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ABSTRACT

A variety of neurodegenerative diseases is caused by protein misfolding. Such misfolding
can be triggered by an elongated polyglutamine tract. The elongated polyglutamine tract
destabilizes the protein and causes the usually intrinsically disordered protein part to
refold into beta-sheet rich structures. Those structures favor amyloid aggregation.
During the aggregation process, toxic structures form, inducing cell death and thereby
neurodegeneration.

Different types of neurons and brain regions are affected in the nine heritable
polyglutamine diseases, depending on the mutated protein. For instance, an elongated
polyglutamine tract in the androgen receptor causes spinal bulbar muscular atrophy
(SBMA), in which the spinal cells of the anterior horn of lateral ventricle and therefore
the motor neurons degenerate.

To this day, there is no causative therapy for the nine polyglutamine misfolding diseases
available. A therapeutic agent that stabilizes the native structure of the polyglutamine
protein through binding the polyglutamine tract would be a promising approach. To find
such polyglutamine ligands, a mirror image phage display was performed. In this
method a D-enantiomeric target is presented to a phage library with randomized
peptides fused into their capsid protein. Thereby, this method enables to identify
D-enantiomeric peptide ligands of L-enantiomeric polyglutamine proteins. In contrast to
L-enantiomeric peptide therapeutics, D-enantiomeric peptide compounds are
metabolically more stable and less immunogenic.

In this study mirror image phage display selections were performed with a
D-enantiomeric general polyglutamine target and a D-enantiomeric fragment of the
androgen receptor containing a polyglutamine tract. Several D-enantiomeric peptide
compounds were identified this way and tested with respect to their aggregation
inhibiting properties in Thioflavin T (ThT) experiments.

QF2D-2, an all-D peptide compound that was selected on the androgen receptor
fragment, decelerated the aggregation of the androgen receptor fragment with an
elongated polyglutamine tract, even under seeding conditions. QF2D-2 also bound to the
general polyglutamine protein in surface plasmon resonance (SPR) measurements and
even decelerated its aggregation. QF2D-2 could be a D-enantiomeric peptide drug

candidate for SBMA therapy or even all nine polyglutamine misfolding diseases.



KURZFASSUNG
Verschiedene neurodegenerative Erkrankungen werden durch Proteinfehlfaltung

verursacht. Eine mogliche Ursache fiir solche Fehlfaltungen ist ein verlangerter
Polyglutamintrakt, der die Struktur des Proteins destabilisiert, sodass sich der,
Uiblicherweise intrinsisch ungefaltete, polyglutaminhaltige Teil des Proteins in
betafaltblattreiche Strukturen umfaltet. Dies begiinstigt amyloide Aggregation. Im Zuge
dessen bilden sich toxische Strukturen, die zur Neurodegeneration flihren. Welche
Nervenzellen degenerieren ist abhdngig vom mutierten Protein, so fiihrt beispielsweise
ein verlangerter Polyglutamintrakt im Androgenrezeptor zur spinobulbdren
Muskelatrophie (SBMA) bei der die spinalen Vorderhornzellen degenerieren, was zum
Abbau der Motorneuronen fiihrt.

Bis heute ist keine ursdchliche Therapie fiir die neun Polyglutaminfehlfaltungs-
erkrankungen verfiigbar. Ein vielversprechender Ansatz fiir eine wirksame Therapie ist
die Stabilisierung der nativen Polyglutaminstruktur mit Liganden des Polyglutamin-
traktes. Um solche Liganden zu finden, wurde eine Mirror- Image- Phage- Display-
Selektion durchgefiihrt. Bei dieser Methode wird ein D-enantiomeres Zielprotein einer
Phagenbibliothek prasentiert, in deren Hiillprotein randomisierte Peptide eingebaut
werden. So konnen D-enantiomere Peptidliganden fiir Polyglutaminproteine gefunden
werden. Im Gegensatz zu L-enantiomeren Peptidtherapeutika, sind D-Peptide
metabolisch deutlich stabiler und weniger immunogen.

In dieser Studie wurden Mirror- Image- Phage- Display- Selektionen auf einem
universellen D-enantiomeren Polyglutamintarget und dem D-enantiomeren Fragment
des Androgenrezeptors, das einen Polyglutamintrakt enthielt, durchgefiihrt. Auf diese
Weise wurden verschiedene D-enantiomere Peptidkandidaten selektiert, die in
Thioflavin T (ThT) Experimenten auf ihre Aggregationshemmenden Eigenschaften
getestet wurden.

Das auf dem Androgenrezeptorfragment selektierte D-Peptid QF2D-2 verzogerte die
Aggregation des Androgenrezeptorfragments mit verlangertem Polyglutamintrakt, auch
unter geseedeten Bedingungen und zeigte sogar in Aggregations- und
Surface plasmon resonance (SPR)-Bindungsstudien mit dem universellen
Polyglutaminprotein  einen  Effekt. QF2D-2  koénnte ein  D-enantiomerer
Peptidwirkstoffkandidat  fiir SBMA  oder im Optimalfall  alle neun

Polyglutaminfehlfaltungserkrankungen sein.
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1. INTRODUCTION

1.1. TRINUCLEOTIDE REPEAT DISORDERS

Several genetic disorders belong to the trinucleotide repeat disorders which are
characterized by the expansion of a trinucleotide repeat over a certain threshold. This
destabilizes the protein and interferes with its physiological function. The affected
trinucleotide repeats are prone to be elongated during the meiosis, leading to highly
variable phenotypes and severities, depending on the repeat length. The disease’s
phenotype depends on the affected protein, ranging from X-linked mental retardation
syndromes like Fragile X syndrome (FRAXA) to neurodegenerative diseases such as
Fragile X-Associated Ataxia Syndrome (FXTAS). Nine out of the sixteen known
trinucleotide repeat disorders are caused by the expansion of a polyglutamine region,
referred to as polyglutamine diseases [1]. This thesis is focused on these polyglutamine

diseases.

1.2. GLUTAMINE

Glutamine is an amino acid which is encoded by the CAG or CAA triplet [2]. It is
commonly abbreviated as Gln or Q [3]. Glutamine is a not very reactive, polar amino acid
that does not ionize [4]. The amide groups are labile at extremely low pH and if they are
exposed to heat [4]. The N-term can become cyclic in a spontaneous way. If glutamine is

deamidated it will become glutamate [4].
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1.3. POLYGLUTAMINE PROTEINS

Several proteins contain sections with a number of consecutive glutamines. These
proteins are referred to as “polyglutamine proteins” or “polyQ proteins”. Interestingly,
polyglutamine proteins are unique to eukaryotic cells where they make up 0.1 % of all
proteins. In contrast polyglutamine proteins cannot be found among prokaryotes or

archaea [2].

About 10.5% of the slime mold D. discoideum’s proteins contain a polyglutamine tract,
which makes it the living being with the most polyglutamine proteins. The human
proteome contains more than 60 polyglutamine proteins, which corresponds to 0.34%

of it [2, 5].

Another common amino acid that forms poly amino acid tracts is alanine. Polyglutamine
and polyalanine tracts share some common features. Both are often coiled coil regions
or helices [6, 7]. It was found that coiled-coil regions often continued C-terminally of the
polyglutamine tract, whereas an alpha-helix is often found N-terminally of the
polyglutamine tract [7]. It follows that the polyglutamine tract containing part of the
protein is usually unstructured [7]. It is postulated that the polyglutamine tract is
promoting or stabilizing protein-protein interactions [2, 8]. To do so, the coiled-coil
polyglutamine section extends its neighboring coiled-coil region to promote the
interaction with other unstructured proteins [2]. This is supported by the finding that

polyglutamine proteins do have more interaction partners than an average protein [2].

Polyglutamine proteins are known to be important for transcriptional regulation and are
therefore often located in the nucleus [9-11]. Among the interaction partners are many
nuclear proteins associated to hormone receptors, epidermal growth factors (EGFs),
zinc finger proteins, adenosine triphosphatase (ATPase) associated proteins, ubiquitin

and MH1 domains [2].

Polyglutamine proteins like huntingtin are also involved in stress induced
autophagy [12]. It is known that polyglutamine proteins interact with beclin1 and affect
the proteasome and autophagy system [13].
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Polyglutamine sections are often structurally instable as water is a poor solvent for
them [7, 14]. If polyglutamine is dissolved in aqueous buffer it forms collapsed

structures [14].

Polyglutamine proteins can be cellular sensors for pH, temperature or stress and
thereby modulate transcription through altered interaction with transcription factors.
Alternations of the polyglutamine tract and its shift to aggregation can also be a

transcription modulator [15].

1.4. PROTEIN FOLDING

Proteins need to be folded into their native structures to fulfil their physiological
function. This takes place in aqueous surrounding or lipids [4]. The folding of a protein is
induced by the intramolecular interaction of its amino acid residues. These can be
covalent interactions between cysteines, repulsion effects due to electron orbitals that
cannot overlap, electrostatic interactions that can be short- or long ranged depending on
the strength of the repulsion or attraction, van-der-waals interactions, hydrophobic
interactions and hydrogen bonds [4]. All these interactions affect the position of the
single amino acid residues finding there energetically optimal position via a trial and
error process [16]. The native conformation of the protein is favored in this process

because it usually is the energetically most advantageous conformation [16].

In aqueous solutions the folding process is promoted by the collapse of hydrophobic
amino acid residues into the inside of the molecule, secondary structures and covalent
bonds are formed and the native conformation is accomplished via intermediate

states [17].

In cells these intermediates can be stabilized by chaperones, which assist many proteins
in order to fold correctly [17-20]. Chaperones shield hydrophobic amino acid residues
that would be exposed in the unfolded state or during the folding process until they are
hidden in the folded protein [21, 22]. So the folding depends on the environment which
can differ between different cellular compartments [16]. In vivo the protein folding can

start before the translation is finished [17].
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1.5. PROTEIN AGGREGATION

As discussed before, protein folding is a complex process. Various factors can influence
the folding or misfolding of a protein, such as the contact with interaction partners [23].

But the possible interactions are limited by external factors [24].

For many proteins more than just one conformation is possible and there are alternative
conformations that might also be native or can be considered as misfolded. These
misfolded proteins might be prone to aggregation [25]. Therefore, folding and
aggregation of proteins are often considered to be competing mechanisms [26].
Aggregating proteins are strikingly often natively unstructured proteins or protein parts
that refold into beta sheets [8, 27, 28]. It is thought that covalent binding might be
involved in some aggregation processes, but the exact mechanism is still
unidentified [29]. It is known that regions with a lot of hydrophobic amino acid
residues, few polarity and an enhanced tendency to form beta sheets tend to aggregate

with a higher frequency [27].

The aggregation process is usually divided in three distinct phases. The first one is the
lag phase. The lag phase is the time needed until the primary nucleation process, namely
the accumulation of monomers into small, soluble oligomers takes place [30]. These
oligomers can accumulate into larger aggregates [31]. So the lag phase marks the
transition from physiological to non- physiological conformation and is followed by a
phase of rapid growth [31]. The growth phase is determined by fibril growth through
monomer recruitment and secondary nucleation [30]. During the secondary nucleation,
proteins bind to the fibril surface. They can form local clusters that adapt to the fibril
structure. When these structures reach a sufficient size, they can dissociate from the
fibril and function as a new, growing fibril [24]. Another example of secondary
nucleation is the fragmentation of larger aggregates that keep growing afterwards [32].
This increase in fibril quantity stops when the equilibrium between growth and
dissociation is reached or if monomer depletion limits further exponential growth, both
options are referred to as the steady state phase. It follows that the fibril formation
process can be divided into 1. nucleation 2. elongation and 3. equilibrium [30]. The first
step is a slow process, whereas the second is comparatively fast. If the amount of formed

aggregates is monitored and plotted it can be fitted with a sigmoidal fit [30].
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The most popular aggregate structure is the amyloid fibril. Common features of amyloid
fibrils are a cross-beta sheet as quartary structure and insolubility [33, 34]. Amyloid
conformations can be promoted by a prion-like mechanism [35, 36]. But the ability to
aggregate and seed strongly depends on the external conditions like pH, salt
concentration and temperature [37-40]. The aggregate’s morphology is also highly

dependent on the amyloid protein [41].

As an example, Matsumoto at al [41] found that mutant superoxide dismutase 1 (SOD1)
forms distinct, porous aggregates through which other proteins can diffuse into the
center of the aggregate. In contrast to that, polyglutamine proteins formed intracellular,
cytoplasmic and nuclear aggregates with a dense core and a surface that can interact
with chaperones and recruits other proteins like transcription factors [41]. In contrast
to other aggregates, those formed by polyglutamine proteins are not completely soluble
in formic acid. The bigger aggregates dissociate into oligomers but those do not

dissociate into monomers [29].

1.5.1.1. Aggregation of polyglutamine proteins

Polyglutamine proteins are intrinsically disordered due to their homopolimery and their
polar sidechains [42]. In a bigger protein context like huntingtin or ataxin-3,

polyglutamine tracts can exist in different conformations [43, 44].

Pure polyglutamine proteins

Disaggregated polyglutamine proteins consisting of a pure polyglutamine chain not
longer than 44 Qs are initially in the random coil conformation at neutral pH [45], since
the random coil conformation is the preferred state of the polyglutamine monomer. But
if the polyglutamine protein is incubated at 37° C for some time it refolds into beta-
sheets [45]. As mentioned before, water is a poor solvent for polyglutamine
proteins [42]. Due to that they form collapsed structures in aqueous buffers although
glutamine is a polar amino acid. In fact water is such a poor solvent for polyglutamine
proteins that pure polyglutamine chains with more than 15 glutamines are insoluble in

aqueous buffers [45, 46]. If the glutamine chain is flanked by highly polar lysines, it
14



becomes soluble in water [45]. The collapse of polyglutamine proteins in aqueous
solutions is promoted by intrabackbone interactions [14, 42]. With increasing glutamine
number the compactness of the peptide increases as well [47]. Backbone-backbone
interactions become more probable, which are known to be typical interactions in beta-
sheets. Polyglutamine proteins form a beta hairpin this way. The glutamine sidechains
strongly interact with the side chains of other glutamines, which promotes the formation

of oligomers and later aggregates [48].

Aggregation mechanisms of polyglutamine proteins

Prior to fibril formation, the polyglutamine protein monomers form intermediary
oligomers that accumulate into larger aggregates [49-51]. The fibrils then keep growing
via monomer recruitment [31, 52]. In order to be recruited, the monomer must form a
beta-hairpin before it can be annexed by the fibril [48]. Interestingly, small, distinct

aggregates recruit more effectively than bigger ones [45].

Polyglutamine proteins can aggregate in different ways. Not only amyloid fibrils can
form during the aggregation process, amorphous aggregates, smaller spherical
structures and off-pathway oligomers were also observed [49, 53-58]. Analogous to the
aggregation of other amyloid proteins, the polyglutamine induced aggregation can be
divided into three phases. The lag phase marks the thermodynamically unfavorable
transition from native to non-native conformation and is therefore the slowest and rate
limiting step. It is followed by a phase of rapid growth due to the elongation of the
formed fibrils [31]. At some point equilibrium between monomer and soluble polymers

is reached [55, 59, 60].

Polyglutamine = monomers organize into oligomers with heterogeneous
structures [61, 62]. Soluble, linear aggregates without a distinct secondary structure
have been described [60], as well as monomers that form spherical oligomers evolving
into protofibrils that later become fibrils with rough ends [56]. Oligomers can be highly
variable in size. Sizes ranging from dimer up to oligomers composed of several hundreds
of monomers have been observed [49, 63-65]. Vitalis et al [66] observed polyglutamine

proteins to form unstructured dimers at the start of the aggregation process. The
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aggregate morphology and characteristics are dependent on the temperature and the
concentration [45, 67], whereas the aggregation kinetics is dependent on the exact

conformation of the monomer [66].

Polyglutamine fibrils

Most of the fibrils formed by polyglutamine proteins can be described as typical amyloid
fibrils [53, 68]. They show ThT and congo red activity, typical features of amyloid
fibrils [45, 69]. The amyloids form in a nucleated growth mechanism [70]. The critical
nucleus’s size depends on the length of the glutamine chain [52, 71]. Proteins with
longer polyglutamine tracts form amyloid fibrils spontaneously. This cannot be
observed for glutamine chains shorter than 20. But those can be involved in secondary
nucleation mechanisms. Short Polyglutamine chains with flanking lysines with 25-32 Qs
were described to form aggregates spontaneously with an elongated lag and elongation

phase [45].

The beta structured aggregates are stabilized by hydrogen bonds between the glutamine
sidechains. Chen et al [69] observed that polyglutamine proteins form amyloid fibrils
with a high beta content. They observed two fibril types: a ribbon-like structure, or
seldom, intertwined fibrils. Some experimental results indicate that the aggregate
structure could be described as a “steric zipper”. As an example, solid state nuclear
magnetic resonance (ssNMR) measurements suggested that the fibril core may be
composed of two structurally distinct interlocked beta-sheets, leading to an internal
polymorphism, as it might contain differently structured monomers, which would mean

that two distinct conformers coassemble in the fibril core [48].

Like other amyloid proteins, the fibrils formed by polyglutamine proteins are able to
seed, even between different polyglutamine lengths [45, 72]. If the seed amount equals

5% of the monomer mass, the lag phase becomes undetectably short [45].

Iuchi et al [29] observed that the aggregates formed by polyglutamine proteins are
insoluble in formic acid. They concluded that polyglutamine aggregates must be

stabilized by covalent bonds. Possibly, the transglutaminase is involved in this process.
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Aggregation of proteins containing polyglutamine tracts

The aggregation of polyglutamine proteins is highly dependent on the protein context in
which the polyglutamine tract can be found and on the number of
glutamines [49, 68, 73]. Folded proteins are not as prone to aggregation as unfolded
ones, but if the glutamine tract is long enough they will also aggregate [73]. It is known
that the polyglutamine tract is the driving force of the aggregation because even non-
aggregating proteins can be impelled to aggregate by introducing a sufficiently long
glutamine tract into the protein [73]. This also works in the opposite way, an
aggregation prone polyglutamine tract can be stabilized by the addition of a large, folded
protein like GST [68]. The regions flanking the polyglutamine tract have the highest
impact on its aggregation behavior. A C-terminal polyP region reduces the aggregation
propensity and impedes the aggregate stability [74]. Another example is the exchange of
hydrophobic amino acid residues with charged ones in the N-terminal domain of the
huntingtin protein. As this eliminates the inaccessibility of intermolecular sidechains,
the formation of oligomers is no longer favored [75]. The flanking sequences are also

known to affect the fibril’s morphology [76, 77].

Since there are a lot of polyglutamines in the eukaryotic proteome, it can happen that
amyloid fibrils form in vivo [68]. A commonly known example of an in vivo aggregating
protein is huntingtin which readily aggregates if its polyglutamine tract exceeds 46
glutamines [78]. It has been described that huntingtin forms amyloid fibrils via alpha
helix rich oligomers [55]. The fibril structure is similar to the one of pure polyglutamine
fibrils [48]. It was observed in three dynamic states in cells: fast diffusion, dynamic
clustering and stable aggregation [79]. The aggregation phases described before can also
be observed in vivo as well as a fourth phase that is marked by the sequestration of large
aggregates into inclusion bodies [78]. In cells, small oligomers are formed, prior to the
large inclusion bodies. These inclusion bodies recruit polyglutamine proteins from the
cytoplasm, heavily reducing the monomer concentration in the cell [78]. Several
different aggregate species and monomers were found to exist in vivo at the same time,

when C. elegans expressed different glutamine-chains fused with YFP [80].

17



The aggregation kinetic differs between different polyglutamine proteins. In contrast to
huntingtin, the androgen receptor contains a domain that is prone to form amyloid
fibrils. This domain interacts with the polyglutamine tract during the aggregation

process [81].

The in vivo aggregation is also modulated by the interaction with other cellular proteins
as was observed for the polyglutamine containing protein ataxin-1. The ataxin-1
aggregation is enhanced if it interacts with other coiled-coil proteins or if it cannot
interact with the spliceosome, which is its physiological interaction partner [82, 83]. The
polyglutamine tract of the androgen receptor can interact with the transglutaminase
which promotes the formation of covalent bonds that stabilize the formed

oligomers [29].

1.6. PROTEIN MISFOLDING DISEASES

Proteins that are latently instable can misfold and might be prone to aggregation. The
formed aggregates can have a cytotoxic effect [84]. Several neurodegenerative diseases
belong to those protein misfolding diseases, such as Alzheimer’s disease (AD), Morbus
Parkinson (PD), Huntington’s chorea (HD), prion encephalopathies or Amyotrophic
lateral sclerosis (ALS) [85-87]. Misfolding can be induced through mutation, as it is the
case for polyglutamine diseases or familiar AD, or by the slow failure of the proteostasis,
due to aging [20, 88-90]. Aggregation is a natural process that is usually prevented by
the cellular quality control mechanisms that become more error-prone with increasing

age [27].

Two disease mechanisms are possible as a consequence of protein misfolding: Loss of
function and toxic gain of function [91-93]. The disease pathology of protein misfolding
diseases usually exceeds what would be expected from a loss of function effect [94]. It is
a commonly accepted and experimentally supported hypothesis that the misfolded
proteins have a cytotoxic effect due to a toxic gain of function [95, 96]. This was shown
for AD, PD, ALS, tauopathies, polyglutamine diseases and others [97-102]. The toxic
species is still not fully unveiled, but the most probable candidates are soluble

oligomers [62, 103-107]. Maybe because they have a reactive surface with exposed
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hydrophobic amino acid residues and unpaired beta-strands [108]. Oligomers also have
a bigger surface related to their size than fibrils, which makes them more reactive [109].
The hypothesis was also supported by the finding that drug candidates aiming to reduce
the Abeta oligomer load, but not the amount of fibrils, lead to a cognitive improvement

in the mouse model [110].

The toxic mechanism is still elusive, though. Oligomers were observed to impede the cell
membrane [27] and interact with non-natural interaction partners [109, 111]. These
interaction partners are mostly metastable proteins with intrinsically disordered
regions and less complex amino acid sequences such as RNA binding

proteins [109, 111-113].

It is discussed whether the formation of bigger aggregates and inclusion bodies might
be a protective mechanism of the cell in order reduce the number of free
oligomers [103], whilst others state that fibrils are involved in pathology because they

sequester valuable proteins and release oligomers [84, 111].

The aggregates can prevent themselves from being degraded by the proteasome and
autophagy systems and trap chaperones [114, 115] which impedes the cellular protein
quality control system [84]. Chaperones were also shown to have a neuroprotective
effect, as their knock-down increase the progress of HD and AD [20]. The chaperones
bind toxic oligomers in order to promote aggregate formation and reduce the oligomer

load [116].
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1.7. POLYGLUTAMINE PROTEIN MISFOLDING DISEASES

As mentioned before, mutation can be the cause of protein misfolding and therefore also
the cause of a protein misfolding disease. This is the case for polyglutamine diseases,
belonging to the triplet repeat diseases. The protein’s misfolding is triggered by an
elongated glutamine tract. This happens because the glutamine coding CAG triplet is
repeated too often [31, 117]. There is a critical glutamine number threshold for each
polyglutamine disorder. If this threshold is exceeded, the affected protein misfolds
which is connected to neurodegeneration [31, 118]. In the majority of polyglutamine
diseases the respective proteins misfold if they contain more than 35-40

glutamines [118-121].

It is known that the elongated polyglutamine tract is the disease’s origin. This is
supported by the finding that the incertation of an elongated polyglutamine tract into a
non-aggregating protein or the internalization of pure polyglutamine proteins leads to
neurodegeneration as well [73, 122]. Today, nine heritable polyglutamine misfolding
diseases are known, namely HD, SBMA or Kennedy’s disease, spinocerebellar muscular
atrophy 1 (SCA1), SCA2, SCA3 or Machado-Joseph disease, SCA6, SCA7, SCA12, SCA17
and dentatorubral-pallidoluysian atrophy (DRPLA) or Haw River
syndrome [89, 118, 123-131]. All of these diseases are autosomal, dominant heritable
diseases, except for SBMA which is x-linked chromosomal inherited [31, 132, 133].
SBMA is special among the polyglutamine misfolding diseases, not only because it is the
only x-linked mutation but also because all other polyglutamine misfolding diseases are

inevitably fatal [31].
To this day, no effective therapies are known [118].

The polyglutamine misfolding disease’s pathologies differ depending on the affected
protein. In HD, the huntingtin contains the elongated polyglutamine tract whereas SBMA
is initiated by an elongated polyglutamine tract in the androgen receptor [89, 134]. If an
elongated polyglutamine tract is internalized into a natively non-polyglutamine protein
in vivo, the mice developed a neurodegenerative disease similar to the known

polyglutamine diseases [135].
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The autopsy of passed away patient’s brains showed severe neurodegeneration and cells
containing inclusion bodies [134, 136-138]. These inclusion bodies contained amyloid
fibrils [68]. The disease’s progression is promoted by a prion like mechanism as the
misfolded polyglutamine proteins can penetrate other cells and seed aggregation

there [72].

Some of the polyglutamine misfolding disease’s symptoms can be explained by a loss of
function mechanism. It was shown that the knockout of huntingtin in adult mice caused
some of the symptoms [139] and also some symptoms of the SBMA are due to androgen
insensitivity [140]. But a pure loss of function mechanism cannot explain the whole

pathology [141, 142].

Analogous to other protein misfolding diseases, the oligomers are thought to be the toxic
species in polyglutamine misfolding diseases. This hypothesis is supported by the fact
that the inclusion body load does not correlate with neurodegeneration [143-145]. It is
discussed whether the formation of inclusion bodies might be a protective mechanism of
the cell to deal with toxic oligomers [103, 146]. The monomer is another possible toxic
candidate if it would fold into a toxic conformation. But this seems unlikely as
polyglutamine reactive antibodies recognize both polyglutamine proteins with normal
and pathogenic glutamine number [31].

It was found that polyglutamine oligomers cause stress in the endoplasmic
reticulum (ER) [147-149]. Another hint to toxic oligomers is the fact that DNA damage

correlates with the oligomer and protofibril load [150].

The polyglutamine aggregates can interact with several different proteins. Preferred
interaction partners are proteins with a high glutamine content interrupted by aromatic
amino acids [79]. The oligomers often interact with transcription factors [151]. This
interaction and the resulting impediment of the transcription regulation might be one of
the toxic mechanisms in polyglutamine diseases which are still not fully
understood [151, 152]. Another toxic mechanism might be the damage of nuclear
DNA [64, 153], the internalization of other proteins into the aggregates which leads to
loss of function effects concerning those proteins [61], interference with the protein
quality control system and clearing mechanisms of the cell [154, 155], affection of the
endocytosis and microtubule transport [156], impediment of the cell

membrane [157, 158] and causation of mitochondrial dysfunction [124, 159].
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The impediment of gene control systems like transcription factors and gene expression
by mutant huntingtin was described by Li et al [79]. Huntingtin aggregates recruit FoxP2
for example, a transcription factor that is important for language development and
control of movements in striatal neurons [79]. FoxP2 is also involved in the
development of cortical-basal ganglia, which are typically damaged in HD
patients [160, 161]. So it could be the case that the toxic gain of function is partially due

to the loss of function of recruited transcription factors like FoxP2.

1.8. THERAPEUTIC APPROACHES FOR POLYGLUTAMINE DISEASES

Protein aggregation can be inhibited in different ways, for example by binding of free
monomer, binding to monomers participating in primary or secondary nucleation,
binding to oligomers to prevent secondary nucleation, binding to fibril ends or bigger
aggregates in order to hamper fibril elongation or aggregate growth or binding to the
fibril surface to prevent secondary nucleation through fibril fragmentation or surface
catalyzed secondary nucleation [30]. The obvious target for the treatment of
polyglutamine diseases is the elongated polyglutamine tract as it triggers the fatal

misfolding event.

A binding partner of the natively folded polyglutamine tract might shift the equilibrium
to the monomer side or raise the threshold of tolerated glutamines [162] by hampering
the accumulation of monomers and stabilize the native conformation. So it is a

promising approach to find binding partners for polyglutamine regions.

Some polyglutamine proteins, like ataxin-1, aggregate faster if they have contact with
their coiled-coil interaction partners. Blocking these interactions might decrease the
aggregation [82], which could also be realized by binding to the polyglutamine region.
Several approaches targeted the polyglutamine tract. Polyglutamine binding antibodies
like 1C2 were shown to inhibit the polyglutamine induced aggregation in vitro and in
vivo [163-168]. Benzothiazoles seemed to be promising drug candidates as well. They
inhibited the aggregation in vitro and in vivo, but failed in the mouse model due to

metabolic instability or did not improve the disease phenotype [169].
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Other studies targeted polymeric polyglutamine proteins, like oligomers. It was
observed for the fibril binding congo red that disruption or prevention of
oligomerization improved cell survival [170]. An alternative approach is the
enhancement of aggregation in order to accelerate the formation of possibly protective
inclusion bodies [171]. Epigallocatechingallate (EGCG) that can be extracted from green
tea leaves, inhibited the aggregation of polyglutamine proteins in vitro and in
vivo [172-174]. Its therapeutic effect is premised on the formation of off-pathway
aggregates [173].

Since the disease phenotype is a complex mixture of effects due to loss of function and
gain of function, there are also indirect ways to modulate disease onset and progression.
It is one possibility to enhance the cell’s protein quality control system, e.g. through
activation of the proteasome or the autophagy systems [175-177], another to induce
some chaperones pharmacologically, which can have a therapeutic effect [178, 179] or
use natural osmolytes that work like chemical chaperones [180]. Trehalose activates the

macro autophagy and stabilizes elongated polyglutamine [181].

Since the precise combination of cellular effects is different for each polyglutamine
disease, the indirect approaches would be specific for one of the nine polyglutamine
diseases, like Leuprorelin. It was a very promising candidate for SBMA treatment that
even made it to the clinical trials. Leuprorelin is an LHRH agonist and inhibits the
testosterone induced accumulation of the androgen receptor in the nucleus. It efficiently
treated SBMA in the mouse model [182] but short term studies showed no significant
effect in humans [183]. This finding was revised after a longer trial time, in which a
decrease in disease progression could be observed [184]. In order to investigate the
pharmacological potential of candidates that show their effect so slowly it would be
necessary to have good, quantifiable biomarkers for the investigated disease. It would be
an improvement of clinical trials for polyglutamine diseases if the oligomer load in blood

or spinal fluid could be measured as an objective indicator of disease progression [118].
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The latest approach was to test the possible therapeutic effects of gene
silencing [185, 186] with antisense oligonucleotides, siRNA or shRNA [118, 187-190].
One drawback of this approach is the selective targeting of the affected allele. There are
some approaches to do so but most studies just target both alleles [191-193]. Another
problem is the application of nucleic acid therapeutics to the brain. In animal
experiments, the adenoviral vectors were stereotaxically injected into the mice’s

striatum, which is no favorable treatment for human patients [118, 194].

1.9. THERAPEUTIC PEPTIDES

Peptides are suitable as polyglutamine binding partners as well. Such a peptide was
found by Nagai et al [195]: QBP1 inhibited the polyglutamine aggregation in vitro and
also reduced the cytotoxicity of polyglutamine proteins and prevented the formation of
oligomers [195-197]. It suppressed neurodegeneration in Drosophila [198]. But the
uptake from the periphery to the mouse brain proofed to be problematic and no
therapeutic effect could be seen in the mouse model [118, 199]. Another polyglutamine
binding peptoide is the HQP09 which binds to huntingtin and ataxin-3 and inhibits their
aggregation [200]. This peptoide failed in the mouse model as well, possibly because it

could not pass the blood brain barrier.

A peptide drug needs the ability to pass from the periphery to the brain and it has to be
metabolically stable. L-peptides are readily degraded by the body’s metabolic system. In
contrast to D-peptides which are not as easily recognized by proteases [201]. This

makes D-peptides promising drug candidates.
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1.10. PHAGE DISPLAY SELECTION

1.10.1.1. Bacteriophages

Filamentous bacteriophages (commonly known as phages) belong to the viruses [202].
They include some Inoviridae as M13 phages, f1 or fd [203-205]. Filamentous
bacteriophages can infect gram-negative bacteria that have got an f-pilus, like
Escherichia coli. These phages can replicate in bacteria without lysing them [206]. The
most commonly used phages in phage display are M13 phages [207]. M13 phages are
6.5 nm wide and contain ss-DNA that is coated by a protein envelope [208, 209]. Their
genome consists of 11 genes that code for the capsid proteins, DNA replicating proteins

and the assembly protein [206].

1.10.1.2. The Method

Phage display is a high throughput screening method to find ligands for defined target
molecules [207]. Peptide libraries can be displayed on bacteriophage’s surface by
including randomized cDNA into the phage genome, a fusion protein of the capsid
protein and the peptide is formed in the phage envelope this way [206, 210, 211]. In
most cases the peptides are attached to the capsid proteins plll or pVIII. Libraries with
109-1010 different peptides can be screened for specific target binders in vitro via bio

panning [206, 212].

The phage display selection can be divided into two main parts: the selection and the
amplification [213]. During the selection an input of phages is incubated with the
immobilized target, unbound phages are washed away and the output received this way
should contain several target binders. This output is amplified in bacteria and is used as
an input for the next round. After several selection rounds the target binders should be

enriched [213]. In Figure 1 the phage display procedure is depicted schematically.
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Targets can be presented in different ways: immobilized on a surface, immobilized on
magnetic beads or on the surface of cultured cells, even in vivo selections are

possible [214, 215].
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FIGURE 1: Phage display selection procedure

General procedure of a phage display selection. A Immobilization of a target protein on the surface. B The phage
library with M13 phages displaying different randomized peptides on their surface is incubated with the immobilized
target. Some of the peptides bind to the target. C Unbound phages are washed off. D Bound phages were eluted and
get amplified with a bacterial culture. E Amplified phages are purified and used as input in the next selection round.

This figure was created with BioRender (biorender.com).
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1.10.1.3. Mirror image phage display

Peptide therapeutics can be degraded by physiological enzymes in the patients [201].
Given that D-peptides are significantly more stable compared to L-peptides, it would be
advantageous to select D-peptide ligands for the targets. To this end a phage display
selection can be carried out with a D-enantiomeric target. It follows that the “mirror
image” of the selected peptide will bind to the native L-enantiomeric target [201, 216,
217]. It was already shown that this is a successful approach for neurodegenerative
diseases. The selected D-enantiomeric peptide compound RD2Z could improve the
cognition and learning ability in a mouse model for Alzheimer’s disease after
intraperitoneal and even oral administration. So it is possible to find D- peptide

compounds that pass the blood brain barrier after periphery administration [110].
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2. AIM OF THE STUDY

Polyglutamine diseases are severe, fatal neurodegenerative diseases with no effective
treatment available. All nine of these heritable trinucleotide repeat diseases share the
same pathogenic mechanism; an elongated polyglutamine tract leading to misfolding
and aggregation. A cytotoxic component is formed in this process, leading to
neurodegeneration.

This common mechanism gives rise to the idea that one active substance that would
inhibit the polyglutamine protein aggregation process might work as an effective
treatment in all nine diseases. This compound should impede the sequestration of
polyglutamine containing proteins to oligomers and aggregates by stabilizing its native
conformation.

It was the aim of this study to find a drug candidate which meets these expectations. To
this end a mirror image phage display selection was performed to find specific binders
of polyglutamine sequences. The resulting D-peptide compounds were tested with
respect to their ability to bind polyglutamine proteins and inhibit their aggregation.
Furthermore, it was tested whether the peptide compound’s effect was transferrable to

other polyglutamine constructs they were not selected on.
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3. MATERIALS AND METHODS

3.1. PEPTIDES AND PROTEINS USED IN THIS STUDY

An N-terminal biotin tag was fused to the polyglutamine proteins used as selection
targets via a ttds-linker.

TABLE 1: Polyglutamine proteins used in this study

Name Sequence Synthesized by
D-K2Q23K2 kkqqqqqqqqqqqqqqqqqqqqqqakk JPT*
L-K2Q23K2 KKQQQQQQQQQQQAQQQQQQQQQQQQKK Peptides & elephants®

K2Q46K2 KKQQQQQQQQRQQQQQQQQQQQQQQQ Peptides & elephants®

101070107007010]010]010]07007007010700]010] .4,

* JPT Peptide Technologies GmbH, Berlin, Germany
° peptides & elephants GmbH, Henningsdorf, Germany
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The peptide compounds used in this study were synthesized with an amidated C-term.

TABLE 2: Peptides used in this study

Name Sequence Synthesized by

QF1D-2+ fswewwphypatdsse Caslo”

QF1D-4+ sfqwwpqfpwqpeysi Caslo”

QF1D-6+ stelafdhwdwewwsv Caslo”

QF1D-8+ feywpmwGgieeGye Caslo”

QF1D-10+ mewpypwwsmdmdfpm Caslo”

QF1D-14 mpyeirwtpnhvGdmn Caslo”

QF1D-16 sqhnvffsqpwdrwht Caslo”

QF1D-18 shlqGhyrqvydpGfs Caslo”

(¢
1%}
1%}
S
—
jo5)
wn
o

QF1D-22 hvwkkndhhwepkywp Caslo”

QBP1§ SNWKWWPGIFD Peptides & elephants®

° peptides & elephants GmbH, Henningsdorf, Germany
“CASLO ApS, Lyngby, Denmark

+ selected by Annika Kriiger [218]

& selected by Karoline Santur

§[195]
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3.2. DISAGGREGATION OF POLYGLUTAMINE PROTEINS

It is known that polyglutamine proteins tend to aggregate spontaneously [69]. Therefore
it is necessary to ensure that the used protein is in its monomeric state, whenever
required. This was achieved by disaggregating the polyglutamine protein prior to usage.
Polyglutamine proteins were disaggregated by incubating them overnight in
100% Trifluoroacetic acid (TFA), derived from a published disaggregation
protocol [219]. ARQ46 was disaggregated by incubating it in
1:1 TFA/ Hexafluoroisopropanol (HFIP) for three days.

3.3. THIOFLAVIN T (THT)-ASSAYS

ThT-assays are suitable for monitoring the formation of amyloid aggregates. Binding to
amyloid fibrils shifts the fluorophore’s emission spectrum from 438 nm to 482 nm.
Thus, the ThT-active aggregation can be monitored in terms of time and quantity by
tracking the fluorescence intensity at 482 nm over time [220]. ThT-assays were
performed as described before [221]. For peptides selected by Annika Kriiger [218] the
assay was performed in phosphate buffered saline (PBS) whereas for peptides selected
on the disaggregated targets the assay was performed in Tris buffered saline (TBS). The

lag-time was estimated as described elsewere [221].

3.4. SURFACE PLASMON RESONANCE (SPR)

The surface plasmon resonance technique utilizes the formation of surface plasmons
when the electrical field energy of the photons of a plane-polarized light beam under
total internal reflection conditions interacts with free electron constellations in a gold
surface [222]. The surface plasmon resonance angle depends on the refractive index of
the media and changes in a linear relationship when biomolecules bind to the
surface [222, 223]. Consequently, this technique enables to measure molecular binding
quantitatively. But it is necessary to immobilize one of the interaction partners in close

proximity to the gold surface.

31



K2Q23K2 was immobilized on a CM5 chip (carboxymethylated dextran matrix, 100 nm
wide) by Annika Kriiger [218]. QF1D-1 and QF1D-2 were diluted in running buffer
(PBSpH 7.4). The experiment was performed with a flow rate of 45 ul/min. The
association time was 180 s, the dissociation time 900 s. Flow cell 1 (FC 1) served as
reference which was activated with a 1:1 mixture of 0.05 M
N-Hydroxysuccinimide (NHS) and 0.2 M ethyl(dimethylaminopropyl) carbodiimide
(EDC) and quenched with 1 M ethanolamine without immobilizing anything [218].

For QF1D-13 and QF1D-14 the running buffer was TBS-T pH 7.5 with 0.05% TweenZ20.
The experiment was performed with a flow rate of 45 pl/min as well. The association
time was 110 s, the dissociation time 400 s.

The binding of QF2D-2 to polyglutamine proteins was investigated as was described

elsewhere [221].

3.5. CD-SPECTROSCOPY

Circular dichroism (CD) -spectroscopy uses plane-polarized light with opposite
polarization. When this trespasses a protein sample, the two polarizations get absorbed
differently. The ratio of absorbance determines the elipticity. Secondary protein
structures show specific CD-spectra. Therefore, by measuring the elipticity of the
respective wavelength range reveals the medium secondary structure of a protein
sample [224].

The samples were dissolved in buffer (either sodium acetate buffer (NaAc) pH 6 or
10 mM Tris buffer pH 8). The CD-spectroscopy was performed with a CD spectrometer
(J-1100, Jasco Deutschland GmbH, Pfungstadt, Germany) in a quartz crystal cuvette with
1 mm light path (Hellma analytics, Miullheim, Germany) with 5 accumulations. The

samples were referenced with a measurement of the respective buffer.
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3.6. MIRROR IMAGE PHAGE DISPLAY

The mirror image phage display was performed with D-biotin-K2Q23K2 as was
described for D-biotin-ARQ23 [221]. In each selection round, 4 pmol of the target were
immobilized in a well of the High capacity streptavidin coated Polystyrene plate with
»ouperBlock” by Thermo scientific (Thermo Fisher scientific, Waltham, USA). The

selection scheme is depicted in Figure 2.

Selection round 1

Selection round 2

Selection round 3 - -

FIGURE 2: Selection scheme

In selection round 1, the Tricol6 library served as input for the target selection (TS) on the D-biotin-ttds-K2Q23K2
and the empty selection (ES) on biotin-ttds. The eluted phages were amplified after each selection round and used as
input in the next round. The direct control (DC) was performed with the TS input on biotin-ttds.

3.7. PRODUCTION OF SOLUBLE AGGREGATE FRAGMENTS

Soluble aggregate fragments of L-K2Q46K2 were produced as described for
L-ARQ46 [221].
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4. RESULTS

4.1. CHARACTERIZATION OF PEPTIDE COMPOUNDS SELECTED ON K2Q23K2

The aggregation of polyglutamine containing proteins causes several neurodegenerative
diseases. Polyglutamine ligands stabilizing the native conformation would prevent or
delay disease onset. To find such ligands, a mirror image phage display selection was
performed by Annika Kriiger on the D-biotin-K2Q23K2 [218]. Ten peptide compounds
resulting from this selection were further characterized in ThT-aggregation assays and

binding studies with the SPR technique.

Two peptides had an inhibiting effect on the ThT-active aggregation of K2Q46K2,
QF1D-1 and QF1D-2 (Figure 3). At 24 h the fluorescence intensity of the sample
containing QF1D-1 was 41% of the aggregation control’s fluorescence intensity at this
time point. QF1D-2 was even more effective, reducing the fluorescence intensity to 9%
of that of the aggregation control.

In the aggregation control, aggregation started after a lag time of 2 h. QF1D-1 elongated
the lag-time to 3 h and QF1D-2 elongated it by a factor five to 10 h.
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FIGURE 3: QF1D-1 and QF1D-2 inhibit ThT-active aggregation of L-K2Q46K2
ThT-assay with 45 uM K2Q46K2 in PBS pH 7.4 at 37°C with 300 rpm double orbital shaking. Fluorescence intensity

was measured at Aex = 448 nm and Aem = 482 nm every 8 minutes. A ThT-fluorescence intensity for 45 uM K2Q46K2

(black), equimolar K2Q46K2 and QF1D-1 (grey) and 45 uM QF1D-1 in PBS (light grey) B ThT-fluorescence intensity
for 45 pM K2Q46K2 (black), equimolar K2Q46K2 and QF1D-2 (grey) and 45 pM QF1D-2 in PBS (light grey)
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To test whether the effect observed in Figure 3 is concentration dependent, the
compounds were tested with K2Q46K2 being present in excess, in equimolar
concentration and in sub stoichiometric ratio. Both compounds had a concentration
dependent, inhibitory effect (Figure 4). When QF1D-1 was present in excess, it reduced
the fluorescence intensity at 40 h to 32% of the aggregation control sample’s
fluorescence intensity. When QF1D-1 and K2Q46K2 were present in equimolar ratio,
QF1D-1 still reduced the fluorescence intensity to 44% and even when only 22.5 uM
QF1D-1 were mixed with 45 uM K2Q46K2, it still reduced the fluorescence intensity to
69%. The lag time was elongated in a concentration dependent manner as well, whereas
K2Q46K2 alone had a lag time of 2.4 h, this was elongated to 4 h when 22.5 uM QF1D-1
were present, to 6.5 h when 45 pM QF1D-1 were there and even to 10 h for the sample
containing 90 uM QF1D-1.

QF1D-2 reduced the fluorescence intensity even more then QF1D-1, by 70 % for the
sample containing 22.5 pM QF1D-2, 90 % when QF1D-2 and K2Q46K2 were present in
equimolar ratio and 93 % for the sample containing 90 uM QF1D-2. In this sample the

lag time was elongated to 31.5 h, which equates to an increase by 1313 %.
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FIGURE 4: QF1D-1 and QF1D-2 inhibit ThT-active aggregation of L-K2Q46K2 in a concentration dependent

manner

ThT-assay with 45 uM K2Q46K2 in PBS pH 7.4 at 37°C with 300 rpm double orbital shaking. Fluorescence intensity
was measured at Aex = 448 nm and Aem = 482 nm every 8 minutes. A ThT-Fluorescence intensity for 45 uM K2Q46K2

(black), 45 uM K2Q46K2 and 90 uM QF1D-1 (dark green), 45 pM K2Q46K2 and 45 uM QF1D-1 (green) and 45 uM
K2Q46K2 and 22.5 pM QF1D-1 in PBS (light green) B ThT-Fluorescence intensity for 45 pM K2Q46K2 (black), 45 pM
K2Q46K2 and 90 uM QF1D-2 (dark blue), 45 pM K2Q46K2 and 45 pM QF1D-2 (blue) and 45 uM K2Q46K2 and

22.5 uM QF1D-2 in PBS (light blue)
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In patients treated with a compound, the main requirement is to inhibit seeded
aggregation rather than de novo aggregation. To test the compounds ability under those
conditions, 1% preformed aggregates were added to the samples. The aggregation was
monitored with ThT (Figure 5). The addition of seeds eliminated the lag phase of the
sample containing 50 uM K2Q46K2 only. QF1D-1 seemed to inhibit the ThT-active
aggregation completely, whereas QF1D-2 had a strong inhibiting effect, reducing the
fluorescence intensity to 66% of the aggregation control’s fluorescence intensity at 40 h.

In this sample a lag time of 12.5 h was measured.
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FIGURE 5: QF1D-1 and QF1D-2 inhibit ThT-active aggregation of L-K2Q46K2 in presence of seeds
ThT-assay with 50 pM K2Q46K2 and 1% preformed aggregates in PBS pH 7.4 at 37°C with 500 rpm double orbital

shaking. Fluorescence intensity was measured at Aex = 450 nm and Aem = 480 nm every 7 minutes. A ThT-Fluorescence
intensity for 50 pM K2Q46K2 with 1% preformed aggregates (black), equimolar K2Q46K2 and QF1D-1 with
1% preformed aggregates (grey) and 0.5 uM preformed K2Q46K2 aggregates in PBS (light grey) B ThT-Fluorescence
intensity for 50 pM K2Q46K2 with 1% preformed aggregates (black), equimolar K2Q46K2 and QF1D-1 with
1% preformed aggregates (grey) and 0.5 pM preformed K2Q46K2 aggregates in PBS (light grey)
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The binding of QF1D-1 and QF1D-2 to the L-enantiomeric general polyglutamine

construct K2Q23K2 was investigated using the SPR technique. Both compounds bound

to K2Q23K2, although it was not possible to determine a Kp via the affinity fit due to the

fact that no saturation was reached (Figure 6).
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FIGURE 6: QF1D-1 and QF1D-2 bind to L-K2Q23K2
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L-K2Q23K2 was immobilized on a CM5 Chip via amino coupling by Annika Kriiger [218]. Using PBS pH 7.4 as running
buffer the binding of QF1D-1 and QF1D-2 to K2Q23K2 was investigated with the SPR technique. A Binding of QF1D-1
to K2Q23K2 with 125 uM being the highest concentration. B Binding of QF1D-2 to K2Q23K2 with 125 pM being the

highest concentration.
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It was noticed that the compound’s effect decreased when the compound stock solution
was stored over a longer time period and the concentration of the same sample varied. A
size exclusion chromatography was performed to see whether the peptides would elute
as expected. The peptide elution had more than one distinct peak, hinting the peptide
sample was aggregated.

The peptides were selected on D-K2Q23K2 that was not thought to aggregate at low
concentrations due to the lower number of glutamines [52]. Because of that assumption
and the promising size exclusion chromatography results at that time, the target was not
disaggregated prior to the selection by Annika Kriiger [218].

A CD measurement of L-K2Q23K2 dissolved in buffer without disaggregation showed
that the sample’s secondary structure was beta-sheet (Figure 7). So the compounds have

likely been selected on polyglutamine in beta-sheet conformation.
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FIGURE 7: CD-spectrum of L-K2Q23K2 dissolved in buffer without prior disaggregation
CD-spectrum of lyophilized L-enantiomeric K2Q23K2 directly dissolved in NaAc buffer pH 6.
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QF1D-1 and QF1D-2 were disaggregated with 100% TFA prior to another ThT-assay
with monomeric L-K2Q46K2 (Figure 8). In this experiment QF1D-1 accelerated the
aggregation of K2Q46K2. QF1D-2 still had an inhibiting effect but it was less effective
than before, reducing the fluorescence intensity only to 82% of that of the aggregation
control at 20 h, compared to the 9% that were observed before. The lag time was

elongated by 142%, compared to 400% for the not disaggregated compound.
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FIGURE 8: Disaggregated QF1D-1 and QF1D-2 modulate the ThT-active aggregation of K2Q46K2
ThT-assay with 50 uM K2Q46K2 in PBS pH 7.4 at 37°C with 300 rpm double orbital shaking. QF1D-1 and QF1D-2 were

disaggregated prior to the measurement. Fluorescence intensity was measured at Aex = 448 nm and Aem = 482 nm
every 8 minutes. A ThT-Fluorescence intensity for 50 pM K2Q46K2 (black), equimolar K2Q46K2 and disaggregated
QF1D-1 (grey) and 50 puM disaggregated QF1D-1 in PBS (light grey) B ThT-Fluorescence intensity for 50 uM K2Q46K2
(black), equimolar K2Q46K2 and disaggregated QF1D-2 (grey) and 50 pM disaggregated QF1D-2 in PBS (light grey)

The disaggregation step reduced QF1D-2’s effectiveness or even eliminated that of
QF1D-1. In a therapeutic context it is also difficult to administer self-aggregating

compounds.
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4.2. SELECTION AND CHARACTERIZATION OF PEPTIDE COMPOUNDS SELECTED ON
D-K2Q23K2

In order to find new compounds that would bind to the monomeric polyglutamine target
and stabilize its native conformation, two new mirror image phage display selections
were performed with disaggregated targets. D-Biotin-K2Q23K2 served as selection
target again, but this time it was disaggregated prior to the selection to ensure a
monomeric, not misfolded target. A control sample of the disaggregated target was
stored under the same conditions as the target samples. A CD measurement was
performed to ensure that the target was still in its native conformation (Figure 9). The
CD spectrum showed the structure that would be expected for a D-enantiomeric
disaggregated polyglutamine protein, so the selection rounds were not performed on a

beta-sheet structure.
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FIGURE 9: CD-spectrum of D-Biotin-K2Q23K2 disaggregated and redissolved in buffer

D-Biotin K2Q23K2 was disaggregated with 100% TFA. TFA was evaporated with N2 gas treatment and the
D-Biotin K2Q23K2 was redissolved in 10 mM Tris buffer pH 8 to a concentration of 50 uM. CD spectrum was recorded
with this sample.

The selected sequences were analyzed via next generation sequencing (NGS) and target
sequence analysis tool (TSAT) [225]. The clustering tool Hammock [226] was used to
find similar motives among the sequences. The sequences were analyzed with respect to
the ratio between the sequence’s frequency in the target selection compared to its
frequency in the empty selection. Whenever the sequence’s frequency in the empty

selection was zero, half of the most seldom sequence’s value in the empty selection was
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used for calculation. This ratio was called empty score. Furthermore, the sequence’s
frequency in the target selection was compared to its frequency in the library, referred
to as enrichment factor. If the sequence’s frequency in the library was zero, calculation
was performed as described for the empty score. Considering the empty score,
enrichment factor, cluster size (Figure 10) and ratio between target selection and direct
control, ten sequences were chosen for further investigation (Table 3) in a ThT-assay

with soluble aggregate fragments (Figure 11).
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FIGURE 10: Sequences selected on D-Biotin K2Q23K2 ranked by their empty score

Peptides selected on D-Biotin K2Q23K2 were sequenced via NGS and analyzed with TSAT. The 50 sequences with the
highest empty scores are depicted also considering the enrichment factor, relative frequency in target selection 3
(TS3) and the number of sequences in a cluster identified with the clustering tool Hammock [226]. Sequences marked
with black arrows were further investigated in subsequent experiments.
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TABLE 3: Sequences selected on D-Biotin K2Q23K2

Compound Sequence Frequence in Number of Enrichment TS3/DC3
original sequences in factor
library cluster

QF1D-14 mpyeirwtpnhvGdmn 7 40 1,9

QF1D-16 sqhnvffsqpwdrwht 2 99 2,3

QF1D-18 shlqGhyrqvydpGfs 0 284 330 3,9

QF1D-20 ehswvypysqyhwqrG 0 1668 403,8 1,3

QF1D-22 hvwkkndhhwepkywp 0 149 1,8

42



Selected peptide compounds were pre-incubated with soluble aggregate fragments of
L-K2Q46K2. In parallel to the peptide compounds, the soluble aggregate fragments were
also incubated with QBP1, an L-enantiomeric peptide compound that is published to
inhibit polyglutamine aggregation [195] and with P8, a peptide selected on SOD1 by
Karoline Santur that should not bind to polyglutamine. The results for QBP1 were not
reproducible between experiments. After 23 h, monomeric L-K2Q46K2 was added and
the ThT-active aggregation was tracked (Figure 11). QF1D-13 and QF1D-14 had an
inhibiting effect. With QF1D-13 and QF1D-14, aggregation onset was delayed compared
to K2Q46K2 alone and the fluorescence intensity of the steady state was 78% of the
sample incubated with P8 for QF1D-13 at 35 h and 83% for QF1D-14.
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FIGURE 11: QF1D-13 and QF1D-14 decelerate the ThT-active aggregation of K2Q46K2 in presence of soluble
aggregate fragments

Aggregated K2Q46K2 was sonicated and centrifuged at 100 000 g for 1 h at 4 °C to remove insoluble aggregates from
the solution. The supernatant was incubated with the compounds for 23 h. ThT-assay with 30 uM K2Q46K2 and the
preincubated sample in TBS pH 7.5 at 37°C with 300 rpm double orbital shaking. Fluorescence intensity was
measured at Aex = 410 nm and Aem = 482 nm every 30 minutes. A ThT-Fluorescence intensity for 30 pM K2Q46K2
with soluble aggregate fragments (red), equimolar K2Q46K2 and P8 with soluble aggregate fragments (grey),
equimolar K2Q46K2 and QF1D-13 with soluble aggregate fragments (dark green) and 2:1 K2Q46K2:QF1D-13 with
soluble aggregate fragments (light green) B ThT-Fluorescence intensity for 30 pM K2Q46K2 with soluble aggregate
fragments (red), equimolar K2Q46K2 and P8 with soluble aggregate fragments (grey) and equimolar K2Q46K2 and
QF1D-14 with soluble aggregate fragments (dark green)
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Another aggregation assay starting with monomeric L-K2Q46K2 showed that QF1D-13
and QF1D-14 inhibit the aggregation even in sub stoichiometric concentrations (Figure
12). The deviation for QF1D-13 was very high because there was no aggregation
observable in some wells. Medially, QF1D-13 did reduce the fluorescence intensity to
17% percent of the steady state measured for the sample containing P8 at 15 h when the
compound was present in equimolar concentration and to 53% when K2Q46K2 was
present in excess. QF1D-14’s effect was not as high, but it still reduced the fluorescence
intensity to 37% of the fluorescence intensity with P8 at 15 h in equimolar ratio and to
75% when K2Q46K2 was present in excess. QBP1 had a stronger inhibiting effect than
QF1D-13. When K2Q46K2 was present in excess, QF1D-14 elongated the lag time to
9.5 h, whereas QBP1 did not elongate the lag time at all under these conditions.
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FIGURE 12: sub stoichiometric concentrations of QF1D-13 and QF1D-14 inhibit the aggregation of
K2Q46K2

ThT-assay with 30 puM K2Q46K2 in TBS pH 7.5 at 37°C with 300 rpm double orbital shaking.
Fluorescence intensity was measured at Aex =450 nm and Aem = 480 nm every 15 minutes. A ThT-
fluorescence intensity for 30 pM K2Q46K2 and P8 (grey), 30 uM K2Q46K2 and 30 pM QF1D-13 (dark
blue), 30 uM K2Q46K2 and 15 uM QF1D-13 (light blue), 30 pM K2Q46K2 and 30 uM QBP1 (brown) and
30 uM K2Q46K2 and 15 uM QBP1 (light brown) B ThT-fluorescence intensity for 30 um K2Q46K2 and P8
(grey), 30 pm K2Q46K2 and 30 pm QF1D-14 (dark blue), 30 pm K2Q46K2 and 15 pm QF1D-14 (light
blue), 30 um K2Q46K2 and QBP1 (brown) 30 pM K2Q46K2 and 15 uM QBP1 (light brown)
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QF1D-14 bound to K2Q23K2 (Figure 13). But there was no saturation reached so it was
not possible to determine a Kp value. In SPR measurements QF1D-13 did neither show

binding to K2Q23K2 nor K2Q46K2.
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FIGURE 13: Sensorgram of QF1D-14 binding to L-K2Q23K2

L-K2Q23K2 was immobilized on a CM5 Chip with amino coupling. Using TBS-T pH 7.5 with 0.05%
Tween20 as running buffer. The response was referenced with flow cell 1, which was activated and
quenched without immobilizing anything. The binding of QF1D-14 to K2Q23K2 was investigated with the
SPR technique.
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4.3. PUBLISHED RESULTS:
INHIBITION OF POLYGLUTAMINE MISFOLDING WITH D-ENANTIOMERIC PEPTIDES
IDENTIFIED BY MIRROR IMAGE PHAGE DISPLAY SELECTION BY PAULINE ELISABETH

KOLKWITZ, JEANNINE MOHRLUDER AND DIETER WILLBOLD [221]
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Abstract: Nine heritable diseases are known that are caused by unphysiologically elongated polyglu-
tamine tracts in human proteins leading to misfolding, aggregation and neurodegeneration. Current
therapeutic strategies include efforts to inhibit the expression of the respective gene coding for the
polyglutamine-containing proteins. There are, however, concerns that this may interfere with the
physiological function of the respective protein. We aim to stabilize the protein’s native conformation
by D-enantiomeric peptide ligands to prevent misfolding and aggregation, shift the equilibrium
between aggregates and monomers towards monomers and dissolve already existing aggregates into
non-toxic and functional monomers. Here, we performed a mirror image phage display selection
on the polyglutamine containing a fragment of the androgen receptor. An elongated polyglutamine
tract in the androgen receptor causes spinal and bulbar muscular atrophy (SBMA). The selected
D-enantiomeric peptides were tested for their ability to inhibit polyglutamine-induced androgen
receptor aggregation. We identified D-enantiomeric peptide QF2D-2 (sgsqwstpqGkwshwprrr) as the
most promising candidate. It binds to an androgen receptor fragment with 46 consecutive glutamine
residues and decelerates its aggregation, even in seeded experiments. Therefore, QF2D-2 may be a
promising drug candidate for SBMA treatment or even for all nine heritable polyglutamine diseases,

since its aggregation-inhibiting property was shown also for a more general polyglutamine target.

Keywords: polyglutamine diseases; protein misfolding diseases; phage display; all-D-peptide
therapeutics; protein aggregation

1. Introduction

The folding and aggregation of proteins are usually considered to be competing
mechanisms [1]. Aggregating proteins are often intrinsically disordered proteins (IDP) [2].
During the aggregation process, monomers of the aggregating protein form small, soluble
oligomers which can accumulate into larger aggregates [3]. The most common aggregate
structure is the cross-beta amyloid fibril, which has been described at atomic resolution for
several examples [4-7].

Aggregates formed by misfolded proteins can lead to cytotoxic effects [8]. Several
neurodegenerative diseases are caused by misfolded proteins, such as Alzheimer’s disease
(AD), Parkinson'’s disease (PD), prion encephalopathies, amyotrophic lateral sclerosis (ALS)
or the heritable polyglutamine diseases, belonging to the triplet repeat diseases [9-11].
Several proteins contain sections with a number of consecutive glutamines, referred to
as “polyglutamine proteins” or “polyQ proteins” [12,13]. Polyglutamine proteins form
amyloids in a nucleated growth mechanism, with the critical nucleus’s size depending
on the length of the polyQ chain [14-16]. As observed for other amyloid proteins, the
fibrils formed by polyglutamine proteins are able to seed, even between different polyQ
lengths [17,18].

Biomalecules 2022, 12, 157. https: / /doi.org/10.3390/biom12020157
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Today, nine heritable polyglutamine misfolding diseases are known, namely Hunting-
ton’s chorea, spinal and bulbar muscular atrophy (SBMA) or Kennedy's disease, spinocere-
bellar muscular atrophy 1 (SCA1), SCA2, SCA3 or Machado-Joseph disease, SCA®6, SCA7,
SCA12, SCA17 and dentatorubral-pallidoluysian atrophy (DRPLA) or Haw River syn-
drome [19-29]. Still, no effective therapies are known [19]. Analogous to other protein
misfolding diseases, the oligomers are thought to be the main toxic species in polyglutamine
misfolding diseases [30-32].

Given that the misfolding and aggregation of proteins with an elongated polyglu-
tamine tract is the cause of polyglutamine diseases, inhibiting the aggregation process by
stabilizing the native conformation of the polyglutamine protein with a therapeutic agent
that binds to natively folded polyglutamine-tracts may be a promising therapeutic ap-
proach. Peptides as monomer-stabilizing agents may be suitable as polyglutamine binding
partners [33], since they offer a much more effective and specific binding to polyglutamine
tracts than small molecules. In one example, a polyglutamine-binding peptide was able
to suppress neurodegeneration in Drosophila [34]. Due to the degradation of peptides by
metabolic processes [35], it is advantageous to deliver peptides that exclusively consist of
amino acid residues in D-enantiomeric conformation (D-peptides). These all-D-peptides
exhibit less immunogenity, if at all, and an elevated proteolytic stability compared to their
L-enantiomeric counterparts [35,36].

A mirror image phage display selection can be carried out using a D-enantiomeric
target. It follows that the D-enantiomeric “mirror image” of the selected peptide ligand
can be synthesized and binds to the native L-enantiomeric target [35,37,38]. It was already
shown that this is a successful approach for neurodegenerative diseases. As an example for

Alzheimer’s disease even by oral administration. It is an example for D-enantiomeric
peptides that pass the blood-brain barrier after peripheral administration [39].

In the present study, we aimed to identify a D-enantiomeric peptide ligand of polyg-
lutamine proteins that inhibits their aggregation. To this end, a phage display selection
was performed with the mirror image of an androgen receptor fragment containing Q23-
polyglutamine. A subset of the phage display selected peptides have been synthesized as D-
enantiomeric peptides and were subsequently tested on the fragment of the L-enantiomeric
construct of the androgen receptor with an elongated polyglutamine tract or a universal
polyglutamine stretch, with respect to their ability to bind and inhibit their aggregation.

2. Materials and Methods
2.1. Polyglutamine Proteins and Compounds

The synthetic mirror image of the androgen receptor ARQ23%1-% a5 obtained from
JPT (JPT Peptide Technologies GmbH, Berlin, Germany) with an N-terminal biotin, con-
nected to the peptide via Trioxatridecan-succinamic acid (ttds)-linker.

The selected all-D-peptide compounds were obtained from Caslo (CASLO ApS,
Lyngby, Denmark), whereas L-ARQ46°1"% and the universal polyglutamine peptide L-
K2Q46K2 were obtained from peptides & elephants GmbH (Henningsdorf, Germany). All
peptides used in this study are summarized in Table 1.
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Table 1. Synthetic peptides used.

Name Sequence Synthesized by
D-ARQ23 CéigtlﬁﬁlflqqqqqqqqqqqqqqqqqqqetSPrqqqqqqﬂedﬂs JPT
QQQLQQQQQQQQQQQQCQQQQQ .
L-ARQIE QQQQQQOQQQQQQQETSPROQOQQQGEDGS Peplides & elephants
QQQQQQQQOLQQQQOVOOQQOQ ;

L-K2Q6K2 000K Peptides & elephants
QF2D-1 Gnprmteghgsypphmrrr Caslo
QF2D-2 sqsqwstpqGkwshwprrr Caslo
QF2D-3 hnipgklGvwpwpeerrrr Caslo
QF2D-4 rsfdenswqqflGpGerrr Caslo
QF2D-5 Gyptypyntgsisswlrrr Caslo
QF2D-6 sstimaypnysmqGnerrr Caslo
QF2D-7 hhwntawdpfhsvrrr Caslo
QF2D-8 hqrdpswvlyGesrivrrr Caslo
QF2D-9 eyeqhvkw pwinnqthrr Caslo

QBP1 SNWKWWPGIFD Peprides & elep hants
P8 YDTPKHKDKTWPMM Caslo

2.2. Disaggregation of Polyglutamine Proteins

Following the disaggregation protocol that Chen et al. published [40], the polyglu-
tamine proteins were incubated for three days in 1:1 TFA / Hexafluoroisopropanol (HFIP)
or overnight in 100% trifluoroacetic acid (TFA). Afterwards the solvent was evaporated
with N7 gas treatment and the polyglutamine protein redissolved in the experiment buffer.

2.3. Mirror Image Phage Display

The mirror image phage display was performed with D-Biotin-ttds-ARQ23 as target
that was disaggregated in 100% TFA. The sclvent was evaporated by N3 gas treatment.
The target was redissolved in Tris-buffered saline (TBS) pH 7.5. Furthermore, D-Biotin-
ttds-ARQ23 was immobilized on a high capacity streptavidin coated polystyrene plate
with “SuperBlock” by Thermo scientific (Thermo Fisher scientific, Waltham, MA, USA) for
30 min. TBS pH 7.5 with 0.1% Tween20 served as the selection and immobilization buffer.
A total of 4 pmol of the target was immobilized on the surface for each selection round. In
parallel, Biotin-ttds was immobilized in another well and served as negative control in the
empty selection that was performed in parallel to the target selection. The immobilization
was followed by blocking with BSA or milk powder (10 mg/mL) and quenching with
biotin for 30 min. Alternating blocking agents were used to avoid selection of BSA or milk
powder binders, starting with BSA in the first round. In each selection round 6 x 10
Phages were used as input, starting with the Trico 16 library from Creative Biolabs (Lot:
CBLX021820; Creative Biolabs Inc., Shirley, NY, USA). The phages were incubated with
the target for 30 min. During the three selection rounds, the number of washing steps was
increased from six in selection round 1 to 12 washing steps in the third selection round with
TBS pH 7.5 with 0.1% Tween20 and 2 mg/mL BSA as washing buffer. The phages were
eluted with 100 uLL 0.2 M Glycin-HCI (pH 2.2) that was incubated in the well for 10 min
at room temperature (RT). Consecutively the solution containing the eluted phages was
removed from the plate and mixed with 25 pl. 1 M tris-HCI pH 9.1. Of this neutralized
phage containing solution (output), 110 uL. were added to a 20 mL Escherichia coli K12
ER2738 culture that were grown in lysogeny broth (LB)-medium with 20 uL Tetracyclin to
an ODgpp of 0.1. 5 uL of the output were mixed with 95 uL. LB medium and a dilution series
from 1072 to 10~ % was prepared with LB medium. 100 uL. E. coli K12 E2738 were added to
each well and the resulting 200 uL were plated with 800 uL of top agar (10 g Bacto-Trypton,
5 g yeast extract, 5 g NaCl, 1 g MgCl, 7 g agarose, 11 H>O) on 35 x 10 mm plates (Sarstedt,
Nimbrecht, Germany) with IPTG-xGal agar (1 pL/mL stock solution containing 1.25 g
IPTG, 1 g X-gal and 25 mL DMSO). The plaques were counted after an overnight incubation
at 37 °C.
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After 4 h incubation, the 20 mL E. coli ER2738 culture was centrifuged for 20 min at
2700 g, 4 °C. The supernatant was mixed with 7 mL PEG8000- 2.5 M NaCl to precipitate the
phages and incubated overnight on ice. After a second incubation at 2700 g, 4 °C for 60 min,
the phage containing pellet was redissolved in 1 mL TBS that were centrifuged for 5 min at
10,600 g. The supernatant was mixed with 200 uL PEG-NaCl and incubated on ice for 1 h
to precipitate the phages. The precipitation was centrifuged for 45 min at 2600 g, the pellet
was resuspended in 100 uL TBS (input). The input’s phage concentration was determined
by spectrophotometry [41] in TBS using a 1:10 dilution. This procedure was repeated for all
selection rounds. In selection round two and three, the respective input was also added to a
well prepared in a similar fashion to the empty selection well and served as a direct control.

The single-stranded phage DNA was prepared for analysis by next generation se-
quencing (NGS) as described previously [42].

The data evaluation was performed with the software Target Sequencing Analysis
Tool (TSAT) and Hammock [43], as described previously [42].

2.4. SPR Measurements

Binding studies were performed with surface plasmon resonance (SPR) in a Biacore
T200 device (Biacore, GE Healthcare, Uppsala, Sweden). The L- ARQ46 was immobilized on
a CM5 Chip via amine coupling (1400 RU). The selected D-enantiomeric peptide compound
QF2D-2 was dissolved in the running buffer (TBS pH 7.5 with 0.05% Tween) and served
as the analyte in multi-cycle experiments, with the highest peptide concentration being
20 uM. Experiments were performed at 25 °C with a flow rate of 45 uL/min. After a contact
time of 110 s and a dissociation time of 400 s, the surface was regenerated with low pH
(Glycin-HCI, pH 2.2) for 30 s with a flow rate of 30 uL/min. The data were evaluated via
affinity fit of the steady state using the biacore evaluation software.

Additionally, K20Q46K2 was immobilized on a polycarboxylate-chip with 200 nm
matrix (530 RU). The selected D-enantiomeric peptide compound QF2D-2 was dissolved
in running buffer (TBS pH 7.5 with 0.05% Tween) and served as analyte in multi-cycle
experiments. Experiments were performed at 25 °C with a flow rate of 20 uL/min. After a
contact time of 140 s and a dissociation time of 400 s. The data were evaluated via affinity
fit of the steady state using the biacore evaluation software.

2.5. Thioflavin T Assays

Thioflavin T (ThT) assays were performed to monitor the time-dependent formation
of amyloidogenic aggregates. The assays were performed at 37 °C in TBS pH 7.5 (15 uM
ThT) with 300 rpm double orbital shaking. All buffers were sterile filtrated beforehand.
Polyglutamine proteins were disaggregated as described before. The peptides were pre-
diluted in TBS pH 7.5. The disaggregated polyglutamine protein in buffer was mixed
with 15 uM ThT and the pre-diluted peptides in a 96-well half-area flat-bottom microplate
(Corning, New York, NY, USA). During the experiment all wells contained 100 uL. ThT
solution. Sealing the plate with foil (Thermo Fisher Scientific, Waltham, MA, USA) helped to
prevent evaporation. The progression of fluorescence intensity was tracked by a microplate
reader (BMG Labtech, Ortenberg, Germany).

The lag-time was estimated as follows: the average variation of the curve was deter-
mined with the last ten values of the steady state. Since the signal usually dropped at the
beginning of the measurement, those values were not considered as starting point. As
soon as the steady signal at the beginning exceeded the average variation, the lag-time was
considered to be over.

For seeded experiments, the slope of the curve was considered instead of the lag-time
because seeding eliminated the lag-time. The slope was determined by plotting the first
values and fitting with a linear fit. The considered period (2 to 3.5 h) was similar for the
curves compared with.
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2.6. Production of Soluble Aggregate Fragments

The disaggregated ARQ46 was diluted to 300 pM and incubated at 37 °C, 400 rpm.
After 24 h large, white aggregates were visible in the tube. The sample was sonicated
(Sonopuls, Bandelin electronic GmbH & Co. KG, Berlin, Germany) four times for 15 s with
an amplitude of 60%. Between the sonification steps the sample was cooled on ice. Post
sonification the sample was turbid. It was centrifuged at 100,000 g for 1 h at 4 °C to remove
insoluble aggregates from the solution. The clear supernatant was used for seeding with
soluble aggregate fragments.

2.7. CD Spectroscopy

After disaggregation, polyglutamine proteins were dissolved in TBS pH 7.5 and mea-
sured in a quartz crystal cuvette with 1 mm light path (Hellma Analytics, Millheim,
Germany) in a CD spectrometer (J-1100, Jasco Deutschland GmbH, Pfungstadt, Germany)
with 4 acquisitions. The High tension voltage (HT) was monitored throughout the experi-
ment. Data for which the HT exceeded 600 V were excluded. Buffer measurements served
as references. Analogous, samples containing 50 uM ARQ46 and 50 uM QF2D-1 or QF2D-2
were measured and referenced with the measurement of 50 uM QF2D-1 or QF2D-2 alone.
Subsequently, the ARQ46 alone and with QF2D-1 or QF2D-2 were aggregated at 37 °C and
400 rpm for 7 days. The CD spectra of the samples were monitored after 24 h, 48 h and
168 h of aggregation.

3. Results
3.1. Aggregation and Disaggregation of Polyglutamine Proteins

In this study we followed a novel approach to identify therapeutics for protein mis-
folding diseases by stabilizing the protein’s native conformation with all-D-enantiomeric
peptides as ligands. To this end it is essential to find binding partners of the monomeric
target proteins.

It is well known that polyglutamine proteins aggregate spontaneously when the
number of glutamines exceeds a certain threshold [16]. This was observed for the tested
constructs L-K20Q46K2 and L-ARQ46. Because of their spontaneous aggregation behavior, it
was necessary to ensure that experiments were performed with monomeric polyglutamine
proteins, whenever requested. The published disaggregation protacol [40] was adapted
for the investigated polyglutamine proteins. Circular dichroism (CD) experiments with
the disaggregated samples showed a mixture of random coil and alpha-helical structure
(Figure 1A, grey curve). This is consistent with published CD-experiments [18]. After
incubation at 37 °C, the CD measurement showed 100% beta-sheet structure (Figure 1A,
black curve). It follows that the disaggregation protocol is successful and the protein was
in its native conformation and capable of spontaneous misfolding after the disaggregation
procedure.

This is supported by the Thioflavin T (ThT) aggregation assays, which showed that
ARQ46 and K20Q46K2 (practically identical behavior, data not shown) spontaneously
formed amyloid fibrils after few hours lag time, when incubated in TBS pH 7.5 at 37 °C
(Figure 1B). The length of the lag time was dependent on the polyglutamine peptide’s
concentration. It was observed that there was a longer and more reproducible lag-time in
aggregation assays when ARQ46 was disaggregated in 1:1 TFA /HFIP. Lower concentrations
of the ARQ46 then K2Q46K2 were required for similar aggregation results considering the
lag time, which was eliminated by adding 5% seeds monomer equivalent.
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Figure 1. Disaggregation of ARQ45; Examination of ARQ46 post disaggregat‘ion. (A) CD-
measurement of freshly disaggregated (100% TFA) ARQ46 (grey) in TBS pH 7.5 or the same sample
incubated at 37 °C with 400 rpm shaking for 24 h (black). (B) ThT-Measurement of 15 uM ARQ46,
disaggregated with 1:1 TFA /HFIF, in TBS pH 7.5 measured at 37 °C.

3.2. Mirror Image Phage Display Selection
3.2.1. Target Preparation

A mirror image phage display selection was performed to identify peptide ligands of
polyglutamine proteins. To this end, a D-enantiomeric fragment of the androgen receptor
comprised of amino acid residues 51 to 96 with a polyglutamine tract of 23 glutamines
(D-ARQ23) was presented as target during the three selection rounds. An N-terminal
biotin tag was connected via a ttds-linker to the D-ARQ23. Following the disaggregation
protocol, with 100% TFA, the D-ARQ23 was disaggregated prior to the selection in order
to assure its monomeric conformation. The disaggregation’s success was verified via CD
spectroscopy. The CD sample was stored analogous to the target samples and measured
after the selection’s completion to ensure the target stayed disaggregated for the selections
time period. The resulting CD spectrum was opposite to the curve typical for disaggregated
polyglutamine proteins (Figure 2), exactly as expected for a D-enantiomeric peptide.
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Figure 2. CD-spectrum of D-ARQ23 disaggregated with 100% TFA; Prior to the phage display
selection D-ARQ23 was disaggregated with TFA to ensure selection on monomeric target. CD-
spectrum was recorded in 10 mM Tris pH 8.

3.2.2. Selection and Evaluation

The selected phages from the phage library presenting 16mer peptides on their surface
were analyzed via Next Generation Sequencing (NGS). The sequencing data were evaluated
via TSAT, evaluation software developed by our work group [42] and the clustering tool
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filtered sequences ranked by empty score

Hammock [43]. There was no general sequence alignment of all selected sequences possible.
The sequences were ranked by their empty score, which is the ratio between the frequency
of the respective sequence in the target selection and the empty selection. To ensure
comparability, the frequency was normalized to parts per million, because NGS runs might
have different read numbers.

In case the sequence is not present in the empty selection at all, half of the minimal
empty value was used to calculate the empty score. The 50 sequences with the highest
empty scores were compared regarding other parameters (Figure 3). One of those parame-
ters is the enrichment factor, which is the ratio between the frequency in target selection
round 3 and the frequency in the original library. If the sequence’s frequency in the library
was zero, the half-minimal value was used, as described for the empty score. The ratio
of target selection and direct control was also taken into account. It gives good hints
concerning the phage’s target specificity, since the same input is presented to target or
control well. If a sequence is more frequent in the target selection than the direct control
it is highly probable that this sequence is a specific target binder. The last considered
parameter was the formation of clusters, respectively sequences that are similar to each
other. The Hammock tool was used to search the sequences for clusters. A cluster including
many similar sequences can be used as a hint for target specific sequence enrichment. The
selected sequences were also compared with those selected on a universal polyglutamine
target, D-K2Q23K2. There were similarities in the preferred amino acid residues and also
some sequences identical in both selections, another hint that this set-up is suitable to select
specific polyglutamine binders.
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Figure 3. Sequences selected on D-ARQ23 ranked by empty score. (A) The sequences found by NGS
sequencing were ranked by their empty score {deep dark grey). The sequences with the 50 highest
empty scores are depicted. The enrichment factor (grey), relative frequency in target selection 3 (TS3;
light grey} as well as the number of sequences with similar motives in the respective clusters (dark
grey) are visualized within the bar chart. Sequences that were further investigated are marked with
black arrows. (B) Amino acid residue type abundance in QF2D-1, QF2D-2 and QF2D-6.

Considering the described parameters, nine D-enantiomeric peptide sequences were
chosen for further experimental investigations for their ability to inhibit the aggregation of
polyglutamine proteins, marked with arrows in Figure 3. The peptides resulting from the
marked sequences were named consecutively QF2D-1, QF2D-2 QF2D-3, QF2D-4, QF2D-5,
QF2D-6, QF2D-7, QF2D-8 and QF2D-9. The sequences of the peptide and the considered
parameters are shown in Table 2.
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Table 2. D-peptides selected on ARQ23 that were further investigated with three additional, C-
terminal arginine residues.

Peptide Name Sequence Empty Score Eml‘_f;?tl;l: ot Fre&l::;g " C]Sl;;:?r TS3/DC
QF2D-1 Gnprmteqghgsypphmrrr 240 205 12 9 27
QF2D-2 sgsqwstpqGkwshwprrr 215 184 1.2 8 9
QF2D-3 hnipgklGvwpwpeerrrr 134 114 1.2 1 6.1
QF2D4 rsfdenswqqflGpGerrr 120 51 24 1 17
QF2D-5 Gyptypyntgsisswlrrr 118 202 0 10 5
QF2D-6 sstimaypnysmqGnerrr 113 194 0 1 10.3
QFz2D-7 hhwntawdpfhsvrrr 112 191 0 1 2
QF2D-8 hqrdpswvlyGesrivrrr 108 31 37 18 14
QFz2D-9 eyeqhvkw pwilmqqh.rrr 100 85 1.2 1 55.4

Overall, QF2D-1 had the highest empty score and enrichment factor. It was rare in
the library and the leading sequence in a cluster with 8 other, similar sequences. It had a
TS3/DC3 ratio bigger than 1, meaning it was more frequent in the target selection than in
the direct control. The same was true for QF2D-2 that had the second highest empty score
and a high enrichment factor. Similar to QF2D-1, it was rare in the library and found to be
the leading sequence in a cluster. Compared to the other sequences it had the third highest
ratio between Target selection and direct control.

The sequences with the third to fifth highest empty scores were excluded from further
investigation, because they were also frequent in the library, meaning their enrichment
factor was not as high.

We found that QF2D-3 had the sixth highest empty score and a high enrichment factor,
as well as a high TS3/DC3 value, which is why it was tested.

The sequences with the seventh to ninth highest empty scores had low enrichment
factors and were not included in any clusters; therefore they were not further investigated.

Additionally, QF2D-4 had the tenth highest empty score and was rare in the library,
similar to QF2D-5, which was very rare in the library. QF2D-5 with the 11th highest empty
score and had the second highest enrichment factor. It was also leading sequence in a
cluster and had a high TS3/DC3 ratio. QF2D-7 was chosen for further investigation for the
same reason.

However, QF2D-6 was also picked because of its high enrichment factor and the
second highest TS3/DC3 ratio.

Moreover, QF2D-8 was the leading sequence in the cluster including the 18 sequences,
whereas QF2D-9 had the highest T53/DC3 ratio.

All other sequences were excluded, because their empty scores were not considered
high enough.

By comparing the amino acid residue composition of the nine investigated peptides
with the 50 leading sequences in the empty selection, it becomes apparent that three amino
acid residues serine, proline and glutamine increased their proportion. Whereas serine,
proline and glutamine make up 23% of the amino acid residues in the peptides selected
in the empty selection, 33% of the amino acid residues in the nine selected peptides were
serine, proline or glutamine. This becomes even more striking when we only consider the
three peptides that had an effect in the seeded assay: QF2D-1, QF2D-2 and QF2D-6. 40% of
the residues in these peptides are serine, proline or glutamine (Figure 3B). Their abundance
nearly doubled in these peptides compared with the average of the empty selection.

Polyglutamine tracts modulate protein—protein interactions, especially between intrin-
sically disordered proteins [12]. It is not surprising that a glutamine rich sequence would
be a preferred interaction partner for the monomeric polyglutamine target. Proline can
interfere with the aggregation of polyglutamine proteins [44]. A proline-rich peptide could
be effective in inhibiting the aggregation of polyglutamine proteins. The enrichment of spe-
cific residues compared to the empty selection is another hint that there was target-specific
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Fluorescence intensity at 90 h s

selection pressure that led to the enrichment of sequences with a high frequency of serine,
proline and glutamine.

Three arginine residues were added C-terminally to the peptides that were further
investigated to increase the peptide’s solubility. Arginines can increase cell membranes
permeability [45].

3.3. Impact on Polyghitamine Aggregation

In order to screen the selected all D-peptide compounds for their effect on poly glu-
tamine aggregation, QF2D-1, QF2D-2, QF2D-3, QF2D-4, QF2D-5, QF2D-6, QF2D-7, QF2D-8
and QF2D-9 were tested via ThT-assay. The fluorescence intensity of ThT is proportional
to amyloid content of the sample. In this first screening with equimolar ratios between
peptides and ARQ46, all nine compounds had an inhibitory effect. All of them delayed
ARQ46 aggregation and reduced the fluorescence intensity of the steady state (Figure 4).
None of the compounds were ThT-active when no polyglutamine protein was present.
For QF2D-9 this control was not evaluable, because the well dried during the experiment.
Interestingly, all nine compounds reduced the fluorescence intensity of the steady state
rather similarly to approx. 70% of the fluorescence intensity measured for ARQ46. There
was higher variety among the compounds with respect to the lag-time elongation. The
lag-time elongation varied between 76% (QF2D-8) and 207% (QF2D-7).
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Figure 4. Compounds inhibit the aggregation of ARQ46; ThT assay with L-ARQ46 was performed at
37 °C in TBS pH 7.5. The progression of fluorescence intensity was measured every 30 min at Aex =
410 nm and Aem = 482 nm with 30 s agitation at 300 rpm before every measurement. (A) Fluorescence
intensity measured at 90 h of the aggregation assay starting with 15 uM monomeric ARQ46 without
peptide and with 15 uM QF2D-1, QF2D-2, QF2D-3, QF2D-4, QF2D-5, QF2D-6, QF2D-7, QF2D-8 or
QF2D-9. (B) Lag time estimated from the aggregation assay of 15 uM monomeric ARQ46 without
peptide and with 15 uM QF2D-1, QF2D-2, QF2D-3, QF2D-4, QF2D-5, QF2D-6, QF2D-7, QF2D-8 or
QF2D-9. (C) Measurement example of the described ThT-assay with ARQ46 (dark grey) and QF2D-2
(black). QF2D-2 in TBS buffer alone served as a control (light grey). The mean fluorescence intensity
is shown for each time point. The experiment was performed in three-fold determination.
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Patients suffering from polyglutamine diseases present with aggregates in their neu-
rons before symptom onset and therefore probably also before treatments start. Thus, a
promising drug candidate should inhibit the aggregation in presence of pre-formed aggre-
gates. Since small, soluble oligomers are suspected to be the main toxic species [46], the
compounds were tested for their inhibitory effect in presence of soluble polyglutamine
aggregate fragments (Figure 5). The effects of the compounds were compared with two
controls. The first, P8, has been selected on SOD1 and should not bind to polyglutamine
proteins. The second, QBP1, is claimed to inhibit the aggregation of polyglutamine pro-
teins [33].
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Figure 5. QF2D-1, QF2D-2 and QF2D-6 inhibit the aggregation of ARQ46 in presence of soluble
aggregate fragment seeds; ARQ46 was aggregated, and the solution was subject to spinning at
100,000 g in an ultracentrifuge. The supernatant was preincubated with 15 pM and 7.5 uM of one
of the selected compounds in TBS at 37 “C. After 23 h, 15 M monomeric ARQ46 were added,
and the fluorescence intensity was measured every 15 min at Aex = 448 nm and Aem = 482 nm
with agitation at 300 rpm between measurements. P8 served as a control compound that was
not selected on polyglutamim, whereas QBP1 is claimed to bind polyglutmm'ne tracts and inhibit
polyglutamim—driven aggregaﬁon. (A) Fluorescence intensity of P8, QBP1, QF2D-1, QF2D-2 and
QF2D-6 in equimolar and sub stoichiometric ratio at 90 h. (B) The data points acquired between 24 h
and 26 h- shortly after monomer addition- were fitted with a linear fit. The slope was compared.
(C) Measurement example of the described ThT-assay with ARQ46 (black), P8 (light grey), QBP1
(grey) and QF2D-2 (dark grey). The mean fluorescence intensity is shown for each time point. The
experiment was performed in two-fold determination.

In presence of soluble aggregates, there was no lag-phase observable for the sample
containing only ARQ46 or ARQ46 and P8. To compare the aggregation onset, the slope of
the curve between 24 h and 26 h, so shortly after monomer addition, was calculated with
a linear fit of the curves (Figure 5B). This slope represents the formation rate of amyloid
aggregates by the increase of ThT-fluorescence per hour. The curves measured for ARQ46
and P8 were the steepest. QF2D-1, QF2D-2 and QF2D-6 had an aggregation inhibiting effect
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and decreased the slope, even when ARQ46 was present in excess. The effect of QF2D-1,
QF2D-2 and QF2D-6 decreased the slope more effectively then QBP1, with QF2D-2 being
the most and QF2D-6 being the least effective aggregation inhibiting compound. QF2D-2
reduced the slope by 96% compared with P8 and still by 86% compared to QBP1.

In the presence of soluble aggregate fragments, the effect of QBP1 was considerably
smaller than that of the selected peptides. Since it is expected that a patient treated with
a therapeutic agent for polyglutamine diseases already has aggregates formed in their
neurons, the selected compounds might be more effective than QBP1 in this context.

During the aggregation process, the polyglutamine protein will change its secondary
structure to a beta-sheet rich conformation. The selected compounds are expected to
decelerate this transition by stabilizing the native conformation of the polyglutamine
protein. The transition is monitored by CD spectroscopy. Freshly disaggregated, L-ARQ46
showed negative peaks at 222 nm and 205 nm, which is similar to the CD spectrum
published by Chen et al. [18]. After 24 h incubation at 37 °C, the spectrum showed a
positive peak at 200 nm range when no peptide was added to the sample. After 48 h
incubation the spectrum showed that the sample was converted to beta-sheet [47,48] with
a minimum at 220 nm and a maximum at 200 nm. (Figure 6A).

The sample containing QF2D-1 and ARQ46 (Figure 6B) did not show peaks in the
positive or negative range after 24 h, probably because it was in the transition between
the states since the CD spectrum is the median of the sample’s secondary structure. After
two days of incubation, the sample with QF2D-1 showed a maximum at 205 nm, similar to
ARQ46 alone, which had a maximum at 201 nm. This could be due to slightly different beta-
sheet structures. It seems as if QF2D-1 decelerated ARQ46’s misfolding. The maximum
at 205 nm is approx. 25% smaller than for ARQ46 alone, but after two days the transition
seems to be complete as well.

This was not the case for the sample containing QF2D-2 and ARQ46 (Figure 6C,D).
After 24 h incubation at 37 “C it still had a minimum at 205 nm although the minima’s
amplitude was reduced compared to the spectrum of the freshly disaggregated sample. The
transition to beta-sheet structures did not seem to have progressed as in the other samples
at this time point. After 48 h at 37 °C this sample had a positive peak at 205 nm as well, but
it was 90% smaller than that of ARQ46 alone, making it plausible that the sample is still
partly in random coil conformation. Seven days after the disaggregation, the sample with
QF2D-2 was refolded to beta-sheet as well. As observed for QF2D-1 the maximum was
smaller than that of ARQ46 alone. Consistent with the aggregation study results, QF2D-2
seems to delay the transition to beta-sheet structures.

Summarizing the results so far, QF2D-2 seems to be the most promising candidate.
Thus, its effect on ARQ46 aggregation was also tested when soluble and insoluble aggre-
gates served as seeds. Here, the inhibiting effect of QF2D-2 was even stronger than the one
on solely soluble aggregate seeded aggregation (Figure 7). The stronger effect might be due
to large, insoluble fibrils that make up the majority of the seeds and partly precipitate out
of the solution and therefore have a lower seeding capability than soluble aggregates [49].
Smaller aggregates might also have larger surfaces that can interact with the monomers.
Furthermore, smaller fibril fragments will also present more ends for elongation than fewer,
longer fibrils.
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Figure 6. ].nvestigaﬁon of structural chzmge of ARQ46 in presence of QF2D-1 or QF2D-2 with CD
spectroscopy; ARQ46 was disaggregated with 1:1 TFA /HFIP and diluted to 50 pM in TBS pH 7.5.
50 uM QF2D-1 or QF2D-2 were added to one sample. As a control and reference, 50 pM QF2D-1 or
QF2D-2 alone were measured. (A) Spectra measured directly after disaggregation for 50 uM ARQ4é6
(rose, dashed}- referenced with buffer; 50 uM AR(Q46 after 24 h incubation at 37 °C (rose, straight)
and 50 uM ARQ46 after 48 h incubation at 37 °C (red, straight) (B) Spectra measured directly after
disaggregation for 50 uM ARQM46 (rose, dashed)- referenced with buffer; equimolar ARQ46 and
QF2D-1 (light purple, dashed)- referenced with QF2D-1 in TBS; 50 uM ARQM46 after 24 h incubation
at 37 °C (rose, strajght} and equ.i molar ARQ46 and QF2D-1 (light pu.rple, straight}— referenced with
QF2D-1 in TBS and 50 uM ARQ46 after 48 h incubation at 37 °C (red, sl'raight) and equi molar ARQ46
and QF2D-1 (purple, straight)- referenced with QF2D-1 in TBS (C) Spectra measured directly after
disaggregation for 50 uM ARQM46 (rose, dashed)- referenced with buffer and equimolar ARQ46 and
QF2D-2 (light blue, dashed)- referenced with QF2D-2 in TBS; 50 uM ARQA46 after 24 h incubation
at 37 °C (rose, straight) and equimolar ARQ46 and QF2D-2 (light blue, straight)- referenced with
QF2D-2 in TBS and 50 uM ARQ46 after 48 h incubation at 37 “C (red, straight) and equimolar AR(Q46
and QF2D-2 (light blue, straight)- referenced with QF2D-2 in TBS (D) Spectra measured directly
after disaggregation for 50 uM ARQ46 (rose, dashed)- referenced with buffer; equimolar ARQ46 and
QF2D-2 (light blue, dashed)- referenced with QF2D-2 in TBS; 50 uM ARQ46 after 24 h incubation
at 37 °C (rose, srraight) and equ.i.molar ARQ46 and QF2D-2 (light blue, straight)— referenced with
QF2D-2 in TBS; 50 uM ARQ46 after 48 h incubation at 37 °C (red) and equimo]ar ARQM46 and QF2D-2
(blue)- referenced with QF2D-2 in TBS; 50 uM ARQ46 after 168 h incubation at 37 °C (dark red) and
equimolar ARQ46 and QF2D-2 (dark blue)- referenced with QF2D-2 in TBS.
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Figure 7. QF2D-2 inhibits the aggregation of ARQ46 in presence of soluble and insoluble seeds:
ThT assay with L-ARQ46 was performed at 37 °C in TBS pH 7.5. Pre-formed ARQ46 aggregates
were added in an amount of 5% monomer equivalent. The progression of fluorescence intensity
was measured every 8 min at Aex = 448 nm and Aem = 482 nm with agitation at 300 rpm between
measurements. (A) Fluorescence intensity measured at 100 h of the aggregation assay starting with
15 uM monomeric ARQ46, 0.75 uM soluble and insoluble ARQ46 aggregates and 15 uM QF2D-2. (B)
The data points acquired between 0.5 h and 4 h were fitted with a linear fit. The slope was compared
with the one measured for ARQ46 aggregation without seeds. (C) Measurement of ThT-fluorescence
intensity with 15 uM ARQM46 (black) and 15 pM QF2D-2 (dark grey). 15 uM QF2D-2 with 0.75 uM
ARQ46 aggregates served as control. The mean fluorescence intensity is shown for each time point.
The experiment was performed in three-fold determination.

The aggregation experiment with monomeric ARQ46 was repeated with control
compounds P8, which had a slight inhibiting effect on the aggregation when present in
equimolar concentration, but the aggregation was similar to that of ARQ46 alone when P8
was present in a sub stoichiometric relation. When the aggregation experiment began with
monomeric ARQ46, QBP1 drastically inhibited the aggregation, differing from the results
of the seeded assay (Figure 5). QF2D-2 had an inhibiting effect, even when ARQ46 was
in excess but in contrast to the seeded assay with soluble aggregate fragments the effect
was not as strong as QBP1’s effect. QF2D-2 lowered the fluorescence intensity of the steady
state and elongated the lag time compared to ARQ46 alone and with P8 (data not shown).

As described before, QF2D-2 inhibits aggregation when the polyglutamine protein
is present in excess. This was verified in another aggregation experiment, showing that
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QF2D-2 had an inhibiting effect in a 1:3 ratio (QF2D-1: ARQ46). The effect was concentration
dependend (Figure 8).
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Figure 8. Effect of different QF2D-2 concentrations on the aggre gat‘icm of ARQ46; ThT assay with
L-ARQ46 was performed at 37 °C in TBS pH 7.5. The progression of fluorescence intensity was
measured every 30 min at Aex = 410 nm and Aem = 482 nm with 30 sec agitation at 300 rpm before
every measurement. (A) Fluorescence intensity measured at 119 h of the aggregation assay starting
with 15 uM monomeric ARQ46 and 15 uM QF2D-2, 7.5 uM QF2D-2 or 5 uM QF2D-2. (B) Lag time
estimated from the aggregation assay of 15 uM monomeric ARQ46 and 15 uM QF2D-2, 7.5 uM QF2D-
2or 5 uM QF2D-2. (C) Measurement example of the described ThT-assay with 15 uM ARQ46 (black),
15 uM QF2D-2 (dark grey), 7.5 uM (grey) and 5 uM QF2D-2 (light grey). The mean fluorescence
intensity is shown for each time point. The experiment was performed in three-fold determination.

3.4. Binding to Polyglutamine Proteins

The binding properties of QF2D-2 to L-polyglutamine proteins were investigated by
SPR. The QF2D-2 showed detectable binding to L-ARQ46. It bound with a K of 11 pM
when L-ARQ46 was immobilized on the chip (data not shown).

This study aimed to identify ligands for polyglutamine-containing proteins. In order
to investigate whether QF2DD-2's effect is constrained to the androgen receptor fragment
used in the study, further SPR experiments were performed to investigate QF2D-2's binding
to more general polyglutamine constructs (L-K2Q23K2 and K20Q46K2). The glutamine
flanking lysines were introduced to increase solubility in aqueous buffers [40].

Indeed, QF2D-2 bound to the general polyglutamine construct K2Q46K2 and inhibited
its aggregation. It lowered the fluorescence intensity of the steady state and elongated the
lag time compared to the effect of P8 (Figure 9). Thus, it may be feasible to transfer the
compound'’s inhibitory effect on aggregation to other polyglutamine containing proteins.
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Figure 9. QF2D-2 inhibits the aggnegarion of K2046K2; ThT assay with L-K2Q46K2 was performed
at 37 °C in TBS pH 7.5. The progression of fluorescence intensity was measured every 15 min at
Aex = 450 nm and Aem = 480 nm with 300 s agitation at 300 rpm before every measurement. (A)
Fluorescence intensity measured at 16 h of the aggregation assay starting with 30 pM monomeric
K20Q46K2 and 30 uM QF2D-2, P8 or QBP1. (B) Lag times estimated from the aggregation assay
of 30 uM monomeric K2Q46K2 and 30 uM QF2D-2 or P8. (C) Measurement example of described
ThT-assay with K2Q46K2 (black) and QF2D-2 (dark grey) as well as P8 (grey) or QBP1 (light grey).
The experiment was performed in three-fold determination.

4, Discussion

The development of suitable therapeutics for SBMA is urgent, since no causative
therapy is known. Instead of inhibiting or reducing the expression of the respective
gene coding for the polyglutamine containing proteins [50-52], we aim to stabilize the
protein’s native conformation by D-enantiomeric peptide ligands to prevent misfolding and
aggregation, shift the equilibrium between aggregates and monomers towards monomers
and dissolve the already existing aggregates into non-toxic and functional monomers.
To this end a mirror image phage display selection was performed on a fragment of the
androgen receptor, in which an elongated polyglutamine tract causes SBMA.

Asisknown, QBP1 is an L-enantiomeric peptide, which was selected on polyglutamine
that had a therapeutic effect in Drosophila [34], but did not yield beneficial neurclogical
effects in a respective mouse model [53-55].

L-enantiomeric peptide compounds metabolize rather quickly. Thus, we develop
D-enantiomeric peptide ligands of polyglutamine proteins, a principle that was already
shown to be effective in other neurodegenerative diseases [39]. D-enantiomeric peptides
are, metabolically, considerably more stable [35], thus regular administration can lead to
higher concentrations in the tissue.
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5. Conclusions

An unphysiologically elongated polyglutamine tract causes protein misfolding and
aggregation, leading to neurodegeneration. We performed a mirror image phage display
selection on an all D-enantiomeric polyglutamine target to identify all D-enantiomeric
peptide ligands for L-enantiomeric polyglutamine proteins. During the subsequent charac-
terization of the all D-enantiomeric peptide compounds, we identified QF2D-2 to be the
most promising among the nine compounds tested. Furthermore, QF2D-2 delayed the
ThT-active aggregation of ARQ46, even under seeding conditions. CD spectroscopy mea-
surements showed that QF2D-2 stabilizes ARQ46 in its native conformation and delays the
transition to beta-sheet rich structures. Additionally, QF2D-2 not only bound to ARQ46 and
inhibited its ThT-active aggregation, but also the more general target K2Q46K2, suggesting
that it may be used and further developed as a more general compound, targeting and
stabilizing polyglutamine containing proteins.
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4.4. SUPPLEMENTARY RESULTS FOR QF2D-2

QF2D-2 is an all-D peptide compound that was selected on the fragment of the androgen
receptor. It has an aggregation inhibiting effect on polyglutamine proteins and delays

the structural transition of ARQ46 from random coil to beta-sheet [221].

The binding of QF2D-2 to L-ARQ46 and L-K2Q46K2 was investigated with the SPR
technique. QF2D-2 bound to ARQ46 (Figure 14 A,B) and K2Q46K2 (Figure 14 C,D) with

Kp values in the low micromolar range.
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FIGURE 14: Binding of QF2D-2 to polyglutamine proteins measured with SPR

ARQ46 or K2Q46K2 were immobilized via amine coupling. QF2D-2 served as analyte, the running buffer was TBS with
0.05% Tween20. The response was referenced with Flow cell 1, which was activated and quenched without
immobilizing anything. A Sensorgram of QF2D-2 binding to ARQ46. B Response of QF2D-2 binding to ARQ46 at the
end of the dissociation time plotted against concentration. The Kp of 11.2 pM was determined with the affinity fit.
C Sensorgram of QF2D-2 binding to K2Q46K2. D Response of QF2D-2 binding to K2Q46K2 at the end of the
dissociation time plotted against concentration. The Kp of 5 uM was determined by affinity fit.
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In addition, it was tested whether QF2D-2 could interrupt ARQ46 aggregation and
disassemble the formed aggregates. To do so, the compound was added 22 h after
experiment start so after lag time termination. Compound addition slightly shifted the

curve to the right but there was no hint on disassembly (Figure 15).
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FIGURE 15: ThT-active aggregation of ARQ46 with QF2D-2 added after aggregation onset

ThT-assay with 15 uM ARQ46 in TBS pH 7.5 at 37°C with 300 rpm double orbital shaking. Fluorescence intensity was measured at
Aex = 410 nm and Aem = 482 nm every 30 minutes. ThT-fluorescence intensity for 15 uM ARQ46 (red) and 15 pM ARQ46 with
15 uM QF2D-2 (blue) added after 22 h.
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5. DISCUSSION

Polyglutamine diseases are fatal, heritable diseases for which no causative therapy is
known to this day. An elongated polyglutamine tract causes the protein to misfold into a
cytotoxic conformation that leads to cell death and neurodegeneration. It would be
beneficial to prevent misfolding by stabilizing the native, monomeric conformation. This
aim is targeted with different strategies. One approach is the development of intrabodies
that target mutant huntingtin (mHTT) and inhibit its aggregation [227]. However,
intrabodies are very specific and therefore only target one polyglutamine disease like
HD, whereas the compounds selected on K2Q23K2 are general polyglutamine binders
that could be effective in all polyglutamine misfolding diseases. Furthermore, it is not
trivial to administer intrabodies to the brain [228]. This is not as problematic for smaller
compounds like peptides. QBP1 is a polyglutamine binding peptide compound that had
positive effects in animal models. It reduced neurodegeneration in Drosophila and
weight loss in mice [198, 199]. Nevertheless, QBP1 is an L-enantiomeric peptide, which
are known to be metabolized rather fast. A more protease resistant option are
peptoids [229]. The peptoid HQPO09 inhibited the aggregation of polyglutamine proteins
but the substance had no effect in animal models when it was injected
subcutaneously [200]. Presumably, it did not reach the brain. Another way to generate
peptides that are metabolically more stable is to find D-enantiomeric peptide ligands of
the target protein [230]. In contrast to HQPO09, peripheral administration of
D-enantiomeric peptide compounds for the treatment of neurodegenerative diseases
can be effective [110]. But it still has to be elucidated whether the peptides selected and
characterized in this study feature this ability as well.

A designed L-enantiomeric peptide comprised of arginine and glutamine residues was
able to reach the brain and showed a positive effect in mice, though the compound tends
to self-aggregate [231]. The data regarding QF1D-1 and QF1D-2 illustrate that self-
aggregating compounds can differ in their effects, depending on the aggregation state.
Apart from peptide compounds, the native conformation can also be stabilized by
chemical chaperones, which thereby inhibit or delay aggregation [232]. A chemical
chaperone that inhibits polyglutamine aggregation effectively in animal studies is
arginine [233]. It is currently tested in japanese patients suffering from polyglutamine

diseases [228].
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Instead of stabilizing the native conformation and thereby inhibit aggregation,
phenotype improvement may be achieved by reducing the expression of mutant
polyglutamine proteins, e.g. with antisense oligonucleotides (ASO). This approach was
already tested in patients [228, 234]. But administration is not trivial, especially if the
target is located in deeper brain regions [189]. The ASO was administered intrathecally
but the necessary permanent administration is not optimal for the treated patients

compared with D-peptide compounds that possibly may be administered orally [110].

In order to find D-enantiomeric peptide ligands for polyglutamine proteins, mirror
image phage display selections were performed. This method is suitable to find target
specific, D-enantiomeric peptide ligands [216, 217].

The selected drug candidates were tested in ThT-assays with respect to their ability to
inhibit ThT-active aggregation. ThT is a fluorophore whose emission spectrum shifts to
482 nm when it binds to amyloid fibrils [220]. It follows that the formation of amyloid
fibrils can be monitored by measuring the fluorescence at 482 nm. The signal intensity
correlates with the amount of formed ThT-active aggregates [220], which enables
quantification of the peptide compound’s inhibiting effect on the formation of amyloid

fibrils.
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5.1. CHARACTERIZATION OF PEPTIDE COMPOUNDS SELECTED ON K2Q23K2

When QF1D-1 and QF1D-2 were measured with the SPR technique, it was not possible to
observe saturation. This could be due to the self-aggregating properties of the
compounds. Presumably, the compounds bind to already bound compounds increasing

the response with increasing concentration and no saturation can be reached.

Treatment of neurodegenerative diseases usually starts after symptoms occur. At this
time point there will already be misfolded proteins and aggregates in the cells. An
effective compound must inhibit the aggregation under seeding conditions. Whereas
inhibition of de novo aggregation only requires stabilizing the monomers in their native
conformation, under seeding conditions it is required to prevent monomer recruitment
and optimally dissolve preformed aggregates into their monomeric components. QF1D-1
and QF1D-2 did inhibit the aggregation when seeds were present.

Further CD-measurements revealed that K2Q23K2, although it easily dissolved in
aqueous buffer, was folded into a beta-sheet structure. This could have been provoked
by the lyophilization. Since Annika Kriiger assumed the Q23-construct would not
aggregate at low concentrations and therefore did not disaggregate the target prior to
selection, she most likely selected on beta-sheet structures. This could explain why the
selected peptide compounds show self-aggregating tendencies. Binders of amyloid, beta-
sheet structures most likely will aggregate with themselves into such or similar
structures.

Disaggregated QF1D-1 lost its inhibiting effect and that of QF1D-2 was attenuated. The
previous experiments showed that the compounds themselves do not form ThT-active
aggregates. Probably the pre-formed compound aggregates initiated the polyglutamine
proteins to form non-ThT-active aggregates as well. But when both reagents are
monomeric from the start, compounds could aggregate with the polyglutamine proteins
into ThT-active fibrils, which would explain why the disaggregated QF1D-1 accelerated
the aggregation.

Self-aggregating compounds are not suitable as therapeutics, since their concentration
and efficacy depend on the aggregation state. This would contradict a reliable and

reproducible administration. Due to that a new selection was performed.

69



5.2. SELECTION AND CHARACTERIZATION OF PEPTIDE COMPOUNDS SELECTED ON
DISAGGREGATED D-ENANTIOMERIC K2Q23K2

To ensure the new selection was performed on a monomeric target that was not folded
into beta-sheet structures, the D-biotin K2Q23K2 was disaggregated prior to the
selection. In parallel to the target samples, some of the D-biotin K2Q23K2 samples were
kept as controls. The controls were stored like the selection targets. A CD-measurement
was performed with the target control samples. The spectrum was the mirror image of
the typical spectrum for disaggregated polyglutamine proteins [45], as would be
expected for a D-enantiomeric protein. It follows that the selection was performed on
monomeric target that was not misfolded into beta-sheet.

The evaluation via NGS enables a good overview of the sequence’s distribution in target
selection and empty selection. In the empty selection the ttds-linker was immobilized
with biotin. This enabled to reference the target selection for linker ligands, so only
target binders would obtain a high empty score. The evaluation revealed that sequences
became enriched in the target selection, some being leading sequence in clusters. Some
sequences were selected on D-K2Q23K2 and D-ARQ23, indicating that in both cases
there was specific selection pressure favoring polyglutamine binders.

Since oligomers are thought to be the toxic species [62, 104], the effectiveness was
tested in presence of soluble aggregate fragments. QF1D-13 and QF1D-14 had an
inhibiting effect compared to the control peptide compound P8, which was selected on
SOD1 and should therefore not bind to polyglutamine. So both peptide compounds,
QF1D-13 and QF1D-14, feature the most essential ability of a promising drug
candidate- the ability to inhibit seeded aggregation.

Although SPR measurements indicated binding of QF1D-14 to K2Q23K2, no saturation
was reached. With increasing compound concentration, unspecific interactions become

more weighted in the overall signal, which can prevent saturation effects.
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5.3. CHARACTERIZATION OF PEPTIDE COMPOUNDS SELECTED ON D-ARQ23

QF2D-2 showed strong matrix binding in the SPR measurements. But the binding to
L-ARQ46 was faster. Referencing with FC1, on which nothing was immobilized, caused a
drop of the referenced curve after the first rise due to a shifted rise of the reference

signal. This resulted in an unusually shaped binding curve that prevented a kinetic fit.

An optimal drug candidate would not only inhibit aggregation, but also disassemble
already formed aggregates. To test whether QF2D-2 was able to do so, it was added to
L-ARQ46 after aggregation onset. Later addition of the compound after lag-time
termination, shifted the ThT-curve marginally to the right. Disassembly of aggregates
with the compound would result in clear reduction of the ThT-signal. Presumably,
QF2D-2 impeded the monomer recruitment, which marginally decreased the slope. This
would be consistent with the observation that QF2D-2 decelerates seeded aggregation,

presumably through hampering secondary nucleation and monomer recruitment.
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6. SUMMARY AND OUTLOOK

In this study mirror image phage display selections were performed to identify
D-enantiomeric peptide ligands for polyglutamine proteins. A general D-enantiomeric
polyglutamine protein with flanking lysines and a D-enantiomeric fragment of the
androgen receptor served as targets. Both selections were successful and several
D-enantiomeric peptide compounds were characterized with respect to their ability to
inhibit the amyloidogenic aggregation of polyglutamine proteins and their binding
properties.

QF2D-2 was the D-peptide compound with the most promising characteristics. QF2D-2
was selected on the fragment of the androgen receptor. It decelerated the aggregation of
the same fragment with an elongated polyglutamine tract, even in presence of seeds and
bound to it with a Kp in the low micromolar range. QF2D-2 also bound to the general
polyglutamine construct and decelerated its aggregation. CD-spectroscopic
measurements showed that the presence of QF2D-2 delayed the transition of ARQ46

from its disaggregated state to beta-sheet rich structures.

An elongated polyglutamine tract causes the androgen receptor to misfold and
aggregate which causes SBMA. This is a common mechanism in nine heritable
polyglutamine diseases. To this day, no causative therapy is available for these fatal
diseases, so it is an urgent need to find effective therapeutics.

Since QF2D-2 showed effectiveness in the experiments with the general polyglutamine
protein, it might be a drug candidate for all nine polyglutamine misfolding diseases.
After further optimization with respect to binding affinity, aggregation inhibition
properties, and blood brain barrier permeability, QF2D-2 has the potential to be tested
in animal models and even clinical trials if the neurological phenotype in the animal
models would be improved. An optimized QF2D-2 could be an effective treatment for

the nine heritable polyglutamine misfolding diseases.
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