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Summary

Summary

Selection and Characterization of Engineered Binding Proteins for a-Synuclein

Amyloidogenesis or formation of amyloid fibrils is associated with more than 20 human
diseases including Parkinson’s disease (PD), Alzheimer’s disease (AD), and type 2 diabetes
(T2D). PD is characterized by brain deposition of Lewy bodies, mainly composed of a-synuclein
fibrils. Increasing evidence establishes the involvement of a-synuclein aggregation in the
pathogenesis of PD. Despite extensive research on protein aggregation, the exact mechanisms
controlling or triggering this process remain unknown. Identification of specific binding proteins
may provide a precious tool for the study of protein-protein interactions in the aggregation
process. Previous studies using a selected binding protein against amyloid-f3 (AB) peptide, ZABs,
resulted in the identification of a B-hairpin-forming region critical for A aggregation. ZAP;
inhibits AP aggregation via shielding this B-hairpin region inside its tunnel-like cavity. The
overall aim of the present thesis is focused on the selection of engineered binding proteins for
a-synuclein and characterization of their interactions with a-synuclein and other amyloidogenic

proteins.

Chapter 2 and chapter 3 deal with the selection and characterization of binding proteins from a
ZABs-based B-wrapin library using phage display technology. Chapter 2 describes the selection
of AS69, a specific B-wrapin protein with nanomolar affinity to a-synuclein. Similar to ZAB3,
dimeric AS69 forms a hydrophobic tunnel-like cavity in which a-synuclein adopts a B-hairpin
conformation. The B-hairpin region comprises residues 37 to 54 in N-terminal domain of a-
synuclein amino acid sequence and is composed of two B-strands which are similar to those
identified in the fibril core. Location of these 3-strands in the core of a-synuclein oligomers and

the presence of 5 familial mutations linked to early-onset PD highlight the importance of the
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identified B-hairpin forming region. Here, it is shown that sequestration of the [-hairpin
structure inside of AS69 impedes o-synuclein aggregation and toxicity. Remarkably, sub-
stoichiometric amounts of AS69 prolong lag time of aggregation via interference with primary

and/or secondary nucleation events.

Chapter 3 reports the characterization of additional B-wrapin proteins with affinity for a-
synuclein. Out of this set, the B-wrapin AS10 interacts not only with a-synuclein but also with
AB and Islet amyloid polypeptide (IAPP) with sub-micromolar affinity. Our NMR data
demonstrate that AS10 binding is accompanied by the formation of B-hairpin structure in all
three target proteins. AS10 is able to inhibit aggregation and toxicity of the three amyloidogenic
proteins. These results emphasize the similarity of these amyloidogenic proteins with respect to

conformational properties and molecular recognition motifs.

AS69 is a homodimer protein linked via Cys-28 residues of the subunits. Chapter 4 describes the
generation of AS69-GS3, a head-to-tail construct of dimeric AS69 with a glycine-serine-rich
linker. Employing AS69-GS3 construct reveals the importance of Cys-28 for the binding affinity
to a-synuclein. Our biophysical data demonstrate an increase in structural compaction and

stability induced by formation of interamolecular Cys-28 linkage.

In Chapter 5, the B-hairpin region identified by AS69 is further investigated. The impact of the
B-hairpin region on a-synuclein aggregation is elucidated using a-synCC, a double-cysteine
mutant of a-synuclein. Here, stabilization of contact between the B1 and 2 segments of a-
synuclein via introduction of an intramolecular disulfide bond leads to the loss of aggregation
propensity of a-synuclein. This chapter also demonstrates the inhibitory effect of a-synCC on
the fibrillation process of a-synuclein, A and IAPP. In our in vitro experiments, the reduced a-
synCC shows an inhibitory effect against fibril formation to the same level as that of wild-type
a-synuclein, while oxidized a-synCC exhibits a significantly increased inhibitory effect. Taken

together, we propose that the B1-B2 contact in a-synuclein entails an inhibitory effect against



Summary

amyloid formation and that disulfide bond-assisted stabilization of this contact in a-synCC

strengthens this effect.

This thesis demonstrates how engineered binding proteins can be applied to (i) identify sequence
regions critical for protein aggregation, (ii) elucidate common interaction motifs of intrinsically
disordered amyloidogenic proteins, (iii) devise novel therapeutic strategies for protein misfolding

disorders.



Chapter 1

Chapter 1: Introduction

1.1. Protein folding and misfolding

Proteins, the workhorse molecules of the cells, are the most abundant and functionally versatile
macromolecules nearly involved in all biological processes [1]. Briefly, different genes encode
different messenger RNAs (mRNAs). In the cytoplasm, ribosomes bind to mRNA transcripts and
use it as a template for protein synthesis [2]. Due to various mRNA sequences, ribosomes
translate different polypeptide chains containing amino acids as building units. Therefore,
different proteins are distinguished by different amino acid compositions and sequences. To carry
out biological functions, most newborn polypeptides are folded into a particular three-
dimensional structure, the so-called native state. Functionality of most proteins is critically
dependent on a compact native structure with buried hydrophobic regions [3]. However, several
biologically active proteins are disordered in their monomeric, free states. Low mean
hydrophobicity and high net charge are key features of the amino acid sequences of these
intrinsically disordered proteins (IDPs) [4]. Therefore, amino acid sequence intrinsically defines
the protein structure to fold or to remain unfolded. Healthy cells, with the assistance of
molecular chaperones, control the freshly synthetized polypeptides to adopt their native
structure. Failure of proper protein folding results in formation of misfolded and thus inactive
proteins which is harmful to cellular homeostasis. The misfolded state of proteins can either
enter a degradation pathway after recognition by the cellular quality-control system or self-
assemble in special forms [3, 5-7]. In bacteria, accumulation of misfolded proteins leads to
formation of insoluble aggregates, known as inclusion bodies. In humans, deposition of misfolded
proteins in form of highly ordered aggregates, the so-called amyloid fibrils, is associated with
pathology of a growing number of diseases. For example, aggregation of a-synuclein, amyloid
beta (AB) peptide, human islet amyloid polypeptide, and prion protein (PrP) play a role in

1



Chapter 1

Parkinson’s disease (PD), Alzheimer’s disease, diabetes type Il (T2D), and transmissible

spongiform encephalopathy (TSE), respectively [6, 8].

1.2. Amyloid formation and human diseases

All or at least the majority of proteins have been suggested to be potentially capable of amyloid
fibril formation. High propensity for formation of (-sheet secondary structure and low net
charge are general features of protein sequence driving fibril formation [6, 9]. The fibrillation
process of globular proteins is different from that of IDPs, considering the fact that partial
unfolding is required for fibrillation of globular proteins, whereas IDPs need to adopt an
amyloid-compatible secondary structure prior to fibril formation. Regardless of amino acid
sequence and composition, amyloid fibrils formed by different proteins show high similarity in
structural features [6, 8, 10], suggesting a common mechanism applied to fibril formation and

toxicity.

1.2.1. Amyloid fibrils

In 1854, Rudolf Virchow used the term “Amyloid” to explain the human pathological mass
stained with iodine, resembling starch [11]. Amyloid fibrils are highly ordered assemblies with
unbranched thread-like structure of a few nanometers in diameter and up to several
micrometers in length as characterized by microscopy studies (figure 1A). Mature fibrils are
typically composed of several protofilaments twisted together [12-16]. X-ray diffraction (XRD)
studies of different amyloid fibrils have demonstrated a cross-3 core structure with a meridional
reflection at 4.7-4.8 A° and an equatorial reflection at about 11 A. The cross-B signature reflects
the presence of elongated B-sheets, which are composed of hydrogen-bonded B-strands that
are oriented perpendicularly to the fibril axis and continuously repeated all along the fibril [10,

17-20] (figure 1B). The cross-3 structure nature of amyloid fibril is based on the intrinsic
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propensity of polypeptide chains for adopting [B-sheet secondary structure via backbone
hydrogen bonding. Therefore, high content of B-sheet structure is indicative of amyloid fibrils
and is simply detectable by low resolution techniques like CD (Circular Dichroism) and Fourier
Transform Infrared (FTIR) spectroscopies [9]. Moreover, the B-sheet-fibril binding property of
Thioflavin T (ThT) and Congo red dyes is applied for the research on amyloid fibrils [21, 22]. The
cross-f architecture is compatible with the continuous formation of hydrogen bonds across the

fibril length.

A fibril axis B

4.8A fibril axis

—_—

11A°

Figure 1: The structure of amyloid fibrils. A, electron micrographs of amyloid fibrils formed by IAPP
(left), a-syn (middle), and AP1-42 (right, taken from [23]). B, schematic representation of cross-j
architecture in amyloid fibrils [20]. Cross- architecture is composed of hydrogen-bonded [3-strands
perpendicularly oriented to the fibril axis. In top view (right), potential hydrogen bonds are shown by red
circles, respectively.

Within the protofilaments, B-sheets are typically arranged on top of each other (in-register)
which not only facilitates the backbone hydrogen bonding between [B-sheets, but also assists
tight interdigitation of amino acid side chains in mated 3-sheets. The motif formed by a tight
pair of two neighboring B-sheets is termed as steric zipper [8, 24]. Interface between two B-

sheets is devoid of water, the so-called dry steric zipper, representing an important contribution
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of hydrophobic residues to fibril stability. The great content of hydrogen bonds in the fibril core

and potential side chain interactions result in high stability of amyloid fibrils [19, 25].

1.2.2. Amyloid fibril formation

Upon misfolding, proteins may undergo a dramatic transition from a native soluble state to an
extremely stable amyloid state featuring 3-sheet structure. Therefore, fibril formation process is
triggered by structural conversions leading to formation of oligomeric and eventually fibril
structures [25] (figure 2A). Amyloid fibril formation is a complex process and its mechanism is
not yet fully discovered. However, fibril formation typically follows a nucleation-dependent
polymerization manner. In vitro fibrillation kinetics monitored by ThT fluorescence (figure 2B)
typically show an initial lag phase, reflecting the slow formation of aggregation nuclei (primary
nucleation), which could be misfolded monomers, oligomeric species, or small protofibrils. In
this phase, amyloid fibrils are not detectable and ThT fluorescence is comparable to that for
buffer sample devoid of protein. The lag phase length is variable and dependent on the
amyloidogenic propensity of protein, protein concentration and environmental conditions such
as pH, temperature and ionic strength [13]. Moreover, addition of preformed fibrils reduces or
even eliminates the lag time [26, 27]. In growth phase, fibril growth from nuclei results in a rapid
increase in ThT signal [28, 29]. Finally, the process reaches a stationary phase representing the
constant ThT signal (figure 2B). Fibril fragmentation has been demonstrated to accelerate the
fibrillation process by increasing the number of fibril ends [30]. In addition to fibril
fragmentation, formation of new nuclei on the fibril surface is a secondary nucleation event [28,

31, 32].
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Figure 2: Fibril formation reaction. A, Aggregation pathway. Conversion of natively unfolded monomer
into partially folded structure leading to the formation of oligomeric species or protofibrils and eventually
fibrils. B, Fibrillation kinetics monitored by ThT fluorescence.

1.2.3. Human diseases

Deposition of amyloid fibrils in brain and other tissues, known as amyloidoses is associated with

the pathogenesis of more than 20 human degenerative diseases (table 1) [6, 8], for which no

effective cure has been yet developed. To set up an effective treatment strategy, the basic

mechanisms of amyloid formation and amyloid-induced toxicity need to be well studied and

understood.
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1.2.3.1. Alzheimer’s disease

Alzheimer’s disease (AD) is characterized by irreversible and age-dependent progressive
impairment of memory activities (dementia) caused by gradual damage in the hippocampus and
the neocortex of brain. AD as the most common neurodegenerative disease accounts for 70
percent of dementia cases [33]. Post mortem studies on AD brains have defined the presence of
intracellular neurofibrillary tangles (NFTs) and senile plagues as the main histological hallmarks
of AD [34]. Tau is a microtubule-stabilizing protein and its intracellular accumulation results in
formation of NFTs. Senile plaques are mainly composed of amyloid beta (AP) aggregates.
Therefore, AP aggregation is believed to be the main pathological process involved in AD. A
peptides, the most frequent variants being APi4o and A4, are derived from amyloid-f3
precursor protein (APP), encoded by a gene located on chromosome 21. Overproduction of
aggregation-prone AP peptides leads to deposition of protein aggregates. For instance,
triplication of chromosome 21 and, thus, of the APP gene accelerates the formation of AP fibrils
in patients with Down’s syndrome [35]. Several other factors have been shown to be involved in
the pathology of AD. However, and despite the extensive research, the exact mechanism of the

disease remains unknown.

1.2.3.2. Type Il diabetes

Type Il diabetes (T2D) is the most common form of diabetes and is characterized by an elevation
of glucose level in blood which damages nerves and blood vessels in the long term. In addition,
type Il diabetes is associated with some secondary complications such as stroke, heart attack,
blindness and kidney diseases. Islet amyloid polypeptide (IAPP) or amylin is a pancreatic peptide
consisting of 37 amino acids. Under normal conditions, IAPP is co-secreted with Insulin from
pancreatic B-cells. T2D is associated with progressive loss of [B-cells and consequently,
overproduction and secretion of Insulin (and IAPP) by the remaining cells. Additional release of

IAPP can result in formation of amyloid aggregates and secondary complications of T2D have



Chapter 1

been suggested to be associated with deposition of IAPP amyloid aggregates [36]. Early
histological studies indicated the extracellular location of IAPP deposits in T2D, whereas

transgenic rodent models overexpressing the IAPP propose the intracellular deposition [37].

1.2.3.3. Parkinson’s disease

Parkinson’s disease (PD) was first medically described in 1817 by James Parkinson [38]. PD is the
second most common neurodegenerative disease after AD and it affects 1-2 percent of people
over 65. Neuropathologically, PD is characterized by a progressive loss of muscle control caused
by a gradual loss in dopaminergic neurons of substantia nigra (SN) part of brain. PD is clinically
characterized by tremor even at rest, impaired balance and bradykinesia. Moreover, patients
may also show non-motor symptoms such as sleeping difficulties, dysautonomia and cognitive
problems. Intracellular accumulation of amyloid aggregates, known as Lewy bodies (LBs), was
first described by Friederich Lewy in 1912, as the main pathological hallmark of PD. In 1919,
Tretiakoff reported the particular abundance of LBs in SN and a correlation between degradation
of cells in SN and pathological symptoms. Later, LBs were also identified in the post-mortem
brains of patients with other dementia diseases [39]. LBs are proteinaceous inclusions mainly
composed of a-synuclein aggregates and also some additional proteins including a-synuclein
binding proteins, cytoskeleton proteins, proteins associated with signal transduction and
phosphorylation, cell cycle proteins, and others. a-synuclein aggregation is believed to be the
precursor event responsible for the formation of LBs nuclei in which additional proteins are

captured and deposited [40, 41].
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Aggregating Number of  Native structure of Location of

Hallmark

Diseases polypeptide amino acids polypeptide aggregates

Parkinson’s disease a-synuclein 140 Disordered Lewy bodies Intracellular

Dementia with Lewy

. a-synuclein 140 Disordered Lewy bodies Intracellular
bodies
Senile plaques
. . . o E lul
Alzheimer’s disease AB 40-42 Disordered neurofibrillary xtracelular
Intracellular
tangles
: . . . Ext ul
Type Il diabetes IAPP 37 Disordered Amyloid deposits xtrace uar
Intracellular
Amyotrophlc.lateral S'uperOX|de 153 All B-sheet ' Hyall'ne Intracellular
sclerosis dismutase 1 inclusions

Transmissible Disordered /
Spongiform Prion 230 . Prion plaques Extracellular
a-helical

Encephalopathy

Huntington disease Huntingtin 3144 Mainly disordered Inclusion bodies Intracellular

Table 1: Selected list of human diseases associated with amyloid fibril formation, based on ref. [6, 8, 11,
42].

1.3. a-synuclein

1.3.1 History

In 1988, Maroteaux et al. identified a neuron-specific protein in cholinergic synaptic vesicles of
Torpedo Californica. They designated this protein as “synuclein” because of its special

localization to pre-synaptic terminals and nuclei of neuronal cells [43]. In 1991, Maroteaux et al.
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identified a very similar protein in the rat brain [44]. In 1993, protease digestion of purified
amyloid deposits from AD patients resulted in the identification of a peptide fragment of a-
synuclein, termed non-Af component (NAC) [45]. Therefore, a-synuclein has been also termed
as non-Af component protein (NACP) [46]. Following in vitro studies established the NAC
segment as a highly aggregation-prone region required for the fibrillation of full length o-
synuclein [47-49]. In 1995, FISH (fluorescence in situ hybridization) technique disclosed the
synuclein expression from a gene, SNCA, located on the chromosome 4 (4921.3-g22) [50]. In
1997, genetics analysis by Polymeropoulos et al. for the first time revealed an association
between inherited PD and a mutation in the SNCA gene, resulting in substitution of the amino
acid alanine by threonine at position 53 (A53T) [51]. Subsequent genetic studies on PD families
led to the discovery of additional missense mutations (A30P, E46K, H50Q, G51D and A53E) and,
hence, further emphasized the involvement of o-synuclein in PD pathogenesis [52-56].
Moreover, overexpression of a-synuclein induced by multiplication of the SCNA gene has been
shown to be associated with familial PD [57]. Furthermore, Maraganore et al. in 2007 reported
that a polymorphism in the promoter of SNCA gene increases the risk for PD [58]. These findings
together with identification of a-synuclein as the main constituent of Lewy bodies in the post-
mortem brain of patients with sporadic and familial PD [59-61] ascertain the involvement of a-

synuclein in the PD pathogenesis.

1.3.1. Characteristics of a-synuclein

a-synuclein belongs to a highly conserved synuclein family (a-, B- and y-synucleins) which is
predominantly expressed in brain of vertebrates. Although synuclein proteins are encoded by
three different genes, they are 55-62% identical in amino acid sequence and share some cellular
localisations and functions [40]. In mice, knockout models of all synuclein family show a
significant change in structure of synapses and age-dependent dysfunctions in CNS, indicating

the critical role of these proteins in vertebrates [62]. Human a-synuclein (~14 kDa) is a heat-
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resistant protein consisting of 140 amino acids and comprises 1% of cytoplasmic proteins in
neuronal cells [43]. The a-synuclein amino acid sequence is classified into three different
regions: 1) Amphipathic N-terminal region (1-60) containing four imperfect 11-mer repeats with
conserved sequence KTKEGV (figure 3A), which is a highly conserved domain among all proteins
in synuclein family and facilitates membrane interactions [63]. Remarkably, this region contains
all so far discovered missense mutations in a-synuclein (figure 3B). 2) Hydrophobic middle
region (61-95) including two additional KTKEGV repeats. As mentioned above, this region is a
highly hydrophobic region required for a-synuclein fibrillation [47, 49]. In this region, amino acid
residues 71-82, the so-called hydrophobic core, is sufficient for a-synuclein fibrillation [64].
Notably, non-amyloidogenic human -synuclein lacks this hydrophobic stretch [40]. 3) Highly
flexible C-terminal region (96-140), rich in proline and acidic residues (5 aspartates and 10
glutamates). At neutral pH, the C-terminus is negatively charged and impedes a-synuclein
aggregation possibly by induction of electrostatic repulsions between two o-synuclein
molecules. Consistent with this hypothesis, C-terminally truncated a-synuclein (1-108) shows
higher aggregation propensity [65]. Moreover, several studies have established the presence of
long-term interactions between the C-terminal and central region [66, 67]. Release of these
interactions by deletion of the C-terminal region, addition of polyamines or lowering the
solution pH accelerates a-synuclein aggregation. Therefore, electrostatic attractions between
the negative charge of C-terminus and positive charge of central region have been proposed to
be important for these interactions [65, 67]. In addition, this region has been shown to be

involved in a chaperone-like activity of a-synuclein [68].

10
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KTKEGYV repeats

A
] :
1 61 95 140
] 1
Amphipathic region i NAC region i Acidic region
71 82
A30P
E46K AS3T
H50Q G51D

Figure 3: Amino acid sequence of a-synuclein. A, a-synuclein contains 7 imperfect KTKEGV repeats in N-
terminal and central region. B, Amphipathic region encompasses all missense mutations linked to familial
PD. NAC region comprises the most hydrophobic stretch in a-synuclein sequence.

1.3.1.1. Membrane-binding properties of a-synuclein

As mentioned above, the N-terminus of a-synuclein contains several imperfect 11-mer repeats
with conserved KTKEGV sequence, resembling the amphipathic a-helices-forming region in
apolipoproteins. Based on this similarity, the 5-helix model proposed by Davidson et al.
suggested the potential propensity for formation of a-helix structure by the a-synuclein N-
terminus and stabilization of this structure upon interaction with phospholipid membranes [63].
They experimentally observed a significant increase in a-helix content of a-synuclein (from 3%
to about 80%) upon preferential its binding to small unilamellar vesicles (SUVs) containing acidic
phospholipids [63]. Moreover, results obtained by Eliezer et al. using multi-dimensional NMR
and SDS micelles indicated the formation of two a-helices (comprising residues 1-41 and 45-94)

connected by a short linker [69]. Subsequent studies have shown that a-synuclein adopts

11
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various a-helical structures upon binding to lipid membranes with different compositions.
Binding to lipid membrane induces the extended or broken a-helices in a-synuclein (residues 1-
100), depending on membrane composition and morphology [70-72]. On the other side,
influence of a-synuclein interaction on the membrane integrity has been confirmed by NMR,
EPR and fluorescence spectroscopy [73-75]. For instance, Varkey et al. reported that large
vesicles transform into tubular and curved membranes upon interaction with a-synuclein,
reminiscent membranes interacting with apolipoproteins [75]. Fibrillation propensity of o-
synuclein can be accelerated [76] or inhibited [77] by membrane interaction. Moreover, o-
synuclein aggregates induced by membrane interactions are rich in either a-helices [78] or -

sheets [79], depending on the experimental conditions and membrane compositions.

1.3.1.2. Metals binding

Accumulating evidence demonstrates an association between an elevation in the level of metal
ions and pathology of PD. First, in 1987, Pall et al. observed an increase in total level of copper in
cerebrospinal fluid (CSF) of people with PD [80]. Soon later, an alteration in the level of iron,
aluminum and zinc was observed in brain of people with PD [81, 82]. In support of these
findings, Youdim et al. observed that an injection of FeCl; into SN part of rat brain selectively
reduces dopamine level which consequently results in brain dysfunction [83]. Furthermore,
several studies have reported that metal ions directly bind to a-synuclein with low or high
affinity [84-86]. Most of metal ions show a low binding affinity to the C-terminal region of a-
synuclein, via electrostatic interactions and a metal binding site, > DPDNEA'** [86]. High affinity
interactions target the N-terminal region of a-synuclein, albeit binding to His50 is of a low
affinity. Several groups have established the binding of two Cu®' ions to one a-synuclein
molecule. In addition to low affinity binding to the C-terminal region, second copper ion binds to
the N-terminal region with a nanomolar affinity. This interaction is coordinated by the N-

terminal amine, the carboxylate side chain of Asp-2, and His-50 [87]. The redox activity of

12
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Cu2+:oc—synuclein is able to form reactive oxygen species (ROS), leading to the oxidative stress
condition [88]. In addition, Cu2+:oc-synuclein complex is able to reduce Fe* to Fe?* [89]. Analysis
of post-mortem brain of PD patients shows a decrease in the ratio of Fe?*/Fe™ in SN, indicating
an increase in level of Fe** due to the change in redox state [81]. With respect to ferrireductase
activity of a-synuclein, lack of this activity due to a-synuclein self-assembly might be involved in
the elevation of Fe*'. Like many metal ions, Fe** binds to C-terminal region of a-synuclein and
resulting complex is able to generate ROS [90]. In many cases, binding to metal ions comes along

with a transformation in a-synuclein structure and acceleration of its aggregation [91].

1.3.1.3. Conformational nature of monomeric a-synuclein

Initially, conformational analysis by Weinreb et al. proposed an intrinsically disordered structure
for a-synuclein [46]. They observed that a-synuclein has a much larger stokes radius (34 A) and
slower sedimentation rate (S0, w= 1.7 S) than the globular proteins of similar number of residues
indicating an unfolded structure. Their FTIR and CD spectroscopy data also indicated the lack of
significant secondary structure for a-synuclein. Furthermore, small-angle X-ray scattering (SAXS)
and size exclusion chromatography (SEC) added further evidence for the unstructured nature of
a-synuclein [92]. Inconsistent with previous findings, Bartels et al. [93] and Wang et al. [94]
proposed an aggregation-resistant tetramer structure for the a-synuclein under native
conditions. However, in-cell NMR studies by Binolfi et al. clearly indicated a disordered nature
for a-synuclein inside bacteria cells [95]. Moreover, conformational analysis of native a-
synuclein using SEC and CD spectroscopy indicated the disordered structure as previously shown
for recombinant oa-synuclein [96, 97]. Like other IDPs, a-synuclein possesses an amino acid
sequence of a low mean hydrophobicity and high net charge. All these pieces of evidence
undoubtedly set a-synuclein as being a largely unstructured protein. Like all IDPs, lack of a rigid
structure predisposes a-synuclein toward adopting different partially folded structures,

functional or pathological, under certain conditions. For instance, a-synuclein adopts a helical
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structure upon binding to membranes [70] or forms a aggregation-prone compact structure at
low pH or high temperature [92]. Employing paramagnetic resonance enhancement (PRE) and
NMR dipolar couplings, Bertoncini et al. have shown that long-range interactions between C-
terminal and NAC region prevent o-synuclein aggregation. In addition, they observed that
release of these long-range interactions due to polyamine binding or an increase in temperature
results in the formation of completely unfolded monomers which are highly prone to self-

assembly and aggregation [67].

1.3.2. a-synuclein Functions

Despite the abundance of a-synuclein in brain, its physiological role is not yet well understood.
With respect to the considerable portion of a-synuclein bound to membrane in presynaptic
terminals, its role has been proposed to be associated with membrane structures at synaptic
terminals [76]. For example, several studies have suggested that o-synuclein regulates
neurotransmission of dopamine [98, 99], the size of presynaptic vesicles [100] and organization
of phospholipid bilayers [73]. In vitro and in vivo results indicate a potential role of a-synuclein in
assembly of SNARE complex [101]. As an inhibitor, a-synuclein regulates the activity of some
neurotransmission-associated enzymes including phospholipase D2 (PLD2) [102] and tyrosine
hydroxylase (TH) [99]. Furthermore, lipid membranes bound to a-synuclein have been shown to
be protected against oxidation [103]. In cooperation with some chaperon proteins abundant in
nerve terminals, a-synuclein assists the folding of proteins [104]. Sharing functional and physical
homology with molecular chaperon 14-3-3 [105], a.-synuclein exhibits a chaperon-like activity
associated with potential binding affinity to various proteins. Thereby, a-synuclein modulates

their folding and activity of several cellular proteins [68, 106-108].
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1.3.3. a-synuclein aggregation

Protein aggregation has been shown to be associated with several neurodegenerative diseases.
The Fibrillation process of a-synuclein is involved in the pathogenies of PD and other
synucleinopathies, since a-synuclein amyloid aggregates have been identified as the major
component of LBs [59]. Therefore, a detailed understanding of aggregation-triggering factors
and also of the protein-protein interactions involved in the aggregation process will provide
insights for the development of prevention and therapeutic approaches. As a chameleon
protein, conformational fluctuations of a-synuclein are controlled by environmental factors
[109, 110]. Under physiological condition, oa-synuclein accepts different functional partially
folded structures, conferring the binding potential to different partners [111]. Under fibrillation
conditions, o-synuclein adopts an unstable partially folded intermediate structure [92]. To
become energetically stable, misfolded structures self-assemble into oligomeric species and
eventually form stable amyloid fibrils. In vitro studies have confirmed the a-synuclein tendency
to form amyloid fibrils resembling those isolated from LBs [48]. Moreover, CD spectroscopy
detects a transformation from random coil to -sheet structure in a-synuclein under fibrillation
conditions. The exact mechanism of the aggregation process and the mediating structures are
not well understood, however, the formation of amyloidogenic partially folded structure has
been proposed as the origin of this process [92]. Single molecule studies have revealed the
conformational equilibrium for a-synuclein under different experimental conditions and a shift
in this equilibrium in favor of formation of amyloid-forming conformers has been proposed to
trigger a-synuclein aggregation [111-114]. Furthermore, these studies propose the a-synuclein
aggregation to be dependent on the formation of nuclei [26, 92]. Several studies using AFM and
EM microscopy have indicated that, under different experimental conditions, a-synuclein
aggregation results in different products including soluble oligomeric species, insoluble

amorphous aggregates and fibrils [13, 92].
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1.3.4. Factors influencing a-synuclein aggregation

1.3.4.1. Environmental factors

The intracellular environment contains a high concentration (approximately 400 mg/ml) of
different macromolecules [115]. High concentration of different solutes induces variable
structural changes in different proteins. In the case of a-synuclein, high concentration of solutes,
such as polysaccharides and polyethylene glycols, leads to the formation of a compact structure,
and finally accelerates fibril formation [116]. Furthermore, aggregation of a-synuclein shows a
dependency on the protein concentration so that an increase in the concentration enhances the
aggregation rate probably through increasing the concentration of partially folded structures
serving as nuclei [117, 118]. Uversky et al. observed that high temperature accelerates o-
synuclein oligomerization through stabilization of partially folded structures [119]. Aggregation
studies by Hoyer et al. demonstrate a significant decrease in the lag time of aggregation from
about 60 hours at pH 7.0 to several minutes at pH 4.0 [13]. Diminishing the auto-inhibitory effect
of C-terminal region at acidic pH due to neutralization of negative charge, driving electrostatic
repulsions, has been suggested to accelerate the a-synuclein aggregation [65]. Data obtained by
single molecule studies suggest that in low pH, a-synuclein forms a compact transient structure
prone to aggregation [114]. Hoyer et al. observed the similar effect in the presence of high ionic
strength (500 mM Tris-HCI buffer) [13] and later single molecule studies by Sandal et al.
indicated a shift in equilibrium in favor of B-like structure formation, under the same condition
[114]. Incubation of a-synuclein under agitation conditions with shaking and in presence of small
glass beads accelerates the fibrillation process by fragmentation of preformed fibrils and
increasing the number of nuclei [30]. Accumulating evidence indicate the influence of several
metal ions and pesticides on o-synuclein aggregation. In vitro studies have established a
stimulating effect for pesticides (eg. dieldrin, rotenone and paraquat) on a-synuclein fibril

formation [120]. Pesticides directly interact with o-synuclein and induce formation of
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amyloidogenic partially folded structures. In addition, administration of the herbicide paraquat
to mice resulted in overexpression and consequently aggregation of a-synuclein [121]. In vitro
studies demonstrate that interaction of several metal ions (iron, zinc, copper, lead and
aluminum) to C-terminal domain of a-synuclein promotes the formation of collapsed structure
prone to aggregation [91]. Moreover, metal ions and pesticides exhibit a synergistic effect on
the a-synuclein aggregation [122]. An increase in the content of B-like structure for monomeric
a-synuclein has been reported in the presence of cu®* [112]. Light scattering technique detected

I**[91]. Unlike the accelerating effect

on-pathway oligomeric species formed in the presence of A
of heavy metal ions, magnesium not only prevents the aggregation of o-synuclein but also
modulates the interaction of pesticides with a-synuclein [123]. Because of an association with
brain and CSF of PD patients, low level of magnesium has been proposed as a high risk factor for
PD [124]. Finally, numerous small molecules, particularly polyphenolic compounds, have been
shown to interfere with the aggregation process of a-synuclein by stabilization or modification
of different structures including partially folded monomer, on- or off-pathway oligomers and

fibrils [125-127]. Despite the potent effect of small molecules reported by in vitro studies, there

has been not yet any small molecule-based therapeutics developed.

1.3.4.2. Effect of post-translational modifications

Several lines of studies have demonstrated the influence of post-translational modifications
(PTMS) on the a-synuclein aggregation. Mass spectroscopy analysis of a-synuclein isolated from
the pathological samples indicated an extensive phosphorylation at Ser-129 whereas a-synuclein
is non-phosphorylated in healthy brains [128]. Furthermore, H,0,-induced phosphorylation of a-
synuclein at Ser-129 leads to formation of intracellular inclusion bodies in SH-SY5Y
neuroblastoma cells [129]. In constrast, phosphorylation at Try-87 and Tyr-128 interferes with a-
synuclein fibril formation [130, 131]. In addition to phosphorylation, a-synuclein fibrillation is

affected by other modifications such as N-terminal acetylation, tyrosine nitration oxidation,
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methionine oxidation, cross-linking and truncation [132]. C-terminal truncation of a-synuclein is
one of the most common modifications associated with PD [133]. C-terminal truncation

increases a-synuclein aggregation [65, 67, 134].

1.3.4.3. Effect of familial mutations

So far five amino acid substitutions (A30P, A53T, E46K, H50Q, G51D and A53E) have been
identified in people with early on-set PD. In vitro studies indicate the higher aggregation
propensity for PD associated a-synuclein mutants [135-139]. A30P enhances oligomerization
whereas A53T accelerates both oligomerization and fibrillation [140]. Although analyses of these
mutants by CD spectroscopy show the high content of random coil structure similar to the wild-
type a-synuclein, single molecule studies indicate a shift in the conformational equilibrium of

the monomer toward formation of B-like structure [112, 113, 138].

1.3.4.4. Interaction with other proteins

Being disordered enables a-synuclein to interact with several cellular proteins. In some cases,
these interactions affect a-synuclein aggregation. Interestingly, AD-related proteins, A and Tau
have shown to promote a-synuclein aggregation [141], indicating a connection between AD and
PD. Masliah et al. have shown that overexpression of AB in mice model results in the
intraneuronal a-synuclein deposits and consequently, motor deficiency [142]. Moreover, in vitro
experiments performed by Ono et al. indicate a dual cross-seeding effect of AB and a-synuclein
[143]. PrP*“ is able to seed a-synuclein aggregation in an animal model [144]. Fibrillation of a-
synuclein is also triggered upon interaction with other proteins such as tubulin [145], agrin [146],
p25a [147] and HMGB1 [148]. Furthermore, B- and y-synucleins can prevent a-synuclein
aggregation by formation of stable hetero-oligomers [149]. The inhibitory effect of B-synuclein
has been also established in animal models [150]. Several heat shock proteins (HSPs) have been

identified in LBs [151]. Overexpression of torsin A and HSP70 has been shown to inhibit a-
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synuclein aggregation. By binding to the NAC region HSP70 stabilizes oligomeric species and,
thereby, inhibits fibril formation [151, 152]. A small HSP, a3-crystallin, prevents elongation of a-

synuclein fibrils by binding to partially folded monomers [153, 154].

1.3.5. a-synuclein amyloid fibrils

Upon fibril formation, a-synuclein undergoes a conformational transition from random coil to
cross-p structures, confirmed by CD spectroscopy, electron and X-ray diffraction studies [92,
155]. Several studies using EM and AFM microscopy have characterized the in vitro a-synuclein
fibrils with a thickness of about 10 nm and a length ranging from 100 nm to few micrometers,
reminiscent of those extracted from LBs [13, 59, 156]. However, fibril morphology has been
shown to be highly dependent on the experimental conditions [13, 118]. Protease digestion-
assisted analysis of both in vitro and brain-extracted fibrils has revealed that the central region
(residues 31-109) is protease K-resistant whereas peripheral regions, N- and C-terminus, are
prone to digestion [157]. Moreover, an initial spin-labeling study characterized a-synuclein
within fibrils as possessing a highly ordered central region (residues 34-101), heterogeneous N-
terminus and highly disordered C-terminus [158]. As aforementioned, within fibrils,
amyloidogenic proteins adopt [B-strands-turn-B-strand motifs which align to form different
spatial arrangements [8, 159]. As a common structure evidenced by different NMR, EPR and
spin-labeling techniques, the core of a-synuclein consists of approximately five separate (-
strands folded in a parallel, in-register cross-f3 structure (figure 4) [160-164]. It has been shown
that different fibrillation conditions lead to morphologically different a-synuclein fibrils [13, 92].
Moreover, solid-state NMR studies indicate the presence of several distinct structures available
in a single fibril solution, which is called fibril polymorphism. Heise et al. [160] and Vilar et al.
[162] have identified two distinct types of fibril structures (figure 4A, 4B and 4C). These two
studies assumed the Glu-46 to be located in the loop region because of the absence of signal for

this residue and neighboring ones. Further assignments performed by Comellas et al. (figure 4D)
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proposed a novel model of secondary structure for the fibrils, which consists of two repeats of
long B-strands and 4 smaller B-strands [163]. In contrast to previous results, the full assignment
of the structured region in the fibril core of this polymorph indicates that Glu-46 and Ala-53
residues reside in the B-strand regions whereas Ala-30 is located in a loop region. In agreement
with this finding, Lemkau et al. observed a specific perturbation in fibril structure derived by a-

synuclein mutations A53T and E46K not A30P [165].

35 96

Amphipathic Acidic

—

_.-=""" consensus structured "T---_

—=="" 40 50 60 70 80 1 .
GVLYVGSKTKEGVVHGVATVAEKTKEQVTNVGGAVVTGVTAVAQKTVEGAGSIAAATGFVKK

= ) =) ) )P A
» - » =) = »> = B
— L mmp C
Em— E=p e mEmp 0 Em—— )

Figure 4: Secondary structure of a-synuclein fibrils. Arrows demonstrate -strand regions identified by
NMR spectroscopy in fibrils. A and B show the B-strand regions in two distinct a-synuclein fibril
polymorphs studied by Heise et al. [160]. C and D, indicate -strands identified by Vilar et al. [162] and
Comella et al [163], respectively.
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1.3.6. a-synuclein toxic species

Pathology of LBs has been associated with different a-synuclein aggregates including oligomers,
protofibrils and fibrils [166-168]. Although several lines of in vivo and in vitro studies have
established the toxicity of a-synuclein aggregates, the exact mechanism of toxicity remains to be
elucidated. The complexity of the toxicity mechanism arises from the heterogeneity of
aggregated species inducing different toxicity levels. Despite the toxicity effects observed for
mature fibrils, several in vivo and in vitro studies have proposed a higher toxicity level for the
oligomeric species [140, 169-171] and thus, conversion of highly toxic oligomeric species into
less toxic fibrillar assemblies has been postulated as a defense process exerted by neuronal cells.
Notably, a high level of a-synuclein oligomers has been detected in post-mortem brain extracts,
plasma and CSF in PD patients [172-175]. Moreover, familial PD-linked mutations accelerate a-
synuclein oligomerization in vitro and in vivo [140, 169, 176]. a-synuclein oligomers are highly
unstable and rapidly convert into insoluble fibrils. However, oligomerization of a-synuclein has
been reported to be induced and stabilized in the presence of several chemical additives [177-
180]. Oligomeric species formed under different in vitro conditions are of distinct morphologies
such as tubular, spherical and chain-like [140, 177, 180]. Toxic mechanism of oligomers is yet not
known but the most accepted toxicity model is based on the lipid-binding propensity of a-
synuclein which is higher for oligomers than monomers and fibrils [181, 182]. Interaction with a-
synuclein oligomers increases the permeability of the cell membrane and consequently disrupts
the ionic homeostasis resulting in cell death. Toxic oligomers, particularly annular and tubular
oligomers, show a high propensity of pore formation. Additionally, familial mutations such as
A30P and AS53T strengthen the pore-like activity of oligomeric species [177, 181, 183]. In
addition to their pore-like activity, a.-synuclein oligomers have shown to inhibit SNARE-mediated

vesicle docking [184] and chaperone-like activity of HSP70 [185].

Despite the fact the LBs are intracellular inclusions, a-synuclein aggregates have been reported

to be secreted to the extracellular environment through calcium-dependent exocytosis [186-
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188]. Extracellular secretion of a-synuclein has been shown to be promoted under stress
conditions. In addition, increasing evidence establishes the prion-like transfer of misfolded forms
of a-synuclein from one cell to another [188-190]. In agreement, exogenous oligomers and
fibrils are able to seed formation of LB-like intracellular inclusions in cells [191-193].
Furthermore, prion-like transmission as an age-dependent pathology-spreading factor appears

to be a common process among neurodegenerative diseases [194, 195].

1.4. Engineered binding proteins for amyloid research

Antibodies or immunoglobulins are conventional binding proteins with widespread therapeutic
and diagnostic applications. High specificity is the main advantage of antibodies and there are a
variety of biotechnological approaches developed for selection and preparation of recombinant
monoclonal antibodies against a specific target. An antibody molecule (figure 5A) is composed of
four polypeptide chains including two identical light chains and two identical heavy chains.
Heavy and light chains contain highly conserved (C4 and C,) and variable (Vy and V|) domains.
Moreover, antibodies are big molecules (on average 150 kDa) of a complex structure stabilized
by multiple disulfide bonds. Therefore, researchers have made continuous efforts to engineer
functional antibodies of smaller size. These efforts have yielded in development of several
antibody derivatives with high affinity for the target proteins. In addition, several other proteins
have been reported to provide ideal scaffolds for engineering libraries of potential binders, using
random mutagenesis. Library screening via phage display technology and other techniques have
resulted in identification of high affinity binders. Compared with antibody molecules, these
scaffold proteins are normally small, stable, and offer convenient production in E.Coli. In
neurodegenerative research, discovery of high affinity binding proteins have been constantly of
profound interest. Here, engineered binding proteins not only provide insights into protein-
protein interactions in aggregation process, but also could be regarded as diagnostic tools and

therapeutics.
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1.4.1. Antibody-derived binding proteins

Size engineering strategies have resulted in development of several antibody-derived fragments
including Fab, scFv, nanobody, etc. (reviewed in [196]). In amyloid research, several antibody
fragments have been so far engineered for amyloidogenic proteins. Fab or antigen-binding
fragment with a size of about 55 kDa consists of one variable and one constant domain of light
and heavy chains. ScFv or single-chain variable fragment is smaller than Fab (ca. 28 kDa) and
contains only the variable regions of one heavy and one light chain. An AB-specific Fab antibody
distinguishes different conformers of AP oligomers [197]. Similarly, syn-10H scFv (Fig 5C) detects
morphologically different oligomeric species of a-synuclein [198]. Nanobody or single domain
antibody (sdAb) is the smallest fragment (12-15 kDa) devoid of the light chain, therefore also
called heavy chain antibody. There are two types of nanobodies, VHH (containing the variable
domain of the heavy chain, also called heavy antibody, see figure 5D) and VNAR (containing the
variable domain of shark new antigen receptor, see figure 5E). There are several nanobodies
selected against different amyloidogenic proteins [199-201]. A VHH nanobody binding to the
non-amyloidogenic region of lysozyme inhibits amyloid fibril formation [201]. A4, a specific

nanobody for oligomeric AB, inhibits fibrillation and toxicity [200].

1.4.2. Alternative protein scaffolds

To date, more than 50 non-antibody scaffolds have emerged for molecular recognition
applications [202]. The most progress has been made on protein scaffolds including Kunitz
domains (ca. 6 kDa, figure 5F), monobodies (ca. 10 kDa), DARPins (14-21 kDa, figure 5G),
anticalins (ca. 20 kDa, figure 5H), SH3 domain (ca. 8 kDa, figure 51) and Z-domain-based affibody
binders (ca. 7 kDa, figure 5J). The main focus of this thesis is on selection of a specific protein

binder from a B-wrapin library derived from a Z-domain affibody.
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light chains

heavy chains

Figure 5: Representative examples of protein scaffolds for molecular recognition. For each molecule,
backbone cartoons and transparent surface are generated by Pymol software and the corresponding PDB
ID which is specified in the bracket. A, the structure of a typical 1gG (1I1GT) composed of two light chains
and two heavy polypeptide chains. Digestion of IgG by papain results in formation of Fab and Fc
fragments. B, Fab (4HBC). C, scFv (1P4l). D, VHH nanobody (10P9). E, VNAR nanobody (1VES). F, Kunitz
domain (2DDI). G, DARPin (1MJ0). H, anticalins (1LKE). I, SH3 domain (2031). J, Z-domain (2SPZ).

1.4.2.1. Affibody molecules

In 1995, the affibody scaffold, also called Z-domain, was generated from the B-domain
(comprising 58 amino acids) of staphylococcal protein A (SPA). SPA is a 42 kDa surface protein
consisting of five homologous IgG-binding domains (E, D, A, B and C) which share a three-helix
bundle structure (figure 6) and binding affinity to the Fc region of IgG molecules [203]. Fc-
binding has been the basis for protein A applications in purification of antibodies. Through direct
interaction with Fc region, SPA captures IgG molecules in an inverted orientation and thereby,
assists bacteria to escape from host immune system [204]. In 1987, Nilsson et al. engineered the

SPA B-domain by Gly-29 and Val-1 to alanine substitutions [205]. The engineered B-domain,
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denoted as Z-domain, is resistant to hydroxylamine digestion and more stable than the B-
domain, while keeping the a-helical structure binding to the Fc region of human IgG. The Z-
domain is a cysteine-free, soluble and small molecule (about 7 kDa) and thus, it features rapid
folding and convenient production. To generate an affibody ligand library, 13 surface-exposed
residues in a-helix-1 and a-helix-2 were randomized [206]. Introduction of these mutations gave
rise to the loss of Fc-binding affinity in the affibody molecule (figure 6). To date, several binders
have been selected by screening affibody library against target proteins such as AD-related AP
peptide and HER2 (human epidermal growth factor receptor 2) [207-210]. Affibody molecules
have been studied as potential candidates in wide range of biotechnology, imaging and
therapeutic applications. For instance, preclinical studies on mice showed promising results
using HER2:342, a HER2-specific affibody, as a tracer for imaging of tumors overexpressing HER2
[211].

1.4.2.1.1. ZAPB;

In 2005, phage display-assisted screening of the affibody library against APi.4 resulted in
discovery of ZAB; [209]. ZAB; is an affibody molecule (~14 kDa) which specifically binds to AP,

residues 17-36, with nanomolar affinity (17 nM), measured by isothermal titration calorimetry
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Figure 6: Schematic illustration of the development of the affibody library. The IgG-binding domain of
staphylococcal protein A is composed of 5 a-helical protein domains (E, D, A, B and C) from which the B-
domain was used as the protein scaffold for generation of the Z-domain (PDB code: 2SPZ) [205]. To
generate the Z-domain, amino acids Valinel and Glycine 29 in the B-domain were mutated to Alanine.
Like the B-domain, the Z-domain consists of three a-helices. To create the affibody library, 13 amino acid
positions in helix-1 and helix-2 of the Z-domain were targeted by random mutagenesis [206].

(ITC). The maturation process of ZABs from the Z-domain scaffold came along with 11 amino acid
substitutions, including appearance of a cysteine residue at position 28. Cysteine-linked
dimerization of ZABs is required for high affinity binding to AB. Structural characterization of the
ZABs3:AB complex using NMR spectroscopy revealed that dimeric ZAB; forms a hydrophobic
cavity in which A folds into a B-hairpin structure (figure 7A, B) [212]. The identified B-hairpin is
composed of two antiparallel B-strands (B1: residues 17-23 and P2: residues 30-36) connected

by a short linker. The B-strands resemble those identified in the AP fibrils. Sequestration of this
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B-hairpin, inside the complex, results in inhibition of AP fibrillation and toxicity [212, 213].
Furthermore, stabilization of this B-hairpin via introduction of an intramolecular disulfide bond
(Figure 7C) leads to formation of highly toxic oligomeric species [170]. Overexpression and
aggregation of AP peptide has been shown to be associated with pathogenesis of AD [34, 35].
Like other neurodegenerative diseases, the exact mechanism of protein aggregation and its
induced toxicity remains unknown. In the case of A, using ZABs as a study tool resulted in the
identification of a B-hairpin forming region critical for aggregation [170, 212-214]. Therefore, the
identification of specific affibody binders against other amyloidogenic proteins could likewise

provide structural insights into their aggregation process.

Figure 7: The structure of the ZAB3:AB complex, the AB B-hairpin, and ABCC design strategy. The
structures are generated using Pymol software. A, the structure of A in complex with ZABs; (PDB ID:
20TK). ZAB; is a homodimer protein containing 2 a-helices and one short B-strand in each subunit.
Subunits are linked by a disulfide bond (in yellow). As shown in side view (B), ZAB3 forms a hydrophobic
tunnel-like cavity (in green spheres) in which AP folds into a B-hairpin structure [212]. (C) In ABCC,
mutation of Alanine-30 and Alanine-21 to Cysteine residues results in stabilization of B-hairpin structure
via an intramolecular disulfide bond (in yellow) [170].
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1.5. Selection of engineered binding proteins

To select specific binding proteins, first of all a DNA-library is generated using random
mutagenesis techniques and second, binders expressed from this library are screened against
the target. The selection system needs to create a connection between the selected protein
binders and their corresponding DNA sequence. Different selection systems include three
common steps including: first, mixing the library with protein target, second, capture of binders
with affinity to target and third, amplification of selected binders and repetition of the previous
steps in order to achieve high affinity binders. Selection systems can be classified into three
major classes [215]: cell-free systems (e.g. mMRNA display, DNA display and ribosomal display),
cell-dependent systems (e.g. bacteria surface display, yeast display and phage display) and non-
display systems e.g. yeast-two-hybrid. In present thesis, phage display is applied as the selection

technique which is thus explained more in detail in the following section.

1.5.1 Phage display

In phage display technology, the connection between phenotype and genotype is provided by
insertion of the gene coding for the protein of interest into a filamentous bacteriophage and
display of the corresponding protein on the phage surface. First in 1985, Smith et al. used M13
bacteriophage display for screening of protein libraries [216]. M13 phage display is still the most
commonly used system, albeit the appearance of other systems such as T4, T7 and lambda
[215]. M13 bacteriophage contains a circular single-stranded DNA (ssDNA) and several coat
proteins. PVIII (with about 2700 copies) is the major coat protein and minor proteins with few
copies are plll, pVI, pVIl and pIX. All coat proteins have been evaluated as potential protein
display site, showing that all have advantages and disadvantages. For instance, due to the high
number of pVIII copies, display in fusion with pVIll is limited to small peptides. Plll (42 kDa) is the
most commonly used site suitable for display of proteins with different sizes. All five copies of

protein Il are localized at the tip of M13 particle and mediate its attachment to pilus F, which is
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required for infection of E.coli cells [217]. In plll display, for expression of fusion protein, either a
complete phage vector or a phagemid assisted by a helper phage can be used. In 3+3 system, a
phagemid vector carries the plll gene C-terminally fused with the gene encoding the protein of
interest [217]. In addition, the phagemid vector contains the M13 origin sites for replication of
M13 ssDNA and a standard E.coli origin for replication of the vector inside bacterial cells. Using
these origins, the phagemid is only able to replicate inside E.coli but it cannot make phages.
Addition of helper phage, M13KO7, provides the proteins required for replication and assembly
of M13 phage. Therefore, a combination of phagemid and helper phage results in assembly of
recombinant phage particles expressing plll fusion protein. Selection of potential binders
displayed on the surface of phage particles is known as phage display selection or biopanning
cycle [215] which is performed via several steps (figure 8): first, the phage library is incubated
with biotinylated target protein, followed by capturing the biotinylated target using
paramagnetic streptavidin beads. After the capturing step, unbound phage particles are washed
away and bound particles are eluted using low pH buffer. Next, E.coli cells are infected with
eluted phage particles. As mentioned above, addition of helper phage in this step results in
propagation of phage particles. To select potent binders, the panning cycle is repeated for
several times, along with a step-wise increase in washing stringency and a decrease in the
concentration of target protein. Lastly, the gene sequences and binding properties of the

selected clones are analyzed.
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Figure 8: Schematic illustration of phage display. In the phage library, each phage displays a protein
variant encoded by the corresponding gene from the library fused to plll. The phage library is screened in
a biopanning cycle. In the first step, phages are allowed to bind to the biotinylated target protein. Next,
bound phages are captured by streptavidin coated beads and unbound phages are removed by washing
steps. Lastly, the selected phages are eluted and amplified in E.coli for the next round of the biopanning
cycle.
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Chapter 1

1.6. Scope of this thesis

Protein aggregation is believed to play an important role in the pathogenesis of several human
diseases, particularly of neurodegenerative diseases such as AD and PD. However, the
mechanism of protein aggreagtion is not fully known and, therefore, development of efficient
therapeutics demands a better understanding of conformations and eptiopes that are critical in
this process. Increasing number of studies validate the benefit of the application of engineered
binding proteins for understanding molecular recognition and conformational properties of
proteins. For instance, investigations on the AD-related A} peptide using an engineered binding
protein, ZAB3, led to the identification of a critical B-hairpin structure involved in aggregation

and toxicity.

In the present thesis, the primary aim is to select an eningeered binding protein for the PD-
related protein a-synuclein using phage display technology. For this purpose, the ZAB3 sequence
is considered as an ideal scaffold for the generation of a combinatorial library due to two main
reasons: Firstly, different amyloidogenic proteins form fibrils of common structure. Secondly,
the ZAB3 scaffold already shows an affinity to an amyloid protein. Therefore, randomization of
the ZAB3 sequence might result in maturation of affinity to other amyloidogenic proteins. In
addition to binder selection, this thesis will attempt to identify and study critical protein motifs

involved in protein aggregation.
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Abstract: The misfolding and aggregation of the protein a-
synuclein (a-syn), which results in the formation of amyloid
fibrils, is involved in the pathogenesis of Parkinson'’s disease
and other synucleinopathies. The emergence of amyloid
toxicity is associated with the formation of pantially folded
aggregation intermediates. Here, we engineered a class of
binding proteins termed [-wrapins (B-wrap proteins) with
affinity for a-synuclein {a-syn). The NMR structure of an a-
syn:B-wrapin complex reveals a f-hairpin of a-syn comprising
the sequence region a-syn(37-54). The B-wrapin inhibits a-syn
aggregation and toxicity at substoichiometric concentrations,
demonstrating that it interferes with the nucleation of aggre-
gation.

Ths conversion of specific peptides and proteins into
amyloid fibrils has been identified as a causative mechanism
underlying several neurodegenerative conditions. Monomeric
and oligomeric misfolding intermediates are key species on
the aggregation pathway:" thus, the stabilization of partially
folded states of amyloid proteins has been suggested as an
approach for drug development '

The protein o-synuclein (o-syn) is the major protein
component of the intracellular neurconal deposits observed in
Parkinson’s disease and related synucleinopathies”) A role of
a-syn aggregation in the pathogenesis is supported by various
genetic studies showing the enhanced propensity of a-syn to
aggregate as a result of disease-related mutation or multi-
plication of the a-syn gene. Structurally, a-syn is characterized
by high conformational flexibility. Free monomeric a-syn is
intrinsically disordered; however, some regions of the protein
show intramolecular long-range interactions.”! When bound
to synthetic or biological membranes, a-syn can readily adopt
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a-helical conformation.) In the fibrillar form, the central
region of a-syn forms several pf-strands which assemble into
in-register parallel B-sheets in the fibril core, whereas the N-
terminal part of the protein is less ordered and the C-terminus
remains unfelded ) In contrast to the parallel arrangement of
a-syn in fibrils, "> ¢-syn oligomers have been shown to adopt
an antiparallel B-sheet structure.”

To stabilize partially structured a-syn, we generated
binding ligands to a-syn using ZAP,, a binding protein to
the amyloid-B peptide (Ap), as a scaffold. ZAP; is a disulfide-
linked homodimer derived from the Z domain of protein A !
According to isothermal titration calorimetry (ITC), ZAps
binds AP with a dissociation constant of 20 nM but shows no
affinity to a-syn (Figure S1). To generate binding affinity to a-
syn, we created a new phage display library through random
mutagenesis of the gene encoding ZAp;. The binding ligands
selected from this library are referred to as f-wrapins (f-wrap
proteins). The f-wrapin clone AS69 harboring four amino
acid substitutions in each subunit, that is, G13D, V17F, I31F,
and L34V, was found to bind a-syn with a K value of 240 nm
(Figure S1). In comparison to the original ZAp,, the affinity
of AS69 towards AP was 400-fold reduced. ITC indicated that
the AS69:a-syn interaction follows a 1:1 stoichiometry. The
binding of AS69 to a-syn was confirmed by (*H-“N)
HSOCNMR spectroscopy. The spectra of free [U-"NJ-a-
syn obtained at 30°C showed only a few resonance signals
stemming from the C-terminus, whereas cross-peaks from the
N-terminal and central regions were not detected due to
intermediate exchange.”) However, upon addition of [NAJ-
AS69 to [U-NJ]-a-syn, several well-dispersed resonance
signals appeared, indicating partial folding of a-syn (Fig-
ure 1a). The new resonances were assigned to the region a-
syn(35-56).

To identify the conformation of a-syn(35-56), we deter-
mined the structure of full-length a-syn in complex with -
wrapin AS69 by high-resolution liquid-state NMR spectros-
copy (Figure 1b,d, Tables S1 and S2). a-syn(35-56) folds into
a P-hairpin comprising residues 'VLYVGSK® (p1) and
SVVHGVAT* (B2), connected by a p-turn formed by
amino acids “TKEG" (Figure 1b). The aromatic amino
acids Tyr-39 and His-50 are located at the center of one fi-
hairpin face with their side chains hydrogen-bonded by the
hydroxy proton of Tyr-39 and the N-mnitrogen of His-50
(Figure 1b). The H" of Tyr-39 and H* of His-50 are protected
from exchange with solvent as inferred from their detect-
ability in the NMR spectra.

The sequence positions of the P-strands are in good
agreement with those of the p1 and P2 strands (designated
according to Vilar etal)®¥ of fibrillar a-syn (Figure 1c).
Long-range interactions between the side chains Tyr-39 in p1
and His-50 in P2 have also been detected in «-syn amyloid
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Figure 1. [-hairpin structure of a-syn in complex with fi-wrapin AS69. a) ('H-"*N) HSQC NMR spectra of [U-"*N]-a-syn recorded at 30°C in the
absence (blue) and presence (red) of an excess of [NA]-AS69. Assignments of peaks appearing upon complex formation are indicated. b) Ribbon
drawing illustrating the fi-hairpin of a-syn (orange). Amino acids forming the 1 and [32 strands are shown as sticks. The hydrogen bond between
the hydroxy proton of Tyr-39 and the N®-nitrogen of His-50 is indicated as a dashed blue line. Backbone hydrogen bonds are marked as dashed
black lines. The corresponding amino acid sequence is shown and backbone hydrogen bonding acrass the strands is indicated with black dots.

¢) Features of the c-syn primary structure. The central NAC region is shown in green. The positions of disease-related mutations are given in
magenta. The location of P-strands in a-syn within fibrils as identified by EPR and solid-state NMR analysis®! is approximated by blue and green
arrows. The location of the f-strands within the fi-hairpin of a-syn is given by orange arrows. d) The a-syn:AS69 complex illustrated by ribbon
drawing. Residues 13-58 of the two AS69 subunits are shown in light and dark gray, respectively. The disulfide bond is shown in yellow. The f3-

hairpin of a-syn is shown in orange.

fibrils.™ The NAC region comprising p-strands p3 to f3,
including the aggregation-prone sequence stretches with the
highest hydrophobicity and p-sheet propensity,"” is unaf-
fected by AS69 binding (Figure 82). This demonstrates the
specificity of the interaction of AS69 with the p1-p2 region.

Contacts between f1 and fi2 are among the most
prevalent transient lertiary interactions in monomeric o-syn
according to paramagnetic relaxation enhancement data.™
Moreover, nascent fi-structure was detected in the p1-fi2
region of u-syn monomers."] These findings suggest that
structural features of the AS69-bound [i-hairpin are present
within a subset of the conformational ensemble sampled by
free a-syn. This is in line with the observation that the binding
mechanism of intrinsically disordered proteins is not solely of
the induced-fit type. but also involves conformational selec-
tion."!

A comparison of the structures of the a-syn:AS69 and
APB:ZAP; complexes confirmed that the introduced mutations
did not affect the overall structure of the fi-wrapin protein
scaffold in the bound state. The AS69 molecule is a dimer of
two identical subunits covalently linked by a disulfide bond
involving the Cys-28 residues of both subunits. The folding
topology of AS69 comprises two P-strands and four a-helices
forming a large hydrophobic tunnel-like cavity in which the p-
hairpin of a-syn is buried (Figure 1d). Most of the exchanged
amino acids are in direct contact with the B-hairpin (Fig-
ure $3). For example, the Phe-31 residues of both AS69
subunits are involved in aromatic-aromatic interactions with
Tyr-39 and His-50 of ct-syn.

The potency of AS69 to inhibit a-syn aggregation was
evaluated by a Thioflavin T fluorescence assay. In the absence
of AS69, a 35 pm solution of a-syn aggregated after a lag
phase of roughly 10 h. However, the aggregation of a-syn was
completely inhibited in the presence of an equivalent
concentration of AS69 within an 8 day experiment (Fig-
ure 2a). Addition of an equimolar amount of AS69 to a-syn

www.angewandte.org
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aggregation reactions at different time points prevented
further fibrillation of a-syn (Figure 2b). These observations
indicate that sequestration of the fi-hairpin renders w-syn
monomers incompetent to aggregate. In addition, AS69
inhibited fibrillation of u-syn at substoichiometric concen-
trations. For AS69:a-syn molar ratios of 1:10, 1:100, and
1:1000, AS69 prolonged the lag time of a-syn fibrillation 9-
fold, 6-fold, and 2-fold, respectively (Figure2d and Fig-
ure S4). Size-exclusion chromatography confirmed that the
binding of f-wrapin AS69 to a-syn delayed fibrillation at
substoichiometric ratios and furthermore revealed that during
the lag time of the aggregation experiment stable oligomeric
species were not formed (Figure 2¢). The substoichiometric
inhibition cannot be explained by monomer sequestration.
Thus, a second inhibitory mechanism must be operative which
interferes with the nucleation of aggregation. This mechanism
might involve the binding of AS69 to the 12 region of -
syn within early aggregates. However, other u-syn epitopes
may also be crucial for the substoichiometric inhibition. In
this context, it is of note that a-syn oligomers exhibit
antiparallel p-structure.”) With the present data the mecha-
nism of substoichiometric inhibition cannot be elucidated.
Possible mechanisms include: 1) a small fraction of AS69-
bound w-syn molecules within oligomers precludes the
concerted conformational conversion to ordered amyloid
fibrils: 2) AS69 binds with high affinity to fibril ends, thereby
blocking fibril growth.

To evaluate the effect of AS69 on a-syn toxicity, the
viability of human SH-SY5Y neuroblastoma cells was ana-
lyzed upon addition of «-syn samples aged in the absence and
presence of f-wrapin AS69. For fibrillar a-syn samples, we
observed a concentration-dependent decrease in the cellular
viability as assessed by an MTT assay (Figure2e). The
viability of SH-SY5Y cells was rescued when a-syn samples
were incubated in the presence of AS69. The viability rescue
was dependent on the concentration of AS69, with complete
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Supporting Experimental Section

Library construction and phage display selection. A second generation B-wrapin library based on the ZAB;
scaffold!"! was generated by error-prone PCR. The library construct in a pComb3HSS vector backbone (provided
by C. F. Barbas, The Scripps Research Institute, La Jolla, USA) contained OmpA leader, AQHDEA peptide
derived from the region E of protein A followed by the gene encoding B-wrapin clones, c-myc-tag, albumin-
binding domain from streptococcal protein G and protein III{230-406) of MI13 filamentous phage. Error-prone
PCR was performed with the GeneMorph II Random Mutagenesis Kit (Stratagene) in a reaction containing 200
fg of the vector template containing the gene encoding for ZAB; monomer and vector-specific primers flanking
the ZAB; gene: S'GCCGAGCTCGCGCAACACGATGAAGCC and 5'CGCTGATCAGTTTTTGTTCCTCGAG
(MWG Biotech). The DNA was amplified for 40 cycles (95 °C 30 s, 54 °C 30 s, 72 °C 1 min) and used as a
template in the second PCR with DreamTaq DNA Polymerase (Thermo Scientific) and the same set of primers.
The mutated ZAB; gene was gel purified and digested with Sacl and Xhol (New England Biolabs) followed by
ligation into the corresponding sites of a modified pComb3HSS vector. The library was transformed into
electrocompetent E. coli XL1-Blue cells (Stratagene) resulting in 7 x 10 transformants. The phage library was
produced by superinfection of bacteria harboring the library with M13KO7 phage (New England Biolabs) and
precipitation by PEG/NaCl. In order to remove streptavidin-binding phage, a negative selection in which the
phage preparation was incubated with streptavidin magnetic beads at room temperature for 1 h preceded each
selection round. The library (10"-10" colony-forming units) was then subjected to successive rounds of
panning with biotinylated c-syn(1-108). During each round, the phage library was incubated with c-syn(1-108)
at a concentration of 500, 300, 50 and 10 nM in rounds 1-4, respectively. In the first panning round, the
incubation was carried out overnight at 4 °C whereas the subsequent selection rounds were done for 1 h at room
temperature. The phage-target complexes were captured on streptavidin magnetic beads and following washing
(1-, 5-, 8 and 20-times in rounds 1-4, respectively) with PBST-BSA (PBS, 0.1% (w/v) Tween 20, 3% (v/v)
BSA) and once with PBS, bound phages were eluted by lowering the pH to 2.0. Following neutralization with 1
M Tris-HCL, pH 8.0, the eluted phages were amplified in E. coli XL.1-Blue cells and subjected to the following
panning round. After the fourth selection round, the DNA pool was subcloned into pET302/NT-His vector
(Invitrogen) and DNA from 90 single colonies was sequenced (MWG Biotech).

Protein preparation. Full-length o-syn and o-syn(1-108) were expressed from pT7-7 vector and purified
essentially as described.!! Briefly, cell lysates were obtained from E. coli BL21(DE3) cells cultivated in M9
minimal medium supplemented with NH,4C1 (1 g/1) and glucose (2 g/l), followed by IPTG (isopropyl-p-D-1-
thiogalactopyranoside) induction. Both proteins were purified using anion exchange chromatography on a
HiTrap Q FF column (GE Healthcare). Full-length o-syn was eluted with a salt gradient at approximately 300
mM NaCl, whereas a-syn(1-108) was collected in the flow-through. Further purification was achieved by size-
exclusion chromatography on a HiLoad 16/60 Superdex 75 column (GE Healthcare) in 20 mM sodium
phosphate, 50 mM NaCl, pH 7.4. Biotinylation was performed with Sulfo-NHS-LC-Biotin (Thermo Scientific)
in a reaction containing ~200 puM of a-syn(1-108) in 20 mM sodium phosphate, pH 6.5 and a 5-fold molar
excess of biotinylation reagent. After incubation at 4 °C for 3 h, the protein sample was passed through a Zeba
Spin desalting column (Thermo Scientific) followed by affinity purification on monomeric avidin agarose

38



Chapter 2

(Thermo Scientific). The level of bictinylation was quantified by HABA assay (Thermo Scientific), yielding an
average value of 2 biotin molecules incorporated per o-syn(1-108) monomer.

AP(1-40) was produced with an N-terminal methionine by recombinant coexpression with ZApR;.”!

AS69 and ZAp; containing an N-terminal His6-tag were expressed from pET302/NT-His vector in E. coli
BL21(DE3) cells. Head-to-tail linked AS69 dimer (termed AS69-GS3) used for cell culture experiments was
expressed from the same vector. Expression cultures were grown in LB medium. Protein expression was induced
with 1 mM IPTG at OD 0.6-0.8 for 4 h at 37 °C. Following centrifugation at 4,000 x g, the cell pellet was
resuspended in 20 mM sodium phosphate, pH 8.3, 500 mM NaCl, containing EDTA-free protease inhibitor
{Roche Applied Sciences) and lysed by a cell disrupter (Constant Systems). Insoluble material was removed by
centrifugation at 28,000 x g and the supernatant was loaded on a HisTrap FF column (GE Healthcare). The
dimeric fractions of AS69 or ZAP; as well as AS69-G 33 were collected from a Hiload 16/60 Superdex 75 size-
exclusion chromatography column (GE Healthcare) in 20 mM sodium phosphate, 50 mM NaCl, pH 7.4.

For NMR experiments, proteins were expressed in M9 minimal medium supplemented with “N-NH,CI (1
2/1) and P Cy-glucose (2 g/1) and purified as described for the non-isotopically enriched proteins.

Isothermal titration calorimetry (ITC). ITC was performed on a Microcal iTC200 calorimeter (GE
Healthcare) at 30 °C. The buffer was 20 mM sodium phosphate, 50 mM NaCl, pH 7.4. For determination of
affinities to o-syn, AS69 or ZAB; were used as titrant in the cell at a concentration of ~60 puM, and w-syn at
approximately 10-fold higher concentration as titrant in the syringe. For determination of affinities to AP, AP
was used as titrant in the cell at a concentration of 10 pM, and AS69 or ZAP; at 100 uM as titrant in the syringe.
The heat of post-saturation injections was averaged and subtracted from each injection to correct for heats of
dilution and mixing. Data were processed using MicroCal Origin software provided with the calorimeter.
Dissociation constants were obtained from a nonlinear least-squares fit to a 1:1 binding model.

Aggregation assay. Fibrillation of c-syn was followed by thioflavin T fluorescence. The reaction contained
35 or 70 pM of o-syn and 40 uM thioflavin T in 20 mM sodium phosphate, 50 mM NaCl, pH 6.0, 0.04% Na-
azide, in a final volume of 150 pl. Aggregation was performed at 37° C with continuous orbital shaking (300
rpm) in a round-bottom 96-well black plate (Nunc) containing a 2 mm glass bead in each well. Thioflavin T
emission was recorded at 480 nm (excitation 440 nm) on an Infinite M1000 plate reader (Tecan). For
background correction, the signal of a buffer sample containing thioflavin T was subtracted. The lag-time was
defined as the incubation time at which the fluorescence intensity for the first time reaches 5% of the final steady
state fluorescence of ow-syn in the absence of AS69. Protein samples were analyzed before and after the
aggregation assay by size-exclusion chromatography on a Superdex 75 10/300 GL. column (GE Healthcare) in 20
mM sodium phosphate, 50 mM NaClL pH 7.4.

MTT cell viability assay. The viability of SH-SY5Y neuroblastoma cells in the presence of oi-syn was tested
with an MTT assay (Cell Proliferation Kit I, Roche Diagnostic). SH-SYSY cells (purchased from DSMZ) were
seeded in 96-well tissue culture plate at a density of 20,000 cells/well in 100 ul. of media (DMEM-F12, 10%
fetal calf serum) and incubated for 24 h. Following application of the protein samples at the indicated
concentrations, cells were further incubated for 24 h. Untreated cells and cells either exposed to monomeric o-
syn or AS69 were considered as controls. To assess the effects of test samples on the cells, MTT was added to
the cells at a final concentration of 0.5 mg/mL in PBS followed by incubation for an additional 4 h at 37 °C.
Next, 100 ul. of the solubilization solution {10% SDS and 0.01 M HCI) was added and incubation was continued
overnight at 37 °C followed by measuring the absorbance at 565 nm in an Infinite M 1000 plate reader (Tecan).
The data was normalized to the value of untreated control cells. All cell cultures were maintained in a 5% CO,
humidified atmosphere at 37 °C.

NMR and structure determination. NMR experiments were performed at 10 or 30 °C on Varian VNMRS
instruments at proton frequencies of 800 and 900 MHz, each equipped with a cryogenically cooled Z-axis pulse-
field-gradient (PFG) triple resonance probe. NMR samples contained [U-"C,*N]-ct-syn or [U-"C,"N]-AS69 at
a concentration of 0.7 mM and a 20% molar excess of the respective non-isotopically enriched binding partner in
20 mM sodium phosphate, 50 mM NaCl, pH 7.4. NMR data were processed using NMRPipeM and analyzed
with CepNmr ) Mean weighted chemical shift displacements were calculated as [(AS'H)? + (A8 N)*25]2
Backbone assignments were obtained using BEST-TROSY experiments!® and side-chain assignments were
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obtained using standard triple resonance heteronuclear NMR techniques. Histidine side chain protonation states
were determined using a long-range (*H-""N)-HMQC experiment.!”) Nuclear Overhauser enhancement (NOE)
based distance restraints for structure calculation were derived from 3D (*H-'"H-"N)-NOESY-HSQC (120 ms
mixing time), ("H-"Cali-"H)-HSQC-NOESY (100 ms mixing time) and (*H-"*Caro-"H)-HSQC-NOESY (100 ms
mixing time) experiments and 2D NOESY for protons H" of Tyr-39 and H? of His-50 of a-syn. Backbone
dihedral angle constraints were derived from chemical shifts, using TALOS+!¥ Structure calculations based on
NOE distance restraints and dihedral angle restraints were accomplished with a modified version of CNS v.
1.2.1! using an optimized version of the PARALLHDG force field. The MD protocol contained 30 ps high-
temperature torsion angle dynamics (10,000 K) and 20,000 steps during two cooling phases (2,000 K and 50 K.
Ten lowest energy structures (overall CNS energy) out of 100 calculated were selected and validated using
Molprebity.'® Molecular graphics figures were created using PyMOL ")
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Figure §1. Generation of binding specificity for a-syn. The affinity of AS69 to a-syn was analyzed by ITC.
ASG69 was used as titrant in the cell at a concentration of 65 pM and c-syn at 680 uM as titrant in the syringe.
For comparison. the affinity of AS69 to AP was determined. using A as titrant in the cell at a concentration of
10 puM, and AS69 at 100 pM as titrant in the syringe. The affinities of ZAf; to a-syn and A were analyzed
under similar experimental conditions. ITC experiments were performed at 30 °C.
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Figure 82. Effect of AS69 binding on different o-syn sequence regions. ("H-'"N)-HSQC NMR spectra were
recorded at 10 °C. At this temperature, resonances from nearly all residues in free a-syn are visible."? Upon
addition of [NA]-AS69 to [U-"*N]-a-syn. the resonance signals of residues in the B-hairpin region of c-syn
disappeared, indicative of intermediate exchange in the complex at this temperature (red circles). According to
changes in the peak height (open circles) and in the chemical shifts (crosses). AS69 binding had some effect on
the conformation of the N-terminal part of a-syn, especially on the very N-terminal residues up to Met-5 and the
region o-syn(22-35) preceding the B-hairpin. The changes in chemical shifts were small, however, indicating
that these regions remain disordered in the bound state. The central as well as the C-terminal region of c-syn
were essentially unaffected.
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Figure S3. Effect of the mutations of the scaffold present in AS69. AS69 carries four amino acid substitutions in
cach homodimer subunit, i.c. G13D, V17F, I31F and L34V. a) The amino acids Phe-31 and Val-34 in both
subunits are in contact with the interior face of the p-hairpin contributed by residues Val-37, Tyr-39, Val-48,
His-50 and Val-52. Nonpolar side chains of c-syn with <60% solvent accessibility and Phe-31 and Val-34 of
both AS69 subunits are displayed as sticks and spheres. The two AS69 subunits are show n in light and dark gray
and are labeled AS69 or ASGY’, respectively. The disulfide bond is shown in yellow. The f-hairpin of «-syn is
shown in orange. b) The Phe-31 residues of both AS69 subunits are involved in aromatic-aromatic interactions
with Tyr-39 and His-50 of a-syn. ¢) The VI7F mutation in AS69 stabilizes the f-hairpin of a-syn by aromatic
rescue of a glycine. i.e. Gly-41. in the 1 strand of a-syn. The side chain of Phe-17 in one AS69 subunit adopts
the gauche” 3, rotamer and lays over the cross-strand Gly-41. For the G13D mutation located at the N-terminal
end of the folded region of AS69 no specific interactions of the acidic side chain were discernible in the complex
structure. However. this residue might be involved in electrostatic steering of binding.""*! ¢.g. by interacting with
Lys-43. Lys-45, or Lys-58 of o.-syn.
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Figure §4. Inhibition of a-syn aggregation by substoichiometric concentrations of AS69. The lag-time of
fibrillation kinetics monitored by thioflavin T in dependence of the concentration of AS69. The mean lag time
determined from three experiments is given. Error bars represent the s.d. (n.d. = no fibrillation detectable).
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Table S1. Constraint statistics of the a-syn: AS69 complex

Constraint type

Number

Distance constraints
Unambiguous NOE constraints

Intra-residue
Inter-residue

Sequential ([ —7] = 1)
Medum-range (Ji —j| < 5)
Long-range (i —j| > 5)
Intermolecular
Hydrogen bonds
Ambiguous NOE constraints
Total dihedral angle restraints

oy

3015
930
2085
598
595
410
482

1
319
196
98

Table S2. Structure statistics of the a-syn: AS69 complex

Statistics Value
Violations (mean and s.d.)
Distance constraints (A) 0.025 + 0.0007
Dihedral angle constraints () 1.5+0.08
Max. dihedral angle violation (%) 11
Max. distance constraint violation (&) 0.35
Deviations from idealized geometry
Bond lengths (A) 0.0065 + 0.0001
Bond angles () 0.75+0.01
Impropers (%) 1.84 £0.04
Average pairwise r.m.s. deviation® (A)
Heavy 0.72+0.08
Backbone 036+005
Ramachandran statistics
Core regions (%) 92.7+£06
Allowed regions (%) 6.3+06
Generous regions (%) 1.1+£0
Disallowed regions (%) 0+0

*Pairwise r.m.s. deviation was calculated among 10 refined structures
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A -Hairpin-Binding Protein for Three Different Disease-
Related Amyloidogenic Proteins

Hamed Shaykhalishahi,” Ewa A. Mirecka,”! Aziz Gauhar,” Clara S. R. Gr[‘min[g,[a]
Dieter Willbold,™ < Torleif Hard,™ Matthias Stoldt,® 9 and Wolfgang Hoyer**

Amyloidogenic proteins share a propensity to convert to the
B-structure-rich amyloid state that is associated with the pro-
gression of several protein-misfolding disorders. Here we show
that a single engineered P-hairpin-binding protein, the f-
wrapin AS10, binds monomers of three different amyloidogen-
ic proteins, that is, amyloid-p peptide, a-synuclein, and islet
amyloid polypeptide, with sub-micromolar affinity. AS10 bind-
ing inhibits the aggregation and toxicity of all three proteins.
The results demonstrate common conformational preferences
and related binding sites in a subset of the amyloidogenic
proteins. These commonalities enable the generation of multi-
specific monomer-binding agents.

The oligomerization and aggregation of proteins, ultimately re-
sulting in fibrillar amyloid deposits, are pathological features of
various diseases."! For example, senile plaques containing the
amyloid-f peptide (AP), Lewy bodies consisting of a-synuclein
(a-syn), and pancreatic islet amyloid composed of islet amyloid
polypeptide (IAPP) are pathological features of Alzheimer’s
disease (AD), Parkinson's disease (PD), and type 2 diabetes,
respectively.” The cross-f spine, built of stacked B-strands that
are oriented perpendicular to the fibril axis, is the common
core structure of the amyloid states of amyloidogenic pro-
teins.” The individual polypeptide chains typically adopt f-
strand-turn-fi-strand motifs that align to form parallel, in-regis-
ter f-sheets in fi-sandwich, p-serpentine, or B-helical arrange-
ments.”! Structural similarities among different amyloidogenic
proteins have also been recognized at the level of their oligo-
meric and protofibrillar states, evident for example, from the
shared affinity for conformation-specific antibodies.*)

In this work, we investigated whether the structural similari-
ty of different amyloidogenic proteins extends to the coupled
folding and binding reactions of the monomeric proteins.
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Common molecular-recognition motifs might be involved in
the dysfunction of amyloidogenic proteins. Furthermore, they
would allow for the generation of multispecific binding agents
that could serve in diagnostic and therapeutic applications.

[-Wrapins are engineered binding proteins obtained from
phage-display libraries based on the Af-binding affibody pro-
tein ZAP;. ZAP; is a homodimer with a disulfide bond between
the Cys28 residues of the subunits (Figure 1A and C).”) Mono-
meric AP adopts a p-hairpin conformation in complex with
ZAP; (Figure 1A) that is reminiscent of the p-strand-turn—f-
strand conformation found in Af amyloid fibrils.®

We have recently reported the selection of a binder to a-syn
from a f-wrapin phage-display library obtained by random

A) A
©)
1

ZABAD B)
A 31
L34

E =) =)

50

D) Position Exchange  Occurence /%
from _ to
13 G D 5
17 v F T
31 | E 100
34 (o B

Figure 1. Amino acid positions in fi-wrapins critical for interaction with amy-
loidogenic targets. Topologies of the A) Af:ZAP, (PDB ID: 20TK)*" and B) ¢~
syn:AS69 (PDB ID: 4BXL)" complexes with homodimer subunits in light and
dark gray. Residues 31 and 34, the two most frequently exchanged amino
acids, are located at the interface between the homodimer subunits and the
B-hairpins. C) Amino acid sequences of five representative f-wrapin variants
selected against «-syn aligned to ZAP,. Residues 31 and 34 are highlighted
in green, Cys28 in yellow. The positions of helical and B-sheet secondary
structure in Afi-bound ZAf, are indicated by cylinders and arrow, respective-
ly. D) Most frequent amino acid exchanges in ZAP; occurring in 90 clones se-
lected to bind a-synuclein. Residues 31 and 34 are highlighted.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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mutagenesis of ZAB,.” The phage-display library contained 7 x
107 transformants with an average of approximately two ex-
changes per ZAp; subunit. To avoid selecting binders to the
highly charged C-terminal domain, the C-terminally truncated
construct u-syn(1-108) was used as a target.” After four selec-
tion rounds, the sequences of 90 individual p-wrapin clones
were determined. We have previously studied the interaction
of one of the clones, AS69, with a-syn.” Like ZAR,, AS69 stabil-
izes a f-hairpin confarmer of its target and consequently inhib-
its ct-syn aggregation and toxicity.

Here we chose four additional clones from the selection
against a-syn(1-108), that is, AS9, AS10, AS34, and AS60, which
have between one and four of the most frequent amino acid
exchanges (Figure 1C and D) for affinity determination towards
a-syn and Af (Figure 2A and B, and Table 1). Isothermal titra-

Table 1. Affinities of fi-wrapins and ZAf, for a-synuclein and AP deter-
mined by ITC.

-Wrapin Exchange in ZAB, at position Ky Inm]
7 13 17 31 34 -syn Af

ZAB™ - - - - - nd® 20
AS9 - - - F - 2500 500
AS10 - - - F v 380 150
AS34 - - - F I 1200 190
ASE0 T D F F I 200 nd.™
ASBY™ - D F F v 240 5000

[a] Affinities for ZAP, and AS69 reported in Mirecka et al” [b] n.d. =not
detected.

tion calorimetry (ITC) demonstrated that one of these f-wra-
pins, AS10, exhibited nanomolar affinity for both a-syn and Ap
(AP{1-40) with an N-terminal methionine® was used in this
study). Size-exclusion chromatography confirmed that AS10
bound monomers of a-syn and Af (Figure 51). In order to test
if AS10 also exhibits affinity for further amyloidogenic proteins,
a potential interaction with IAPP was investigated. To avoid
problems caused by precipitation of the highly aggregation-
prone IAPP during the ITC experiment, the affinity was deter-
mined by surface plasmon resonance (SPR) in this case. Mono-
meric, N-terminally biotinylated IAPP was immobilized on
a streptavidin SA chip. The association of AS10 was monitored
for 90s, followed by 600 s dissociation time (Figure 2C). The
SPR data could be fit to a two-state conformational change
model to yield a K value of 910 nm.

We performed 'H,"N HSQC NMR spectroscopy on "“N-la-
beled AS10 ([U-"°N}-AS10) to investigate its binding to AR, o-
syn, and IAPP. In the presence of the amyloidogenic target pro-
teins, the resonance dispersion greatly increased as a conse-
quence of coupled folding and binding, and four amide
proton resonances appeared in the glycine region (stemming
from Gly13 and Gly14 in the two AS10 subunits) as well as
amide proton rescnances in the downfield region of the spec-
trum with shift values typical for p-sheet conformation (Fig-
ures 2D and S2). This has been observed before for the inter-
action of ZAf, with AR“ (Figure 2D) and for the interaction of
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Figure 2. Sub-micromolar binding of AS10 to three different amyloidogenic
targets. The K values of AS10 for A) «-syn and B) A} were 380 and 150 nm,
respectively, as determined by ITC. C) SPR analysis of binding of 2 um (—),
1 UM (=), 500 nm (——), 250 nm (—), and 125 nm (—) AS10 to IAPP
according to a two-state conformational change model gave a K of 910 nm,
with association and dissociation rate constants of k,, =1.44x10*m"'s™",

kg =194x1072 5" k,;=338x10%s, and k,, =7.00x107* s, D) Down-
field (left) and glycine {right) regions of the ('H,”"N) HSQC NMR spectra of
[U-""N]-AS10 in the absence or presence of [NAJ-A, [NA]-u-syn, or [NAJ-IAPP
(bottom), compared to the corresponding spectra of [U-"°N]-ZAB, in the ab-
sence or presence of INAJ-AR®™ (top). Assignment to the two ZAP, subunits
is indicated by presence or absence of prime symbols.

B-wrapin AS69 with w-syn.”) These findings indicate that all
three amyloidogenic targets adopt a [3-hairpin conformation in
complex with AS10, analogous to the interactions of AR and -
syn with ZAB; and AS69, respectively.

AS10 has two amino acid substitutions compared to ZAp,,
namely lle31Phe and Leu34Val (Figure 1C). These were the two
most frequent amino acid exchanges in the selected binders
to o-syn, occurring in 100 or 30%, respectively, of the 90 se-
quenced clones (Figure 1D), thus indicating a critical role for
these exchanges for the -wrapin-u-syn interaction. According
to high-resolution structures of ZAP; bound to AP and of

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. AS10 inhibits amyloid formation and toxicity of a-syn (left), AR (center),

and IAPP (right). Top: Amyloid formation was followed by thioflavin T fluo-

rescence. Bottom: Toxicity to SH-5Y5Y cells was assessed by an MTT assay, applying protein solutions aged in the absence (dark gray bars) and presence (light

gray bars) of AS10; white bars: control.

AS69 bound to a-syn,”™ these residues are located at the inter-
face between the homodimer subunits and the P-hairpins,
which is evidently a critical region for the stability of the com-
plexes (Figure 1A and B).

The effect of AS10 on amyloid formation was studied by
thioflavin T fluorescence (Figure 3 A-C). AS10 inhibited the ag-
gregation of AP, u-syn, and IAPP. Substoichiometric concentra-
tions of the (-wrapin were sufficient to achieve a significant
delay in amyloid formation. The effect of AS10 on the toxicity
of the three amyloidogenic proteins was investigated in SH-
SY5Y neuroblastoma cells (Figure 3D-F). Fibrillar samples of
aged AP, a-syn, or IAPP caused concentration-dependent de-
creases in cell viability. Addition of AS10 at the beginning of
the ageing reactions rescued the cell viability.

We tested for potential interactions of AS10 with further
amyloidogenic proteins by 'H,”"N HSQC NMR spectroscopy,
employing the four-repeat-domain tau protein construct
K18K280/AA™ and the Y145Stop variant of human prion pro-
tein (huPrP(23-144))."% Addition of AS10 to K18K280/AA or to
huPrP(23-144) did not affect the NMR spectra, thus demon-
strating the absence of binding (Figure 53).

This study establishes that the monomers of a subset of the
disease-related amyloidogenic proteins can be bound with
sub-micromolar affinity by a single engineered binding protein.
Upon binding, the amyloidogenic proteins form p-hairpin
motifs. In the case of Ap and w-syn, the f-hairpins were shown
to contain sequence regions that are critical for amyloid forma-
tion, namely AP(17-36)"" and «-syn(37-54)." These regions
are enriched in hydrophobic amino acids with fi-sheet propen-
sity and, furthermore, they contain aromatic amino acids, these
are features that might prime them for p-hairpin formation
and for interaction with the f-wrapin scaffold. Several comput-
er simulations revealed a propensity of amyloidogenic proteins
to transiently populate B-hairpin conformations and implicated
the P-hairpins in the formation of intermolecular contacts""
The data presented here provide experimental evidence for
the preference for formation of fi-hairpin motifs within at least
a subset of amyloidogenic proteins.
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Our results emphasize the adaptability of small, engineered
binding proteins to intrinsically disordered, amyloidogenic
target proteins. Binding is coupled to local folding of the tar-
gets. Coupled folding and binding is associated with an en-
tropic cost for the disorder-to-order transition that frequently
results in complexes of high specificity and relatively low affini-
ty/'? It is thus interesting to note that the B-wrapin AS10 binds
three different amyloidogenic proteins with sub-micromolar af-
finity. This indicates that AP, a-syn, and IAPP share important
properties that are not only reflected in the shared ability to
form amyloid fibrils, but also in the common adoption of a -
hairpin conformation in complex with -wrapins. This supports
the view that by exploiting such commonalities general anti-
amyloid therapeutic approaches could be contrived.

Experimental Section

Experimental details are given in the Supporting Information.
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Supporting Experimental Section

Phage Display. Library generation and selections were performed as described.™ Briefly, a B-wrapin
library based on a pComb3HSS vector backbone (provided by C. F. Barbas, The Scripps Research
Institute, La Jolla, USA) containing the ZA[,; gene was generated by error-prone PCR. The library
consisted of 7 x 107 transformants. After four selection rounds against biotinylated o-syn(1-108),

DNA from 90 single colonies was sequenced.

1 1 2]

Protein Preparation. B-Wrapins,“] ZABs, " a-syn,” AP(1-40) with an N-terminal methionine,” and
tau KlBAKZSO/AAm were prepared as previously described. Synthetic |APP amidated at the C-
terminus (Merck Millipore) was dissolved in 6 M guanidine hydrochloride (GdnHCI), 50 mM Nacl, 20
mM sodium phosphate, pH 6.0, and eluted at a flow rate of 0.5 ml/min from a Superdex 75 10/300

GL column (GE Healthcare) equilibrated in 20 mM sodium phosphate, pH 6.0.

huPrP(23-144) with an N-terminal 6xHis tag and a TEV-protease recognition site (ENLYFQG) was
expraessed from a pET-302 vector in E. coli BL21 DE3 and purified adopting previously published
methods.™ Briefly, following cell lysis, the pellet containing inclusion bodies was resuspended in 6 M
guanidine hydrochloride, 100 mM sodium phosphate, 10 mM Tris-HCl, pH 8.0. After centrifugation,
the protein was refolded in 100 mM sodium phosphate, 10 mM Tris-HCI, pH 8.0, and purified by
elution from a Ni-NTA (His-Select, Sigma) gravity-flow chromatography column with 300 mM
imidazole in the same buffer. The protein was digested with TEV-protease (20 ug per mg of protein)
over night and purified using reverse phase high-pressure liquid chromatography (RP-HPLC) on a
Zorbax 300SB-C3 column employing a gradient of 10-80 % (vol/vol) acetonitrile in water containing

0.1% (vol/vol) TFA for 15 min at a flow rate of 4 ml/min and at 80 °C, followed by lyophilization.
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ITC. ITC was performed in 20 mM sodium phosphate, 50 mM NadCl, pH 7.4, at 30 °C on a Microcal
iTC200 calorimeter (GE Healthcare). Affinities to c-syn were determined with B-wrapins/ZAB; as
titrant in the cell at a concentration of ~60 pM, and «-syn at approximately 10-fold higher
concentration as titrant in the syringe. Affinities to Ap were obtained with AP as titrant in the cell at a
concentration of ~10 pM, and B-wrapins/ZAB; at approximately 10-fold higher concentration as
titrant in the syringe. Heats of post-saturation injections were averaged and subtracted from each
injection to correct for heats of dilution and mixing. Dissociation constants were obtained from a

nonlinear least-squares fit to a 1:1 binding model using MicroCal Origin.

SPR. Synthetic IAPP, N-terminally modified with biotin and an aminohexanoyl spacer and amidated at
the C-terminus (Bachem), was dissolved in 20 mM sodium acetate, 50 mM Nall, pH 4.0, and
immobilized on a series S sensor chip SA (GE Healthcare) to ~1300 response units (RU) on a BlAcore
T200 (GE Healthcare). The running buffer was 10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, and
0.005% (v/v) Tween 20 surfactant. Measurements were performed at a flow rate of 30 pl/min and 25
°C. The data were fitted using a two-state 1:1 binding reaction model, consisting of an initial complex
formation step with association rate constant k,; and dissociation rate constant ky; and a subsequent
conformational change in the complex with forward and reverse rate constants k,; and kg. The
overall equilibrium  dissociation constant Ky was calculated using the equation:
Ky=kg1*kao/(ka1(kaatka)). The signals of an uncoated reference cell and the signals generated by

injection of running buffer were subtracted from the sensorgrams.

NMR Spectroscopy. NMR spectra were acquired on a 900 MHz VNMRS spectrometer (Varian)
equipped with a cryogenically cooled Z-axis pulse-field-gradient triple resonance probe. The
temperature was 25 °C except for the tau K18AK280/AA samples which were analyzed at 5 °C. The
[NA]-component was added in slight excess relative to the [U-"*N]-component. The buffers were: 20
mM sodium phosphate, 50 mM NaCl, pH 7.4 (AB., «-syn, and IAPP samples); 20 mM sodium
phosphate, 50 mM NaCl, pH 7.0 (tau K18AK280/AA samples); 15 mM sodium phosphate, 50 mM
NaCl, pH 5.8 (huPrP(23-144) samples). NMR data were processed using NMRPipe® and analyzed with

CepNmr.®

Amyloid Formation. Fibrillation was performed in round-bottom 96-well black plate {Nunc) in an
Infinite M1000 plate reader (Tecan). «-Syn fibrillation was done at 37 °C in 20 mM NaPi buffer, 50
mM NaCl, pH 6.0, under orbital shaking with 1 glass bead per microplate well. Ap fibrillation was
done at 37 °C in 20 mM NaPi buffer, 50 mM NaCl, pH 7.4, under orbital shaking with 1 glass bead per
microplate well. IAPP fibrillation was done at 30 °C in 20 mM NaPi buffer, 50 mM NaCl, pH 6.0, under

quiescent conditions. Amyloid formation was followed by Thioflavin T fluorescence at 480 nm
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Toxicity Assay. The viability of SH-SY5Y neuroblastoma cells was assessed with an MTT assay (Cell
Proliferation Kit 1, Roche Diagnostics) as described before.”! Protein samples were aged under
amyloid formation conditions as described in the section above for 44 h {AB), 24 h {a-syn), or 30 min
(IAPP) at a protein concentration of 50 uM (ApB), 100 uM (a-syn), or 50 uM (IAPP), respectively, and

diluted into the cell culture medium to the final concentrations given in Figure 3 D-F.

Size Exclusion Chromatography. Size exclusion chromatography was performed at 25°C by injecting
200 pl of 60 uM protein solutions in 20 mM NaPi, 50 mM NaCl, pH 7.4, onto a Superdex 10/300
column connected to an Akta Purifier System (GE Healthcare). Molecular weight calibration was
achieved with conalbumin, ovalbumin, carbonic anhydrase, ribonuclease A, and aprotinin as globular

protein standards.

Supporting Figures
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Figure S1. AS10 binds monomers of a-syn and Af3. Size exclusion chromatography of the AS10:c-syn (A) and
AS10:Af (B) complexes and their free components on a Superdex 75 10/300 column at a protein concentration
of 60 M. The apparent molecular weight {MW) of all three proteins in their free states is higher than their
actual MW (MW(AS10) = 15,100; MW (o-syn) = 14,500; MW (Met-AB,.40) =4,500) as a consequence of their
(partially) disordered character.”’ The apparent MW of the complexes is lower than the sum of the apparent
MWs of the components, demonstrating that (i) AS10 binds monomers of the amyloidogenic proteins and (ii)
compaction occurs upon complex formation due to partial folding coupled o binding. Monomer binding is in
agreement with the 1:1 stoichiometry observed by ITC (Figure 2 A and B) and with the similarity of the NMR
spectra of bound AS10 to those of ZAj3; (Figure 2 D and Figure S2) and AS69"Y in their complexes with
monomeric AP or a-syn, respectively.
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Figure 53. Left, (*H-""N) HSQC NMR spectra of [U-°N]-Tau K18AK280/AA in the absence or presence of [NA]-
AS10. Buffer, 20 mM sodium phosphate, 50 mM NaCl, pH 7.0. Right, {*H-""N) HSQC NMR spectra of [U-'*N]-
AS10 in the absence or presence of [NA]-huPrP(23-144). Buffer, 15 mM sodium phosphate, 50 mM NaCl, pH

5.8.
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Aggregation of the protein a-synuclein (a-syn) has heen
implicated in Parkinson’s disease and other neurodegen-
erative disorders, collectively referred to as synucleinopa-
thies. The -wrapin AS69 is a small engineered binding
protein to c-syn that stabilizes a B-hairpin conformation
of monomeric a-syn and inhibits ae-syn aggregation at sub-
stoichiometric concentrations. AS69 is a homodimer whose
subunits are linked via a disulfide bridge between their
single cysteine residues, Cys-28. Here we show that expression
of a functional dimer as a single polypeptide chain is achiev-
able by head-to-tail linkage of AS69 subunits. Choice of a
suitable linker is essential for construction of head-to-tail
dimers that exhibit undiminished «-syn affinity compared
with the solely disulfide-linked dimer. We characterize
AS69-GS3, a head-to-tail dimer with a glycine-serine-rich
linker, under oxidized and reduced conditions in order to
evalnate the impact of the Cys28-disulfide bond on structure,
stability and a-syn binding. Formation of the disulfide bond
causes compaction of AS69-GS3, increases its thermostabil-
ity, and is a prerequisite for high-affinity binding to o-syn.
Comparison of AS69-GS3 and AS69 demonstrates that
head-to-tail linkage promotes o-syn binding by affording
accelerated disulfide bond formation.

Keywords: alternative scaffold/amyloid/disulfide bond/
a-synuclein/B-wrapin

Introduction

Protein aggregates are a feature of several diseases, including
many neurodegenerative diseases. For example, senile plaques
consisting of the amyloid-p peptide (Af3) are a neuropatho-
logical feature of Alzheimer’s disease (Querfurth and LaFerla,
2010), while Lewy bodies containing a-synuclein {a-syn) as
the main protein component are a characteristic of Parkinson’s
disease, dementia with Lewy bodies and other synucleinopa-
thies {Lashuel ef al., 2013). The development of protein aggre-
gation inhibitors constitutes a promising therapeutic approach
(Hird and Lendel, 2012). Several classes of molecules have
been explored to counteract the deleterions effects of fibrils
and of the particularly toxic oligomeric assemblies of a-syn.
Small molecules interfering with a-syn aggregation, e.g.

(©) The Author 2014. Published by Oxford University Press. All rights reserved.
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various polyphenols, generally act by complex mechanisms,
including direct binding to the intrinsically disordered protein,
oxidation, covalent modification and stabilization of non-toxic
a-syn oligomers (Li et al., 2004; Masuda et al., 2006; Ehmhoefer
et al., 2008; Meng et al., 2009; Zhou et al., 2009). The propensity
to self-associate into chemical aggregates is an essential property
of aggregation-inhibiting compounds (Feng er al., 2008; Lendel
et al., 2009; Lamberto ef al., 2011). Different hot spots for small
molecule interactions were identified in the a-syn sequence, in
the N-terminal region as well as in the central non-Af compo-
nent (NAC) region and in the C-terminal region (Norris et al.,
2005; Herrera er al., 2008; Lamberto ef al., 2009; Lendel er al.,
2009). Aggregation-inhibiting peptides with the potential to add
to a-syn aggregates and to block any further aggregate growth
were designed by modification of short amino acid stretches from
the aggregation-prone NAC region, either by fusion of solubiliz-
ing amino acid residues or by N-methylation (El-Agnaf et al.,
2004; Madine et al., 2008). Antibody-based approaches are par-
ticularly promising for the therapy of neurodegenerative diseases
(Valera and Masligh, 2013). The predominantly intracellular
localization of a-syn suggests the application of intrabodies, and
anti-g-syn scFv antibodies indeed inhibit aggregation and tox-
icity upon transfection in cell culture models (Zhou er al., 2004;
Lynch er al., 2008). However, recent evidence demonstrates
that accumulation of a-syn oligomers in the plasma membrane
and their propagation from cell-to-cell play crucial roles in the
synucleinopathies (Lee ef al., 2014). Therefore, extracellular tar-
geting of a-syn is a viable approach for immunotherapy of synu-
cleinopathies. Both active and passive immunization against
a-syn proved successful in mouse models (Masliah et al., 2003,
2011). Passive immumization with the antibody 9E4 recognizing
a C-terminal epitope resulted in reduced e-syn accumulation,
reduced neurodegeneration, and reduced motor deficits (Masliah
et al., 2011). a-Syn immunotherapy appears to be effective
through a combination of mechanisms, including the binding
of membrane-bound a-syn oligomers, followed by receptor-
mediated endocytosis and degradation by autophagy, as well as
the blocking of the propagation of misfolded a-syn (Valera and
Masliah, 2013; Tran et al., 2014). One active and one passive im-
munization study are currently tested clinically, i.e. the vaccine
AFFITOPE PDO1 (Schneeberger et al., 2012) and PRX002, a
humanized version of 9E4.

The Affibody molecule ZA(; is a potent inhibitor of AP ag-
gregation, obtained by phage display of a scaffold derived
from staphylococcal protein A (Gronwall er al., 2007). The
small size of ZAB; (two subunits of ~60 amino acids each)
has facilitated the detailed analysis of its interaction with AR
{Hoyer et al., 2008; Hoyer and Hird, 2008). ZAB, wraps the
aggregation-prone sequence stretches of AP by forming a
hydrophobic tunnel upon coupled folding and binding. Bound
AP adopts a B-hairpin conformation, with those sequence
regions forming an intramolecular B-sheet that otherwise build
the core of the intermolecular B-sheets in amyloid fibrils (Hoyer
et al., 2008). The amyloid-like conformation of ZABs-bound
Af prompted us to exploit ZAB; as a scaffold for the generation
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of binders to other amyloidogenic targets. We generated
ZABs-based phage display libraries from which ligands are
selected that we term -wrapins ([3-wrap proteins), referring to
the observation that ZAP, wraps around its target which adopts
a B-structure in the complex. AS69 is a B-wrapin selected to
bind to a-syn, exhibiting an affinity of 240 nM (Mirecka ef al.,
2014). In complex with AS69, a-syn forms a (3-hairpin in the se-
quence region of amino acids 37-54, which contains most of
the reported disease-related mutations (Fig. 1A) (Mirecka er al.,
2014). Concomitantly, a-syn aggregation is inhibited, with sub-
stantial increases in the lag time of aggregation even at low sub-
stoichiometric concentrations of AS69 (Mirecka et al., 2014).
Like ZAB3, AS69 is a homodimer covalently linked by a di-
sulfide bridge between the subunits’ single cysteine residues,
Cys-28 (Fig. 1A). The disulfide bond connects the helices a1l
of both subunits and is located close to the interface with the
B-hairpin of a-syn. In addition to the disulfide linkage, two

ASBY
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1 10 20 30 40 50
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Oct1-TEV NLSSDSENLYFQGNSPGIEGLS
GS2-TEV GGGGSENLYFQGGGGS
GS3 GGGGSGQGGGGESGGGEES
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Fig. |. Structwre and subunit linkages of B-wrapin AS69. (A) Ribbon
drawing of AS69 (gray) bound to o-syn (orange), pdb entry 4BXL. The two
AS69 subunits are shown in light and dark gray and are labeled AS69 and
AS6Y, respectively. The folded core of the complex is shown, comprising
residues 13-58 of both AS69 subunits and residues 35-56 of a-syn. The
disordersd N-termini of the AS69 subunits are not displayed. The Cys-28
disulfide bond is shown in yellow. The amino acid sequence of AS69 is
displayed and the positions of a-helical and B-sheet secondary structures in
o-syn-bound AS69 are indicated by cylinders and arrow, respectively. (B)
Head-to-tail fusion constructs of two AS69 subumits with alternative linker
sequences. (C) Scheme of the AS69 subunit linkage configurations
investigated in this study. Boxes represent AS69 subunits, yellow circles
tepresent Cys-28 residues, and thick lines indicate head-to-tail linkage.
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B-wrapin subunits can be fused on the nucleic acid level to
yield head-to-tail linked dimers. Head-to-tail linkage of ZARs
subunits proved to be advantageous for treatment of a Drosophila
melanogaster model of Alzheimer’s disease (Luheshi er al,
2010). Expression of a head-to-tail variant of ZAR5 inhibited the
toxicity of wild-type AR42 and of the arctic mutant AB42(E22G)
almost completely, while expression of individual ZAB4 subunits
was only partially effective. In order to evaluate the effect of
AS69 on a-syn pathology in cell culture and animal models of
synucleinopathies, it would thus be desirable to likewise employ
a single-chain AS69 dimer. Such a construct would also be a
preferable starting point for combinatorial protein engineering
for affinity maturation of AS69, since it would allow inde-
pendent optimization of the subunits (Lindberg ez al., 2013).

Here we investigate the linker requirements for head-to-tail
fusion of AS69 subunits. We generated AS69-GS3, a single-
chain construct containing a glycine-serine-rich linker that
exhibits the same affinity for a-syn as solely disulfide-linked
AS869, and employed it to evaluate the impact of the Cys-28
disulfide bond on AS69 and its interaction with a-syn. Finally,
we examined the effect of head-to-tail linkage on the kinetics
of disulfide formation.

Materials and methods

Protein preparation

Genes encoding the head-to-tail constructs AS69-Oct1-TEV,
AS69-GS2-TEV, as well as a direct head-to-tail fusion of two
AS69 subunits, were obtained from Life Technologies. The
gene encoding AS69-GS3 was generated from the AS69 gene
by introduction of the linker sequence by PCR using specific-
ally designed primers. Here, the first subunit was amplified
employing the T7 promoter, 5'-TAA TAC GAC TCA CTA
TAG GG, and the reverse primer 5'-A TAT GCC ACC CTG
GCC ACT GCC ACC GCC ACC TTT CGG CGC CTG AGC,
thus adding one copy of (G,4S) to the first subunit. Amplification
of the second subunit along with addition of two copies of (G4S)
was achieved using the forward primer 5'-A TAT GGC CAG
GGT GGC GGT GGC AGT GGT GGC GGT GGC AGT
GTA GAT AAC AAA TTC, and T7 terminator, 3-GCT AGT
TAT TGC TCA GCG G. Genes were subjected to digestion
using the appropriate restriction enzymes, ie. EcoRI, Avrll
and Bgll (New England Biolabs), followed by ligation into the
pET-302/NT-His expression vector and subsequent transform-
ation into electrocompetent Escherichia coli JM109 cells.
Sequence congruence of all constructs was verified by DNA
sequencing (MWG Biotech). AS69 and the head-to-tail con-
structs were expressed from the pET-302/NT-His vector and
purified as described previously (Mirecka er al., 2014). In
short, following expression and cell lysis, lysates were cleared
by centrifugation and proceeded for purification on a HisTrap
FF affinity column (GE Healthcare), followed by further puri-
fication on a Hil.oad 16/60 Superdex 75 size exclusion chro-
matography column (GE Healthcare). Purity of the peak
fractions was confirmed by application on 16.5% Tris-Tricine
SDS-PAGE (Bio-Rad) and visualization by Coomassie Blue
staining. Expression and purification of a-synuclein were per-
formed as previously described (Mirecka et al., 2014).

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed on a
Microcal iTC200 calorimeter (GE Healthcare) at 30°C. The
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buffer was 20 mM sodium phosphate, 50 mM NaCl, pH 7.4.
The titrant in the syringe was at ~ 10-fold higher concentration
as the titrant in the cell, which was applied at a concentration
in the range of 35— 180 p.M. For the experiment investigating
the a-syn affinity of AS69-GS3 under reducing conditions,
5mM DTT was added to the protein samples. The heat of
post-saturation injections was averaged and subtracted from
each injection to correct for heats of dilution and mixing. Data
were processed using MicroCal Origin software provided with
the calorimeter. Apparent dissociation constants Ki® were
obtained from a nonlinear least-squares fit to a 1: 1 binding
model. AS69 and its head-to-tail variants show partial thermal
unfolding (see Fig. 6) at the temperature of the ITC experi-
ment. For those constructs with experimentally determined
thermal denaturation profiles, the K™ values were therefore
corrected for the contribution from the coupled folding equi-
librium (Dincbas-Renqvist ef al., 2004), yielding the Ky values
given in Table I.

Aggregation assay

Aggregation of a-syn was monitored by thioflavin T (ThT)
fluorescence (LeVine, 1999). Aggregation reactions contained
50 pM of a-syn and 40 pM ThT in 20 mM sodium phosphate,
50 mM NaCl, pH 6.0, 0.04% Na-azide, in a final volume of
150 pl. Aggregation was performed at 37°C with continuous
orbital shaking (300 rpm) in a round-bottom 96-well black
plate (Nunc) containing a 2 mm glass bead in each well. ThT
fluorescence was excited at 440 nm and measured at 480 nm
on an Infinite M1000 plate reader (Tecan). The signal of a
buffer sample containing ThT was subtracted for background
correction.

Circular dichroism spectroscopy

Far-UV circular dichroism (CD) spectra were measured on a
JASCO J-815 spectropolarimeter in a 0.5 mm Quartz cuvette
(Hellma) using protein samples at a concentration of 17.5 pM.
The buffer was 20 mM sodium phosphate, 50 mM NaCl, pH
7.4. For measurements under reducing conditions, Tris-
(2-carboxyethyl)-phosphine (TCEP) (Thermo Scientific) was
added at a concentration of 10 mM. Melting curves were
recorded at 222 nm with a heating rate of 1°C min ', Melting
temperatures were derived from fits of the melting curves to a
two-state unfolding model (Pace et al., 1998).

Analytical size exclusion chromatography

Analytical size exclusion chromatography (SEC) was per-
formed on a Superdex 75 10/300 GL column (GE Healthcare)
connected to an AKTA Purifier system (GE Healthcare) at a
temperature of 20°C and a flow rate of 0.5 ml min '. Proteins
were detected by absorbance at 280 nm. Samples of 0.1 ml at
a concentration of 180 pM (ASG9) or 160 pM (ASG9-GS3)
were injected and eluted with 20 mM sodium phosphate,
50 mM NaCl, pH 7.4. For SEC experiments under reducing
conditions, the protein samples were reduced by incubation
with 10 mM TCEP for 1 h at 20°C, and 5 mM dithiothreitol
(DTT) was added to the elution buffer. Molecular weight cali-
bration was achieved with conalbumin, ovalbumin, carbonic
anhydrase, ribonuclease A and aprotinin as globular protein
standards.

Subunit linkages in a B-wrapin to a-synuclein

Analytical RP-HPLC

Separation and guantification of the oxidized and reduced frac-
tions of AS69 and AS69-GS3 were achieved by injecting
20 pl of protein solutions at a concentration of 115 uM
(subunit concentration 230 pM) onto an analytical Zorbax
300SB-C8 RP-HPLC column (5 pm, 4.8 x 250 mm, Agilent)
connected to an Agilent 1260 Infinity system at a column tem-
perature of 80°C and a flow rate of 1 ml/min. The analysis was
performed using a gradient of 30-36% (vol/vol) acetonitrile,
0.1% (vol/vol) TFA, in water within 20 min, followed by an
isocratic step at 36% (vol/vol) acetonitrile, 0.1% (vol/vol)
TFA, in water for 3 min. Ultra-violet absorption at 214 nm
was used for protein detection and relative quantification of
the oxidized and reduced fractions of AS69 and AS69-GS3.
Reversed phase-high performance liquid chromatography
(RP-HPLC}) of AS69 and AS69-GS3 in the absence and pres-
ence of 10 mM TCEP was performed to determine the elution
volumes of the oxidized and reduced proteins. To follow the
kinetics of disulfide bond formation, AS69 and AS69-GS3
were reduced by incubation with 10 mM TCEP for 30 min at
25°C. TCEP was removed by size exclusion chromatography
on Sephadex G-25 {two HiTrap Desalting 5 ml columns (GE
Healthcare) connected in series to an AKTA Purifier system)
using 20 mM sodium phosphate, 50 mM NaCl, pH 7.4, as
buffer system at a flow rate of 1.5 ml min . Protein contain-
ing fractions were combined and immediately used for ana-
lysis of reoxidation kinetics (f = O min). The reoxidation
reaction was performed hy incubation at 25°C in closed reac-
tion tubes without agitation. Aliquots were withdrawn at dif-
ferent time points and analyzed for the amount of oxidized
and reduced states by RP-HPLC as described above.

Kinetics of disulfide bond formation

The kinetic data of reoxidation of AS69-GS3 were fitted as a
single exponential in compliance with an intramolecular reac-
tion, yielding the first-order rate constant kageo.gg3. AS69 reoxi-
dation involves dimerization and was fitted to the dimerization
rate law, providing the second-order rate constant kaseo:

1

ASe0., ~ Nasest +

1
[AS@YM ]r—ﬂ

The effective concentration of subumits in the disulfide forma-
tion reaction of AS69-GS3 was calculated from the above rate
constants as 2kaseo—ass /kases according to Robinson and Sauer
(1996).

Results

Linker sequence is critical to retain ci-syn dffinity in
head-to-tail AS69 dimers

In the case of ZA,, direct fusion of two subunits without intro-
duction of an extra linker sequence was feasible for retaining a
functional dimer (Hoyer and Hird, 2008; Luheshi ef al., 2010,
Lindberg et al., 2013). The N-terminal ~ 13 residues of ZAPs
remain disordered in the complex with AP and can therefore
serve as a linker. Likewise, the N-terminus of a-syn-hound AS69
is disordered (Mirecka et al., 2014). Direct head-to-tail linkage of
AS69 subunits, however, resulted in a complete loss of a-syn
binding according to ITC (Fig. 2A, Table I). Therefore, we intro-
duced different linker sequences (Fig. 1B) and tested their ability
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to restore the affinity for a-syn. Introduction of a 15-amino acid
variant of the disordered, flexible linker of the Oct-1 POU
domain (van Leeuwen er al., 1997) with an additional TEV prote-
ase cleavage site resulted in the head-to-tail construct AS69-
Octl-TEV. Titration of AS69-Octl-TEV with a-syn gave very
weak, slowly decaying binding heat indicative of very slow as-
sociation kinetics, demonstrating that the head-to-tail linkage
interferes with binding (data not shown). Glycine-serine-rich
sequences such as (Glys-Ser)y are frequently used as flexible
linkers, particularly to link antibody domains in a single-chain Fv
format (Huston er al., 1988). We tested two glycine-serine-rich
linkers, with and without an additional TEV protease cleavage
site. In both constructs, AS69-GS2-TEV and AS69-GS3, the
a-syn affinity of the solely disulfide-linked AS69 was recovered
(Fig. 2B, Table I).

To test whether the head-to-tail linkage of AS69 interferes
with its aggregation-inhibitory action, «-syn aggregation was
followed in the presence and absence of AS69-GS3 (Fig. 3).
The increased fluorescence of the dye ThT upon binding to the
amyloid cross-f structure was used as an indicator of a-syn
aggregation (LeVine, 1999). Stoichiometric amounts of
AS69-GS3 completely inhibited «-syn aggregation, while sub-
stoichiometric amounts led to significant increases in the ag-
gregation lag-time (Fig. 3), matching the data previously
obtained for AS69 (Mirecka et al., 2014).

The Cys-28 disulfide causes compaction and increased
thermostability of AS69-GS3 and is essential for oi-syn binding
‘We studied the properties of AS69 and AS69-GS3 before and
after reduction of the disulfide bond, in order to evaluate the
impact of the head-to-tail and disulfide linkages on structure,
stability and a-syn binding of AS69. The investigated AS69
configurations are schematically depicted in Fig. 1C. High-affinity
binding of e-syn required the presence of the Cys-28 disulfide
linkage, which is evidenced by an ~1000-fold lower affinity
of AS69-GS3 as a consequence of disulfide bond cleavage upon
reduction (Table I).

The secondary structure contents of AS69 and AS69-GS3 in
their oxidized and reduced states were analyzed by CD spec-
troscopy (Fig. 4). The CD spectra of AS69 and AS69-GS3
show minima at 208 and 222 nm, in agreement with largely
a-helical conformation. Upon disulfide bond reduction, a
slight decrease in the 222:208 nm ellipticity ratio is observed
for both, AS69 and AS69-GS3, in line with partial unfolding.
SEC was performed for comparison of the hydrodynamic

Table 1. Affinity for c-syn of AS69 variants with different dimer linkages
determined by ITC at 30°C

Head-to-tail linkage Cys-28 disulfide KPP (uM) Ky (pM)®
None Oxidized 024 018
Direct head-to-tail linkage ~ Oxidized nd?

Oct1-TEV Oxidized nd.®

GS2-TEV Oxidized 0.14

GS3 Oxidized 0.25 0.21
GS3 Reduced 280 200

*Corrected for coupled AS69 folding equilibrium.
Pp.d., not detected.
“n.d., not determined, weak heat signal with a time profile indicative of very

slow association kinetics.
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Fig. 2. Impact of the linker on the o-syn affinity of head-to-tail AS69
constructs determined by ITC. (A) No heat of binding were detected when
465 pM a-syn was titrated into a 54 M solution of a head-to-tail construct in
which two AS69 subunits are directly fused without an extra linker. (B)
Titration of 716 pM AS69-GS3 into 75 pM «-syn, yielding an apparent
affinity of K3 = 250 nM.
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Fig. 3. Inhibition of «-syn aggregation by AS69-GS3. Kineties of a-syn
aggregation in the absence and presence of the indicated concentrations of
AS69-GS3 monitored by ThT fluorescence.
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volumes of the different B-wrapin configurations (Fig. 5).
According to calibration with globular standard proteins,
AS69 and AS69-GS3 eluted as proteins with apparent masses
of 24 or 27 kDa, respectively, although their real molecular
weight (MW) is ~15 kDa. The high apparent MW reflects the
presence of disorder in the N-termini, as previously observed
for ZAB5 (Hoyer and Hird, 2008). Upon disulfide bond reduc-
tion, elution of AS69 is strongly retarded, demonstrating the
separation of the homodimer into its subunits. In contrast,
AS69-GS3 elutes earlier from SEC after disulfide bond reduc-
tion, at an apparent MW of 32 kDa. The increased hydro-
dynamic volume of reduced AS69-GS3 suggests that the
interface between the subunits’ al-helices is not fully estab-
lished if the disulfide bond is not formed.

Thermal melting profiles were obtained by CD at 222 nm
for AS69 and AS69-GS3 in their free and a-syn-bound states
and were analyzed by a two-state unfolding model (Fig. 6).
Disulfide bond reduction led to a decrease in the melting
temperatures of AS69 and AS69-GS3 by 11 and 8K, respect-
ively, revealing a strong impact of the Cys-28 disulfide
linkage on thermostability. Comparison of melting profiles of
AS69-GS3 and AS69 showed that the head-to-tail linkage
also enhanced thermostability, with an increase in melting
temperatures of ~5K (Fig. 6). An additional increase in the
melting temperature of 13K is observed upon complex forma-
tion with a-syn (Fig. 6), which was dependent on formation
of the Cys-28 disulfide bond, in agreement with the ITC data
(Fig. 2, Table I).
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Fig. 4. Far-UV CD spectra of AS69 and AS65-GS3 at 20°C before and after
reduction of the Cys-28 disulfide bond.
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Fig. 5. SEC of AS69 and AS69-GS3 at 20°C before and after reduction of the
Cys-28 disulfide bond.

Subunit linkages in a B-wrapin to a-synuclein

Head-to-tail linkage affords accelerated disulfide bond
formation

The kinetics of formation of the Cys-28 disulfide bond was
monitored starting from reduced AS69 or reduced AS69-GS3,
both at a subunit concentration of 230 uM (Fig. 7). The frac-
tions of oxidized and reduced molecules were separated by
HPLC and quantified by their absorbance (Fig. 7A). Disulfide
bond formation in AS69-GS3 was significantly accelerated
compared with AS69, even at the high protein concentrations
used in this experiment, which foster the intermoelecular di-
merization reaction of AS69 (Fig. 7B). The first-order rate
constant obtained for intramolecular disulfide bond formation
in AS69-GS3 was kaggo.gsz = 1.56 (+0.07) 10 *s ! The
second-order rate constant determined for intermolecular di-
sulfide bond formation in AS69 was kasgo=7.7 (L£0.5)
10 >M 's '. The effective concentration of subunits in the
disulfide formation reaction of AS69-GS3 can be calculated
from the above rate constants (Robinson and Sauer, 1996) and
is4.1 + 0.5 mM.

Discussion

In the present study, we investigated the requirements for
subunit linkages of the B-wrapin AS69, an engineered binding
protein to a-syn. While the head-to-tail linkage of AS69 subu-
nits can generate functional single-chain binders to a-syn, the
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w = ASB9-GS3:u-syn
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ASE9 ASB9-GS3
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a-syn - - + + - - +

Fig. 6. Thermal stability of free and o-syn-bound AS69 and AS69-GS3
before and after reduction of the Cys-28 disulfide bond. (A) Thermal
denaturation monitored by CD at 222 nm using a concentration of 17.5 uM of
all proteins. Lines represent fits to a two-state transition model. (B) Melting
temperatures for the different proteins and conditions obtained from the fits to
the two-state transition model.
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Fig. 7. Head-to-tail linkage leads to accelerated formation of the Cys-28
disulfide bond. The kinetics of disulfide bond formation was monitored
starting from reduced AS69 and AS69-GS3, respectively. (A) The oxidized
and reduced fractions were separated and guantified by HPLC, exemplified for
the time point of 158 min, indicated by arrows in (B). (B) Time traces of
disulfide bond formation. The lines represent fits to first-order reaction kinetics
in the case of AS69-GS3 (intramolecular disulfide bond formation) and to
second-order dimerization kinetics in the case of AS69 (intermolecular
disulfide bond formation).

affinity is sensitive to the identity of the linker sequence. In
contrast to ZAB; (Hoyer and Hird, 2008; Luheshi et al,, 2010;
Lindberg et al., 2013), direct fusion of two AS69 results in the
loss of affinity for the target. On the other hand, head-to-tail
constructs with glycine-serine linkers, commonly employed in
the construction of single-chain antibody fragments (Huston
er al., 1988), recover the a-syn affinity of solely disulfide-linked
AS69.

The presence of the Cys-28 disulfide bond is a prerequisite
for high-affinity binding to a-syn. This can be explained by its
potential to fix the contact between the subunits’ «l-helices,
which in tum establishes the interaction surface for a-syn binding
(Fig. 1A). In line with this, Cys-28 disulfide bond formation
causes compaction and increased stability of AS69 as demon-
strated by SEC and thermal melting experiments. The critical im-
portance of the Cys-28 disulfide bond also for the ZAB;: AR
interaction is highlighted by the conserved occurrence of
Cys-28 in combinatorial engineering of Affibody molecules to
AR {Gronwall er al., 2007, Lindberg et al., 2013).

Head-to-tail linkage via a glycine-serine linker in the con-
struct AS69-GS3 leads to increased protein stability, similar to
the observations reported before for a single-chain variant of
the Arc repressor dimer of phage P22 (Robinson and Sauer,
1996, 1998). In addition, head-to-tail linkage promotes «-syn
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binding by entailing accelerated disulfide formation, providing
an effective subunit concentration of 4.1 + 0.5 mM for the di-
sulfide formation reaction. This value is in good agreement with
the effective subunit concentration in a single-chain variant of
the Arc repressor dimer of phage P22, containing a 15-residue,
glycine-rich linker (4.5 + 1.8 mM, calculated from the bimol-
ecular and unimolecular refolding reactions) (Robinson and
Sauer, 1996).

AS6Y exhibits a unique mode of interaction with a-syn
(Mirecka et al., 2014). It sequesters a sequence region that is
critical for a-syn dysfunction, judging from the clustering of
disease-related mutations. Monomeric a-syn is stabilized at low
substoichiometric concentrations of AS69, indicating that AS69
interferes with the nucleation of aggregation. The B-wrapin thus
offers a distinct therapeutic approach to the synucleinopathies.
The small size of the B-wrapin might support its uptake into
the brain and limits the costs of production. AS69-GS3 is an ad-
vantageous construct to evaluate the therapeutic potential of
B-wrapin interference with «-syn assembly in cell culture and
animal models of synucleinopathies. AS69-GS3 can moreover
be employed for affinity maturation of B-wrapins to a-syn as it
is compatible with the independent adaption of its subumits to
the target.
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Abstract: Conversion of the intrinsically disordered protein a-
synuclein (a-syn) into amyloid aggregates is a key process in
Parkinson’s disease. The sequence region 35-59 contains -
strand segments B1 and B2 of a-syn amyloid fibril models and
most disease-related mutations. BI and B2 frequently engage in
transient interactions in monomeric a-syn. The consequences
of BI-B2 contacts are evaluated by disulfide engineering,
biophysical technigues, and cell viability assays. The double-
cysteine mutant a-synCC, with a disulfide linking 1 and $2, is
aggregation-incompetent and inhibits aggregation and toxicity
of wild-type a-syn. We show that a-syn delays the aggregation
of amyloid- peptide and islet amyloid polypeptide involved in
Alzheimer’s disease and type 2 diabetes, an effect enhanced in
the a-synCC mutant. Tertiary interactions in the 51-p2 region
of a-syn interfere with the nucleation of amyloid formation,
suggesting promotion of such interactions as a potential
therapeutic approach.

Prolein aggregation and the toxicity of the resulting
aggregates are fundamental to the pathogenesis of several
human degenerative diseases. For example, aggregates con-
sisting of a-synuclein (a-syn), the amyloid-fi peptide (Ap), or
islet amyloid polypeptide (IAPP) are pathological features of
Parkinson’s disease (PD), Alzheimer’s disease (AD), and
type 2 diabetes, respectively.”) a-Syn is a cytoplasmic protein
of 140 amino acids, which predominantly exists as an intrinsi-
cally disordered protein (IDP) in the cell™ The conforma-
tional ensemble of the IDP contains a substantial fraction of
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conformers that exhibit long-range intramolecular interac-
tions, which may promote or inhibit aggregation.”
According to paramagnetic relaxation-enhancement
NMR  spectroscopy and molecular simulations, contacts
between the 1 and P2 sequence segments are among the
most prevalent tertiary interactions in monomeric a-syn.
The designations Bl and P2 refer to two of the approximately
five B-strands of a-syn molecules in the amyloid fibril state F)
The p1-H2 region comprises amino acids 35-59, lies outside of
the hydrophobic, fibrillation-triggering NAC region,” and is
the most N-terminal sequence region of a-syn incorporated in
the fibril core of most of the fibril polymorphs described to
date.[ Several lines of evidence support a critical role of the
p1-p2 region for a-syn aggregation and pathogenesis: First, it
harbors most of the disease-related mutations, which alter the
oligomerization and fibrillation propensity of ct-syn.m
Second, it is part of the core of a-syn oligomers, exhibiting
particularly high resistance to H/D exchange.*! Third, it
regulates g-syn strain type and seeding efficiency.”! Fourth,
we have recently shown that sequestration of the p1-p2
region by the engineered binding protein f-wrapin AS69
potently inhibits a-syn aggregation.'”) In complex with AS69,
a-syn locally adopts a p-hairpin conformation with p-strands
comprising residues 3743 and 48-54, reminiscent of the (il
and P2 strands of fibrillar a-syn.'” The tertiary contacts
between the PB-strands of the AS69-bound p-hairpin agree
well with the {1-f2 contact map of free monomeric a-syn.?
Considering the importance of the p1—f2 region for a-syn
aggregation, f1-P2 tertiary contacts might be crucial regu-
lators of aggregation. Herein we investigate the effect of
contact between Bl and P2 on amyloid formation. A stable
contact was established by introduction of an intramolecular
disulfide bond in the double cysteine mutant G41C/V48C,
called a-synCC. The C41—C48 disulfide bond is compatible
with the B-hairpin conformation of AS69-bound a-syn (Fig-
ure 1a). The two exchanges G41C and V48C are located in
the Bl and P2 strand, respectively, diagonally opposite of each
other. The Ca—Ca distance of G41 and V48 in the a-
syn:AS69 complex is 6.1 A, which is within the Co—Cu
distance range of cysteine disulfide bonds in X-ray structures
{average: 5.6 A)1") The steric demands of two disulfide-
honded cysteine residues (sum of residue volumes 207 A*) are
similar to those of the original glycine—valine combination
(sum of residue volumes 203 A*).l% To analyze the confor-
mation of a-synCC, the (‘"H-"N) HSQC NMR spectrum of
[U-*N]-a-synCC was compared to that of [U-"N]-wt a-syn
(Figure 1b). The limited resonance dispersion of wt ¢-syn was
retained for a-synCC, demonstrating that the engineered
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Figure 1. Protein engineering and characterization of a-synCC. a) Left: B-Hairpin conformation of the P12 region of a-syn bound to f-wrapin

ASE9 (PDB: 4bxl). The side chains at the front face are shown as sticks.

Right: Model of a -hairpin conformation of a-synCC, in which residues

41 and 48 of wt ct-syn have been exchanged to cysteines. b) Section of overlaid ("H-"*N)-HSQC NMR spectra of [U-*N]-wt c-syn (red) and [U-
"*NJ-tt-synCC (blue) at 10°C. Assignments of peaks affected by the double cysteine exchange are indicated. c) Averaged Cut and C' secondary
chemical shifts of a-synCC and difference in secondary chemical shifts between a-synCC and wt a-syn. d) ThT time course of fibrillation of

oxidized and reduced a-synCC compared to wt a-syn.

disulfide does not induce folding into a stable conformation.
a-synCC showed insignificant secondary chemical shifts,
further indicating that it is an IDP like wt a-syn (Figure 1c).
Noticeable differences in chemical shifts of e-synCC and wt
a-syn were only observed for the amino acid residues adjacent
to the two mutation sites; however, secondary chemical shifts
did not support formation of any stable secondary structure in
this region (Figure 1¢). Oxidized u-synCC did not form fibrils
after prolonged incubation in a fibrillation assay monitored
by thioflavin T (ThT) fluorescence (Figure 1d). Breakage of
the p1-f2 disulfide bond with the reducing agent dithiothrei-
tol (DTT), however, resulted in aggregation kinetics similar
to those of wt a-syn (Figure 1d). Formation of the p1-fi2
disulfide bond thus renders ¢-synCC non-fibrillogenie, indi-
cating that p1-p2 contacts entail conformations belonging to
the pool of autoinhibitory conformations.™ Size-exclusion
chromatography (SEC) confirmed that oxidized «-synCC did
not form stable oligomers upon incubation but remained
monomeric (Supporting Information, Figure §1). This is in
contrast to ABCC, a double cysteine mutant of Af engineered
following an analogous strategy (Figure S2), which was
previously shown to form stable, neurotoxic oligomers.™
This difference might be a consequence of the lower hydro-
phobicity of the hairpin region of a-synCC compared to the
hairpin region of APCC, with GRAVY (grand average of
hydropathy)™ values of 048 for a-synCC(37-54) and 1.27
for APCC(17-36).

a-synCC inhibited the aggregation of wt a-syn both at
equivalent and at substoichiometric concentrations (Fig-
ure 2a). The inhibitory effect at substoichiometric ratios
indicates that a-synCC interferes with nucleation and/or
elongation of wt a-syn fibrils. The inhibitory effect is
a consequence of the P1-p2 disulfide linkage as it was
abolished by disulfide reduction by DTT (Figure 2a). To test
if a-synCC inhibits elongation of wt a-syn fibrils, seeded
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fibrillation reactions of wt a-syn were performed in the
absence and presence of a-synCC and monitored either in
a fluorescence microplate reader (Figure S3) or by total
internal reflection fluorescence microscopy (TIRFM) (Fig-
ure 2d). Ultrasonicated wt a-syn fibrils were used as seeds.
Addition of a-synCC entailed a concentration-dependent
inhibition of seeded wt a-syn aggregation (Figure S3). Wt a-
syn fibril seeds were imaged by TIRFM as particles with
several fibrillation sites, resulting in a fibril network after
quiescent incubation with wt a-syn monomers (Figure 2d).1"*!
In contrast, fibril networks were not formed when «-synCC
was incubated with wt a-syn fibril seeds, in agreement with
the finding that a-synCC is non-fibrillogenic (Figure 2d).
Incubation of wt ¢-syn monomers with wt a-syn fibril seeds
did not lead to the formation of fibril networks when c-synCC
was present (Figure 2d). The inhibitory effect of a-synCC on
wt a-syn fibril elongation was dependent on the p1-fi2
disulfide linkage as it was abrogated by disulfide reduction by
DTT (Figure 2d). Thus, the seeded fibrillation experiments
indicate that a-synCC interacts with fibril ends. Wt a-syn
samples that were aged under aggregation-promoting con-
ditions reduced the viability of human SH-SY5Y neuro-
blastoma cells, as assessed by an MTT (3-(4,5-dimethylthia-
zol-2-yl)-2.5-diphenyltetrazolium bromide) assay (Figure 2¢).
However, when ageing of wt a-syn was performed in the
presence of a-synCC, the cell viability was rescued.
Different protein aggregation disorders, associated with
amyloidogenic proteins of non-homologous sequences, fre-
quently overlap clinically and pathologically, suggesting
a mutual interference of the aggregation reactions of the
involved proteins.*'¥) While AP plaques are often found in
PD patients, a-syn Lewy bodies are found in most of the AD
cases."" Similarly, IAPP oligomers and plaques were identi-
fied in the brains of diabetic AD patients."™ We investigated
potential heterotypic interactions of a-synCC with other
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Figure 2. a-SynCC inhibits aggregation and toxicity of wt a-syn, AP and IAPP., a)—) ThT time course of fibrillation of wt c-syn {a), AR (b}, and
IAPP (c) in the absence and presence of t-synCC. d) TIRF microscopy of fibrillation of a-synCC and wt a-syn in the presence of wt a-syn fibril
seeds under quiescent condition. Scale bar: 5 um. e)-g) MTT assays to evaluate the toxicity of wt a-syn {e), AP (f), and IAPP {g) aged in the
absence and presence of t-synCC to SH-SY5Y neuroblastoma cells. The data are representative of experiments carried out in triplicate
(mean +s.d.), expressed as percentage relative to the untreated cells (control). h) a-SynCC interacts with AP protofibrils. SEC chromatograms of
purified AP protofibril samples re-injected onto the column after 10 min incubation at room temperature in the absence (blue) or presence (red)
of a twofold excess (calculated in monemer units) of a-synCC. AP protofibrils elute close to the void volume (ca. 8.5 mL), while the elution peak
at circa 11.5 mL corresponds to a-synCC. Dot blot analysis of the protofibrils fractions using the anti-u-syn antibody 211 is shown below the
chromatogram. Fresh a-synCC served as positive control. AR(1-40) (b,f) or AB(1-42) (h) with an N-terminal methionine”® was used.
amyloidogenic proteins by testing its effects on the fibrillation  on the acidic C-terminal of a-syn and must act through
of AP and IAPP. The effects of a-synCC were compared to  a different mechanism than the previously reported chaper-
those exerted by wt a-syn. Wt a-syn and a-synCC both  one-like function. To complement the ThT fluorescence data,
inhibited fibrillation of Af and IAPP, with more potent AP aggregation was analyzed by SEC and transmission
inhibition exhibited by a-synCC (Figure 2b,c). The lag-time  electron microscopy (TEM), demonstrating that «-synCC
of fibrillation of 5pM AP increased 2- and 4-fold upon inhibited the formation of oligomers and fibrils (Figure $4).
addition of an equimolar amount of wt «-syn and a-synCC,  Ageing of solutions of AP and IAPP under aggregation-
respectively (Figure 2b). Reduction of the disulfide bond in  promoting conditions resulted in cytotoxicity in an MTT assay
a-synCC decreased the inhibitory effect of a-synCC to the  on SH-SY5Y neuroblastoma cells (Figure 2 f,g). However,
level of wt a-syn, demonstrating that the pl1-f2 disulfide  when the cells were treated with AP and IAPP samples aged
linkage is responsible for the higher inhibitory potential of a-  in the presence of «-synCC they displayed a viability similar
synCC (Figure 2b).The lag-time of fibrillation of a 1um  to that of untreated cells (Figure 2 f,g).
solution of IAPP increased by 10- and 40-fold in the presence To identify the molecular species interacting with o-
of an equimolar amount of wt a-syn and a-synCC, respec-  synCC, binding of a-synCC to monomers of wt e-syn, Af, or
tively (Figure 2¢). A 1:10 ratio of a-synCC:Ap or a-syn-  IAPP.and to AP protofibrils, metastable neurotoxic oligomers,
CC:IAPP was sufficient to achieve a significant prolongation  was tested. Biotinylated monomers of the target proteins were
of the fibrillation lag time, supporting an impact of «-synCC  coated on streptavidin SA sensor chips. No response indicative
on the nucleation and/or elongation of AP and IAPP fibrils  of binding was detected for any of the three target proteins
(Figure 2b,c). A chaperone-like activity of a-syn was  when a-synCC was passed as analyte over the sensor surfaces
observed before in thermally induced and chemically induced  (data not shown). Freshly prepared AP protofibrils were
protein aggregation assays.™ The acidic C-terminal tail was  incubated for 10 min with or without a-synCC. The incubated
critical for this activity by serving as a solubilizing domain. A samples were analyzed by reinjection onto the SEC column,
C-terminally truncated variant of a-synCC, a-synCC(1-108),  isolation of the protofibril fraction. and dot blot using the anti-
however, caused similar increases in the fibrillation lag times  a-syn antibody 211 (Figure 2h). The Af protofibrils sample
of AP and IAPP as full-length a-synCC (Figure 2b.c). p1-p2-  pre-incubated with a-synCC showed immunoreactivity, indi-
mediated aggregation inhibition does therefore not depend  cating binding of a-synCC to Af protofibrils.
Angew. Chem. Int. Ed. 2015, 54, 8337-8840 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 8839
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Figure 3. Representation of the inhibitory effect of tertiary contacts in
the B1-f2 region of a-syn on the aggregation of amyloidogenic IDPs.
Conformations of a-syn featuring f1-f52 contacts are incompetent to
form oligomers and fibrils. Furthermore, they inhibit fibril nucleation
and elongation of a-syn, Af, and IAPP.

The present study shows that a-synCC with established
disulfide bond actively interferes with the aggregation of
amyloidogenic proteins (Figure 3). How does the f1-i2
contact lead to inhibition of protein aggregation? Consider-
ing the amino acid sequence, formation of f1-2 contacts is
likely accompanied by population of conformers with clusters
of hydrophobic and aromatic amino acids, including, for
example, Tyr-39 and His-50. These conformers might not be
compatible with the fibrillation reaction, but prone to interact
with other species on the aggregation pathway that also
exhibit hydrophobic patches, such as oligomeric nuclei and
fibril ends, eventually precluding further assembly of these
species.

This work supports the view that the f1-f2 region is an
important regulatory element of a-syn aggregation. Tertiary
interactions between i1 and 2 interfere with aggregation and
steer the capacity of a-syn to engage in heterointeractions
with other amyloidogenic IDPs. In the search for inhibitors of
amyloid formation,”! promotion of p1-B2 contacts therefore
constitutes a potential approach.

Keywords: aggregation - intrinsically disordered proteins -
protein engineering - protein folding - protein—
protein interactions
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Supporting Experimental Section

Protein preparation. Wt o-syn and a-syn(1-108) were expressed and purified as described™ To generate
o-synCC and o-synCC(1-108) constructs, the Gly-41 and Val-48 residues of wt c-syn and a-syn(1-108) were
exchanged to cysteines using a site-directed mutagenesis approach. In order to ensure formation of the
intramolecular disulfide bond, the purified a-synCC proteins were dialyzed against 100 mM Tri-HCL pH 8.4,
containing 2 pM CuSO4.1! Oxidized c-synCC was further purified by activated thiol sepharose 4B medium (GE
Healthcare). For NMR experiments, both wt c-syn and a-synCC were expressed in M9 minmimal medium
supplemented with “N-NH,CI (1 g/1) and *Cg-glucose (2 g/1) and purified as described for the unlabeled protein.

AP40 and AP42 were produced with an N-terminal methionine by recombinant co-expression with ZAp3.1I The
N-terminal methionine is required for translation initiation in the employed expression system. AP with and
without N-terminal methionine are highly similar in terms of structure and aggregation properties.*-l

Synthetic human IAPP (EMD Millipore), amidated at the C-terminus to correspond to the form with full biclogical
activity,l*] was dissolved in 20 mM NaPi, 50 mM NaCl, pH 6.0, containing 6 M Guanidine HCI to dissolve pre-
existing aggregates. The monomeric fraction was collected after SEC on a Superdex 75 10/300 GL column (GE
Healthcare) in 20 mM NaPi, 50 mM NaCl, pH 6.0.

NMR spectroscopy. NMR data were collected at 10 °C using a 900 MHz spectrometer ( Varian) equipped with
a cryogenically cooled Z-axis pulse-field-gradient triple resonance probe. (*H-"N)-HSQC (heteronuclear single
quantum coherence) measurements were performed on samples of ca. 250 uM [U-"N]-wt a-syn or [U-"*N]-a-
synCC in 20 mM NaPi, 50 mM NaCl, pH 7.4, Backbone assignments were obtained with BEST-TROSY
experimentst®! and standard triple resonance heteronuclear NMR techniques using samples of the [U-BC,N]-
labeled proteins. NMR data were processed using NMRPipel”l and analyzed with CepNmr.[®! Averaged Cocand C7
secondary chemical shifts were calculated as AS = (3 x AS(Ca) + 4 x AS(C"))/7 applying random coil shifts
according to Kjaergaard et al.l®)

Microplate aggregation assay. Fibrillation was performed in black round-bottom 96-well plates (Nunc) in an
Infinite M1000 plate reader (Tecan). o-Syn fibrillation was done at 37 °C in 20 mM NaPi, 50 mM NaCl, pH 6.0,
under orbital shaking with 1 glass bead (2 mm) per microplate well. AB fibrillation was done at 30 °C (Figure 2b,f)
or 37 °C (Figure 54) in 20 mM NaPi, 50 mM NaCl, pH 7.4, under orbital shaking with 1 glass bead per microplate
well. AP(1-40) with an N-terminal methionine® was used in the fibrillation experiments. IAPP fibrillation was
done at 30 °C in 20 mM NaPi, 50 mM NaCl, pH 6.0, under quiescent conditions. All samples contained 40 pM
ThT and 0.04% NaNj. The plates were sealed with polyclefin tape (Nunc) before incubation. Amyloid formation
was followed by ThT fluorescence at 480 nm (excitation 440 nm). Seeded-growth fibrillation of o-syn was
performed under the same conditions as applied for de novo fibrillation, but in the presence of 20% (w/w) o-syn
seeds. Seeds were prepared by ultrasonication of preformed a-syn fibrils for 15 min in an ultrasound water bath.

Size exclusion chromatography. SEC runs were performed on a Superdex 75 10/300 GL column connected
to an Akta Purifier system (GE Healthcare) at a flow rate of 0.8 ml/min.

TIRF microscopy. Wt c-syn and ct-synCC were incubated in 20 mM MES, 10 mM MgCl, pH 6.0, at 37 °C
in PCR tubes in the presence of o-syn seeds, prepared by ultrasonication of preformed a-syn fibrils for 15 minutes
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in an ultrasound water bath. After 0 h, 24 h, and 48 h, 2 ul samples were withdrawn and dried on a cleaned glass
coverslip (Menzel-Glaser coverslips #1, 25 x 60 mm, 0.13-0.16 mm thickness, hydrolytic class 1, Gerhard Menzel
GmbH, Braunschweig, Germany). Directly prior to imaging, 5 pl of 5 uM Thioflavin T in dH20 were pipetted
onto the dried spots. TIRFM was performed on a Leica AF6000LX inverted microscope equipped with a HCX PL
APO 100x 1.47 oil objective and a Hamamatsu C9100-02-LNK00 EM-CCD camera (objective-style TIRFM). A
405 nm laser diode was used for the excitation of ThT. Excitation light was filtered from the fluorescence signal
by a 450/50 bandpass filter. Exposure times and EM gain were set to 100 ms and 800-1200 for preview and 1-2 s
and 200-500 for the final images. Images were processed with Imagel software (available at
http://rsb.info.nih.gov/ij; developed by Wayne Rasband, National Institutes of Health, Bethesda, MD) with respect
to brightness and contrast settings, cropping of images, and application of lookup table hot cyan

Transmission electron microscopy. Samples from an AP aggregation assay were diluted to an AP
concentration of 5 uM, and 20 ul were applied to formvar/carbon coated copper grids (3162, Plano), followed by
incubation for 3 min. The grids were washed three times with H,O and once with 2% aqueous uranyl acetate,
followed by 1 min incubation with 2% aqueous urany| acetate for negative staining. The grids were dried overnight.
The samples were examined with a Libra 120 electron microscope (Zeiss) operating at 120 k.

Toxicity assay. The viability of SH-SYSY neuroblastoma cells was assessed with an MTT assay (Cell
Proliferation Kit I, Roche Diagnostics) as described before [l Protein samples were aged under the conditions of
the microplate aggregate assay described above for 48 h (o-syn), 4 h (AB), or 1 h (IAPP) at a protein concentration
of 50 uM (or-syn), 96 uM (AP}, or 50 uM (IAPP), respectively, and diluted into the cell culture medium to the
final concentrations of 1 uM {c-syn), 10 uM (APB) and 0.5 uM (TAPP). The cell cultures were further incubated
for 24 h before the MTT assay was carried out.

AP protofibril interaction. AB42 protofibrils were prepared as described before.9 480 ul of freshly SEC-
purified Ap protofibrils (52 pM monomer concentration) in 20 mM NaPi buffer, pH 7.0, were mixed with 200 pl
of 283 M o-synCC or with 200 ul of buffer and incubated at room temperature for 10 min. Following re-injection
of the samples onto a Superdex 75 10/300 column, Ap protofibril fractions were collected for further analysis by
dot blotting. The anti-ci-syn antibody 211 (Santa Cruz Biotechnology) recognizing a C-terminal epitope was used
at a concentration of 0.5 pg/ml to detect c-synCC. A HRP-conjugated goat anti-rabbit IgG antibody was applied
to detect bound antibody 211 on a CCD camera, using SuperSignal West Pico chemiluminescent substrate (Thermo
Scientific).
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Figure S1. SEC analysis of aggregation of a-synCC and wt c-syn. Protein samples subjected to an aggregation
assay for the indicated times were loaded onto a Superdex 75 10/300 GL column (void volume ~8.5 ml). For
wt a-syn, the elution peak was greatly reduced after 120 h incubation due to the formation of amyloid fibrils

which do not enter the column bed.

o-syn AR
37 43 17 23

Figure S2. The positions of the exchanges to cysteine (vellow) in a-synCC are identical to those in ABCC!!'Y in
relation to the B-hairpin. Backbone hydrogen bonding across the strands is indicated with black dots.
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Figure §3. ThT time course of fibrillation of wt a-syn in the presence of preformed wt a-syn fibril seeds, with
addition of «-synCC at the time points indicated by arrows.
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Figure S4. a) SEC analysis of AP aggregation in absence and presence of a-synCC. Protein samples were
subjected to an aggregation assay for the indicated times and loaded on a Superdex 75 10/300 GL column (void
volume ~8.5 ml). In the absence of a-synCC, the elution peak of AP was strongly reduced after 1 h incubation
(blue trace) due to the formation of amyloid fibrils which do not enter the column bed. b) Two representative TEM
images of each of the 1 h incubation samples analyzed in a).
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Chapter 6: Discussion

6.1 Engineered binding proteins as study tool for amyloid research

In amyloid diseases, abnormal misfolding of a certain protein into B-rich intermediate
structures leads to formation of toxic oligomeric and fibrillar species [3, 6, 19]. Understanding
the mechanism of fibril formation, particularly the identification and characterization of
involved intermediate structures, is the main of focus of current research with primary aim to
provide valuable knowledge for development of novel therapeutics and diagnostic tools.
Deposition of a-synuclein aggregates in form of LBs is the main pathological hallmark of PD
[41]. Furthermore, discovery of several familial PD-linked a-synuclein mutations propose o-
synuclein aggregation as the main pathological event in PD pathogenesis [52]. Despite
extensive research on o-synuclein aggregation, the exact mechanism remains unclear. An
increasing body of literature indicates the potential of engineered binding proteins for
diagnostic and therapeutic applications [210, 211]. Moreover, engineered binding proteins can
be used as study tools in protein aggregation research. Selection and biophysical
characterization of an engineered binding protein, the affibody ZAP;, resulted in the
identification of a critical region in A [212]. ZABs is a cysteine-linked homodimer and NMR
studies demonstrate the sequestration of a B-hairpin structure of AP inside the hydrophobic
cavity of ZABs. The identified B-hairpin structure is formed by two [-strands whose sequence
positions strongly resemble the position of [-strands present in the fibril core [20].
Furthermore, intramolecular disulfide bond-assisted stabilization of the identified B-hairpin
motif causes formation of stable toxic oligomer and, thus, provides further proof of the
importance of the AP [-hairpin forming ‘on exposed by ZAB; [170]. Accordingly,

development of affibody protein binders for ler aggregation-prone proteins or peptides
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could be regarded as a valuable tool for clarifying the mechanism of aggregation. In the present
thesis, we primarily set out to select binders against a-synuclein. ZAB; was employed as the

scaffold for generation of the combinatorial B-wrapin library using error-prone PCR.

6.2 Selection and characterization of 3-wrapin binders

Chapter 2 and chapter 3 describe the selection and characterization of engineered binding
proteins against a-synuclein. To select B-wrapins specific for a-synuclein, the ZABs-derived [-
wrapin scaffold library was screened using phage display technology. A C-terminally truncated
construct of a-synuclein, a-syn;.1gs, was used as the target protein, in order to prevent the
possibility of selection of unwanted binding proteins for the highly charged C-terminal region
which is unstructured in fibril core [160, 161]. To select high affinity binders, four phage display
(biopanning) rounds were performed, accompanied by a gradual decrease in the concentration
of a-synuclein and an increase in washing stringency. In the first round, incubation of a-
synuclein with the B-wrapin library was carried out overnight at 4°C, whereas in subsequent
rounds it was performed at room temperature for 1 hour. After selection, sequence analysis
indicated the maintenance of Cys-28 in all 90 randomly selected clones, indicating the
importance of homodimerization for high affinity B-wrapins to a-synuclein. Moreover,
characterization of five representative clones (AS9, AS10, AS34, AS60 and AS69) by ITC
demonstrated that the selected B-wrapin clones bind to monomeric a-synuclein with 1:1
stoichiometry. Therefore, it is concluded that one dimer molecule of the selected B-wrapin
binds to one molecule of a-synuclein, reminiscent of ZAB; interacting with AB. In addition to
maintenance of Cys-28, the Ille31Phe substitution appears to be critical for B-wrapin
interactions with a-synuclein because all selected clones carried this exchange and, moreover,
this single substitution in AS9 clone is sufficient to gain an affinity to a-synuclein and loose the

affinity to AP, compared with ZAB3. Substitution of Leu-34 by either valine or isoleucine was
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the second most frequent amino acid exchange. In comparison with AS9, one additional
Leu34Val mutation in AS10 clone results in adopting a nanomolar affinity to both AB and a-
synuclein. Additionally, few other mutations were detected in N-terminal part of selected B-
wrapin proteins. Occurrence of three additional mutations, V17F, G13D and K7T, in AS60 and
AS69 results in a further loss of affinity to AB and an increase in affinity to a-synuclein. AS69

and AS10 clones are further described in chapter 1 and chapter 2, respectively.

6.2.1 AS69: a specific B-wrapin binder for a-synuclein

AS69 is a homodimeric 3-wrapin protein which specifically binds to a-synuclein with nanomolar
affinity. To map the binding epitope of AS69 on the a-synuclein sequence, ['"HN] HSQC NMR
measurements were performed. consistent with typical HSQC spectra for IDPs, the a-synuclein
HSQC spectrum represents a narrow dispersion of cross peaks in the *H dimension [218]. The
number of cross peaks in spectrum acquired at 10°C is higher than that recorded at 30°C, with
only few cross peaks stemming from the C-terminus. In consistent with this observation,
Mcnulty et al. have previously shown that an increase in temperature results in disappearance
of cross peaks due to the reversible conformational exchange in N-terminal 100 residues [219].
Comparison of the HSQC spectra of free *°N-labeled a-synuclein and *°N-labeled a-synuclein in
complex with unlabeled AS69 indicates the disappearance of chemical shift cross peaks at 10°C
but reappearance of cross peaks at 30°C, indicating the partial folding of a-synuclein upon
interaction with AS69. The assignment of cross peaks affected by AS69 revealed the a-synuclein
residues 37-54 as the binding region.

Further structural analysis of the AS69:a-synuclein complex demonstrated that the binding
region adopts a B-hairpin motif inside the hydrophobic tunnel-like cavity of AS69, formed by 2
B-strands and four a-helices of dimeric AS69. Despite the four amino acid exchanges, the
structure of AS69:a.-synuclein complex highly resembles that of the ZAB;:AB complex [212]. The
a-synuclein B-hairpin wrapped by AS69 is composed of two B-strands, B1 (*’VLYVGSK*) and B2
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(*VVHGVAT™), connected by a short linker (*TKEG"). Three features of the P1-B2-region
might be preferred by the B-wrapin scaffold. First, the B-strands have the suitable length to fit
into the binding site provided by the B-wrapin scaffold. Second, they are connected by a short
linker, T*KEG" . This linker is of type | B-turn potentials >1 for all of the 4 amino acids at their
respective positions in the turn and thus has a preference for turn formation [220]. Third, this
region contains two aromatic acids, Tyr-39 and His-50 located at the center of one B-hairpin
face with their side chains hydrogen-bonded by the hydroxy proton of Tyr-39 and the N°-
nitrogen of His-50. Moreover, one of the exchanged residues, Phe-31 of both AS69 subunits is
involved in aromatic-aromatic interactions with Tyr39 and His-50 residues within [-hairpin
region. Notably, aromatic amino acids are also present in the AB-hairpin and overrepresented

at protein interfaces, where they significantly contribute to the binding energy [221].

In the case of AP, the sequence position of the two [-strands bound to ZABs is strongly similar
to those of AB within amyloid fibrils [20]. In contrast to AP, one a-synuclein monomer does not
contribute two but approximately five B-strands to the fibril core (figure 4), which fold into a
parallel, in-register superpleated cross-f3 structure [160-163]. The sequence positions of the
two B-strands established in AS69-bound a-synuclein are in a good agreement with the N-
terminal B-strands 1 and B2 identified by Vilar et al (figure 10) [162]. Long-range interactions
between the side chains of Tyr-39 in B1 and His-50 in 2, previously detected in a-synuclein
amyloid fibrils [222], also exist in the a-synuclein structure bound to AS69. The NAC region
including the B3 to B5 segments, the most hydrophobic stretch with high B-sheet propensity
[223] is however not affected by AS69 binding, demonstrating the specificity of the interaction
of AS69 with the 31-B2-region.
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Figure 9: Sequence position of B-hairpin bound to AS69. The -strands wrapped by AS69 (blue arrows)
are compared to B-strands in fibril (black arrows) identified by Vilar et al. [162]. The NAC region is
highlighted in green. Position of PD-related mutations is shown in red.

Due to the lack of persistent secondary structure, tertiary interactions restrict the
conformational ensemble in the monomeric state of natively unfolded proteins, which can be
detected by NMR approaches, e.g. paramagnetic relaxation enhancement, PRE [224].
Remarkably, analysis of soluble monomeric a-synuclein using PRE method has stablished the
intramolecular interaction between B1 and 2 strands as one of the main transient fibril-like
contacts [225]. Moreover, employing a combination of solution and solid-state NMR, Kim et al.
have identified a nascent B-structure in 1-B2 region as one of the structural correlations
between unfolded and fibrillar a-synuclein [226]. These data suggest that -hairpin structure
bound to AS69 is also present in conformational ensembles of monomeric a-synuclein. This also
supports the hypothesis suggesting that interaction of IDPs with their partners is not merely via
induced-fit mechanism but also could be exerted by conformational selection [227, 228]. In this
context it is noteworthy that contacts between the 1 and B2 strands within the B-hairpin may
establish the clustering of hydrophobic residues, potentially promoting interactions between o-
synuclein monomers and formation of early oligomers stabilized mainly by hydrophobic
interactions [229]. The presence of B-hairpin conformation within a-synuclein oligomers is in
line with FTIR spectroscopy data detecting antiparallel B-sheet structure in a-synuclein

oligomers, in contrast to the parallel B-sheet structure observed for fibrils [230].
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The critical role of the B1-B2 region in PD pathogenesis is highlighted by the fact that it includes
four out of five disease-related point mutations discovered to date. H50Q, G51D and A53T
mutations are localized within the C-terminal B-strand (B2) of the a-synuclein B-hairpin,
whereas the E46K mutation exists in in the connecting B-turn. Interestingly, A53T and E46K
mutations have been shown to promote oligomerization and fibril formation [140].
Additionally, the most severe dopaminergic loss has been observed in animal with accelerated
oligomerization of a-synuclein induced by mutations in residues preceding (E35K) and
succeeding (E57K) the B-hairpin region [225]. These data support a link between the local
structure formation in the [-hairpin region, oligomerization, and disease pathogenesis.
Furthermore, several designed mutations within the B-hairpin region have been shown to
promote (e.g. K45V, E46V [231]) or prevent (e.g. V37P, Y39A, V48P, VA9P [232, 233]) fibrillation
of a-synuclein. The B1-B2 region is furthermore an interaction site for small molecule

aggregation inhibitors, with Tyr-39 serving as a key anchoring residue [233, 234].

As the most hydrophobic region requisite for fibril formation, NAC region has been constantly
regarded as the potential target for drug design and screening [235]. However, the present
study indicates that a-synuclein aggregation can also be inhibited by targeting the p1-p2
region. Based on our NMR and aggregation results and considering the overall features of
amyloid assemblies presented in the literature, we suggest a model for AS69-mediated
inhibition of a-synuclein. At stoichiometric concentration, AS69 protein readily binds to o-
synuclein and wraps the B-hairpin structure formed by B1-B2 region, and thereby completely
inhibits the fibrillation process and toxicity. Consistent with the aggregation results, our SEC
analysis added further evidence for the sequestration of monomeric a-synuclein bound to
AS69. Our aggregation experiments demonstrate that addition of AS69 at different time points
results in arrestment of fibril growth, indicating the possible interaction of AS69 with fibril ends.
In addition, sub-stoichiometric concentration of AS69 is able to prolong the lag time of

aggregation. The lag time of aggregation reflects the time required for formation of nuclei.
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Thus, the sub-stoichiometric effect of AS69 on duration of the lag time could be explained by
possible interactions of AS69 or AS69:a-synuclein complex with [-hairpin-containing
intermediates and thereby a depletion of primary nuclei for fibril growth. Moreover, the
formation of nuclei on the surface of fibrils has been reported as a secondary nucleation event
in the fibrillation process of several amyloidogenic proteins such as A, IAPP and insulin [28-30].
Therefore, the sub-stoichiometric effect of AS69 could be also exerted by possible interference

with secondary nucleation catalyzed by fibrils.

In cells, several proteins have been demonstrated as binding partners for a-synuclein [146, 153,
236]. Our in vitro observations on o-synuclein:AS69 interaction could mimic the interaction of
some cellular protein partners which regulate a-synuclein aggregation upon binding to the
identified binding f1-B2 region. Out of the set of protein cellular partners, phospholipase C1
(PLCB1) exhibits one of the strongest binding affinities to a-synuclein [236] and its expression is
high in neuronal cells, similar to a-synuclein. Moreover, cellular loss of PLCB1 promotes a-
synuclein aggregation [237]. Interestingly, PLCB1 binds to a.-synuclein residues 45-53 residing in
the C-terminal region of B-hairpin identified by AS69. Similar to the effect of AS69, interaction
of PLCB1 with this region results in inhibition of aggregation and moreover, release of this
interaction diminishes the inhibitory effect of PLCB1. Guo et al. have proposed the oxidative
stress condition, resulting in down-regulation of PLCB1, as the promoting factor for a-synuclein
aggregation [237], suggesting a link between oxidative stress and a-synuclein aggregation.
Furthermore, it is tempting to hypothesize that a-synuclein aggregation linked to PD-related
mutations and overexpression of a-synuclein could be due to the release of tight regulating

interactions with cellular protein partners.

In conclusion, we have successfully engineered a B-wrapin scaffold to interact with a-synuclein.

More importantly, our structural and biophysical study using AS69 provided new insights into
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conformational features of a-synuclein defining a B-hairpin epitope as an important element

controlling a-synuclein aggregation.

6.2.1.1 Outlook

The present data cannot clarify the mechanism behind the sub-stoichiometric inhibition by
AS69. Our study here describes the AS69 interaction with monomeric a-synuclein. Potential
interactions with oligomeric and fibrillar a.-synuclein remain to be elucidated. Furthermore, the
role of the described a-synuclein B-hairpin may be further elucidated by introduction of a
stabilizing disulfide bond (see chapter 5), as it was successfully done for the AB B-hairpin [170].

Finally, it is of interest to check the inhibitory effect of AS69 in in vivo models.

6.2.2 AS10: a B-wrapin binder for a-synuclein, AB and IAPP

As earlier discussed in section 6-2, the lle31Phe mutation was present in all wrapin binders
selected against a-synuclein. With respect to the loss of binding affinity for A in AS9, with only
the lle31Phe mutation compared with ZA[33, it can be concluded that presence of lle at position
31 is required for the maintenance of high affinity of -wrapin scaffold to AB, whereas an lle to
Phe substitution yields an improved affinity to a-synuclein. However, the presence of a second
substitution in AS10, Le34Val, results in an increase in the binding affinity to both AR (K4
decreases from 500 nM to 150 nM) and a-synuclein (K4 decreases from 2500 nM to 380 nM).
Moreover, our binding study using Biacore indicates that AS10 also binds to IAPP, with a Kd
value of 910 nM. Therefore, chapter 3 deals with AS10 as a B-wrapin protein which interacts

with three distinct amyloidogenic proteins.

The high resolution structure of ZABs; and AS69 bound to AP and a-synuclein, respectively,
confirms the sequestration of a -hairpin structure formed by amyloidogenic proteins inside

the dimeric B-wrapin proteins [212, 238]. Moreover, structural analysis indicates that both
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substituted residues in AS10, Phe-31 and Val-34, are positioned in the interface flanked by the
B-hairpin and the two subunits of the B-wrapin, which is clearly a critical region for stability of
the B-wrapin: target complexes. We employed ['H'°N] HSQC NMR spectroscopy in order to
shed more light on the interaction of AS10 with a-synuclein, AB and IAPP. Similar to the ZAPs:
AP interaction [212], addition of AS10 to all three targets resulted in a great dispersion of
resonances indicating coupled folding and binding. In addition, four amide proton resonances
are appeared in glycine region, originating from Gly-13 and Gly-14 of each subunit of AS10,
along with amide proton resonances in the downfield region of spectrum with the typical shift
values for formation of B-sheet structure. These data establish the formation of B-hairpin
structure in all three amyloidogenic proteins upon binding to AS10, resembling the interaction
ZABs3 and AS69 with AB and a-synuclein, respectively. Furthermore, [*H'°N] HSQC analysis of
AS10 addition to the four-repeat-domain construct of tau protein, K18AK280/AA [239], and
Y145Stop variant of human prion protein, huPrP,s.144 [240], indicated no binding effect which

rules out the commonality of AS10 interactions with all amyloidogenic proteins.

Our present data obtained by ThT and MTT assay indicate the inhibitory effect of AS10 on the
fibrillation process and toxicity of a-synuclein, AB and IAPP. In addition, similar to AS69, AS10
affects the aggregation rate of all three targets at sub-stoichiometric concentrations, indicating

the possible interference with primary or secondary nucleation events.

Several computer simulations have indicated the high tendency of amyloidogenic proteins to
transiently adopt B-hairpin conformation and involvement of the B-hairpins in the formation of
intramolecular contacts [241-247]. Our study highlights the adaptability of small engineered
binding proteins to natively unfolded, amyloidogenic target proteins. In case of unfolded
proteins, binding goes along with local folding of the targets. Coupled folding and binding is of
an entropic cost for the disorder-to-order transition, which normally yields complexes of high

specificity and relatively low affinity [248]. It is therefore of interest that AS10 binds to three
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distinct amyloidogenic proteins with a high affinity. This indicates that AP, a-synuclein, and
IAPP share key features which not only contribute to their ability for amyloid fibril formation,

but also the common adoption of a B-hairpin conformation in complex with B-wrapins.

6.2.2.1 Outlook

Regarding the binding effect of the B-wrapin AS10 on three distinct natively disordered
amyloidogenic proteins, it is of interest to check this property on other amyloidogenic proteins
and thereby to identify proteins which adopt [B-hairpin conformations. Evaluation of the
interaction of AS10 with oligomeric and fibrillar forms of different amyloidogenic protein

partners would be also of interest.

6.3 AS69-GS3: a head-to-tail construct of AS69

In chapter 3, to specify the impact of the Cys-28 disulfide bond, we generated a head to tail
construct of AS69, AS69-GS3. AS69-GS3 features a glycine-serine rich linker like those
commonly used in the generation of scFvs [249]. The comparative characterization of the
stabilities and binding features of AS69 and AS69-GS3 reveal an important impact of Cys-28. In
case of ZAPs, direct fusion of subunits was sufficient for recovery of high affinity to Ap [214]. In
constrast, Cys-28 linkage is critical for the maintenance of AS69-GS3 binding affinity to a-
synuclein. The Cys-28 linkage fixes the contact between the subunits’ helices 1 and thereby
establishes the surface required for interaction with a-synuclein. In addition, our SEC and
thermal melting results indicate an increase in compaction and stability of AS69 structure upon
formation of Cys-28 linkage. The important role of this linkage is further supported by the
conservative selection of Cys-28 in affibody molecules selections for AB and moreover,

maintenance of this residue in all binders selected against a-synuclein [250, 251].
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Head-to-tail linkage of the two subunits of the homodimeric protein of Arc repressor via
glycine-serine linkage has been reported to increase the stability of this protein [252, 253].
Head-to-tail dimerization in AS69 not only increases the protein stability but also accelerates
the rate of disulfide bond formation. In this case, the effective subunit concentration for
disulfide bond formation (4.1 (£ 0.5) mM) is in a good agreement with that determined for the

folding reaction of head-to-tail linked Arc repressor dimers of phage P22 (4.5 (+ 1.8) mM) [252].

6.3.1 Outlook

AS69-GS3 is a useful construct for evaluation of the effect of a-synuclein (37-54) region in cell
culture and animal models. Furthermore, AS69-GS3 can be further used as the scaffold for

development of B-wrapins with higher affinity to a-synuclein.

6.4 Stabilization of contacts between the 31 and 2 segments of a-synuclein

We previously showed that AS69 completely impedes fibril formation upon binding to a B-
hairpin forming amino acid region 37-54 in a-synuclein [238]. In a separate study, the
accommodation of an intramolecular disulfide bond on the certain position of A sequence was
enough to stabilize the toxic oligomers [170]. In this work, we engineered a-synCC with an
intramolecular disulfide bond in order to elucidate the role of B1-f2 contacts on the a-
synuclein aggregation. We observed that stabilization of contacts between 1-$2 makes a-
synCC unable to form both fibrils and oligomers. In contrast, ABCC forms stable oligomers,
which might be due to the higher hydrophobicity of AB compared to a-synuclein. We obtained
several evidence demonstrating that a-synCC interacts with oligomeric and fibrillar species.
First, lag time of wild-type-a-synuclein, IAPP and AP fibrillation process is prolonged in the
presence of substoichiometric concentrations of a-synCC, suggesting the possible interactions

with aggregation nuclei. Second, addition of a-synCC to the aggregation reaction of wild-type-

87



Chapter 6

a-synuclein blocks fibril elongation, proposing the interaction with fibril ends. Third, we here
observed that a-synCC binds to AP protofibrils, evidenced by dot blotting. Taken together, we
suggest that the tertiary interactions cause an increase in population of conformers with
clustering of aromatic and hydrophobic amino acids, including Tyr-39 and His-50. Long range
interactions between Tyr-39 (in B1 strand) and H50 (in B2 strand) present in fibril core [222] and
B-hairpin conformation in complex with AS69 wrapin [238] might also be involved in tertiary
contacts between 31 and 2 in monomeric a-synuclein. As the only histidine residue existing in
a-synuclein, His-50 protects against aggregation at physiological pH and its disease-related
mutation, H50Q, accelerates the aggregation [54, 139, 254]. Regarding the fact that
stabilization of the regulating B1-B2 contact by an intramolecular disulfide bond in a-synCC
inhibits the aggregation, perturbation of this contact, for example in H50Q, might be

responsible for the acceleration of aggregation process [254].

Evidence provided by deletion mutants have shown that C-terminal served as ‘solubilizing
domain’ is required for chaperon activity of a-syn [65, 107, 255]. Here we observed that C-
terminally truncated a-synCC is as efficient as full length a-synCC in inhibition of fibrillation of
AB and IAPP, indicating that inhibitory effect of a-synCC is independent of C-terminal
interactions previously reported. The present research also highlights that different intrinsically
disordered and amyloidogenic proteins have a strong propensity to undergo hetero-

interactions [256, 257].

The PB1-B-2 region is an important regulating element for a-synuclein aggregation [258].
Contacts between 1 and B2 strongly influence the aggregation tendency. Promotion of these

contacts could be regards as therapeutic approaches.
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6.4.1 Outlook

Evaluation the effect of a-synCC on other amyloidogenic proteins is of interesting. In order to
identify the minimum sequence region required for the inhibitory effect of a-synCC, generation
of truncated constructs may be considered. Additional NMR studies could help to further
understand the impact of B1-B2 contacts on the protein-protein interactions involved in the

aggregation process.
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