates a preferred position of the peptide in the proposed allosteric site in a cleft between both protease protomers: (A)

3CVL-4 and (B) 3CVLri-4.

Determination of B-chain active site volume demonstrates a
reduction compared to the control simulation due to the binding
of 3CVL-4 and 3CVLri-4, respectively (Figure 9A—C and
Supporting Information, Figure S27).

To determine the contribution of specific residues of the
3CVL and 3CVLri peptides to the interaction with 3CLP™ we
performed a mutational analysis using alanine scanning. Alanine
mutations that result in positive AAH values relative to the
parent structure suggest loss of binding, which indicates that the
mutated amino acid was involved in an overall favorable network
of electrostatic interactions. Mutations that result in negative
AAH suggest gain of binding, which indicates that the mutated
amino acid was involved in an overall unfavorable network of
electrostatic interactions.

141

In the case of 3CVLri-2 and its parental L-peptide GIn9 and
GIn8, respectively, are important for the interaction with 3CLP™.
The Ser8 residue (Ser7 in the L-peptide) situated at the P2
position seems to have a weak effect on the interaction with
3CLP™ (Supporting Information, Figure S28A). The glutamine
residues are in the P1 position of the peptides, as in the substrate
already described for the protease, the P2 site has a preference
for hydrophobic residues (Supporting Information, Figure S6).
Important residues in the interaction between 3CVLri-7
(3CVL-7) and 3CLF® are His9 (His6) and Hisl1 (His8),
unfavorable residues are Asp6 (Aspll) and Alal0 (Ala7)
(Supporting Information, Figure S28A). In the case of the
noncompetitive inhibitors, 3CVLri-4 (3CVL-4), Trp8 (Trp9),
and Tyr4 (Tyr13) are mainly involved in the interaction with the
virus protease. Interestingly, Asp8 in the mother L-peptide

https://doi.org/10.1021/acschembio.2c00735
ACS Chem. Biol. XXXX, XXX, XXX—XXX
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Figure 9. Comparison of the active site volumes of control and after binding of the noncompetitive 3CVL-4 and 3CVLri-4 peptide inhibitors in a
supposed 3CLP™ allosteric site. 3CLP™ is shown in surface view, and each protomer is colored differently: chain A (gray) and chain B (turquoise). The
substrate-binding subsites are colored differently. The active sites and substrate-binding sites of each protomer are shown enlarged with the
corresponding volume in A%, Amino acids forming the active site and substrate-binding site are shown in sticks, red arrows demonstrate the change of
the position of the residues because of the conformational change induced by the noncompetitive inhibitors: (A) 3CLP™, (B) 3CLP™ and 3CVL-4, (C)
3CLP* and 3CVLri-4.

(Supporting Information, Figure S28B) is unfavorable for the 3. DISCUSSION AND CONCLUSIONS

Even with the development of several vaccines against SARS-
CoV-2, the development of suitable therapeutics against
involved in the interaction with 3CLP™. COVID-19 is important since no causative therapy is known.

interaction, but the corresponding residue in the p-ri peptide is

| https://doi.org/10.1021/acschembio.2c00735
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Instead of inhibiting the interaction of the spike protein with the
cell receptors,“‘45 we intend to target one of the most important
proteases in virus replication, the 3CL protease, by b-
enantiomeric peptide ligands preventing the cleavage function
of 3CLFP™, To this end, a phage display selection was performed.
The identified L-peptides showed a strong inhibitory effect in the
enzyme activity assay, with IC, values varying between 0.9 and
9 uM. As we demonstrated experimentally, 3CVL-4 is a
noncompetitive inhibitor with an ICs, value of 2.4 uM, which
was maintained in its D-enantiomer retro-inverso form; however,
with an increased ICg, value of about 2-fold (5.4 uM). A 1:1
molar combination of the competitive and noncompetitive D-ri-
peptides reduced the ICy, values remarkably. 3CVLri-2 +
3CVLri-4 combination reduces the IC;, value to 0.9 4uM and the
combination of 3CVLri-7 + 3CVLri-4 to 0.4 uM. It was clearly
demonstrated that a combination of competitive and non-
competitive inhibitors improved the inhibitory potential of all p-
peptides. Similarly, in combination with Rupintrivir, a weak
SARS-CoV-2 3CLP* competitive inhibitor (ICy > 100 M), the
inhibitory effect improved after the combination with the
noncompetitive 3CVLri-4 (ICs, of 15.10 + 1.60 uM). The
cooperative inhibition of SARS-CoV-2 3CLF* by competitive
and noncompetitive inhibitors was also observed for Quina-
crine/Suramin.*? The structural analysis of 3CLP™ in complex
with the studied peptides by docking followed by molecular
dynamics simulation predicted a stable conformation for each
complex, indicating significant intermolecular interaction. Of
note, when not directly interacting with the catalytic dyad,
amino acid residues of the peptide are located close to the pocket
entry, blocking the substrate entrance. The predicted structures
of 3CLP™ in complex with 3CVLri-2 indicate the occurrence of
significant intermolecular interaction between the p-glutamine
of the all-p-ri peptide and amino acid residues of the S1
subpocket, which explains the strong preference for p-glutamine
at P1.*

A combination of competitive and noncompetitive D-ri-
peptides (3CVLri-2/3CVLri-4 and 3CVLri-7/3CVLri-4) in-
creased the inhibitory effect against 3CLP™.

The all-p-peptides 3CVLri-2 and -7 showed a remarkable
resistance against metabolization over 8 h.

Two-dimensional 1H-15N TROSY-NMR correlation spectra
of 15N 3CLF* with 3CVL-2/3CVLri-2 and 3CVL-7/3CVLri-7
demonstrated the appearance of new and similar resonances,
which may indicate the same binding region for the peptides.

Our study yielded all-p-peptides with a promising potential
for further development toward therapeutic use against SARS-
CoV-2 3CLP™.

4. MATERIALS AND METHODS

4.1. Peptides. All peptides were purchased from Caslo (Lyngby,
Denmark) as a lyophilized powder with >98% purity. Peptides 3CVL
1-10 consist of 16 amino acid residues in L-configuration with
amidated C-termini. The p-retro-inverso (p-ri) peptides 3CVLri-2,
3CVLri-4, and 3CVLri-7 have identical amino acid sequences, except
for glycine, which was replaced by alanine in the case of 3CVLri-2 and
3CVLri-4. All amino acid residues in p-configuration and with a reversal
peptide bond. Additionally, an arginine was added to the C-termini of
each ri-peptide resulting in 17 amino acid residues. The C-termini of
the p-ri-peptides are amidated, and the N-termini are acetylated. An
analysis certificate from Caslo (Lyngby, Denmark) demonstrated the
purity of each peptide (Supporting Information, Figures $29—532 and
Table SS). High-performance liquid chromatography (HPLC) analysis
was performed with a C18 column. For the mass spectrometry

certificate, the matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) method was used.

4.2. Protein Expression and Purification. SARS-CoV-2 3CLP™
(Uniprot entry: PODTDI, virus strain: hCoV-19/Wuhan/WIV04/
2019) was cloned, expressed, and purified as described previously."’

4.3. Phage Display. Two independent phage display selections
(selection A and B), each with three rounds, were performed to obtain
peptides that bind 3CLP". Therefore, in both selections, 100 ug/mL
purified 3CLP™ diluted in 100 4L of 20 mM potassium phosphate buffer
pH 7.5 with 150 mM sodium chloride were immobilized on an amino
plate (Nunc Amino Immobilizer 96-well plates, polystyrene; Thermo
Scientific, Waltham). After 30 min at room temperature (RT), the
3CLP™ solution was removed, and the surface was quenched with 1 M
ethanolamine pH 8.5 (Cytiva; Chicago) for 1 h at RT. Additionally, the
surface was blocked with 200 yuL of 10 mg/mL BSA in 20 mM
potassium phosphate buffer pH 7.5 with 150 mM sodium chloride in
the first round and with 200 4L of 10 mg/mL milk powder in 20 mM
potassium phosphate buffer pH 7.5 with 150 mM sodium chloride in
the second round to reduce unspecific binding events. In the third
round, the surface was not additionally blocked to vary the selection
conditions. The surface was washed six times with 200 L of washing
buffer (20 mM potassium phosphate buffer pH 7.5 with 150 mM
sodium chloride and 0.05% tween-20). During the first and second
rounds, 2 mg/mL BSA or milk powder was added to the washing buffer,
respectively. Then, 7.2 X 10'° phages (TriCo-16 phage display peptide
library; Creative Biolabs, New York) in 100 uL of the corresponding
washing buffer were added and incubated for 20 min at RT with the
exception of the third round of selection B. Here, the incubation time
was extended to 30 min. After removing of nonbinding phages, the well
was washed with 200 uL of the respective washing buffer of the
corresponding round. The number of washing steps was varied in each
selection round (selection A: 2-5-S; selection B: 5-8-10). Elution of
phages was performed by incubation with 100 xL of 0.2 M Glycine-HCI
pH 2.2 for 10 min at RT. The phage-containing solution was then
removed from the plate and neutralized by transferring it to a tube
containing 25 uL of 1 M Tris-HCl pH 9.1. To determine the output
titer, 5 uL of eluted phages were used. Therefore, a dilution series from
10-2 to 10-8 was prepared with the eluted phages in a total volume of
100 uL of LB medium. Each dilution was mixed with 100 uL of
Escherichia coli K12 ER2738 (OD600 of 0.6) and plated with 800 L of
top agar on plates (35 X 10 mm; Sarstedt, Niimbrecht, Germany)
containing LB-Agar-IPTG-XGal. After overnight incubation at 37 °C,
the plaques were counted to determine the output titer.

The remaining eluted phages (120 L) were amplified in 20 mL of E.
coli K12 ER2738, starting with an ODy, of 0.1 for 3.5 h at 37 °C and
120 rpm. The culture was then centrifuged for 20 min at 2700g and 4
°C. The pellet was discarded, and the supernatant was incubated with 7
mL of PEG-8000/2.5 M sodium chloride overnight at 4 °C for phage
precipitation. Subsequently, the solution was centrifuged for 1 hat 4 °C,
and 2700g. The phage-containing pellet was dissolved in 1 mL of 1 X
phosphate-buffered saline (PBS) before another centrifugation step at 4
°C and 11,000g for S min to get rid of residual bacterial components.
Afterward, the supernatant was added to 200 uL of PEG-8000/2.5 M
sodium chloride and incubated for 1 h on ice, followed by final
centrifugation for 45 min at 2700g and 4 °C. The phage-containing
pellet was properly resuspended in 100 uL of 1 X PBS. The input titer
was determined by spectrophotometry™® in 1 X PBS using a 1:10
dilution. The resulting phages were then used in the next selection
round with the same phage amount as before and further used for an
enrichment enzyme-linked immunosorbent assay (ELISA) and
prepared for next-generation sequencing (NGS) analysis.

Besides the primary selection with 3CLP™ as the target (Target
Selection, TS), two control selections were performed as described
before*® to enable an efficient evaluation of the selection success and to
facilitate further the identification of target-binding peptides over those
peptides that have accumulated, e.g., because of an affinity to the
surface. The first control selection, called Empty Selection (ES), was
performed in the same way as TS but without 3CLP. During
immobilization, 20 mM potassium phosphate buffer pH 7.5 with 150
mM sodium chloride was used instead of 3CLP*. One further control,
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Direct Control (DC), was performed starting from the second round
without 3CLP™, but in contrast to ES, the phages resulting from each
round of TS were used for the following selection rounds.

4.4. Enrichment ELISA. An enrichment ELISA was performed to
validate the success of the phage display selection. Therefore, 100 ug/
mL 3CLP™ diluted in 100 L of 20 mM potassium phosphate buffer pH
7.5 with 150 mM sodium chloride was immobilized on an amino plate
(Nunc Immobilizer Amino 96-well plate, polystyrene; Thermo
Scientific, Waltham) for 30 min at RT. Noncoated wells (20 mM
potassium phosphate buffer pH 7.5 with 150 mM sodium chloride
without 3CLP™) were used as a control for each selection round. The
solution was removed, and the surface was quenched with 200 xL of 1
M ethanolamine pH 8.5 (Cytiva; Chicago) for 1 h at RT, followed by a
blocking step with 200 uL of blocking solution (10 mg/mL BSA in 20
mM potassium phosphate buffer pH 7.5 with 150 mM sodium
chloride) for 1S min at RT. After three washing steps with 200 uL of
washing buffer (150 mM sodium chloride, 0.05% Tween-20, 2 mg/mL
BSA in 20 mM potassium phosphate buffer pH 7.5), the amplified and
purified phages of each target selection round were diluted in washing
buffer to a total amount of 5 X 10'* phages in 100 uL. The wells
immobilized with 3CLP™ and noncoated wells were incubated with the
corresponding phage solution for 1 h at RT. Unbound phages were
removed by five washing steps with 150 L of washing buffer. The anti-
M13 antibody (HRP conjugated mouse monoclonal antibacteriophage
M13 antibody; Sino Biological, Peking, China) was diluted in washing
buffer to a final concentration of 0.35 ng/uL, and 100 uL was added to
each well for 1 h at RT. After 6 washing steps with 150 uL of washing
buffer, the supernatant was removed entirely, and 100 uL of the
3,3',5,5 -tetramethylbenzidine (TMB) solution (TMB was previously
dissolved in 1 mL of dimethyl sulfoxide (DMSO) and diluted with 9 mL
of 0.05 M phosphate citrate buffer pH S) were added into each well.
After 2.5 min incubation at RT, the reaction was stopped with 100 uL of
2 M H,SO,. The absorption was quantified at 450 nm using a
microplate reader (BMG Labtech, Ortenberg, Germany).

In addition to the samples from the target selection (TS1, TS2, TS3),
the library and the wild-type phage without peptides were analyzed.
The measurement was performed in single determination to save
protein samples. Noncoated wells that were incubated with washing
buffer without phages were used as a control for the background signal.

4.5. Sequence Analysis. Extraction and the amplification of the
single-stranded phage DNA from each sample from the phage display
selection were purified and prepared for NGS analysis as described
previously.’* NGS analysis was performed by the Biologisch-
Medizinisches Forschungszentrum at the Heinrich Heine University
Diisseldorf, Germany. The resulting sequences were further processed
and evaluated with the targeted sequencing analysis tool (TSAT) and
the open-source software Hammock for subsequent sequence align-
ment.” """

4.6. SARS-CoV-2 3CLP™ Activity Assay. SARS-CoV-2 3CLP™
activity assay was performed as described previously.*”* ™" A
fluorogenic substrate DABCYL-KTSAVLQJSGFRKME-EDANS
(Bachem, Bubendorf, Switzerland) was used, and the assay buffer
contained 20 mM Tris pH 7.2, 200 mM NaCl, 1 mM ethyl-
enediaminetetraacetic acid (EDTA), and 1 mM tris(2-carboxyethyl)-
phosphine (TCEP). The reaction mixture was pipetted in a Corning
96-Well plate (Merck, Darmstadt, Germany) consisting of 0.5 M
3CLP™. The assay was initiated with the addition of the substrate at a
final concentration of S0 M. The fluorescence intensities were
measured at 60 s intervals over 30 min using an Infinite 200 PRO plate
reader (Tecan, Minnedorf, Switzerland), and the temperature was set
to 37 °C. The excitation and emission wavelengths were 360 and 460
nm, respectively.

4.7. SARS-CoV-2 3CLP™ Inhibition Assay. Inhibition of SARS-
CoV-2 3CLP* activity by 3CVL-1 to 10 and 3CVLri-2, -4, and -7 was
investigated using the described activity assay. The L-Peptides (10 £M)
were used for a preliminary screening test. For the final inhibition
assays, 0.5 4M protein was incubated with 0—140 uM 3CVL-2, 0—120
UM 3CVL-4, and 0—100 M 3CVL-7. The corresponding 3CVLri
peptides were incubated with the same inhibitor concentrations, except
for 3CVLri-4 (0—140 M). The mixtures were incubated for 30 min at

RT. When the substrate with a final concentration of 50 M was added
to the mixture, the fluorescence intensities were measured at 60 s
intervals over 30 min using an Infinite 200 PRO plate reader (Tecan,
Minnedorf, Switzerland). The temperature was set to 37 °C, and the
excitation and emission wavelengths were 360 and 460 nm,
respectively. Inhibition assays were performed as triplicates.

For the 3CVLri-2 + 3CVLri-4 and 3CVLri-4 + 3CVLri-7
combination tests, a 1:1 stock solution of the molecules was prepared.
Protein (0.5 #M) was incubated with 0—75 M (3CVLri-2 + 3CVLri-
4) and 0—50 M (3CVLri-4 + 3CVLri-7) of the combined molecules.
The IC;, values were calculated by plotting the initial velocity against
various concentrations of the peptides using a dose—response curve in
GraphPad Prism software version 8 (San Diego, CA). Data are
presented as mean + SD.

4.8. Determination of Inhibition Mode. The inhibition mode
was determined using different final concentrations of the inhibitors
and substrate. Briefly, 0.5 uM SARS-CoV-2 3CLP" was incubated with
the inhibitor, in various concentrations, for 30 min at RT. Subsequently,
the reaction was initiated by adding the corresponding concentration
series of the substrate. The data were analyzed using a Lineweaver—
Burk plot; therefore, the reciprocal of velocity (1/V) vs the reciprocal of
the substrate concentration (1/[S]) was compared.*”*® All measure-
ments were performed in triplicate, and data are presented as mean +
SD.

4.9. Inhibitor Stability over 24 h. Stable inhibition of SARS-CoV-
2 3CLF* by 3CVLri-2, -4, and -7 was followed via a 24 h inhibition
experiment. Briefly, 0.5 uM SARS-CoV-2 3CL"® was incubated with 5
#M (p-ri peptides 2 and 4) and 20 M (p-ri peptide 7) and incubated
for 1/2, 1,2, 3, 4, S, and 24 h at RT. The control was performed with
3CLP™ without the peptides and measured together after each time
point. Subsequently, the reaction was initiated by the addition of the
substrate. All measurements were performed in triplicate, and data are
presented as mean + SD.

4.10. Assay to Exclude p-ri Peptides as Promiscuous
Inhibitors. A detergent-based control assay was performed to exclude
inhibitors that possibly act as promiscuous aggregators of the 3CL™ by
adding 0.001, 0.01, and 0.1% of Triton X-100 to the reaction.”* Four
concentrations of 3CVLri-2 (1, 5, 10, and 20 4uM), 3CVLri-4 (1, 5, 10,
and 20 uM), and 3CVLri-7 (0.25, 0.5, 1, and S uM) were tested. All
measurements were performed in triplicate, and data are presented as
mean + SD.

4.11. Circular Dichroism Spectroscopy. Circular dichroism
(CD) measurements were carried out with a Jasco J-1100
spectropolarimeter (Jasco, Germany). Far-UV spectra were measured
between 190 to 260 nm using S M 3CLP® in 20 mM K,HPO,/
KH,PO, pH 7.4 and a single peptide concentration of 30 #M in H,0.
The secondary structure of 3CVL-2, 3CVL-4, 3CVL-7, and the related
p-ri peptides was checked. A 1 mm path length cell was used for the
measurements; 15 repeat scans were obtained for each sample, and five
scans were conducted to establish the respective baselines. The
averaged baseline spectrum was subtracted from the averaged sample
spectrum. The results are presented as molar ellipticity [#], according to
eql

[014 = 0/(c*0.001*Tn) (1)

where 0 is the ellipticity measured at the wavelength 2 (deg), c is the
peptide concentration (mol/L), 0.001 is the cell path length (cm), and
n is the number of amino acids.

4.12. Surface Plasmon Resonance Measurements. Surface
plasmon resonance (SPR) measurements with 3CVL peptides and
SARS-CoV-2 3CLP™ were performed using a Biacore 8K device (GE
Healthcare, Uppsala, Sweden). Recombinant 3CLpro was immobilized
on a CMS sensor surface (GE Healthcare, Uppsala, Sweden) via
covalent coupling of primary amino groups. The protease was diluted to
a final concentration of 15 ug/mL in 10 mM NaAc pH §.5 and injected
for 600 s at 10 #L/min to reach a final immobilization level of 2700 to
3000 RU. After quenching with Ehanolamine at pH 8.5, kinetic
experiments were performed as parallel injections on all eight flow
channels. 3CVL and 3CVLri peptides were diluted in 20 mM Tris pH
7.4, 100 mM NaCl, 1 mM EDTA and 0.05% Tween-20 in the
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concentration range of 0.03—50 M with a 1:1 dilution series and
injected at 30 uL/min. Surface regeneration was performed after
dissociation ended for 2 X 45 s at 30 uL/min using an acidic
regeneration solution consisting of 150 mM oxalic acid, 150 mM
phosphoric acid, 150 mM formic acid, and 150 mM malonic acid at pH
5.0. Data evaluation was performed using a heterogeneous ligand fit
model for the competitive inhibitors with Biacore Insight Evaluation
Software v3.0.12 (GE Healthcare, Uppsala, Sweden). The heteroge-
neous ligand model assumes analyte binding at two independent ligand
sites. Each ligand site binds the analyte independently and with a
different rate constant. A global 1:1 kinetic fit model was used for the
noncompetitive inhibitor.

4.13. Nuclear Magnetic Resonance. Two-dimensional 1H-15SN
TROSY-NMR correlation spectra® of 100 uM 1SN 3CLP™ dissolved in
20 mM MES pH 6.5 buffer containing 150 mM NaCl were recorded in
the presence and absence of 3CVL-2 and 3CVLri-2 as well as 3CVL-7
and 3CVLri-7 peptides. Experiments for 3CVL-4 and 3CVLri-4 could
not be performed because of the peptide’s instability at pH 6.5. Spectra
were recorded on a Bruker 1.2 GHz AVANCE neo spectrometer
equipped with a triple-resonance 1H,15N,13C cryogenic probe. The
experimental temperature was 25 °C. Spectral dimensions were 16.02
ppm (1H) X 32.89 ppm (15N), with 1024 complex points recorded in
the 1H dimension and 64 complex points recorded in the 15N
dimension, and the Echo/Anti-echo scheme used for quadrature
detection, resulting in an acquisition time of $3.2 ms in the 1H
dimension and 16 ms in the 15N dimension. The carrier was positioned
at 4.7 ppm in the 1H dimension and 117 ppm in the 15N dimension;
512 scans were recorded for each increment, with a recovery delay of 1 s
between scans, resulting in an overall experimental time of 19.7 h per
spectrum.

To study the interaction between 3CL"™ and the various peptides,
only the protease was 15N-labeled and, therefore, NMR-visible, while
the peptides were unlabeled and invisible in the 1H-15N correlation
spectra. For the interaction study, 100 uM 15N-labeled 3CLP™ was
mixed with an equimolar amount of the respective peptide. Spectra
were overlayed and compared to the reference spectrum of 3CLP™
(equal final concentration, in the absence of the peptide). Spectra
analysis was performed using the software Bruker Topspin 4.1.3. and
CCPN Analysis 3.0.%

4.14. Metabolic Stability. Metabolic stability experiments of the
3CVLri peptides were performed as described before.””** Solutions
simulating gastric and intestinal fluid (SGF and SIF) were prepared
according to the European Pharmacopoeia 7.0. Human plasma samples
were purchased from Innovative Research (Novi, Michigan), and
human liver microsomes were purchased from Sekisui XenoTech
(Kansas City; H1000). The liver microsomes were diluted in an
NADPH regenerating system (NRS). For the stability tests, 150 4uM
3CVLri peptides were incubated in SGF, SIF, human plasma, and
human liver microsomes in triplicate at 37 °C with slight shaking for
different periods. The peptides were extracted by precipitating the
proteins with a solution containing acetonitrile and 0.5% formic acid.
Afterward, the mixture was mixed and heated for S min at 95 °C. The
sample was subsequently centrifuged at 14.000g for 10 min at 4 °C. The
extracted peptides are in the supernatant and were analyzed by
reversed-phase high-performance liquid chromatography (RP-HPLC).
The RP-HPLC system (Agilent Technologies, Santa Clara; 1260
series) consisted of an autosampler, quaternary pump, a thermostatted
column compartment, and a variable-wavelength detector. Chromatog-
raphy was performed with a C18 column (Agilent Technologies, Santa
Clara; ZORBAX 300SB-C18 S ym, 4.6 X 250 mm) at 25 °C and 214
nm with a flow rate of 1 mL/min. The sample injection volume was 20
uL. Chromatograms were recorded and analyzed with the Agilent
software OpenLab version 2—S5. Mobile phases were acetonitrile + 0.1%
trifluoroacetic acid (TFA) (A) and water + 0.1% TFA (B) for sample
analysis from stability tests. The samples were measured with an initial
isocratic step at 15% solvent A for 3 min followed by a gradient elution
to 45% A in 15 min. All measurements were performed in triplicate, and
data are presented as mean =+ SD.

4.15. Statistical Analysis. All data are expressed as the mean +
standard deviations (SDs). The statistical significance of the mean

pro

values’ differences was assessed with one-way analyses of variance
(ANOVA), followed by Tukeys’ multiple comparison test. Significant
differences were considered at p < 0.05 (*), p < 0.01 (**),and p < 0.001
(%), All statistical analyses were performed with GraphPad Prism
software version 8 (San Diego, CA).

4.16. Docking and Molecular Dynamics. 4.16.1. Peptide and
Protein Structure Preparation. The peptide models were constructed
as linear chains using the python module PeptideBuilder.”” To obtain p-
retro-inverso (p-ri) peptides, the peptides were first generated as L-
retro-inverso molecules, followed by the inversion of their stereo-
chemical configuration by flipping the structure files with cartesian
coordinates along the x-axis. The sequences of the peptides are shown
in Table S.

Table 5. Sequences of 3CVL and 3CVLri Peptide Models

peptide sequence
3CVL-2 SPHGWPSQSIEVQPQW
3CVL-4 AHEGWTWDWTPQYSWK
3CVL-7 TVAPLHAHYWDVEERH
3CVLri-2 wqpqveisqspwahpsr
3CVLri-4 kwsyqptwdwtwaehar
3CVLri-7 hreevdwyhahlpavtr

The initial structural data of the 3CLP™ dimer were obtained from a
crystal structure (PDB: 6M2N).

4.16.2. Docking of the Peptides against the 3CLP" Dimer. 3CVL-2,
3CVL-7, 3CVLri-2, and 3CVLri-7 were docked against the active site of
chain A of the 3CLP® dimer (PDB: 6M2N), which can be defined by
the residues His41, Met49, Tyr54, Phel40, Leul4l, Asn142, Gly143,
Ser144, Cys145, His163, His164, Met165, Glu166, Leul67, Asp187,
Arg188, GIn189, Thr190, and GIn192.°

3CVL-4 and 3CVLri-4 bind 3CL™ allosterically, and both peptides
were docked against the potential binding site residues szsIZ, Lys97,
Lys100, Tyr101, Lys102, Phe103, Val104, and ArglOS.’(’ Autodock
Tools®"** were used to generate a docking grid around the positions of
the binding site residues of the 3CLP dimer. The grid was centered at
x,y,z-position of —33.572, —62.854, 40.9 (Active site) and —49.16,
—47.323,38.911 (Allosteric binding site). After adding hydrogen atoms
to the 3CL™ dimer and the peptides, Gasteiger partial charges were
computed and added to the dimer and the peptides using AutoDock
Tool. The protein and peptide models were saved in the PDBQT
format. The docking was then performed using AutoDock Vina,*’
which treats the ligand as flexible while keeping the receptor rigid.

4.16.3. Simulation Setup and Production Run. All MD simulations
and analyses were performed with GROMACS 2021.4.%° AM-
BER14SB®* was used as a force field, and the TIP3P water model®
for explicit water simulation. The peptides and the protein—peptide
complexes were centered in a dodecahedron box with 240.8—370.5 and
872.5 nm?, solvated with water, and neutralized with Na* and CI~ ions
resulting in a system size of ~23,500—36,000 and ~86,000 atoms,
respectively.

The systems’ energy was minimized using the steepest descent
algorithm.*® The systems were then equilibrated in two steps. First, a
0.1 ns simulation was performed in the NVT ensemble, and second, a 1
ns simulation in the NpT ensemble at 310 K—velocity-rescaling
thermostat®” and 1.0 bar—Berendsen barostat.”® First, 1 us peptide
MD simulations were performed. After the peptides were docked
against the 3CLP™ dimer, we performed 100 ns of protein—peptide
complexes with the temperature set to 310 K (Nosé—Hoover
thermostat)® and the pressure set to 1 bar (Parinello—Rahman
barostat).”” One selected simulation of each protein—peptide complex
was then extended to 200 ns and ran in triplicates.

Electrostatic_interactions were processed with the particle-mesh
Ewald method,”"””* combined with periodic boundary conditions and a
real-space cutoff of 12 A. The same cutoff was applied to Lennard-Jones
(1) interactions. The leapfrog stochastic dynamics integrator was used
with a time step of 2 fs to integrate the equations of motion. During the
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MD simulations, all bond lengths were constrained using the LINCS
algorithm.”®

4.16.4. Molecular Dynamics Analysis. The peptide’s root means
square deviation (RMSD) indicates how flexible the ligand is within the
binding site. The protein structures sampled during the MD simulations
were aligned to the MD starting structure, and then the RMSD was
calculated for the ligand using gmax rms.

To investigate the effect of the allosteric peptides and the occupation
of the peptides that bind to the active site, we used the VMD plugin
Epock 1.0.5 to evaluate the pocket volume of both active sites of the
dimer for 1000 snapshots of the whole MD simulation after fitting the
protein to the starting structure.”* The following simulations were
conducted for the second half of the MD simulations: The root-mean-
square fluctuation (RMSF) was determined for each peptide with gmax
rmsf to identify the flexible and rigid areas of the peptide within the
protein—peptide complex, and the average minimum distance between
specific residues of the protein and peptide was determined using gmax
mindist.

We used the MM/PBSA method as implemented in gmx_mmpbsa
to calculate the binding free energy AGy,,; between the protein and the
peptide and to perform alanine scanning.”® The linear PB equation was
solved using the level set function to build the dielectric interface
between the solvent and solute.”® The ionic strength was set to 150
mM. The total nonpolar solvation free energy was modeled as a single
term linearly proportional to the solvent-accessible surface area.”” Here,
the binding free energy is defined as

AGying = (Geomplex) ~ {Greceptor) — {(Giigana)

with () indicating the average of over S00 snapshots. The free energy for
each entity is given as

(G,) = (Epondea) + (Enonbondea? + (Gpotar? + (Gronpolar) = (TS)

where Ey,, 4.4 describes the bonded interactions, E, . pondeq indicates the
nonbonded, i.e., the Coulomb and Lennard-Jones interactions, and
Gpotar A0 Ggnpolr are the polar and nonpolar contributions to the
solvation free energy, respectively. The TS term includes the absolute
temperature, T, and the entropy, S.

AGy;,q can also be stated as

AGy,y = AH — TAS

with AH the enthalpy of binding and —TAS the conformational
entropy after ligand binding. To determine the entropic component,
gmx_mmpbsa provides different methods, such as quasi-harmonic
(QH) approximation, interaction entropy (IE), or C2 entropy
approach. However, these methods were inappropriate for our system,
as they either required a large number of snapshots (>3N, N = number
of complex atoms) or a standard deviation of the interaction energy
(sIE) of <3.6 kcal/mol to obtain realistic entropies. Thus, we decided to
omit the entropic term, as AH is usually sufficient to compare a set of
similar ligands by their relative binding free energies.”” To elucidate the
contribution of each peptide residue to the binding free energy, we
performed alanine scanning using gmx_mmpbsa. Each residue of the
3CVL and 3CVL-ti peptides (Except Gly and Pro) was substituted by
Ala and the enthalpy of binding difference AAH*>* upon alanine
mutation was calculated in the following way

AAHX>A = AH? — AH®

To identify the peptide structures with the most populated
configuration or binding pose in the protein—peptide complex, the
algorithm of Daura et al. was used as implemented in GROMACS (gmx
cluster).”®

The cutoff for clustering the peptide configurations was set to 3.5 A,
and the average structures of the 10 most populated clusters were used
for docking against the dimer of the main protease. The binding poses
of the peptides in the elongated protein—peptide complex simulations
were clustered using a cutoff of 3.0 A. To avoid biasing of nonbinding
flexible areas of the peptide, only those peptide residues with an RMSF
of <6 A were considered for clustering. The three most prominent

clusters were then analyzed for interacting residues by generating a
contact map.
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ABSTRACT: A common characteristic of familial (fALS) and

sporadic amyotrophic lateral sclerosis (sALS) is the accumulation s

of aberrant proteinaceous species in the motor neurons and spinal Cole —

cord of ALS patients—including aggregates of the human % — )
superoxide dismutase 1 (hSOD1). hSODI1 is an enzyme that . wisoldedhsOD1  hSOD1okgomess  hSODLacrepates
occurs as a stable dimeric protein with several post-translational —c@ V‘\

modifications such as the formation of an intramolecular disulfide s ® @\\?/rs =

bond and the acquisition of metal cofactors that are essential for W \ —~e _ \(L\
enzyme activity and further contribute to protein stability. Some native hSOD1 f ® @ g,/ :
mutations and/or destabilizing factors promote hSOD1 misfold- \s>‘\—\//

ing, causing neuronal death. Aggregates containing misfolded wild- native hSOD1

stabilized by S1VL-21

type hSOD1 have been found in the spinal cords of sALS as well as
in non-hSOD1 fALS patients, leading to the hypothesis that hSOD1 misfolding is a common part of the ALS pathomechanism.
Therefore, stabilizing the native conformation of SOD1 may be a promising approach to prevent the formation of toxic hSOD1
species and thus ALS pathogenesis. Here, we present the 16-mer peptide S1VL-21 that interferes with hSOD1 aggregation. S1VL-21
was identified by phage display selection with the native conformation of hSODI as a target. Several methods such as microscale
thermophoresis (MST) measurements, aggregation assays, and cell viability assays revealed that SIVL-21 has a micromolar binding
affinity to native hSOD1 and considerably reduces the formation of hSOD1 aggregates. This present work therefore provides the first
important data on a potential lead compound for hSOD1-related drug development for ALS therapy.

KEYWORDS: ALS, SODI, aggregate elimination, treatment strategy, native conformation stabilization, phage display selection

H INTRODUCTION one zinc ion per monomer that are important for the activity
and stability, respectively. An intramolecular disulfide bond in
each subunit further contributes to protein stability.® All post-
translational modifications, including the dimerization, the
coordination of the metals, and the disulfide bond, lead to one
of the most stable proteins known.”'® However, mutations
and/or altered post-translational modifications are linked to
the pathogenesis of ALS, whereas the underlying mechanism
behind hSOD1-mediated toxicity is still unclear. Loss of
hSOD1 function may lead to an accumulation of toxic radicals
and thus be a possible reason for the disease, but SOD1
knockout mice do not exhibit an ALS-like phenotype.'' Some
studies have suggested a toxic gain-of-function of mutant
hSODL as a result of protein misfolding and aggregation,*'>"

Amyotrophic lateral sclerosis (ALS) is a fatal adult-onset
neurodegenerative disorder that causes degeneration of upper
and lower motor neurons in the primary cortex, brain stem,
and spinal cord. Death occurs typically within 3—5 years after
diagnosis due to respiratory failure. Approximately 90% of all
ALS cases are considered sporadic (SALS), whereas familial
ALS cases (fALS) account for the remaining ~10%.'™
However, despite widespread research, there is still no efficient
treatment for ALS. The only available FDA approved drugs are
riluzole and radicava, which extend survival by only 2-3
months* or decelerate the rate of decline in physical functions
by 33%,” respectively.

Mutations in the gene coding for the human superoxide
dismutase 1 (hSOD1) are found in ~1% of all ALS cases® and

account for ~20% of fALS cases.” Since 1993, when the first Received:  April 20, 2021
ALS-associated mutations in hSOD1 were found,” more than AccePted= June 1, 2021
200 mutations in hSOD1 have been identified (https://alsod. Published: June 17, 2021

ac.uk/)A The human SODI is an enzyme that converts toxic
superoxide radicals to hydrogen peroxide and oxygen. The
mature protein is a 32 kDa homodimer with one copper and
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and the pathogenicity of mutant hSOD1 is proportional to the
amount of toxic hSODI species.'* Indeed, aggregates
containing mutant and misfolded hSOD1 have been found
in the spinal cord of sALS and hSODI-fALS patients.'>~"” In
addition, misfolded wild-type hSOD1 was also detected in
non-hSOD1 fALS patients leading to the hypothesis that
hSOD1 misfolding is a common part of the ALS
pathomechanism.18 Moreover, aggregated hSODI1 has been
shown to induce aggregation of mutant and wild-type SOD1 in
vitro'® as well as in cell culture®® with a prion-like behavior'
and the overexpression of wild-type hSOD1 in mice led to an
ALS-like phenotype."® Lacking one or several post-translational
hSOD1 modifications destabilizes the native protein and
generates an apo monomer, whose thermal stability is
significantly reduced, and that has been shown to be the
precursor for aggregation.”>*

In order to investigate whether the destabilization of the
hSOD1 holoenzyme is crucial to ALS pathology, we want to
explore whether stabilization of the native hSODI conforma-
tion by specifically binding ligands is able to interfere with
hSOD1 aggregation. Such ligands should then be able to
inhibit formation of hSOD1 aggregates in vitro and in vivo. In
addition, elimination of pre-existing hSOD1 aggregates might
also become feasible.

A similar approach has been applied in the transthyretin
(TTR)-associated amyloidosis. It has been shown that the
tetrameric protein dissociates into monomers before misfold-
ing and aggregation.l4 However, binding of small specific
molecules stabilized the native conformation of the protein and
increased the kinetic barrier to tetrameric dissociation, thus
preventing amyloidosis.”* The efficacy of specific ligands in
interfering with protein aggregation was also successfully
demonstrated for amyloid-f protein (Af), whose toxic species
are involved in the pathogenesis of Alzheimer’s disease. In vitro
data revealed that the D-enantiomeric peptide RD2 binds
monomeric A#(1—42) and inhibits concentration-dependent
formation of Af fibrils. In addition, RD2 was able to eliminate
pre-existing toxic Af oligomers,”® and mouse studies
demonstrated a significant reduction of Af oligomers as well
as an improvement of cognitive properties.zr’_28 Thus,
stabilizing the wild-type hSOD1 native conformation by
specifically binding ligands may be a beneficial approach in
ALS treatment.

Here, we report the identification of a hSODI-binding
peptide selected by phage display and its analysis regarding its
potential to stabilize native hSOD1 and thus inhibit hSOD1
aggregation.

B RESULTS AND DISCUSSION

hSOD1-Binding Peptides Were Enriched during
Phage Display Selection. To identify peptide ligands that
are able to stabilize the native conformation of hSOD1, the
TriCo-16 phage display peptide library was used in a phage
display selection. After four selection rounds, the success of the
selection was analyzed by an enrichment ELISA.

As shown by ELISA analysis (Figure 1), the phage display
selection enriched phages that bind to hSOD1-coated wells
(Figure 1; dark green) more than to noncoated wells (Figure
1; light green). The weak binding of the wild-type phage to
hSOD1 with an intensity similar to the control without phages
indicates that the measured values result from the binding of
the presented peptides and not from that of the phage itself.
The signal intensity of the wells with and without hSOD1 are
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Figure 1. hSODI1-binding peptides were enriched during phage
display selection. Enrichment ELISA of the hSOD1 phage display was
performed to verify the enrichment of hSODI-binding peptides
during the selection. Relative binding affinities of the phage samples
(5 %10 phages) of the wild type, library, and each selection round to
immobilized hSOD1 (dark green) and to empty wells without hSOD1
(light green) were investigated in a double determination (points:
corresponding values) as well as a control without hSOD1 and phages
(gray).

not considerably different. As shown by the increased signal
intensity with each selection round starting from the library,
hSOD1-binding peptides accumulated during the selection.
The library already contains hSOD1-binding peptides as
indicated by the higher signal intensity for hSODI-coated
wells compared to noncoated wells.

Sequence Analysis Led to the Identification of
hSOD1-Binding Peptide STVL-21. Next-generation se-
quencing (NGS) analysis followed by processing via the
Target Sequencing Analysis Tool (TSAT) and Hammock led
to the identification of the peptide SIVL-21. In total, 60 937
sequences were identified during this selection after analysis.
The sequence at position 1 in the scoring according to the
parameter Empty Score (EmS) exhibited a value of 83 but
displayed an Enrichment Factor (EnF) value of only 6. In
contrast, another sequence with an EnF value of 271 was most
enriched, whereby this sequence was also highly present in the
controls (EmS of 6). SIVL-21 was ranked at position 25 in the
scoring according to the parameter Em$S (value of 23) and at
position 38 according to the parameter EnF (value of 25).
Moreover, it formed the largest cluster in sequence alignment
with 2469 sequences including 2393 unique sequences of the
remaining 60 751 sequences. Thus, the peptide SIVL-21 and
its three randomized control peptides SIVL-21_Rdm1, SIVL-
21_Rdm2, and S1VL-21_Rdm3 were further investigated
according to their potential to bind and stabilize native
hSOD1 as well as their potential to prevent hSOD1 from
aggregation.

S1VL-21 Exhibits Micromolar Binding Affinity to
hSOD1. Microscale thermophoresis (MST) measurements
were used to determine the equilibration dissociation constant
(Kp) of hSODL1 to the selected peptide SIVL-21. As a control
for the sequence specificity of the binding affinity, three
peptides with the same amino acid residues, but in randomized
sequence order, where also measured for affinity to hSOD1
(Figure 2A). Therefore, 250 nM hSOD1 labeled with CF633
was used, whereas nonlabeled peptide was added with different
concentrations. The S1VL-21 exhibits the strongest binding
affinity to hSOD1 with a resulting Ky, of 5.3 + 0.3 uM (Figure
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Figure 2. SIVL-21 exhibits a micromolar binding affinity to hSOD1. (A) Sequences of the selected peptide SIVL-21 and its randomized control
peptides SIVL-21_Rdm1, S1VL-21_Rdm2, and S1VL-21_Rdm3, which were measured for affinity to hSOD1. (B) MST measurement of hSOD1-
CF633 (250 nM) and SIVL-21 as well as (C) its randomized control peptides with increasing concentrations (10 ntM—470 M) in S50 mM sodium
acetate buffer pH 6 containing 150 mM NaCl and 0.05% Tween-20 were performed at 25 °C with an LED power of 40%. Changes in
thermophoresis at 40% MST power were plotted against the peptide concentrations and evaluated through thermophoresis for determining the K
values of 5.3 + 0.3 uM for SIVL-21 (B) and 35.8 + 4.3 uM (C; green), 20.2 + 1.8 uM (C; blue), and 152 + 4.2 uM (C; orange) for the
randomized control peptides SIVL-21_Rdm]1, S1VL-21_Rdm2, and S1VL-21_Rdm3, respectively.

= 12] A) 160] B)
F ® 10 UM hSOD1 monomer S 140 ———=——
S 104® +10uMSIVL21 8 — e,
9 ® +20pM S1VL-21 @D 120
o ® +50pM S1VL-21 < 1
S 087e +100uMSIVL21 2
& ® 100 uM STVL-21 g 100+
ke
.-E 0.6 g 804 l
p -
o
& 04 5 607
g =
£ = 40
S 02+ =
B S — 0 - - - - -
0 10 20 30 40 50 60 70 N N D S N
O N N i N
. 2 N N N S
time [h] A 2 £V 12 I
A\/ A\/ \\\/ i
N N N N
> % S &
x x x

Figure 3. SIVL-21 exhibits an influence on the formation of amyloid-like hSOD1 aggregates. The ThT assay was performed to investigate the
influence of SIVL-21 on amyloid-like hSOD1 aggregation. All samples containing S #uM dimeric hSOD1 with and without the corresponding
peptide concentration as well as peptide alone were incubated in 50 mM sodium acetate buffer pH 6 with 10 mM TCEP, 5 mM EDTA, 150 mM
sodium chloride, and 5 #uM ThT for 15 min at 37 °C before the fluorescence progression measurement was started in a 96-well half-area flat-
bottom microplate (Corning, New York, USA) containing one stainless steel bead (3.2 mm). The progression of fluorescence intensity was
measured every 15 min at 4., = 448 nm and 1,,, = 482 nm with 30 s of agitation at 400 rpm before every measurement using a microplate reader
(BMG Labtech, Ortenberg, Germany). The ThT fluorescence intensity was normalized to the highest value and plotted against the time. (A) The
ThT assay of hSOD1 (black) and with different concentrations of S1VL-21 (green colors) in 3- to S-fold determination. Gray: 100 uM S1VL-21
without hSOD1. The ThT fluorescence is decreased with SIVL-21. (B) Comparison of the ThT fluorescence intensity (Figure 3A) of all samples
present in A after 52.5 h. SIVL-21-containing samples were normalized to the fluorescence intensity of the sample with hSOD1 alone. One-way
ANOVA (analysis of variance) with Fisher post hoc analysis was used for statistical analysis. ** p < 0.01; *#* p < 0.001. The ThT fluorescence was
significantly reduced by 90% by addition of a 10-fold molar excess of SIVL-21.

2B). In contrast, the measurements with the randomized influence of SIVL-21 on amyloid-like hSOD1 aggregation, a
control peptides SIVL-21_Rdm1, SIVL-21_Rdm2, and SIVL- thioflavin T (ThT) assay was performed. Briefly, S uM dimeric
21_Rdm3 led to K, values of 36, 20, and 152 uM, respectively hSOD1 was incubated with and without the corresponding
(Figure 2C). Thus, the selected SIVL-21 has an enhanced peptide in 50 mM sodium acetate buffer pH 6 containing 10

affinity with a 4- to 30-fold lower K value for the hSOD1 mM TCEP, S mM EDTA, 150 mM sodium chloride, and S
interaction compared to the randomized control peptides. puM ThT for 15 min at 37 °C before the fluorescence
S1VL-21 Exhibits an Influence on the Formation of progression measurement was started in a microplate
Amyloid-Like hSOD1 Aggregates. To investigate the containing one 3.2 mm stainless steel bead per well. The
2522 httpsy/doi.org/10.1021/acschemneuro.1c00253
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Figure 4. Randomized control peptides SIVL-21_Rdm1-3 revealed to be less effective in the inhibition of amyloid-like hSOD1 aggregation
compared to S1IVL-21. The ThT assay was performed to investigate the influence of SIVL-21 as well as its randomized control peptides SIVL-
21_Rdm1-3 on amyloid-like hSOD1 aggregation. All samples containing S #M dimeric hSOD1 with and without the corresponding peptide were
incubated in 50 mM sodium acetate buffer pH 6 with 10 mM TCEP, S mM EDTA, 150 mM sodium chloride, and 5 yM ThT for 15 min at 37 °C
before the fluorescence progression measurement was started in a 96-well half-area flat-bottom microplate (Corning, New York, USA) containing
one stainless steel bead (3.2 mm). The progression of fluorescence intensity was measured every 15 min at 4., = 448 nm and 4,,, = 482 nm with 30
s of agitation at 400 rpm before every measurement using a microplate reader (BMG Labtech, Ortenberg, Germany). The ThT fluorescence
intensity was normalized to the highest value and plotted against the time. (A) The ThT assay of hSOD1 (black) was performed in a 3-fold
determination with a 10-fold molar excess of peptides (100 uM; other colors) related to the monomeric concentration of hSOD1. The peptides
alone showed no increase in fluorescence (data not shown). The ThT fluorescence is most reduced with SIVL-21. (B) Comparison of the ThT
samples after 52.5 h. Samples containing peptides are normalized to the fluorescence of the sample with hSOD1 alone. One-way ANOVA (analysis
of variance) with Fisher post hoc analysis was used for statistical analysis. ** p < 0.01; *** p < 0.001; n.s. not significant (p > 0.05). The ThT
fluorescence was significantly reduced by 44 and 53% with a 10-fold molar excess of S1VL-21_Rdm1 and S1VL-21_Rdm?2, respectively. SIVL-
21_Rdm3 did not reduce the ThT fluorescence.

effect of SIVL-21 on hSODI1 aggregation was determined by Less Toxic to Neuro2a Cells than Non-peptide-Treated

adding increasing concentrations of SIVL-21 to the fibrillation hSOD1 Aggregates. In order to confirm that resulting
samples. Furthermore, the randomized control peptides were hSODI1 species are less toxic to Neuro2a cells when hSOD1
also analyzed for their influence on amyloid-like hSODI was incubated with S1VL-21 under reducing conditions during
aggregate formation. In order to exclude aggregation of the the aggregation assay, a cell viability assay using the reduction
peptide itself, the respective peptide was also investigated of MTT was performed in a S-fold determination (Figure 5).
under the given conditions without hSOD1. Due to the high Therefore, Neuro2a cells were treated with samples that have
concentrations of TCEP and EDTA, which reduces the been collected after 65 h of hSOD1 aggregation incubated with
disulfide bond and complexes the metal ions, respectively, and without increasing concentrations of SIVL-21.

and the given stainless steel bead that causes mechanical The cell proliferation was normalized to the mean value of
agitation and thus fragmentation, hSOD1 unfolds and cells treated with medium. Subsequently, the rate of cells that
aggregates.”’ were rescued due to the initial addition of S1VL-21 during

hSODI1 aggregation was determined by normalizing the
proliferation level to that of cells treated with hSOD1
aggregates. Cells treated with hSOD1 that has been incubated
with different concentrations of S1VL-21 during the
aggregation assay yielded a concentration-dependent increase

The results were analyzed by comparing the relative
fluorescence emission after 52.5 h, where the control (without
peptide) reached its fluorescence maximum (Figure 3A;
black). As shown in Figure 3A, the maximal fluorescence
emission was decreased by addition of SIVL-21, and this effect ¢ )
was more evident the more peptide was added. With a 10-fold in rescue rate (Figure S; 1:1:14 £ 6%; 1:_5:35 *7%; 1:10:48 +
molar excess, the fluorescence was reduced by 90% (Figure 8). Notably, compared to cells treated with hSOD1 aggregates,
3B). 48%A of ce}llls ha}\:;é)[e)eln rescggcti‘ ?lftfﬂ-’ tre;trtn:lnt v:;lth hl%Okal1

o1 . . ) species, where was initially incubated with a 10-fo
21C§$§ alfecé1:(/)L.§11V]}idznl1’2,lt:ncrlansdlo\/Lm.Z;f lg;}[)r'lc;deisn dsiia\ng rflolar excess of SIVL-21. Thus, the incubation of hSODlV with
less influence on ThT fluorescence and thus on the formation SIW—ZI during the Aaggregatlon assay resulted in hSOD1
of amyloid-like hSOD1 aggregates as shown in Figure 4. While species tl'_xat were mg;nﬁcantly less toxic to Neuro2a cells than
SIVL-21_Rdml and SIVL-21_Rdm2 reduced the plateau of non-peptide-treated hSOD1 aggregates.
the hSOD1 aggregation-dependent ThT fluorescence by about
44 and 53%, respectively, SIVL-21_Rdm3 did not exhibit any B CONCLUSION

effect at all (Figure 4B). Thus, the randomized control It has been shown that destabilizing of hSOD1 by mutations
peptides with the same amino acid composition but in a and/or post-translational modifications possibly leads to
different sequence order were less effective in inhibition of hSOD1 misfolding and aggregation, whereas in vitro and in
amyloid-like hSOD1 aggregation compared to S1VL-21. vivo studies revealed an important role of hSOD1 aggregates in

Incubation of hSOD1 with S1VL-21 during Aggrega- the progression of ALS. These aggregates containing mutant

tion Resulted in hSOD1 Species That Were Significantly and misfolded wild-type hSOD1 were found in sALS patients
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Figure S. Incubation of hSOD1 with S1VL-21 during aggregation
resulted in significantly less toxic hSOD1 species to Neuro2a cells
than non-peptide-treated hSOD1 aggregates. A cell viability assay was
performed in Neuro2a cells (2500 cells/well) cultured in flat-
bottomed 96-well plates in DMEM including 10% FBS and 1%
streptomycin and penicillin. After 6 h, the cells were treated with the
pellet of samples containing hSODI1 alone and hSODI1 that was
incubated with increasing concentrations of SIVL-21 during 65 h
under aggregating conditions as described in Figure 3. Therefore, the
samples were centrifuged at 100 000g for 1 h at 4 °C, and the pellet
was solvated and diluted (1:1) in medium. After 3 days, the cell
viability was measured using the cell proliferation Kit I according to
the manufacturer’s instructions (Roche, Basel, Switzerland) in a 5-fold
determination. The proliferation was normalized to the mean value of
the medium-treated cells. The rate of cells that could be rescued due
to the initial addition of SIVL-21 during hSODI1 aggregation was
determined by normalizing the proliferation level to that of cells
treated with hSOD1 aggregates. One-way ANOVA (analysis of
variance) with Fisher post hoc analysis was used for statistical analysis.
** p £0.01; ¥** p <0.001. Cells treated with hSOD1 that has been
incubated with different concentration of SIVL-21 during aggregation
led to a concentration-dependent increase in the rescue rate
compared to non-peptide-treated hSOD1 aggregates.

as well as in hSODI-fALS and non-hSODI1 fALS
pa\tients.g‘m’18

Our intention was to explore whether stabilization of the
native hSOD1 conformation by specifically binding ligands is
able to interfere with hSOD1 aggregation.

Here, we report a 16-mer peptide SIVL-21 selected by
phage display that was identified as a ligand to stabilize the
native conformation of hSOD1. MST measurements revealed a
micromolar binding affinity of SIVL-21 to native hSOD1. ThT
assays were used to investigate the inhibition efficacy of SIVL-
21 on hSOD1 aggregation. As the emission at 482 nm is
proportional to the amount of amyloid fibrils and amyloid-like
aggregates, the aggregation of hSODI1 was followed by
measuring the ThT fluorescence.”” We observed that
coincubation of hSOD1 with SIVL-21 during the aggregation
assay resulted in a concentration-dependent inhibition of the
ThT fluorescence emission increase. For example, incubation
of hSOD1 with an equimolar amount of S1VL-21 under
hSOD1-aggregating conditions resulted in a reduced formation
of amyloid-like hSOD1 aggregates by $5%, whereas with a 10-
fold molar excess of S1VL-21, the formation of amyloid-like
hSOD1 aggregates was reduced by even 90%. Additionally, we
were able to show that these remaining species are less toxic to
Neuro2 cells than non-peptide-treated hSOD1 aggregates, also
in a concentration-dependent manner, probably due to the

2524

lower amount of aggregates. Although the mechanism of
hSODI1 aggregation has not yet been clearly elucidated,
Chattopadhyay et al. demonstrated in vitro that even small
amounts of metal-free and reduced monomeric hSOD1 can
initiate the formation of amyloid species in disulfide-bridge-
intact forms of hSOD1 and that elongation is driven by
recruitment of apo or partially metalated, dimeric, disulfide-
intact hSOD1.*" We suggest that the specific binding of SIVL-
21 to the native hSOD1 leads to a reduction or even a
prevention in the formation of misfolded, ThT-positive
hSOD1 species. Moreover, the effect of S1VL-21 is
sequence-specific as indicated by the analyses using sequence
randomized control peptides. Whereas Rdm1 and Rdm2 also
showed a reducing but considerably smaller effect on the
formation of amyloid-like hSOD1 aggregates compared to
S1VL-21, Rdm3 did not exhibit an influence in interfering with
hSODI aggregation. It cannot be excluded that there are still
similarities in parts of the sequences between the two
randomized control peptides and S1VL-21 (e.g, amino acid
combinations/positions or charge distributions) that may
explain the existing influence on hSOD1 aggregate formation.
However, compared to S1VL-21, the randomized control
peptides showed a lower affinity to native hSODI1 and
significantly less inhibition of aggregate formation.

In summary, we used phage display including control
selections and NGS analysis for the identification of peptide
ligands for native hSODI. In this way and together with
subsequent characterization methods, we were able to identify
S1VL-21 and we showed that this peptide has an impact on
hSOD1 aggregation. Further investigations to figure out the
binding site of SIVL-21 to hSODI are necessary to understand
the mechanism of impairment of hSOD1 aggregation. SIVL-21
will be further optimized in order to reduce the required
concentration at which the same inhibition rate of aggregate
formation is achieved as with SIVL-21 to become a potential
lead for drug development.

B MATERIALS & METHODS

Protein Expression, Purification, and Reconstitution. Heter-
ologous expression of human SOD1 (hSOD1) in E. coli and its
purification and fully reconstitution to natively folded dimeric
holoenzyme was performed as described previously in Santur et al.*'

Peptides. Peptide S1VL-21 (YKHSWETQEKQNYVTD-NH,) as
well as its randomized control peptides (S1VL-21_Rdm1: KWYHE-
EVTYKQDTQNS-NH,; S1VL-21_Rdm2: YKYVTTENHD-
SQEQKW-NH,; SIVL-21_Rdm3: HKSNDKEWTETQQYVY-NH,)
were purchased from Caslo (Lyngby, Denmark) with >98% purity.
They are C-terminal-amidated and consist of 16 L-enantiomeric
amino acid residues with a molecular mass of 2055 Da.

Phage Display. Phage display with four selection rounds was
performed to obtain peptides that specifically bind to native hSOD1.
Therefore, 25 pg/mL of dimeric hSOD1 diluted in 100 L of SO mM
sodium acetate pH 6 was immobilized on a NHS-preactivated surface
(3D-NHS 96-well plate, 100 L functionalization volume, polystyr-
ene; PolyAn, Berlin, Germany) for 1 h at RT. In all selection rounds,
the surface was quenched after the hSOD1 solution was removed with
200 uL of quenching solution (S0 mM ethanolamine and 100 mM
Tris in 10 mM sodium phosphate pH 9) for 1 h at RT followed by
five washing steps with 200 yL of washing buffer (150 mM sodium
chloride and 0.05% Tween-20 in SO mM sodium acetate pH 6). In
addition before washing, the surface was blocked with 200 uL of 10
mg/mL of bovine serum albumin (BSA) in S0 mM sodium acetate
pH 6 in the second round and with 200 uL of 10 mg/mL of milk
powder in 50 mM sodium acetate pH 6 in the third round for 15 min
at RT to reduce unspecific binding events. During those rounds, 2
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mg/mL of BSA or milk powder was added to the washing buffer,
respectively. In the first as well as in the fourth round, the surface was
not additionally blocked to vary the selection conditions. Then, 2.8 *
10" phages (TriCo-16 phage display peptide library; Creative
Biolabs, New York, USA) in 50 mM sodium acetate pH 6 were
added and incubated for 30 min at RT in each round. After the
nonbinding phages were removed, the well was washed with 200 uL
of the respective washing buffer of the corresponding round. The
number of washing steps after phage incubation was increased until
round 3 (5/10/15/15). Elution of phages was done by incubation
with 100 L of 0.2 M glycine—HCI pH 2.2 for 10 min at RT. The
phage-containing solution was then removed from the plate and
neutralized by transferring it to a tube containing 25 uL of 1 M Tris-
HCI pH 9.1. To determine the output titer, 5 L of eluted phages
were used. Therefore, a dilution series from 10> to 10~® was prepared
with the eluted phages in a total volume of 100 L in lysogeny broth
(LB) medium. Each dilution was mixed with 100 uL of E. coli K12
ER2738 (ODggq of 0.6) and plated together with 800 uL of top agar
on plates (35 X 10 mm; Sarstedt, Niimbrecht, Germany) containing
LB-Agar-IPTG-XGal. After overnight incubation at 37 °C, the plaques
were counted to determine the output titer.

The remaining eluted phages (120 uL) were amplified in 20 mL of
E. coli K12 ER2738, starting with an ODgq of 0.1, for 4 h at 37 °C.
Subsequently, the culture was centrifuged for 20 min at 2700g at 4 °C.
For phage precipitation, the supernatant was added to 7 mL of PEG-
8000/2.5 M sodium chloride, incubated overnight at 4 °C, and
centrifuged at 2700g at 4 °C for 1 h. The supernatant was discarded,
while the phage-containing pellet was dissolved in 1 mL of 1X PBS
before another centrifugation at 4 °C and 11 000g for 5 min to get rid
of residual bacterial components. Afterward, the supernatant was
added to 200 L of PEG-8000/2.5 M sodium chloride and incubated
for 1 h on ice followed by a final centrifugation step for 45 min at
2700g and 4 °C. The phage-containing pellet was properly
resuspended in 100 uL of 1X PBS. The input titer was determined
by spectrophotometry®” in 1X PBS using a 1:10 dilution. The
resulting phages were then used in the next selection round with the
same phage amount as before and further used for an enrichment
ELISA as well as prepared for next-generation sequencing (NGS)
analysis.

Besides the main selection with hSOD1 as a target (target selection,
TS), two control selections were performed as illustrated in Figure 6

Lib. = Phage display peptide library
TS = Target Selection

ES = Empty Selection

DC = Direct Control

Figure 6. Schematic overview of the phage display selection with
target (target selection, TS) and the corresponding control selections
empty selection (ES) and direct control (DC) without target. In the
first round, the phages from the peptide library are used for the target
selection (TS) as well as for the control selection without target called
empty selection (ES). One further control without target is performed
from the second selection round called direct control (DC), where in
contrast to ES, the phages resulting from previous TS are used.

to improve the sequence evaluation efficiency after NGS analysis. The
first control selection, called empty selection (ES), was performed in
the same way as TS but without hSOD1. During immobilization, 50
mM sodium acetate pH 6 was used instead of hSOD1. All further
steps are the same as for TS so that in the end two separate selections
with enriched phages were present. One further control was
performed starting from the second selection round (direct control,
DC). In contrast to ES, here the phages resulting from each round of
TS were used for the next selection round that was performed without
target protein. After four rounds, four samples for TS and ES (TS1—
TS4 and ES1—ES4) and three for DC (DC2—DC4) with enriched

2525

phages were present, which were subsequently used together with the
phage display peptide library for further analysis.

Enrichment ELISA. An enrichment ELISA was performed to
validate the success of the phage display selection. Therefore, 25 pug/
mL of dimeric hSOD1 diluted in 100 xL of 50 mM sodium acetate
pH 6 was immobilized on an amino plate (Nunc Immobilizer Amino
96-well plate, polystyrene; Thermo Scientific, Waltham, USA) for 1 h
at RT. Noncoated wells (50 mM sodium acetate pH 6 without
hSOD1) were used as a control for each selection round. The solution
was removed, and the surface was quenched with 200 uL of
quenching solution (S0 mM ethanolamine and 100 mM Tris in 10
mM sodium phosphate pH 9) for 1 h at RT followed by a blocking
step with 200 uL of blocking solution (10 mg/mL BSA in S0 mM
sodium acetate pH 6) for 15 min at RT. After three washing steps
with 200 yL of washing buffer (150 mM sodium chloride, 0.05%
Tween-20, 2 mg/mL of BSA in 50 mM sodium acetate pH 6), the
amplified and purified phages of each target selection round were
diluted in washing buffer to a total amount of § * 10" phages in 100
pL. The wells immobilized with hSOD1 as well as noncoated wells
were incubated with the corresponding phage solution for 1 h at RT.
Unbound phages were removed by three washing steps with 150 uL
of washing buffer. The anti-M13 antibody (horseradish peroxidase
(HRP)-conjugated mouse monoclonal antibacteriophage M13 anti-
body; Sino Biological, Peking, China) was diluted 1:2500 in washing
buffer, and 100 yL was added into each well for 1 h at RT. After six
washing steps with 150 uL of washing buffer, the supernatant was
completely removed, 100 uL of the 3,3',5,5'-tetramethylbenzidine
(TMB) solution (TMB was previously dissolved in 1 mL of DMSO
and diluted with 9 mL of 0.05 M phosphate citrate buffer pH 5) was
added into each well, and after 10 min of incubation at RT, the
reaction was stopped with 100 L of 2 M H,SO,. The absorption was
quantified at 450 nm using a microplate reader (BMG Labtech,
Ortenberg, Germany).

In addition to the samples from the target selection (TS1, TS2,
TS3, TS4), the library as well as the wild-type phage without peptide
were analyzed. The measurement was performed in double
determination. Noncoated wells that were incubated with washing
buffer without phages were used as a control for background signal.

Extraction and Amplification of ssM13 DNA for Sequenc-
ing. The single-stranded phage DNA from each sample from the
phage display selection (all samples from TS, ES, and DC containing
enriched phages in 1X PBS as well as the library) were purified and
prepared for next-generation sequencing (NGS). Therefore, 10 yL of
each input sample was diluted in 600 L of 1X PBS and incubated
with 200 uL of PEG-8000/2.5 M sodium chloride for 20 min at RT
after the samples were inverted eight times. The samples were then
centrifuged at 20 800g for 10 min at 4 °C. The supernatant was
removed, and the pellet was carefully resuspended in 200 L of a 10:1
mixture of 3 M sodium acetate (pH 5.2) and TE. The samples were
incubated with 500 uL of 99% ethanol for 15 min at RT before
centrifugation at 20 800g and 4 °C for 10 min. The supernatant was
discarded, and the pellet was washed with 250 uL of 70% ethanol.
After a final centrifugation step for again 10 min at 20 800g and 4 °C,
the supernatant was removed, and the pellet was dried at 30 °C for 8
min before being resuspended in 40 xL of 10 mM Tris pH 8. The
concentration of the DNA was determined by the absorption at 260
nm.

The ssDNA was amplified using the KAPA HiFi HotStart
ReadyMixPCR Kit (Kapa Biosystems, Wilmington, USA) and the
polymerase chain reaction (PCR) for the subsequent NGS. For each
25 ng of phage DNA, § uM primers (forward: §-TCGTCGGCAG-
CGTCAGATGTGTATAAGAGACAGCGCAATTCCTTTAGTGG-
TACC-3', reverse: 5'-GTCTCGTGGGCTCGGAGATGTGTAT-
AAGAGACAGCCCTCATAGTTAGCGTAACG-3') and 12.5 uL of
KAPA Hifi Hot Start Ready Mix were added and filled up to 25 uL
with ddH,0. The PCR protocol was composed as follows: initial step
at 95 °C for 3 min, followed by 25 cycles with denaturation of DNA at
95 °C for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for
30 s. A final step of the extension at 72 °C was done for S min. The
concentration of the amplified DNA was measured by the absorption
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at 260 nm and the success of the PCR was evaluated using a 1%
agarose gel. Further sample processing and NGS analysis was
performed by the Biologisch-Medizinisches Forschungszentrum at
the Heinrich Heine University in Diisseldorf, Germany.

Sequence Analysis. The resulting sequencing from the NGS
analysis was processed and evaluated with the Target Sequencing
Analysis Tool (TSAT), an evaluation software that has been
developed by our research group. The use of advanced controls
during the phage display selection as well as the establishment of NGS
analysis including further sequencing processing via TSAT enabled a
high throughput for the identification of target-specific binders.

TSAT is a program that is based on a Python script with front-end
access for user. The following modules were used during its creation:
Tkinter,* Biof4 base64f5 re,”® collections,”” sqlite?a,‘;g time,w
datetime,*” sys,41 and threadi.ng.42

TSAT screens a given document for the fixed regions directly
upstream and downstream of the randomized peptide coding region
in the phage genome. The peptide coding sequence is excised and
checked for its length. If the length of the nucleotides is dividable by
3, it is translated into the corresponding amino acids. Otherwise, the
code is discarded and listed in a document of incomplete sequences.
The translated sequences are temporarily saved in a dictionary, which
documents the amino acid composition and the total count of each
single sequence. For further analysis, the resulting data are transferred
to and saved in a data bank. The frequencies of each translated
sequence are then normalized to the total number of all translated
sequences of the corresponding selection and converted into a parts
per million (ppm) format to allow easier comparison between
different selections. This is done for each sample of the selection
rounds containing the target selection (TS), direct control (DC), and
the empty selection (ES) as described in 0. Subsequently, the
resulting data from each selection round are compared with each
other, whereby only those sequences are considered at the end that
have accumulated during the selection starting from the library and
that are more or equally frequently present in the TS than in the
corresponding ES and DC, respectively. Thus, enriched unspecific
binders such as plate binders are removed from the evaluation by
directly comparing the selection with target with those without target.
The filtered sequences are then assigned two parameters called empty
score (EmS) and enrichment factor (EnF). EnF is the frequency of a
sequence in the last target selection round divided by the frequency of
the same sequence in the library, whereas EmS represents the
frequency of a sequence in the last target selection round divided by
the frequency of the same sequence in the last empty selection round.
As a last step, a scoring list is created based on the EmS values, and
the sequences are saved in a FASTA format for the subsequent
sequence alignment using the open source software Hammock* using
default parameters expect that sequence input was done sorted by the
EmS values.

Labeling of Native hSOD1 with Fluorophore CF633. CF633
succinimidyl ester (Sigma-Aldrich, St. Louis, USA) was used for
labeling native hSOD1 according to the manufacturer’s instructions
with a few modifications. Therefore, 10 L of a S0 mM dye stock
solution in anhydrous DMSO was added to 190 uL of 180 uM
hSOD1 (monomeric concentration) in S0 mM sodium acetate pH 6,
which corresponds to a dye/protein molar ration of 15:1 and results
in a final concentration of 5% DMSO. All further steps were
performed as described in the manufacturer’s manual. Free dye was
removed by dialysis against S0 mM sodium acetate pH 6. The
conce:!fration of labeled CF633-hSOD1 was determined by Bradford
assay.

Microscale Thermophoresis Measurements for K, Determi-
nation. In order to determine the equilibration dissociation constant
(Kp) of hSODL to the selected peptide, microscale thermophoresis
(MST) measurements were performed using a Monolith NT.11S
blue/red instrument (Nanotemper Technologies, Munich, Germany).
Fluorescently labeled hSOD1 (CF633-hSOD1; DOL of 0.5) with a
final dimeric concentration of 250 nM was added to samples
containing increasing concentrations of unlabeled peptide. Therefore,
a 1:1 serial dilution of peptide and a 500 nM CF33-hSOD1 stock
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solution were prepared in 50 mM sodium acetate pH 6 containing
150 mM sodium chloride and 0.05% Tween-20. The 16 samples were
then transferred into specialized glass capillaries (Monolith NT.155
premium capillaries MO-K02S; Nanotemper Technologies, Munich,
Germany). The measurement was performed at 25 °C using the blue/
red channel with an MST and LED power of 40% leading to
fluorescence levels between 700 and 900 units. For all experiments,
standard parameters were used as recommend by the manufacturer
(delay time of heating period of 30 s and re-equilibration period of S
s). The data were evaluated through the thermophoresis effect using
the manufacturer supplied NT analysis software (version 1.5.41).

Thioflavin T Assay. Thioflavin T (ThT) assay was performed to
analyze the influence of peptide on hSODI1 fibrillation and/or
amyloid-like aggregation. Lyophilized peptides were solved in filtered
ddH,0. Buffers and solutions were then sterile filtered (for larger
volumes: Minisart-Plus syringe filter, 0.2 ym, Sartorius, Gottingen,
Germany; for smaller volumes: Anotop 10 syringe filter, 0.2 ym,
Cytiva, Chicago, USA), while the hSOD1 stock solution in SO mM
sodium acetate buffer pH 6 was centrifuged for 10 min at 20 800g and
21 °C to remove larger particles. Before pipetting together, all
components were prewarmed for 1 h at 37 °C. Then, S M dimeric
hSOD1 was mixed with 5 uM ThT, 10 mM TCEP, S mM EDTA, 150
mM sodium chloride, and the corresponding concentration of peptide
(protein/peptide molar ratios of 1:1, 1:2, 1:S, and 1:10 related to the
monomeric concentration of hSOD1) in SO mM sodium acetate
buffer pH 6. As controls, a sample with hSOD1 and without peptide
and a sample without hSOD1 and with peptide were used. All
prepared samples were incubated for 15 min at 37 °C without
agitation. Then, 120 uL of each sample was transferred into a well of a
96-well half-area flat-bottom microplate (Corning, New York, USA)
containing one 3.2 mm stainless steel bead (Biospec Products,
Bartlesville, USA), and the plate was sealed with a foil for 96-well
microplates (Thermo Fisher Scientific, Waltham, USA). The
progression of fluorescence intensity was measured using a microplate
reader (BMG Labtech, Ortenberg, Germany) at 37 °C every 15 min
at A, = 448—10 nm and A, = 482—10 nm with 30 s of agitation at
400 rpm before every measurement. The measurements were
performed in a 3- to 5-fold determination.

Cell Viability Assay. A cell viability assay using the reduction of
3-(4,S-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
was performed to investigate the cytotoxicity of hSOD1 species that
were previously incubated with and without SIVL-21 under
aggregating conditions. Therefore, Neuro2a cells were cultivated in
DMEM medium supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin and streptomycin. A total of 2500 cells per well in a
volume of 100 L were seeded on flat-bottomed 96-well plates (VWR,
Radnor, USA) and incubated in a 95% humidified atmosphere with
5% CO, at 37 °C for 6 h. Aggregates of hSOD1 alone and hSOD1
incubated with increasing concentrations of SIVL-21 (1:1; 1:5; 1:10)
under aggregating conditions were prepared as described in 0. The
samples were collected after 65 h and centrifuged for 1 h at 4 °C and
100 000g. The supernatant was completely removed, whereas the
pellet was dissolved in the same volume of cell culture medium
(DMEM containing 10% FBS and 1% penicillin and 1%
streptomycin) and diluted to 1:1. Neuro2a cells were then treated
with 30 uL of each sample and were further incubated for 3 days in a
95% humidified atmosphere with 5% CO, at 37 °C. Cell viability was
measured using the Cell Proliferation Kit I according to the
manufacturer’s instructions (Roche, Basel, Switzerland) in a S-fold
determination. The absorbance of the formazan product was
determined by measuring the absorption at 570 nm subtracted by
the absorbance at 690 nm in a microplate reader (BMG Labtech,
Ortenberg, Germany). The results were normalized to the mean value
of cells treated with medium only. As a positive control for
cytotoxicity, 10% DMSO diluted in medium was used.
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SOD1 is an antioxidant enzyme that exists as a highly stable
dimer in healthy humans. Each subunit contains an intra-
molecular disulfide bond and coordinates one zinc and one
copper ion. The dimer is destabilized in the absence of the ions
and disruption of the disulfide bond, which leads to the
formation of small oligomers and subsequently larger insoluble
aggregates. An acquired toxic function of destabilized SOD1 is
postulated to be associated with amyotrophic lateral sclerosis
(ALS), which is a neurodegenerative disease characterized by

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal adult-onset motor
neuron disease affecting both upper and lower motor neurons.
Patients suffering from ALS generally die within 5 years of
diagnosis because of respiratory failure!” ALS predominantly
occurs sporadically (sALS) with ~10% of cases appearing within
families (fALS), and thus arise more than once in a family lineage
and are usually inherited in an autosomal dominant manner.”
Approximately 20% of the disease causing mutations are located
in the gene coding for the enzyme superoxide dismutase 1
(SOD1).”’ Aggregates of human SOD1 have been detected in the
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peripheral and central paralysis and by 3- to 5-year median
survival after diagnosis. In this study, we present a protocol for
heterologous expression of human SOD1 in E. coli and total
reconstitution of the holoenzyme, which exhibits the highest
reported specific activity (four-fold higher) of recombinant
hSOD1. Biophysical characterization confirms the native state of
this protein. The presented protocol provides highly active
hSOD1 that will benefit in vitro investigations of this protein.

spinal cord of mutant-SOD1fALS patients and in non-SOD1 sALS,
leading to the hypothesis that SOD1 misfolding is part of a
pathomechanism that is common to all types of ALS.”

The native conformation of the metalloenzyme Cu,Zn-SOD1
is a stable homodimer and functions in the conversion of
superoxide to peroxide. Posttranslational modification of SOD1
includes formation of an intramolecular disulfide bond, and
coordination of a zinc ion in the zinc loop and a copper ion in
the active site of each subunit. A consistent pattern of
glutathionylation and phosphorylation occurs in close proxim-
ity to the dimer interface of endogenous SOD1 derived from
human erythrocytes.”” All posttranslational modifications affect
the monomer-dimer equilibrium of SOD1. Metal binding and
an intact intramolecular disulfide bond promote dimer forma-
tion, whereas glutathionylation facilitates dissociation.” Na-
tively folded human SOD1 (hSOD1) is an extremely thermo-
stable protein. Depending on its metal content, melting
temperatures up to 83°C have been reported.” Structural
integrity and enzymatic activity of bovine SOD is maintained in
8 M urea or in the presence of 4% SDS.” Protein destabilization
by mutations, oxidation or deprivation of metal ions renders
hSOD1 prone to dissociation and oligomerization. The resulting
soluble oligomers subsequently form amorphous aggregates or
even fibrils.®’ In particular, the small soluble oligomers are
hypothesized to exhibit neurotoxic properties in ALS.”

Studies have focused on the structure and function of
hSOD1 in health and disease for many years. In vitro approaches
examining the aggregation propensity of hSOD1 and success of
therapeutic agents are crucial for the development of therapeu-
tic strategies to treat ALS. Experiments critically rely on the
native fold of recombinantly expressed hSOD1. Currently, in vitro
preparation of hSOD1 produced in E. coli often results in
incomplete metalation levels, and strategies to improve the
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metal content of recombinant hSOD1 have been proposed.”'”
Documented specific activities of the heterologous expressed
enzyme have not exceeded values of ~5,600 U/mg."™

Here, we report a procedure for total reconstitution of
recombinant hSOD1 expressed in E. coli without using the
human copper chaperone for SOD1 (hCCS). The applied
reconstitution procedure partly follows established protocol-
s.1%12 Notably, the oxidation state, incubation time and
temperature during holoenzyme reconstitution were identified
as crucial factors for ensuring an optimal metal load. The
resulting isolated holoenzyme displayed the highest reported
specific activity of recombinant hSOD1.

Results and Discussion

Yields and findings of the hSOD1 purification and
reconstitution

Protein expression was performed in E. coli BL21 (DE3) (Fig-
ure 1A) and yielded about 4 g cell pellet per liter culture. The
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Figure 1. Expression and purification of hSOD1. A: Heterologous expression
of tagless hSOD1 in E. coli BL21 (DE3) before (lane 1) and after induction with
1 mM IPTG and incubation overnight at 37 °C (lane 2). The molecular weight
marker (26610, Thermo Fisher Scientific) is shown in lane 3. Human SOD1
migrates at about 20 kDa. B: Elution profile of the hydrophobic interaction
chromatography purification of hSOD1 from the cell lysate after ammonium
sulfate precipitation. Human SOD1 elutes at about 230-250 mS/cm. C: SDS
PAGE of fractions containing hSOD1 with a purity of more than 98%. Marker
bands correspond to Figure 1A.

tagless hSOD1 was purified via ammonium sulfate precipitation

and hydrophobic interaction chromatography. Human SOD1

ChemistrySelect 2018, 3, 7627-7632  Wiley Online Library

7628

Chemist
SETECTW

Full Papers

was released from the Source 15PHE column at ~45% buffer B
(235-224 mS/cm) (Figure 1B) and fractions containing hSOD1
with a purity of more than 98% were pooled (Figure 1C),
supplemented with an equimolar amount of zinc sulfate and
stored at —-80°C. The amount of purified hSOD1 obtained per
gram wet cell pellet was 1.3 mg. Between 5 and 6 mg purified
hSOD1 (2.5-3 mg/mL) were applied to the reconstitution
protocol, which gave a final yield of 0.35-2mg of the
reconstituted holoenzyme. The SEC run (Figure 2A) resulted in
a considerable loss of protein because oligomeric and mono-
meric species of hSOD1 are separated from the dimeric protein
and could not be used in further experiments. In addition,
during renaturation and copper loading a constant loss of
hSOD1 was observed, which might arise from adhesion of the
protein to the dialysis membrane or to the test tubes.

Holoenzyme reconstitution partly followed established
protocols. Notably, reduction of hSOD1 before copper loading
was crucial for improved protein renaturation. We found the
incubation temperature and time of the copper loading
procedure to be important factors for increasing the copper
content of hSOD1 significantly. By adjusting the incubation
temperature to 37°C and by extending the incubation time to
seven days we were able to reach metal loading states of ~0.7
equivalents Cu as well as ~0.7 equivalents Zn per hSOD1
monomer, as determined by ICP-MS (Table 1).

Table 1. Properties of reconstituted hSOD1 derived from three independ-
ent reconstitution events.
Reconstitution  Reconstitution ~ Reconstitution
#1 #2 #3
Cu equivalents per 0.70 £ 0.04 0.73 £0.05 0.62 £ 0.01
hSOD1 monomer
Zn equivalents per 0.86 + 0.06 0.71 4 0.05 0.64 + 0.01
hSOD1 monomer
Specific activity 15966 + 1888 14949 + 594 11952 + 1932
[U/mg]
Normalized activity 22808 + 2697 20478 + 814 19277 + 3116
[U/mg/Cu]
Melting temperature  86.01 85.20 83.62
ra

Reconstituted recombinant Cu-Zn-hSOD1 is a dimer
exhibiting long time stability without the tendency to
aggregate

SEC analysis with reconstituted hSOD1 was performed to
investigate protein stability. Destabilized hSOD1 dissociates to
monomers and these monomeric species are known to
aggregate.” The elution profile and retention volume of the
analytical SEC run indicated a homogenous hSOD1 dimer in the
reconstituted sample without the presence of any mono- or
oligomeric species (Figure 2B). Repetition of the experiment
with a lower protein amount after sample storage for 14 weeks
at 4°C resulted in a very similar elution profile (Figure 3), which
provides evidenced of a well-folded holoenzyme that exhibits
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Figure 2. Isolation of the hSOD1 dimer via SEC. A: Reconstituted human SOD1 was loaded onto a superdex 75 10/30 HR column pre-equilibrated with 50 mM
sodium acetate, pH 6.0, and a flow rate of 0.25 mL/min. The dimeric enzyme eluted at about 10.8 mL. Fractions containing dimeric hSOD1 (elution volume of
10.5-11.2 mL) were pooled. Oligomeric species (6-10 mL retention volume) and hSOD1 that eluted after 11.2 mL were discarded. B: 80 pL of hSOD1 (237 uM

dimer) was applied to a superdex 75 10/30 HR column immediately after reconstitution. A homogenic peak with a retention volume of about 10.8 mL

representing the dimeric state of hSOD1 was observed.
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Figure 3. SEC analysis of reconstituted hSOD1. After sample storage for 14
weeks at 4°C, 70 pL of hSOD1 (3 pM) was applied to a superdex 75 increase
10/300 GL column. A homogenous peak with a retention volume of about
11.5 mL was observed, indicating that the dimeric stoichiometry of hSOD1
showed no tendency to form monomers or oligomeric species.

longtime stability without any tendency to aggregate Structural
information about the reconstituted hSOD1 holoenzyme was
collected via NMR spectroscopy. The 2D 'H-""N HSQC spectrum
of hSOD1 showed a well-dispersed set of signals, indicating a
well-folded protein (Figure 4). Several resonance signals
showed low signal intensity, possibly due to the presence of
the paramagnetic Cu®* in close proximity.
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Figure 4. NMR spectrum of hSOD1. 2D 'H-""N-HSQC spectrum of 16 pM
[U-"*N]-hSOD1 recorded at 25 °C.

Cu-Zn-hSOD1 displays high dimer stability

Human SOD1 retains its homodimeric integrity, enzymatic
activity and metal binding ability in the presence of 1% SDS."
We used semi-native SDS-PAGE (0.4% SDS) to investigate the
dimer stability of fully reconstituted Cu—Zn-hSOD1°~*. For this
purpose we incubated the protein for 30 min with the above
mentioned loading buffers at 37°C. The samples were sub-
jected to a conventional SDS gel and run for 2 h at 80 V. After
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staining and destaining, the hSOD1 dimer was detected at
about 45 kDa while the monomeric protein was detected at
about 20 kDa.!"”

In the absence of DTT and EDTA in the loading buffer,
hSOD1 migrated as a single band at about 45 kDa (Figure 5,
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Figure 5. Dimer stability of human SOD1 investigated by partially
denaturing SDS-PAGE. Reconstituted hSOD1 was pre-incubated for 30 min
at 37°C in loading buffer consisting of 62 mM Tris, pH 6.8, 10% glycerol,
0.05% bromphenol blue and different amounts of DTT and EDTA as indicated.
The protein molecular weight marker was boiled before loading. 2 ug hSOD1
was applied per lane and the 15% gel was run at 80 V for 2 h with the
standard gel running buffer. The gel was stained with pre-warmed
Coomassie staining solution at RT. After destaining, migration of hSOD1 was
documented using a ChemiDoc MP Imaging System (Bio-Rad). Dimeric
hSOD1 migrates at ~45 kDa, whereas the monomeric hSOD1 can be
detected at ~20 kDa.

lane 1), thus indicating the purely dimeric assembly. Addition of
2mM DTT in the loading buffer did not facilitate dimer
dissociation (Figure 5, lane 2), whereas buffer supplement with
20 mM DTT caused considerable dissociation of hSOD1 (Fig-
ure 5, lane 3). The dimer destabilizing effect of DTT was further
strengthened by addition of 20 mM EDTA (Figure 5, lanes 4-7).
This is in accordance to data published for endogenous hSOD1
isolated from human erythrocytes'” and demonstrated high
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dimer stability of the recombinantly expressed and reconsti-
tuted hSOD1 holoenzyme.

Rodrigues et al. determined the melting point of purified
hSOD1 by differential scanning calorimetry. Dependent on the
protein metal content three melting points of about 60°C
(E,ZnE SOD1), 72 to 76°C (E,Zn, SOD1) and 83°C (CuEZn,
SOD1) were reported.* We performed thermal melting point
analysis of reconstituted hSOD1 via circular dichroism (CD)
spectroscopy. Melting curves were monitored at 260-190 nm
and increasing temperatures (Figure 6A). The resulting T, of
about 86°C (Figure 6B) indicated a well-folded, metal coordi-
nated protein. Measurements of hSOD1 derived from two
independent reconstitution procedures resulted in similar
melting temperatures (84 to 85°C) and are provided in Table 1.
Thus, reconstitution of human SOD1 that has been recombi-
nantly expressed in E. coli yields protein with high thermal
stability, as specified for the hSOD1 holoenzyme.

E. coli produced and reconstituted Cu-Zn-hSOD1 displays
the highest specific activity reported for recombinantly
produced hSOD1

Specific activity of hSOD1 critically relies on coordination of
copper in the active site of the enzyme; however, the specific
activity of hSOD1 is commonly reported as units per mg
protein without regard to its copper loading state. Specific
activities of 3000 to 6000 U/mg have been documented for
recombinant hSOD1""" and normalization of specific activity
to the copper loading state of hSOD1 has rarely been reported.
The maximal theoretical specific activity for the purified protein
has been estimated to be between 7000 and 8000 U/mg
protein/Cu for wild-type hSOD1."" There is a sole publication
that determined the specific activity of endogenous hSOD1
assayed in red blood cell lysates to be as high as 23,700 U/
mg‘hs]

The SOD determination kit (Sigma) was used according to
manufacturer’s instructions. Human SOD1 from three inde-
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Figure 6. Thermal stability of reconstituted hSOD1 determined via CD spectroscopy. A: Spectra with 0.26 to 0.28 mg/mL hSOD1 in 50 mM sodium acetate,
pH 6.0, were recorded in a temperature interval measurement (20 to 110°C) at 260 to 190 nm with a scan speed of 20 nm/min. Five accumulations per
measurement were performed and a buffer sample was subtracted from all protein containing spectra. Data were processed to mean molar ellipticity. B: The
apparent melting temperature of about 86 °C was determined from data recorded at 230 nm via a Boltzmann sigmoidal fit (Origin 8).
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pendent reconstitution events with slightly varying copper and
zinc contents were compared with hSOD1 from a previous
preparation that mainly followed published protocols."®'” The
latter protein preparation (containing 0.68 equivalents Zn and
0.04 equivalents Cu per monomer) displayed a specific activity
of ~500-1000 U/mg. Fully reconstituted hSOD1 derived by the
protocol described herein contained about 0.6 to 0.7 equiv-
alents Cu and 0.64 to 0.86 equivalents Zn per monomer and
exhibited a specific activity of ~14,300 U/mg, which is the
highest specific activity reported for recombinant and purified
hSOD1 (Table 1). Normalization to the copper loading state of
hSOD1 resulted in a maximal theoretical specific activity of
about 20,900 U/mg/Cu, which is in very good agreement to the
data published for endogenous hSOD1 assayed in red blood
cell lysates.

Repetition of activity determination after eight months of
storage at 4°C yielded 12,300 + 260 U/mg for reconstitution
#2, which demonstrates the high stability of reconstituted
hSOD1.

Conclusions

The production and reconstitution of recombinantly expressed
hSOD1 is crucial to many studies that aim to elucidate the
molecular pathomechanism of ALS, and to create therapeutic
strategies for efficient disease prevention and cure. The present
work describes a reproducible procedure for total reconstitu-
tion of hSOD1 expressed in E. coli without requiring hCCS. In
brief, the protein was purified via ammonium sulfate precip-
itation and hydrophobic interaction chromatography and
supplemented with zinc. SOD1 was reduced and subsequently
denatured in guanidine hydrochloride. Renaturation was
performed in the presence of zinc via dialysis against buffers
containing  decreasing  concentrations  of  guanidine
hydrochloride. The protein was supplemented with Cu®" and
incubated at 37°C for 7 days. The dimeric hSOD1 holoenzyme
was finally isolated via SEC. Extensive analysis indicated that
the natively folded holoenzyme was produced, which exhibits
high thermal stability and the highest reported specific activity
of recombinantly expressed and purified hSOD1. In particular,
reduction of hSOD1 before copper loading and increasing the
incubation temperature and time during copper loading lead
to elevated copper levels of the reconstituted protein. The final
dimer purification step using SEC increased the yield of pure
hSOD1 dimer. Together with the high copper loading a
drastically increased specific activity of hSOD1 was reached.

Published protocols document the importance of the
copper chaperone for hSOD1 integrity. Many enzymes, espe-
cially chaperones, increase the efficiency of the reaction. Here,
the coordination of a copper ion into the respective copper
ion-binding site is mediated. In organisms, hCCS activity might
be essential because the free copper ion concentration is far
below the concentrations used in our reconstitution.

In preliminary experiments we did include hCCS in the
assay. Comparison of the results that included this protein
versus the protocol herein showed no clear differences
concerning the metal coordination level. Consequently, and to
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simplify the protocol, the purification and ion loading proce-
dure in the absence of hCCS was used.

The present reconstitution procedure will be a valuable tool
for prospective investigations, which critically rely on the
structural integrity of the hSOD1 holoenzyme.

Supporting Information Summary

The supporting information describes hSOD1 expression and
purification, the reconstitution procedure and all analytical
methods (e.g., ICP-MS, NMR, SEC runs, enzyme activity assay,
semi-native PAGE and melting point determination via CD) in
detail.
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Abstract: Parkinson’s disease (PD) is associated with motor and non-motor symptoms and character-
ized by aggregates of alpha-synuclein (xSyn). Naturally occurring antibodies (nAbs) are part of the
innate immune system, produced without prior contact to their specific antigen, and polyreactive.
The abundance of nAbs against «Syn is altered in patients with PD. In this work, we biophysically
characterized nAbs against aSyn (nAbs-aSyn) and determined their biological effects. nAbs-aSyn
were isolated from commercial intravenous immunoglobulins using column affinity purification.
Biophysical properties were characterized using a battery of established in vitro assays. Biological
effects were characterized in HEK293T cells transiently transfected with fluorescently tagged aSyn.
Specific binding of nAbs-aSyn to monomeric aSyn was demonstrated by Dot blot, ELISA, and
Surface Plasmon Resonance. nAbs-aSyn did not affect viability of HEK293T cells as reported by Cell
Titer Blue and LDH Assays. nAbs-aSyn inhibited fibrillation of Syn reported by the Thioflavin T
aggregation assay. Altered fibril formation was confirmed with atomic force microscopy. In cells
transfected with EGFP-tagged «Syn we observed reduced formation of aggresomes, perinuclear ac-
cumulations of xSyn aggregates. The results demonstrate that serum of healthy individuals contains
nAbs that specifically bind «Syn and inhibit aggregation of aSyn in vitro. The addition of nAbs-aSyn
to cultured cells affects intracellular «Syn aggregates. These findings help understanding the role
of the innate immune systems for the pathogenesis of PD and suggest that systemic «Syn binding
agents could potentially affect neuronal aSyn pathology.

Keywords: aggregation; Parkinson’s disease; intravenous immunoglobulins (IVIG); naturally occur-
ring antibodies; alpha-synuclein

1. Introduction

Parkinson’s disease (PD) is the second-most common neurodegenerative disorder. The
characteristic pathological changes consist of dopaminergic neuronal loss in the substantia
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nigra, gliosis, and intraneuronal alpha-synuclein («Syn) pathology, comprising Lewy bod-
ies and Lewy neurites [1]. aSyn is the predominant protein in Lewy body inclusions [2].
aSyn pathology spreads along anatomical connections with gut and olfactory bulb con-
stituting putative entry points into the nervous system [3,4]. The theory of multiorgan
spreading of aSyn along the “gut-brain-axis” is supported by a large body of evidence
from patient cohorts and animal experiments [5-10]. Consistent with the origin of aSyn
pathology in the periphery, aSyn deposits were also found in glands [11], skin [12,13], and
gastrointestinal tissue [14,15].

aSyn is a natively unfolded protein of 140 amino acids encoded by the gene SNCA and
localized in presynaptic terminals [16]. «Syn consists of three domains: The N-terminus
(aa 1-60) contains the positions of the six mutations that cause hereditary PD and sites for
post-translational modifications [17,18]. The hydrophobic non-amyloid component (NAC)
region (aa 61-95) is important for aggregation, oligomerization, and for building 3—sheet
containing structures including fibrils [19]. The C-terminal domain (aa 96-140) is proline-
and aspartate/glutamate-rich, contains phosphorylation sites [20,21], and is the epitope to
most antibodies tested as therapeutic strategies against PD [22].

The discovery of aSyn pathology in PD led to a plethora of immunization stud-
ies [22,23]. Different animal models have consistently illustrated the potential of pas-
sive [24-26] and active [27,28] immunization to reduce brain «Syn pathology and improve
motor outcome. Clinical studies are on their way [22,29].

Naturally occurring antibodies (nAbs) are part of the innate immune system, produced
without contact to the specific antigen they recognize and polyreactive [30]. The majority
of reported nAbs are IgM and IgG [31] and seem to play a role in neurodegenerative
disorders [32,33], but also in other diseases, such as chronic inflammatory diseases or
atherosclerosis [34]. Although their mechanism of action is fairly unclear, nAbs have been
shown to identify apoptotic debris and initiate its phagocytic removal [34,35]. There are also
nAbs against aSyn (nAbs-«Syn) [36]. Their abundance is altered in PD patients [37-39]. The
field is, however, still uncertain about the direction of change of nAbs-aSyn in PD. Several
groups described decreased nAbs-aSyn in the serum of patients with PD as compared to
healthy controls [36,37,40]. Yet, other groups described no changes [38], or even increased
levels [39,41-44]. Interestingly, nAbs-aSyn are already present in early childhood with
levels comparable to healthy adult controls [45]. The binding of nAbs to a«Syn monomers,
oligomers, and fibrils could be confirmed using dot blot, surface plasmon resonance
(SPR) and enzyme-linked immunosorbent assay (ELISA) [26,46]. nAbs-aSyn purified from
commercial intravenous immunoglobulins (IVIG) using «Syn oligomers inhibit aggregation
of «Syn as reported by thioflavin T (ThT) fluorescence [26].

Intracellular aSyn aggregates are transported towards the perinuclear aggresome
and degraded by autophagy [47,48]. In this process, the aggresome is a steady-state
structure that grows whenever generation and transport of aggregates exceeds the capacity
of autophagic clearance [49]. «Syn affects cellular homeostasis by different mechanism and
nAbs-aSyn attenuated toxicity resulting from aSyn oligomers in N2a cells [26].

Given the importance of better understanding PD pathogenesis and providing effective
therapies for patients, reproducing findings is of particular importance in Translational
Neurosciences [50]. Basic research lately could not translate into the development of
therapeutics to cure diseases despite promising findings; the reasons for this reproducibility
crisis are numerous and reviewed in [50]. We, therefore, characterized in this study nAbs
against aSyn derived from IVIG preparations that are commercially available in Germany,
using a standard battery of Dot blot, ELISA, SPR, and biophysical methods including
Thioflavin T (ThT) aggregation assay and Atomic Force Microscopy (AFM). Furthermore,
we determined their effects in a cellular model of «Syn pathology [51].
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2. Materials and Methods
2.1. Gravity Flow Affinity Purification of nAbs

nAbs-aSyn were isolated from IVIG as previously described [46]. Briefly, we used
purified intravenous immunoglobulin G (IgG) (Gamunex 10%, 100 mg/mL, Grifols, Bar-
clona, Spain). Then, 96% of protein represents normal human IgG (IgA < 0.2 mg (0.02%);
IgM < 0.1 mg (0.01%)). IgG subclasses are fully represented (IgG 1, 65%; IgG 2, 30%; IgG 3,
3%; IgG 4, 2%). Recombinant aSyn (rPeptides, Bogart, GA, USA) was coupled to aldehyde-
activated agarose support (Aminolink Plus Coupling Resin; Thermo Scientific, Waltham,
MA, USA). A total of 20 mL of 2.5% IVIG was added to the column in fractions of 3.5 mL,
followed by incubation at room temperature for 60 min per fraction. After washing with
PBS, the bound antibodies were eluted from the column with 10 x 0.5 mL 0.1 M glycine
buffer, and pH 2.8. Each fraction was collected in a microreaction tube containing 35 uL. 1 M
Tris-HCI, pH 9. IVIg depleted of nAbs-«Syn, termed flowthrough (FT), was also collected
and used as a negative control in experimental settings. To maintain the integrity of the
antibodies, a neutral pH was adjusted immediately after elution by adding the appropriate
amount of Tris-HCI or glycine buffer. nAbs-aSyn of several purification rounds were
concentrated with Vivaspin concentration device (Vivaspin 20, 5 k, Sartorius, Goettingen,
Germany) according the manufacturer ‘s instructions. A total of 25 purification batches
resulted in ca. 250 pL of nAbs-aSyn at a concentration of ca. 180 uM nAbs-aSyn. Protein
concentration was measured with the DC Protein Assay (Bio-Rad, Dreieich, Germany)
in a 96-well-plate (Falcon, Corning, Glendale, AZ, USA) against a standard calibration
curve. Absorbance at 756 nM was measured after 15 min incubation on a microplate reader
(Infinite 200 PRO Microplate Reader, Tecan, Crailsheim, Germany).

2.2. Dot Blot

The indicated amounts of recombinant «Syn were spotted onto nitrocellulose mem-
branes (Amersham Protan 0.2 uM, Chalfont St. Giles, Great Britain), dried for 15 min and
blocked for 1 hour at 20 °C once in RotiBlock (Carl Roth, Karlsruhe, Germany). Each dot
blot was incubated with either 0.2 g/ mL nAbs-aSyn, FT or anti-aSyn antibody (1:2000,
Syn 211, Thermo Scientific, Rockford, USA) over night at 4 °C and washed 3 times with
Tris buffered saline with 0.05% Tween-20 (TBS-T) for 30 min. As secondary antibody, horse
reddish peroxidase (HRP) coupled to anti-human IgG antibodies (Peroxidase conjugated
Affinity Pure Anti-Human IgG, Jackson Immunoresearch, Ely, United Kingdom) was used
to detect the antibodies of human source (nAbs-aSyn and FT). Anti-mouse antibodies
(Peroxidase conjugated Affinity Pure Goat anti-mouse IgG H + L, Jackson Immunoresearch,
Ely, United Kingdom) were used to detect the anti-«Syn antibody. Blots were developed
with Super Signal West Femto Max Sensitivity Substrate (Thermo Scientific, Waltham, MA,
USA) on Bio-Rad ChemiDoc. (Bio-Rad, Munich, Germany). The experimental setup is
schematically depicted in Figure 1a.

2.3. Enzyme-Linked Immunosorbent Assay (ELISA)

Wells of high-binding 96-well ELISA plates (Immulon Microtiter Plates 2HB “U”
Bottom, Thermo Scientific, Waltham, MA, USA ) were coated with 50 uL of 3 pg/mL
recombinant «Syn (Analytic Jena, Jena, Germany) in phosphate-buffered saline (PBS). After
24 h at 4 °C, wells were blocked with 180 uL blocking buffer (1x Rotiblock + 0.1% Tween-
20, Carl Roth, Karlsruhe, Germany) for additional 24 h at 4 °C. Antibodies were added
to the wells in a series of decreasing concentrations starting from 4 ug/ml. Plates were
incubated with samples for 1 h at 20 °C and shaken on an orbital platform shaker (Unimax
1010, Heidolph, Schwabach, Germany) at 100 rpm. Afterwards, 50 uL/well biotinylated
goat anti-human detection antibody was added to the wells (Dianova GmbH, Hamburg,
Germany, 1:20,000 in blocking buffer). After 1 h at 20 °C and 100 rpm, the samples were
incubated with 50 pL/well of streptavidin-peroxidase (Streptavidin-HRP, R&D Systems,
Minneapolis, MN, USA, 1:200 in blocking buffer) and shaken for 20 min at 20 °C and
100 rpm. The assay was developed using 50 uL/well Tetramethylbenzidine (TMB) (Merck,
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Darmstad, Germany). After 20 min, the reaction was stopped by adding 25 uL/well of 5%
sulfuric acid (Carl Roth, Karlsruhe, Germany). Absorbance at 450 nM was measured using
a microplate reader (Infinite 200 PRO Microplate Reader, Tecan, Crailsheim, Germany). All
incubation steps were performed in the dark. After each step up to and including TMB
addition, the wells were washed three times with 300 uL 1x PBS + 0.05% Tween-20 using
an Amersham Biotrak II Plate Washer (GE Healthcare, Chicago, IL, USA).

2.4. Surface Plasmon Resonance (SPR)

SPR measurements were performed using a Biacore T200 instrument (GE Healthcare,
GE Healthcare, Chicago, IL, USA) at 25 °C with PBS/0.05% Tween-20, pH 7.4 as running
buffer. For preparation of the flow cells, a CM5 sensor chip (GE Healthcare, Chicago,
IL, USA) was activated with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/N-
hydroxysuccinimide (NHS) (0.2 M/0.05 M). Recombinant full-length «Syn (200 ng/mL)
was diluted in 10 mM sodium acetate, pH 4.0. It was immobilized to a final level of
125 reactive units (RU), and the flow cell was deactivated with 1 M ethanolamine-HCl,
pH 8.5. A reference flow cell was activated and deactivated only. Afterwards, IVIG, FT and
nAbs-aSyn at concentrations ranging from 39 nM to min. 5 uM were injected once followed
by 5 cycles of regeneration with 5 M urea. All samples were injected over the flow cells for
300 s, followed by a dissociation step of 900 s. The sensorgrams were double referenced.
Evaluation was performed by plotting the respective response levels against the applied
nAbs-aSyn concentrations in a steady-state fit. For data evaluation, the sensorgrams were
calculated in the Biacore T200 Evaluation Software 3.1 (version 3.1, proprietary software of
GE Healthcare).

2.5. Thioflavin T Aggregation Assay

ThT aggregation assays were conducted as described before [52] in Corning half area
96-well plates with non-binding surface (Corning No. 3881, Glendale, AZ, USA). For the
assays starting from monomeric aSyn, 25 uM of wild type (WT) «Syn was used. Ag-
gregation assays were run for 60 h with measurement of ThT fluorescence every 20 min
(AEx =450 nm, bandwidth 5 nM; AEm =482 nM, bandwidth 10 nM) with 15 s of orbital shak-
ing before the measurement in a plate reader (BMG Clariostar Plus, Ortenberg, Germany).
The assays were conducted at 37 °C in 25 mM K-phosphate buffer at pH 7.3, 100 mM
KCl, 1 mM MgCl,, 10 uM ThT, and 0.05% NaNj3, reflecting intracellular potassium and
magnesium concentration, as well as intracellular pH and ionic strength. A glass ball of
2.85-3.45 mm size was added per well to improve mixing. Per well, a sample volume
of 125 uL. sample was used. For evaluation, the mean of triplicate measurements was
referenced to the highest fluorescence of 25 pM WT «Syn.

2.6. Atomic Force Microscopy

AFM images were taken with a Nanowizard 3 atomic force microscope (JPK, Berlin,
Germany) in intermittent contact mode (AC mode) in air, using silicon cantilever and
tip (OMCL-AC160TS-R3, Olympus, Hamburg, Germany) with a typical tip radius of
9 £ 2 nM, a force constant of 26 N/m and a resonance frequency of approximately 300 kHz.
The images derive from a manual observer-blind estimation, and provide qualitative charac-
teristics. The image processing was performed using JPK data processing software (version
spm-5.0.84): for each of the presented height profiles, a polynomial fit was subtracted from
each scan line first independently and then using limited data range. For the sample prepa-
ration, solutions containing fibrils were diluted to a concentration of 1 uM (in monomer
equivalents) in water and 5 uL samples of the diluted solution were deposited on freshly
cleaved muscovite mica and left to dry for at least 30 min. The samples were carefully
washed with 50 pL of double distilled H,O and then dried again with a stream of N> gas
before imaging.
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2.7. Cell Culture

HEK293T (RRID: CVCL_0063) cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum and 1% penicillin-streptomycin. ‘HEK’
cells are listed in version 8.0 of the Database of Cross-Contaminated or Misidentified Cell
Lines. Our HEK293T cells were validated in November 2017 by analysis of 21 genetic loci
(Promega, Madison, WI, USA, PowerPlex 21 PCR Kit carried out by Eurofins Medigenomix
Forensik, Ebersberg, Germany). Cells were plated on poly-L-lysine-coated glass cover slips
or on plastic plates. Transfection was performed 18-20 h after plating using Metafectene
(Biontex Laboratories, Munich, Germany). Unless noted otherwise, subsequent analysis
was completed 24 h after transfection.

2.8. LDH Release

CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega, Madison, WI, USA) was
performed according to the manufacturer’s protocol to measure release of lactate dehy-
drogenase (LDH) as a marker of cellular viability, as described before [53]. HEK293T were
seeded on a 96-well plate 48 h prior to treatment with nAbs-a«Syn. After 1h/3h/6h/24h
incubation time, 50 pL of each well was transferred to a fresh 96-well plate. In addition to a
no-treatment-cell control, a no-cell control, and a control containing HEK293T lysed with
Triton X-100 were used. CytoTox 96 Reagent (Promega, Madison, WI, USA) was added to
each well, and the absorbance was recorded at 490 nM by Infinite M200 (Tecan, Mannedorf,
Switzerland). Data are presented as a percentage of maximum LDH release (100%), which
was determined by HEK293T lysed with 1% Triton X-100.

2.9. Metabolic Activity Assay

To assess metabolic activity a CellTiter-Blue (CTB) Cell Viability Assay was performed
according to manufacturer’s protocol as described before [53]. HEK293T were seeded on a
96-well plate 48 h prior to treatment with nAbs-«Syn. After 1 h/3h/6 h/24 h incubation
time, CellTiter-Blue Reagent (Promega, Madison, WI, USA) was added to each well. After
2.5-3 h, a color switch (reduction in resazurin) was observed and fluorescence was recorded
at 560Ex/590Em by Infinite M200 (Tecan, Mannedorf, Switzerland).

2.10. Plasmids

AB53T-aSyn was flexibly tagged with EGFP by using the interaction of a PDZ domain
(post synaptic density protein (PSD95), Drosophila disc large tumor suppressor (Dlgl), and
zonula occludens-1 protein (zo-1)) with its six amino acid-binding motifs. PDZ-EGFP was
coexpressed with «Syn to which a six amino acid PDZ binding domain was added at the
C-terminus [51].

2.11. Microscopy of Fixed Cells

Analysis of cells expressing EGFP-tagged «Syn was carried out as previously de-
scribed [51,54]. For the classification of EGFP distribution patterns, cells were grown and
transfected on coverslips. Then, 24 hours after transfection, cells were washed three times
in cold PBS and fixed with paraformaldehyde solution (PFA, 4% paraformaldehyde, 5%
sucrose in PBS) for 10 min. Coverslips were mounted with Fluoromount g (Cat# 0100-01
Southern Biotech, Birmingham, AL, USA). Using standard fluorescence microscopy (BX51
microscope, 60 oil immersion objective, NA 1.35, Olympus, Hamburg, Germany) focal
depth was sufficient to see the entire cell in focus. The EGFP distribution pattern was classi-
fied manually into the following categories: ‘homogenous’, ‘one aggresome’ (large, round,
perinuclear aggregate), ‘aggresome and aggregates’ and ‘unhealthy’ (round, condensed
cells). Z-Stacks were not aquired. A blinded investigator classified at least 100 cells per
coverslip. In each experiment, three coverslips were evaluated per experimental group
and the results averaged by calculating mean. Depicted graphs summarize data (mean
standard error of the mean (SEM)) from three independent experiments with ‘n’ equal to
the number of independent experiments summarized.
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2.12. Statistics

The study was not pre-registered. For assignment of experimental groups, no special
randomization methods were employed. Sample sizes were determined by past experience
and not by a statistical sample size calculation (Figure 3: at least 100 cells were analyzed).
For statistical analysis and data presentation, we used GraphPad Prism 5.0 and 6.0 (RRID:
SCR_002798, GraphPad Software, LaJolla, CA, USA). Graphs represent mean SEM. The
tests used for comparison in each graph are noted in the figure legend (Figure 3: one-way
ANOVA). The experiments were replicated independently at least three times with three
replicates, representative graphs are shown. P < 0.05 was considered significant. In graphs,
p-values are depicted as *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

3. Results
3.1. Experimental Work
3.1.1. Binding Characteristics of nAbs-aSyn

nAbs-aSyn were isolated from commercial human IVIG preparations using gravity
flow affinity purification as described previously [46]. nAbs-«Syn are not very abundant,
so several purification batches were pooled to obtain a sufficient amount of nAbs-aSyn
protein. The flow through (FT) of the affinity purification was used as negative control.

First, we analyzed binding of nAbs-aSyn to monomeric xSyn protein by dot blot. In a
dot blot, the bait protein is immuobilized to a solid surface (nitrocellulose) and incubated with
the prey protein (the indicated probes containing antibodies) in the fluid phase (as depicted
in the sheme, Figure 1a). Dependent on the species of the prey protein, the detection system
varies. We observed concentration-dependent immunoreactivity against Fc termini using
either a commercial «Syn antibody (Figure 1a, top) or nAbs-aSyn (Figure 1a, bottom), but
not using FT (Figure 1a, middle). Specific binding of nAbs-&Syn to monomeric «Syn protein
was confirmed in ELISA measurements (Figure 1b). «Syn was detected by all nAbs-aSyn
with different avidities even at low concentrations of nAbs-aSyn (0.5 ug/mL). Furthermore,
nAbs were significantly higher in their avidity in comparison to the reference control FT
or PBS, resulting in a higher binding signal. In SPR measurement nAbs-xSyn interacted
strongly with aSyn. Due to the polyreactive nature of nAbs-aSyn, the dissociation constant
(Kp) was not determined from the binding kinetics but from a steady state fit, yielding a
value of Kp = (4.22 4 0.95) x 107® M. nAbs-aSyn showed a higher affinity than IVIG and
FT (Figure 1c—f), confirming that binding agents with specificity for xSyn were enriched
during nAbs-xSyn preparation. nAbs-aSyn binding to aSyn could be confirmed with all
three methods.

3.1.2. nAbs-aSyn Interfere with «Syn Amyloid Formation and Alter «Syn Fibril
Morphology as Visualized with Atomic Force Microscopy

We performed a ThT fibrillation assay to assess de novo «Syn amyloid formation in
absence and presence of nAbs-aSyn. In the absence of nAbs-aSyn, the typical sigmoidal
kinetics of nucleated polymerization of aSyn monomers into amyloid fibrils was observed
(Figure 2a). Although there was some variability between experimental repeats in the
shapes of the time traces and in the final ThT fluorescence intensities, the lag-time of
aggregation, i.e., the time after which amyloid formation is detectable by ThT fluorescence
for the first time, was quite uniform with a value of ~15 h. FT or IVIG at a protein
concentration of 0.1 puM were not able to interfere with amyloid formation of 25 uM «Syn
as assessed by lag-times and ThT fluorescence intensities (Figure 2b,c). In contrast, in the
presence of 0.1 uM nAbs-&Syn there was either no increase in ThT fluorescence during the
60 h experiment, or a weak fluorescence increase after a prolonged lag-time (Figure 2d). We
corroborated the effects seen in the fibrillation assay by AFM. Samples from the fibrillation
assay were prepared for AFM, and representative images are shown in Figure 2e-1. A
substantially lower amount of fibrils was observed in images of nAbs-«Syn-containing
samples (Figure 2h,l) compared to samples that were either untreated (Figure 2e,i) or
supplemented with IVIG (Figure 2f,j) or FT (Figure 2g,k). Moreover, the aSyn fibrils in the
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sample treated with nAbs-aSyn appeared to be thinner and exhibited a lower tendency to
cluster than those in the other samples (Figure S1).
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Figure 1. Binding characteristics of nAbs-aSyn in dot blot, ELISA, and SPR. (a) nAbs-«Syn recognize
aSyn on a dot blot: aSyn at different concentrations were spotted on a nitrocellulose membrane
and then probed with flow through and nAbs-aSyn. Anti-«Syn antibody was used as a control.
Although the control antibody (211) is a mouse antibody, FT and nAbs-aSyn are of human origin
(see sheme). Each dot blot requires a different secondary antibody (either anti-mouse or anti-human)
(b) nAbs-aSyn recognize «Syn in an ELISA: nAbs-«Syn from three different project sites were tested
in an ELISA, to determine their capacity to bind to aSyn in vitro. (c—f) nAbs-«Syn recognize xSyn
in SPR: SPR curves of nAbs-aSyn (e) binding to recombinant «Syn. IVIG (c) and FT (d) were used
as controls. A concentration range of 39 nM-5 uM of nAbs-«Syn was applied in SPR. The binding
affinity was determined from three replicates.
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Figure 2. ThT fibrillation assay and atomic force microscopy. De novo fibrillation of 25 uM «Syn
in the absence (a) and presence of 0.1 M IVIG (b), FT (c) and nAbs-aSyn (d) followed by ThT
fluorescence. Three replicates are shown per condition. At the end of the 60 h time course, samples
were imaged via AFM (e-1). Representative overview images of the samples showing 10 x 10 um
areas (e-h) and 2 x 22 uM close-ups (i-1).

3.1.3. Treatment with nAbs-aSyn Decreases Occurrence of Aggresomes in Cells

As a first test, we tested whether nAbs-aSyn affected cell viability in untransfected
HEK293T cells. We observed no alteration in cell viability as assessed for LDH-release or
metabolic activity (CTB assay) (Figure S2). Next, we tested wether nAbs-«Syn added to the
culture medium can affect the behavior of intracellular aSyn. We transfected HEK293T cells
with EGFP-tagged aSyn as previously reported [51,54,55].The aSyn construct is modified
only by addition of 6 amino acids to the C-terminus of aSyn. This is a small modification
given that the C-terminus is relatively flexible. We, therefore, assume that the aggregation
properties are not changed much. This aSyn construct is tagged by EGFP by the interaction
of this 6 amino acid PDZ binding motif with its PDZ domain, which is coexpressed fused to
EGFP. We cannot exclude that even the reversible binding of aSyn to PDZ-EGFP changes the
aggregation properties, but to lesser extent than a direct fusion of aSyn-EGFP would alter
the aggregation properties. In addition the EGFP-aSyn transfection, cells were treated with
nAbs-aSyn or FT for 24 h. Based on the subcellular GFP distribution, we classified cells as
unhealthy cells, cells with homogenous GFP fluorescence and cells with one aggresome or
aggresome and aggregates. nAbs-aSyn significantly reduced the number of cells with a
visible aggresome (Figure 3d, quantified in Figure 3h). At the same time, the number of
cells with small aggregates was higher in cells treated with nAbs-aSyn than in cells with
FT (Figure 3g). We also observed more unhealthy cells with nAbs-aSyn treatment than
without any treatment (Figure 3e), but since there was no significant difference between
cells treated with nAbs and FT, we consider this effect nonspecific.
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Figure 3. Effect of nAbs-«Syn on GFP-tagged «Syn in HEK293T cells. HEK293T cells were transfected
with «Syn flexibily tagged by GFP, grown for 24 h and then treated with nAbs-aSyn for another
24 h. (a-d) First row, example images of cells in the following categories into which cells were
manually classified: Unhealthy cells (a), cells with homogenous GFP fluorescence (b), cells with
aggresomes and aggregates (c), cells with aggresomes (d). Scale bar represents 5 um. (a-d) Second
row, quantification of n = 3 experiments with at least 100 cells classified for each condition. FT: flow
through. Bars represent p values from three replicates as calculated with one-way ANOVA. * p < 0.05,
**p <0.01, ** p <0.001.
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4. Discussion

In this work, we characterized nAbs for aSyn that were purified from commercial
immunoglobulin preparations using biophysical methods and cultured cell lines. nAbs-
aSyn bound «Syn specifically and were able to affect the subcellular distribution of aSyn,
suggesting that they can be taken up by cells.

nAbs-aSyn can be isolated from IVIG preparations, as we and others have demon-
strated [26,45,46]. IVIG are typically derived from young, healthy plasma donors without
any past medical history. Although it cannot be formally excluded that some donors have a
neurodegenerative disease or will develop one in the near future, the more likely hypothesis
is that this is not the case. The presence of nAbs-aSyn in IVIG preparation, therefore, sug-
gests that nAbs-aSyn are ubiquitously present in healthy individuals. Indeed, nAbs-«Syn
were also observed in serum samples of children [45]. nAbs-aSyn, thus, are part of the
innate immune system and not an acquired response to the presence of xSyn pathology.

nAbs-xSyn were isolated from IVIG using gravity flow affinity purification, i.e., they
are defined by binding recombinant aSyn protein. In order to obtain an estimate of the
affinity of nAbs-aSyn for «Syn, we measured the association and dissociation by SPR.
Although the Langmuir model used previously to calculate the Kp [46] is perfectly suitable
for monoclonal reactants, we employed a steady state fit to better model the polyreactive
nature of nAbs. The obtained apparent Kp of 4 uM is an order of magnitude higher than the
value previously determined from the binding kinetics [46]. It should be noted, however,
that the obtained value results from the superposition of binding of different molecular
species that might substantially differ in their affinities.

Binding of nAbs-«Syn to «Syn is further confirmed by the fact that they inhibit
aggregation of «Syn in vitro (Figure 3). Importantly, this effect is neither observed with the
standard IVIG preparation, which contains only small quantities of nAbs-aSyn, nor with
the FT. nAbs-aSyn are polyreactive, so they likely bind to different epitopes on the aSyn
protein. Our data do not reveal whether all nAbs-aSyn species contribute equally to the
inhibition of aSyn aggregation, or whether some species are particularly potent. In this
context, it is interesting to note that antibodies and other binding proteins to a variety of
aSyn sequence regions, including N-terminus, NAC region, and C-terminus were shown
to inhibit aggregation [55-62].

Our study focuses on the behavior of nAbs-aSyn. In addition, more than 50 non-
naturally occurring antibodies against xSyn have been established and described, including
engineered antibodies and antibody fragments to target aSyn for various purposes in the
field of research, diagnostics, therapeutic approaches, and biomarkes [63]. These antibodies
recognize epitopes that are as versatile as the protein aSyn itself: They do not only recognize
different «Syn sequences (see above), different xSyn conformations (oligomers, fibrils),
and, also, different post-translational modifications [63-65]. The anti-aggregation effect of
many of these antibodies was shown in various studies [23-28].

With regard to the potential mechanism of aggregation inhibition, we have shown
here that binding of x-synuclein monomers can lead to potent, substoichiometric inhibition
of aggregation, in the case when the 1:1 complex of a-synuclein and binding protein acts
as an inhibitor of nucleation processes [57]. Moreover, nAbs-aSyn may potently interfere
with aggregation also by interacting with higher-order oligomeric or fibrillar species [26].
Interestingly, we observe in AFM that nAbs-«Syn not only reduce the amount of fibrillar
aggregates, but also decrease fibril clustering. This might indicate that nAbs-aSyn alter
the properties of aSyn fibril surfaces. However, the reduced formation of higher-order
aggregate clusters might also simply stem from the lower fibril concentration in presence
of nAbs-aSyn.

In order to test whether inhibition of xSyn aggregation observed in vitro translates
to an effect in living cells, we used the HEK293T cell line. Adding nAbs-aSyn to these
cells did not alter viability (Figure S1). We analyzed the effect of nAbs-«Syn addition to
the cell culture medium on the subcellular distribution of EGFP-tagged aSyn (Figure 3).
nAbs-aSyn specifically decrease the fraction of cells with a visible aggresome. Aggresomes
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are formed by retrograde transport of protein aggregates to the microtubule organizing
center by dynein motors and cleared by autophagy [47,49]. We cannot know from our
findings whether nAbs-aSyn reduce aggresome formation or increase clearance, but nAbs-
aSyn are certainly able to affect intracellular processing of aSyn aggregates. These findings
should be confirmed in future studies. Additional approaches to study this issue are
immunostaining for aSyn [66], pS129 aSyn [64,65], or p62 [67,68]. Analytically, these
stainings followed by the puncta per cell quantification together with integrated intensity
would nicely complement the EGFP visualization of «Syn and grant clearer insights into
its subcellular distribution.

5. Conclusions

In summary, we confirmed the presence of nAbs that specifically bind «Syn monomers
in IVIG preparations obtained from healthy donors. These nAbs alter xSyn aggregation
and fibril conformation in vitro and affect intracellular xSyn processing. Collectively,
these findings are consistent with an involvement of the innate immune system in the
pathogenesis of PD and with potential therapeutic effects of antibody preparations in
patients with PD. Yet, several important questions remain unsolved, such as the effects of
nAbs on microglia and astrocytes in the brain, the role of peripheral as opposed to central
aSyn deposits for PD pathogenesis, and the species or epitopes of «Syn that are targeted
by nAbs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom12030469/s1, Figure S1: Height distribution of «Syn ag-
gregates formed in presence or absence of nAbs. Figure S2: nAbs-aSyn do not affect viability of
untransfected HEK293T cells.
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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 a-syn (monomer), a-syn (fibril), SARS-CoV-2 RBD, SARS-CoV-2 3CLP™ 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 a-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 plll
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, a-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 a-syn aggregation at all
stages where incorporation of a-syn monomers into a-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 a-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 A [174], would be conceivable,
although the heterogeneity of the primary nucleation of a-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
toinhibit 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 S152 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 (a-syn monomer, a-syn
fibril, SARS-CoV-2 RBD, SARS-CoV-2 3CLP™, 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

184



experimental steps required for the development of highly efficient D-enantiomeric peptide
compounds starting from a naive phage display library.

10 variants in phage library = 20 — 30 variants = 5 - 10 variants =—» <5 lead compounds

compound optimization
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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 > 10%° 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 10°-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 a-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 a-syn was stabilized in presence of the compound. Moreover, the addition of
SVD-1a was shown to destabilize PFF a-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, *H->N HSQC and
NMR-PRE-measurements demonstrated that the interaction occurs along the entire a-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 3CLPand 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 3CLP™) properties when screened for
MoA-related effects. To improve proteolytic stability, SARS-CoV-2 3CLP™ 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, a-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
a-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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