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Abstract

The overall risk for any individual of developing dementia is approximately 10 to 12 %.
The most common type of dementia, Alzheimer’s disease (AD), is number 6 of the top 10
leading causes of deaths in the United States and the only one which cannot be
prevented, retarded or cured. Therefore, alternative approaches are demanded for the
development of AD therapy. Based on the amyloid cascade hypothesis, the aggregation
of amyloid-beta (AB) has been manifested as the major hallmark of AD. We hypothesize
that stabilization of AB monomers in its intrinsically disordered protein (IDP) like
conformation will sequester them from the aggregation cascade and simultaneously
eliminate pre-formed cytotoxic AR oligomers. To validate and confirm this strategy, the
lead compound D3, a peptide consisting of twelve D-enantiomeric amino acid residues,
was selected by mirror image phage display with monomeric AB(1-42) as target and
intensively characterized in vitro and in vivo regarding its efficacy as a potential

therapeutic agent for AD.

Pre-clinical results approved that D3 as a D-peptide is characterized by a high oral
bioavailability and long plasma half-lives due to increased metabolic stability as compared
to the L-enantiomer. Additionally, a free fraction of 8 % was determined in plasma for D3

which is mainly attributed to low binding affinity to human serum albumin.

Additionally, the lead compound D3 was optimized regarding its efficacy and potency for
AD therapy. Two different strategies were applied which were either rational or systematic
yielding several D3 derivatives. We found out that increased net charge, cyclization and
design of multivalent derivatives are suitable modifications to further increase the potency
of D3. Those strategies yielded up to 75-fold increased affinity to AR which was linked to
increased oligomer elimination efficacy and subsequent rescue of cytotoxicity.
Furthermore, peptide microarrays turned out to be a powerful tool for systematic
compound optimization. Derivatives derived from those were especially characterized by
increased potency. Thus, two compounds were investigated in detail regarding their
interaction with AB in order to gain a clearer understanding of the molecular mechanism.
Kinetics, stoichiometry and epitopes were studied using surface plasmon resonance
(SPR). The results suggest an additional contribution of hydrophobic interactions to AB in
the case of the optimized compounds in comparison to the mostly electrostatic AR

interaction of the lead compound. These findings were supported by thermodynamic



profiles of complex formation which indicated an increase in entropy for the interaction

between optimized compounds and A monomers.

Recently, N-terminally modified pEAP is getting more and more in focus due to its high
prevalence in senile plaques of AD patients and increased aggregation propensity as
compared to full-length AB. To further study the suitability for AD therapy involving this
aggressive isoform of AB, the effects of D3 and its tandem version D3D3 on pEAB were
analyzed. Quantitative affinity determinations revealed a high cross-reactivity of the

compounds for pEAR and thus, D3D3 was able to rescue pEAB-derived cytotoxicity.

Based on the present work, we could extent the knowledge of the molecular mechanism
of interaction between AB and D3 and its derivatives. Lead optimization strategies were
established and validated in vitro and in vivo. From a scientific point of view, promising

candidates were developed and merit further pre-clinical investigations.
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Zusammenfassung

Das Risiko eines Jeden von uns an einer Demenz zu erkranken, betragt ca. 10 bis 12 %.
Die Ublichste Art der Demenz, die Alzheimer-Demenz (AD), ist auf Platz 6 der zehn
haufigsten Todesursachen in den Vereinigten Staaten von Amerika und die einzige, die
nicht vorgebeugt, aufgehalten oder geheilt werden kann. Daher herrscht eine grofle
Nachfrage nach alternativen Ansatzen um eine Therapie fir die AD zu entwickeln.
Basierend auf der Amyloid-Kaskaden-Hypothese hat sich die Aggregation von Amyloid-
beta (AB) als der wahrscheinlichste Ausloser der AD manifestiert. Wir haben die
Hypothese aufgestellt, dass die Stabilisierung von Monomeren in ihrer IDP-ahnlichen
Konformation diese von der Aggregation abhalt und gleichzeitigt schon gebildete
zytotoxische AB-Oligomere eliminiert. Um diese Strategie zu validieren und bestatigen,
haben wir den Leitwirkstoff D3, ein Peptid bestehend aus D-enantiomeren Aminosauren,
mittels Spiegelbild-Phagen-Display mit monomerem AB(1-42) selektiert und intensiv in
vitro und in vivo hinsichtlich seiner Wirksamkeit als potentielles Medikament fur die AD

charakterisiert.

Praklinische Ergebnisse bestatigten, dass D3 als ein D-Peptid von hoher oraler
Bioverflugbarkeit und langer Halbwertszeit im Plasma als eine Folge von gesteigerter
metabolischer Stabilitdt im Vergleich zu dem L-Enantiomer gekennzeichnet ist. Weiterhin
wurde eine freie Fraktion von 8 % im Plasma flir D3 bestimmt, was hauptsachlich der

geringen Affinitat zu humanem Serumalbumin zugeschrieben werden kann.

Zusatzlich wurde der Leitwirkstoff D3 hinsichtlich seiner Wirksamkeit fur die Behandlung
von der AD optimiert. Dabei wurden zwei verschiedene Strategie angewendet, welche
entweder rational oder systematisch waren, und verschiedene D3-Derivate ergaben. Wir
haben herausgefunden, dass die Erhohung der Nettoladung, Zyklisierung und das
Entwerfen von multivalenten Derivaten geeignete Modifikationen sind um die Wirksamkeit
von D3 weiter zu erhéhen. Diese Strategien ergaben eine bis zu 75-fach erhéhte Affinitat
fur AB, welche an erhdhte Effizienz fir Oligomer-Eliminierung und anschlieRende
Aufhebung der Zytotoxizitat gekoppelt war. Weiterhin haben sich Peptid-Mikroarrays als
ein wirksames Instrument fir systematische Wirkstoff-Optimierung herausgestellt. Die
Derivate, die davon abgeleitet wurden, waren besonders von gesteigerter Wirksamkeit
gekennzeichnet. Deswegen wurden zwei Wirkstoffe detailliert hinsichtlich ihrer Interaktion
mit AR untersucht, um ein klareres Verstandnis von dem molekularen Mechanismus zu

bekommen. Kinetik, Stoéchiometrie und Epitope wurden mittels Oberflachenplasmonen-
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resonanz untersucht. Die Ergebnisse lassen fir die optimierten Wirkstoffe einen
zusatzlichen Anteil von hydrophoben Wechselwirkungen vermuten im Vergleich zu dem
hauptsachlich  elektrostatisch-getriebenen  Leitwirkstoff. Dies wurde von dem
thermodynamischen Profil der Komplex-Bildung unterstitz, welches einen Anstieg der

Entropie fUr die Interaktion zwischen optimierten Wirkstoffen und AB-Monomeren zeigt.

Kirzlich ist das N-terminal modifizierte pEAB aufgrund seines hohen Vorkommens in
senilen Plaques von AD-Patienten und gesteigerte Aggregations-Tendenz im Vergleich
zum Volllangen-AB mehr und mehr in den Fokus geriickt. Um die Eignung fur die
Behandlung der AD zu testen, wo diese aggressive AB-Isoform involviert ist, wurden die
Effekte von D3 und dem Tandem-Derivat D3D3 auf pEAB getestet. Quantitative Affinitats-
Bestimmungen offenbarten eine hohe Kreuzreaktivitat der Wirkstoffe fir pEAB und folglich

war D3D3 in der Lage, pEAB-induzierte Zytotoxizitat aufzuheben.

Basierend auf der vorliegenden Arbeit konnten wir das Wissen Uber den molekularen
Interaktions-Mechanismus zwischen AB und D3 und seinen Derivaten erweitern. Es
wurden Optimierungsstrategien des Leitwirkstoffes etabliert und in vitro sowie in vivo
validiert. Von der wissenschaftlichen Sichtweise aus wurden vielversprechende

Kandidaten entwickelt, fur welche weitere praklinische Untersuchungen lohnenswert sind.
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1 Introduction

1.1 Alzheimer’s disease

Alzheimer’s disease (AD) was first described in 1907 by the German psychiatrist and
neuropathologist Alois Alzheimer as a peculiar disease of the cerebral cortex (Alzheimer
1907). Since 1968, AD is accepted to be the most common cause for senile dementia
(Blessed et al. 1968). Nowadays, 47 million people suffer from dementia worldwide and
this number is projected to increase to more than 131 million by 2050 (Prince et al. 2016).

AD is accounted to 60-70 % of all dementia cases (Alzheimer's Association 2017).

The clinical manifestation of AD typically begins with subtle failure of memory and slowly
becomes more severe and incapacitating. Other symptoms include confusion, poor
judgment, language disturbance, agitation, withdrawal and hallucinations. Death is more
caused by comorbidities, e.g. general inanition, malnutrition or pneumonia, than by AD
itself. The typical clinical duration of the disease is eight to ten years and AD prevalence

increases significantly with age (Bird 1993).

AD is a heterogeneous disorder with both familial and sporadic forms. Familial AD (fAD)
covers less than 1 % of all AD cases and develops as a result of dominantly inherited
mutations (Bekris et al. 2010). Three specific genes are known to be involved. The first
mutation causing fAD was identified in the amyloid precursor protein (APP) (Goate et al.
1991). However, this mutation explains only a few familial cases. Instead, mutations in the
presenilin genes PSEN1 and PSEN2 account for most cases of fAD (Levy-Lahad et al.
1995, Sherrington et al. 1995, Blennow et al. 2006). Individuals inheriting at least one of
these mutations on APP, PSEN1 or PSEN2 have a risk of > 95 % to develop AD. fAD is
typically linked to early-onset AD which starts before age 65 (Alzheimer's Association
2017).

The sporadic form of AD (sAD) is highly prevalent and covers the majority of all AD cases
(Blennow et al. 2006). Risk factors are mostly non-genetic but environmental such as low
educational level, head injury or cardiovascular diseases (Mayeux 2003). A major genetic
risk factor for sAD is the apolipoprotein E €4 allele which was found to increase the risk of
AD by three times in heterozygotes and by 15 times in homozygote carriers (Farrer et al.
1997). However, ageing is the most important risk factor for the disease (Blennow et al.
2006).



The major pathologies of AD are the progressive accumulation of senile plaques in the
extracellular space consisting of fibrillar amyloid-beta (AB) and neurofibrillary tangles
inside neurons formed by aggregated hyperphosphorylated tau protein in the brain (Figure

1) accompanied by a degeneration of the neurons and synapses (Blennow et al. 2006).
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Figure 1 Photomicrograph of two senile plaques and a neurofibrillary tangle in between.
Modified Bielschowsky stain of the temporal cortex of an AD patient, adapted from Perl (2010).

1.1.1 Amyloid-beta

Although the underlying disease mechanism is still not clear, the primary role of AB in the
development of AD has been widely accepted (LaFerla et al. 2007). AB is an approx.
4 kDa peptide which was identified by isolation from amyloid deposits in the brain of AD
and Down’s syndrome patients and subsequently characterized (Glenner and Wong
1984, Masters et al. 1985).

AB is generated by cleavage and processing of the amyloid precursor protein (APP)
(Figure 2).
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Figure 2 Non-amyloidogenic and amyloidogenic pathway of APP processing adapted from
LaFerla et al. (2007).

Under physiological conditions, APP is extracellularly cleaved by the a-secretases within
the AB region resulting in the prevalent non-amyloidogenic pathway. In AD, APP is
cleaved by B- and y-secretases leading to the release of amyloidogenic AB (LaFerla et al.
2007). Due to imprecise cleavage by y-secretase, C-terminal heterogeneity of AR occurs.
Hence, various different AB isoforms exist but AB(1-40) is the most abundant (80-90 %),
followed by AB(1-42) (5-10 %) (Murphy and LeVine 2010). The slightly longer forms of A,
particularly AB(1-42), are more hydrophobic and prone to aggregate and are the principal
species deposited in senile plaques (Selkoe 2001). Additional posttranslational
modifications further increase the diversity of AP species. N-terminally truncated
pyroglutamate AR (pEAB(3-42)) gets more and more in focus since it was found together
with AB(1-42) in up to equivalent amounts in senile plaques (Wirths et al. 2009, Gunn et
al. 2010). In vitro, pEAB(3-42) was characterized by increased aggregation propensity and
the resulting assemblies have a stronger cross-seeding potential for other Ap isoforms
(Schilling et al. 2006, D'Arrigo et al. 2009).

The amyloid cascade hypothesis offers broad theory to explain both fAD and sAD
pathogenesis and has become the most-researched fundamental framework of AD
(Figure 3).
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Figure 3 Amyloid cascade hypothesis consisting of major pathogenic events leading to AD.
The blue arrow indicates that AR oligomers may directly injure the synapses and neurites of brain
neurons, adapted from Selkoe and Hardy (2016).

Developed in the 1990s, it states that the imbalance between production and clearance of
AB in the brain is the main event ultimately leading to neuronal degeneration (Beyreuther
and Masters 1991, Hardy and Allsop 1991, Selkoe 1991). Thereby, monomers aggregate
into soluble oligomers and finally into amyloid fibrils which are found in AD plaques.

Despite those are a major hallmark of AD, the number of amyloid plaques in the brain
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does not correlate well with the degree of cognitive impairment and it is controversially
discussed which AB species the toxic ones are leading to AD pathogenesis. At the
moment, small soluble oligomers are thought to be the most neurotoxic species (Hardy
and Selkoe 2002, Walsh and Selkoe 2007, Karran and De Strooper 2016). In 2013, a
revised and updated model of the aggregation cascade of A was published by Cohen et

al. which reveals a novel source of neurotoxic oligomers (Figure 4).
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Figure 4 Schematic model of the self-assembly process of AB(1-42) adapted from Cohen et al.
(2013).

Here, the well-known homogeneous aggregation of monomer units into oligomers and
fibrils is called primary nucleation and the model is expanded by the rate-limiting
secondary nucleation process. This is a positive feedback loop where the surface of
formed fibrils shows autocatalytic functions and serves as a template for further
generation of oligomers. As compared to the primary nucleation, the secondary nucleation
is a very rapid and efficient process and small critical concentrations of formed fibrils are
sufficient to induce this pathway (Cohen et al. 2013). Thus, secondary nucleation is
thought to be the major oligomer source and a promising target to intervene selectively in

toxic oligomer formation on a critical microscopic level (Cohen et al. 2015).
1.1.2 Diagnosis

Nowadays, clinical diagnosis of AD is most commonly based on a complex testing
procedure by physicians obtaining family history and history of cognitive and behavioral
changes with input from family members. Consulting cognitive tests accompanied with
physical and neurologic examinations help to assess cognitive impairment of the patient
(Blennow et al. 2006, Alzheimer's Association 2017). Thereby, the mini-mental state
examination (MMSE) which is a 30-point questionnaire plays an important role but allows
diagnosis of dementia only (Folstein et al. 1975). Additionally, biomarkers and imaging
techniques such as computed tomography (CT) or magnetic resonance imaging (MRI) are

consulted. Those enable to visualize the morphology of the brain with regards to a
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possible atrophy but seem to be too expensive to conduct as a standard procedure
(Dubois et al. 2014, Knight et al. 2016).

At the moment, the most studied and best validated biomarkers are AB(1-42), total and
phosphorylated tau in CSF and amyloid imaging by positron emission tomography (PET)
(Blennow et al. 2006, Vlassenko et al. 2012). For this, the ''C-labeled PET tracer
Pittsburgh compound B (PiB) is widely used. PiB is a derivative of Thioflavin T and binds
specifically to AB plaque depositions in the brain of AD patients (Klunk et al. 2004).
Another common PET tracer is the glucose analog '®F-labeled fluorodeoxyglucose (FDG)
which monitors glucose metabolism in the brain (Newberg et al. 2002). Since cerebral
metabolic rates of glucose were found to correlate with AD progression and
histopathological diagnosis, FDG was approved for the diagnosis of AD (Mosconi et al.
2010). A hypothetical model for the course of AD biomarker level over disease

progression can be obtained from Figure 5.

Max. &
---------------- ey
o“' =" -
JegPte e == CSF Ap42
= it ’
© /’ /’ /’ ) -= == Amyloid PET
£ e 4 Dementia
E /"' P 7 > CSF tau
5 s L8 -—- MRI + FDG PET
= s / Mcl /® .
S | Detection W e Cognitive
o threshold A y ’ impairment
m 1 Vs
l ,i,' l/ Normal
DErY g
Min. P A -~ >

Time

Figure 5 A hypothetical temporal model for the course of AD biomarkers over disease
progression adapted from Selkoe and Hardy (2016).

The diagnosis of AD based on a combination of clinical and pathological examinations is
accurate in 71-87 % of cases and reads “possible AD” or “probable AD” only (Jack et al.
2011, Beach et al. 2012). Up until now, definite diagnosis of AD can only be made post
mortem by demonstrating the senile plaques and neurofibrillary tangles in the brain after
an autopsy (Ballard et al. 2011). A huge demand on reliable biomarkers exist which cover
the full range of disease stages from the asymptomatic through the most severe stages of
AD to ensure accurate diagnosis followed by early therapeutic intervention (Dubois et al.
2007, Jack et al. 2011).



Also increasing numbers of clinical studies for AD therapy need to be accompanied with
sensitive and valid detection of AD biomarkers. Only thus, clinical study individuals can
involve patients with the brain changes that treatments target (McKhann et al. 2012).
Furthermore, the outcomes of clinical trials can be certainly analyzed and compared with
each other (Golde et al. 2011). Therefore, much effort is made for the identification and
validation of specific biomarkers in cerebrospinal fluid (CSF) or plasma of AD patients
(Blennow et al. 2010). Additionally, highly sensitive and selective detection methods are

required to quantify very low amounts of potential biomarkers in biological samples.
1.1.3 Therapy

Despite intensive research, no curative or preventive care exists for AD patients and the
current therapies are palliative only. That means slowing down the progression of the
symptoms without changing the underlying disease mechanism (Alzheimer's Association
2017).

Nowadays, pharmacologic treatment temporarily improves symptoms by increasing the
amounts of neurotransmitters in the brain (Francis 2005). Thereby, cholinergic and
glutamatergic pathways are affected. For treatment of mild to moderate AD, the
acetylcholinesterase inhibitors donepezil, rivastigmine and galantamine are approved by
the U.S. Food and Drug Administration (FDA) and currently used. Memantine is an
N-methyl-D-aspartate (NMDA) receptor antagonist and used to treat moderate to severe
AD, also in combination with donepezil (Noetzli and Eap 2013, Alzheimer's Association
2017). Non-pharmacologic therapies, e.g. memory training or music therapy, are often
used to reduce behavioral symptoms and maintain cognitive functions and the overall
quality of life. Both pharmacologic and non-pharmacologic therapies have not been shown
to alter the course of AD (Alzheimer's Association 2017). Therefore, much effort is made
to look beyond treating symptoms and develop preventive or even curative care for AD.
Most of the strategies are based on intervention in the AB aggregation cascade or AR
generation, clearance or redistribution from the brain to systemic circulation. Therefore,
common targets are B- and y-secretases or AP itself with inhibitors, antibodies or
aggregation modulators. Additionally, anti-tau therapeutics are under development which
reduce tau phosphorylation by inhibiting tau kinases, (Hardy and Selkoe 2002, Blennow et
al. 2006, Selkoe and Hardy 2016).



1.2 Peptides as potential drugs

In recent years, peptides received a revival of interest, especially as potential therapeutics
(Marx 2005). Those peptides can be derived from three different sources: isolated from a
genetic or recombinant library, selected from a synthetic library or derived from nature
such as bioactive peptides or protein fragments (Vlieghe et al. 2010). Due to the high
diversity of natural occurring amino acids, peptides are characterized by very high affinity
and specificity to their targets which leads to high biological activity and low toxicity in vivo
(Sun et al. 2012, Khazanov and Carlson 2013, Otvos and Wade 2014). If the size is
between 5 and 50 amino acid residues, the peptide might be suitable for synthetic
production. This has the advantage of less limited access as compared to recombinant
biologics and the diversity increases due to unnatural amino acids and pseudo-peptide
bonds (Vlieghe et al. 2010).

However, peptides show a variety of favorable characteristics, also some limitations for
the use as therapeutics are known. The most challenging problem is the proteolytic
instability in plasma which can lead to the clearance of peptides within a few minutes after
application (Vlieghe et al. 2010). As a consequence of pre-systemic degradation, peptides
suffer from low oral bioavailability (Hamman et al. 2005). Furthermore, peptides often
have hydrophilic features. Therefore, they might not cross membranes and the blood brain
barrier. Thus, they often cannot reach targets in the in the cytoplasm or in the central
nervous system (Witt et al. 2001, Joo 2012).

1.2.1 D-peptides

Although the maijority of proteins derived from nature consists of L-amino acid residues
only also naturally occurring D-amino acid residues were described (Neuberger 1948).
The main sources are bacteria where D-enantiomers were found in the peptidoglycan
(Stevens et al. 1951, Radkov and Moe 2014). Furthermore, D-serine is known to be an
important neurotransmitter in the mammalian brain (Wolosker et al. 2008). The above
described unfavorable characteristics of peptides as therapeutics belong to peptides
consisting of L-enantiomeric amino acid residues only. In order to overcome some of
these disadvantages, the stereoisomers in D-enantiomeric configurations are a suitable
alternative. D-peptides are characterized by increased stability against proteolysis in vivo
as compared to their L-enantiomeric equivalent due to high stereoisomeric selectivity of
most proteases (van Regenmortel and Muller 1998, Hamamoto et al. 2002). This results

in reduced immunogenicity and increased bioavailability of D-peptides (Dintzis et al. 1993,



Werle and Bernkop-Schnurch 2006). Therefore, the suitability of peptides as a class of
therapeutics is highly increased by replacing L-amino acid residues with less naturally

abundant D-amino acid residues.
1.2.2 Further optimization strategies

In addition to the improvement of clinical parameters, further strategies exist to optimize
the potency of therapeutic peptides. Various techniques aim for higher affinity and thus
specificity with the therapeutic target molecule. One promising rational strategy is the
cyclization of peptides between termini and side chains (Hummel et al. 2006). In
comparison to linear peptides, the decrease in conformational flexibility reduces the
entropic contribution to Gibbs free binding energy leading to enhanced binding affinities to
the target (Joo 2012). The rigidity of cyclic compounds further increases membrane
permeability and cyclization involving the free termini reduces the risk of proteolysis.
Blocking the N-terminus by acylation and the C-terminus by amidation or pegylation also
contributes to increased bioavailability (Edman 1959, Horton et al. 2000, Vlieghe et al.
2010). Another optimization strategy is the design of multivalent peptides, e.g. bivalent
tandem peptides. Thereby, homodimers are supposed to show increased affinity due to
avidity effects similar to antibodies whereas heterodimers are able to bind two different
targets resulting in improved potency and selectivity (Duggineni et al. 2013, Liu et al.
2017).

A systematic screening approach to improve therapeutic efficacy of peptides based on
increased binding affinity to the target can be rapidly realized by a high-throughput
screening, i.e. a peptide microarray approach (Lin et al. 2009). By N- or C-terminal
truncations or consecutive deletions, the minimum active sequence can be ascertained.
Additionally, peptide microarrays are a convenient tool to conduct an alanine scan in order
to identify important amino acid residues for the interaction with the target molecule or

even create a complete amino acid substitution profile (Vlieghe et al. 2010).
1.2.3 D-peptides for therapy of AD

Within the last years, several therapeutic strategies have been reported involving D-
peptides for the treatment of AD. Thereby, AB monomers are a highly validated target for
early intervention resulting in the inhibition of the AB aggregation process (Kumar and Sim
2014).



A variety of AB-targeting approaches include D-peptides which were designed based on
the key amyloidogenic motif KLVFF of AB (residues 16 to 20) in order to interfere with
potential aggregation sites (Lowe et al. 2001). These peptides are discussed to underlie a
B-sheet breaking mechanism which turned out to be highly efficient for the inhibition of AB
aggregation and subsequent reduction of AB-mediated cytotoxicity (Soto et al. 1996,
Tjernberg et al. 1997, Findeis et al. 1999, Chalifour et al. 2003). Arai and coworkers were
able to further increase the potency of AB-targeting D-peptides by cyclization (Arai et al.
2014). Interestingly, most of these studies revealed that the D-peptides show increased
potency in the investigated properties as compared to the L-enantiomeric equivalents.
Therefore, a heterochiral stereoselectivity of naturally occurring L-AB for inhibitory D-
peptides might exist and should be considered for the development of AD therapy
(Chalifour et al. 2003).

1.2.4 D3 as alead compound

To develop a curative therapy for AD, we hypothesize that the stabilization of monomers
in order to prevent further aggregation and simultaneous elimination of pre-formed
cytotoxic AR oligomers by D-peptides might be a promising strategy. To address this,
mirror image phage display was performed using soluble low-molecular weight AB(1-42)
species as target yielding the lead compound D3 (Schumacher et al. 1996, Esteras-
Chopo et al. 2008, van Groen et al. 2008). D3 is a polycationic peptide with the sequence
rprtrlhthrnr in D-enantiomeric configuration. In vitro, it was shown that D3 indeed binds to
monomeric AB(1-42) with micromolar affinity driven by electrostatic interactions, as
suggested by in silico studies (Olubiyi and Strodel 2012, Olubiyi et al. 2014). It inhibits the
aggregation into cytotoxic species in a concentration-dependent manner (van Groen et al.
2008). Additionally, pre-formed oligomers are eliminated by D3 and recovered in high
molecular-weight co-precipitates which are non-fibrillar and non-toxic. Thus, oligomer-
induced cytotoxicity is abolished (van Groen et al. 2008, Funke et al. 2010, Brener et al.
2015). Based on a cell culture model, it was shown that D3 is efficiently transported

across the blood brain barrier by transcytosis (Liu et al. 2010).

In double transgenic APP/PS1 mice, treatment with D3 reduces AB plaque deposition and
inflammation and improves cognition, also in aged mice with full-blown AD pathology
without adverse side effects (van Groen et al. 2008, van Groen et al. 2012, van Groen et
al. 2013). Even after oral administration of D3, improvement in cognitive paradigms was
reported (Funke et al. 2010).

10



2 Objective

Despite intensive efforts, a causative therapy for AD is not yet available. In order to
address this in our institute, the D-peptide D3 was previously selected by mirror image
phage display using AB(1-42) as target. D3 as the lead compound was characterized in
detail regarding the efficacy in vitro and in vivo and optimized during the drug
development process. Thereby, rational design and systematic approaches were applied

resulting in a variety of D3 derivatives.

The aim of this work was the detailed biophysical characterization of the interaction
between AB(1-42) and optimized D3 derivatives in order to gain a deeper understanding
of the molecular mechanism of interaction in comparison to the original compound D3.
This was realized by biophysical methods such as surface plasmon resonance (SPR) and
biolayer interferometry (BLI). Details on the interaction, e.g. affinity, Kkinetics,
stoichiometry, epitopes and thermodynamics, as well as potency characteristics such as
AB oligomer elimination and toxicity neutralization efficacy were investigated. These data
were used to analyze the influence of positive net charge, rigidity, valence and

hydrophobicity and allowed to conclude successful lead optimization strategies for D3.

Additionally to AB(1-42), the N-terminally truncated pyroglutamate-modified isoform
PEAB(3-42) got more and more in focus because it was found to play a critical role in the
development of AD. Due to promising perspectives of D3 and derivatives to modulate
AB(1-42)-mediated progression of AD, the potency of D3 and its tandem variant D3D3 to
interfere with pEAB-induced AD should be investigated. Therefore, cross-reactivity of D3
and D3D3 for pEAB(3-42) was analyzed by affinity determination followed by further in

vitro and in vivo investigations.
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Abstract

Targeting toxic amyloid beta (AB) oligomers is currently a very attractive drug development
strategy for treatment of Alzheimer’s disease. Using mirror-image phage display against
AB1-42, we have previously identified the fully D-enantiomeric peptide D3, which is able to
eliminate AB oligomers and has proven therapeutic potential in transgenic Alzheimer’s dis-
ease animal models. However, there is little information on the pharmacokinetic behaviour
of D-enantiomeric peptides in general. Therefore, we conducted experiments with the triti-
um labelled D-peptide D3 (*H-D3) in mice with different administration routes to study its
distribution in liver, kidney, brain, plasma and gastrointestinal tract, as well as its bioavail-
ability by i.p. and p.o. administration. In addition, we investigated the metabolic stability in
liver microsomes, mouse plasma, brain, liver and kidney homogenates, and estimated the
plasma protein binding. Based on its high stability and long biclogical half-life, our pharma-
cokinetic results support the therapeutic potential of D-peptides in general, with D3 being a
new promising drug candidate for Alzheimer’s disease treatment.

Introduction

After the initial description by Alois Alzheimer in 1906 [1], Alzheimer’s disease (AD), a pro-
gressive neurodegenerative disorder, has become nowadays the most common form (60-80%)
of dementia [2]. According Lo the World Alzheimer Report 2014, nearly 36 million people
worldwide are suffering from AD or related dementia, Even after years of intensive
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investigation and research, it is still an incurable disease [3]. Current treatments are only sup-
portive against some of its symptoms. Clinical duration of AD varies from one to 25 years, typi-
cally eight to ten years [4].

Amyloid beta (AB) is produced by sequential cleavage of a type [ integral transmembrane
protein, called amyloid precursor protein (APP) by - and y-secretases. Variable lengths of Ap
isomers differing at the C-terminus are produced due to imprecise cleavage by y-secretase |5,
6]. The most abundant isomers are AB1-40 (approximately 80-90%) and AB1-42 (approxi-
mately 5-10%). AB1-42 is more hydrophobic and fibrillogenic, and therefore the main compo-
nent of AB plaques in the brain of AD patients [7]. Tt also aggregates readily into oligomers,
which are considered to be the most toxic form of A [8-10].

In recent years, many substances have been developed targeting A productien and clear-
ance [11], including peptide-based drugs [12, 13]. In spile of the many advantages of peptide
drugs, for example high specificity and low toxicily, their short half-life time in vivo due to
rapid degradation by proteases, and low bioavailability by oral administration, restrict their
clinical usage. In comparison to naturally occurring L-form peptides, peptides derived from
partial D-amino acid substilutions or D-enantiomeric peptides, which are composed entirely
of D-amino acids, have advantages over L-enantiomers. Because of the stereoisomeric selectivi-
ty of proteolytic enzymes they are less prone to proteolysis, therefore longer half-lives and
higher bioavailabilily after oral adminislralion are Lo be expecled [14-16]. Furthermore, they
are less or even nol immunogenic at all [13].

The fully D-enantiomeric peptide D3, which was identified by mirror-image phage display
[17, 18] for binding to Af (1-42), has been shown to have interesting properties. D3 inhibits
AB fibril formation and eliminates Ap-oligomers in vitro. Ex vivo, D3 has been shown to specif-
ically bind to amyloid plaques in transgenic mice [19]. In vivo, D3 was able to reduce plaque
load and inflammation markers in the brains of treated transgenic mice, as well as improve
their cognition even after oral administration [20-23]. Here we invesligate the pharmacokinet-
ic properties of D3 in mice.

We present the first comprehensive preclinical pharmacokinetic study of a peptide consist-
ing solely of D-enantiomeric amino acid residues in general and in particular for such a D-pep-
tide developed for the treatment of Alzheimer’s disease.

Materials and Methods
Materials

*H-D3 (rprtr-(4,5-3H-Leu)-hthrnr) and its L-form enantiomer *H-(L)-D3 (RPRTR-
(4,5-*H-Leu)-HTHRNR) were purchased from Quotient Bioresearch (Radiochemicals) Ltd.
(Cardiff, United Kingdom) with 10-100 Ci/mmol, 1 mCi/ml and purity >95%.

All chemicals were supplied by Fluka Chemie AG (Buchs, Swilzerland), Merck (Darmstadt,
Germany), AppliChem (Darmstadt, Germany) and VWR (Darmstadt, Germany) in research
grade. Micro-osmotic pumps (model 1007D) were purchased from Alzet DURECT Corpora-
tion, (Cupertino, CA, USA).

Animals

Male C57Bl/6 mice (Charles River, Sulzfeld Germany) with an average age of 13 weeks and
body weight of 28.5 g were used in this study. For micro-osmotic pump i.p. implantation ex-
periment, 19 months old mice were used with average body weight of 34 g. The mice were
hosted in the animal facility of the Forschungszentrum Juelich under standard housing condi-
tions with free access to food and waler for at least 2 weeks before experiment. All animal ex-
periments were approved by the Animal Protection Committee of the local government
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(LANUYV (Landesamt fiir Natur, Umwelt und Verbraucherschutz), North-Rhine-Westphalia,
Germany, AZ84-02.04.2011. A359 and AZ84-02.04.2011. A356) according to the Deutsche
"Tierschutzgesetz). All sections of this study adhere to the ARRIVE Guidelines for reporting an-
imal research [24]. A completed ARRIVE guidelines checklist was included in Supporting In-
formation (S1 File).

Pharmacokinetic studies

Mice were administered with 100 pl radioactive working solution consisting of 5 uCi “H-D3 in
5 ul with 95 pl buffer (0.1 M phosphate buffer, pH 8) as a single bolus dose either i.v. (tail vein),
ip. or p.o. (gavaging). In erder to achieve the desired total D3 concentration, non-radioactive
D3 was added to a concentration of 1 mg/ml (i.v.) or 3 mg/ml (i.p. and p.0.). Doses were select-
ed from previous tolerability studies and were not causing any adverse effects. Lv. injections
and i.p micro-osmotic pump implantations were performed under anaesthesia with ketamine/
medetomidine per i.p. administration. Antisedan was administered s.c. to reverse the anaesthe-
sia directly after the intervention, which took about 10 min. Sampling times were chosen de-
pending on the route of administration (i.p.: 10, 20, 30, 60, 120, 240, 360, 1440 and 2880 min.;
p-o.: 10, 20, 30, 60, 120, 240, 360, 1080, 1440, 2880 and 4320 min,; i.v.: 3, 5, 10, 15, 30, 60, 240,
1440 and 2880 min ; 3 animals per time point). For L.p. micro-osmotic pump implantation, de-
livery dose of pumps was set to 5 uCi *H-D3 plus 0.3 mg non-radioactive D3 per 24 hours per
mouse. Sampling times were 2, 4 and 6 days after implantation (3 mice per time point).

Upon sampling time, blood was drawn per heart puncture under isoflurane anaesthesia and
heparinized plasma was isolated. A small piece of liver (approx. 0.2 g), the left kidney and the
right brain hemisphere were sampled. To study the gastrointestinal absorption and elimination
by p.o. administration, mice were fasted 18 hours before the experiment and their complete
gastrointestinal tracts were prepared. Small intestine was dissected into 4 equal parts and
marked from oral Lo aboral as 1 to 4, respectively. Organ samples were weighted and homoge-
nized in homogenizer tubes (Precellys Ceramic Kit 1.4 mm, Precellys 24, Bertin technologies
SAS, Montigny le Bretonneux, France) with 500 ul PBS. 10 ml scintillation cocktail (Ultima
Gold XR, PerkinElmer, Waltham, Massachusetts, USA) was added to 100 pl of each organ ho-
mogenate or plasma (diluted 1:1 with PBS) and mixed well. Disintegrations per unit time
(dpm) were obtained in triplicates with a liquid scintillation counter (Packard Tri-Carb
2100TR Liquid Scintillation Analyser, PerkinElmer, Waltham, MA, USA). Blank values of each
sample were obtained by omitting radioactive substance following the same protocol.

Radioactivity counted in each sample was adjusted (subtraction of the blank value) and was
expressed as percentage injected dose per gram tissue or millilitre plasma (%ID/g or %1D/ml),
or as milligram of total D3 per gram tissue or millilitre plasma (mg/g or mg/ml).

Pharmacokinetic analysis

Pharmacokinetic parameters were calculated with non-compartmental analysis using Phoenix
WinNonlin, version 6.3 (Pharsight Corp., St. Louis, USA). Mean D3 concentrations per time
point were used to calculate the PK parameters (model type: plasma (200-202); calculation
method: linear trapezoidal linear interpolation; dose options: “IV Bolus” for i.v. or “Extravascu-
lar” for i.p. and p.o. administration). The same model setting was used to estimate pharmacoki-
netic parameters of brain. For i.v. administration, plasma concentration at time zero (C0) was
back extrapolated with a log-linear regression of the first two observed plasma concentrations,
while brain C( was sel o be zero. For the i.p. and p.o. administrations, all concentrations at
time zero were set to be zero,
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The last three to five observed mean plasma concentrations were used to estimate the first
order rate constant in the terminal elimination phase (Lambda_z) based on the largest adjusted
square of the correlation coefficient (R?) of the log-linear regression lines. The area under the
curve (AUC) from CO extrapolated to infinity (AUCy ing) was calculated as the sum of AUC-
co lastH(Clast/Lambda_z), calculated from the last determined concentration derived by Lamb-
da_z, and AUCcq 1o representing the AUC from time point zero to the last observed
concentration (Clast). Parameters that do not require Lambda_z were calculated for brain data:
time of maximal observed concentration (Tmax), maximal observed concentration (Cmax),
maximal observed concentration normalized to dose (Cmax/D), AUCgp 14 and mean resi-
dence time from the time of dosing Lo the last time point (MRT g jas). Additional paramelers
requiring estimated Lambda_z were calculated for plasma data: Lambda_z, terminal half-life
(HL_Lambda_z), AUCcg ins, lerminal volume of distribution (Vz), plasma clearance (Cl),
MRT ¢ inf and volume of distribution al sleady slale (Vss). Absolule bioavailability of i.p. and
p.o. administration was calculated with AUCg ;¢ by: F(bioavailability) = [AUC(non-iv)*Dose
(iv)]/[AUC(iv)* Dose(non-iv)]* 100.

To minimize the lime dependence of brain-plasma ratio by bolus dosing, brain-plasma ratio
was calculated from the areas under the brain and plasma concentration curves in the terminal
elimination phase starting from 4 hours to infinity (brain_ AUCy;, ;,¢/plasma_AUC, ;,,¢).

Plasma protein binding

Plasma protein binding was estimated by incubation of D3 with varying concentrations of pro-
tein using TRANSIL™" binding kits (Sovicell GmbH, Leipzig, Germany). Kp, values were deter-
mined by lilraling a constanl drug concentralion against different concentrations of human
serum albumin (HSA) and o, -acid glycoprotein (AGP). Experiments were performed as rec-
ommended for the kit. To obtain the desired D3 stock solution of 80 uM, non-radioactively la-
belled D3 was dissolved in PBS and 5% *H-labelled D3 solution was added for detection
purposes. A final concentration of 5 uM D3 was applied in the assay. After incubation and cen-
trifugation 15 ul supernatant were taken and scintillation cocktail was added. This was done in
triplicate. Radioactivity was then quantified using liquid scintillation counting. After measur-
ing the disintegrations per minute (dpm) of the supernatant containing the unbound peptide,
the D3 fraction bound to the titrated protein was calculated and plotted against the protein
concentrations. The curves were filted to the Michaelis Menten ligand binding equation (Sig-
maPlot 11.0, Systat Software, Inc., San Jose, California, USA) to obtain the Kj;. Mean and rela-
tive standard error (%) of multiple measurements are given (AGP n =3, HSA n = 2).

For bioavailabilily determination, the unbound fraction of D3 ([,,) was calculated using the
equation below:

2
Cog —Kp—Cphysiol / 3 Cps —Kp—Cpinysiot
7 + V Kp = Cpy + - 2z

CDH

£, =100

(1

For very low D3 concentrations in blood (Cp;), Eq (1) can be simplified by Eq (2), where the
unbound fraction of D3 can be calculated independently of the applied D3 concentration.
Since this is true for our in vivo experiments we used Eq (2) for the total free fraction of D3,
combining the binding of D3 to HSA and AGP. For calculation of the overall unbound fraction
according to Eq (2), physiological concentrations (Cppysio) of 0.65 mM HSA and 0.02 mM
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AGP were assumed.

1
fmmm! =100 1 (»Elzu;;:::\ | ‘»ky_&j .;r:}fp (2)
D o

Calibration curves and internal standard

Calibration curves were prepared by adding a corresponding *H-D3 dilution series with certain
dpm range to plasma or organ homogenates in comparison to those diluted in PBS. The dpm
ranges of each *H-D3 dilution series were sel Lo cover the measured dpm ranges of each sample
(for plasma 400-40000; for brain 100-1200; for liver 3000-15000; for kidney 40000-400000).
Plasma and organ homogenates obtained from C57Bl/6 mice were prepared following the
same procedure as oullined above.

No differences were found comparing the calibration curves of *H-D3 in organ homoge-
nates or plasma to those in PBS. The measured dpm values of the internal standard with
*H-D3 in PBS malched closely the expected ones.

Thin layer chromatography

In order to study the proteolytic stability of peptides in biological extracts, tritium labelled pep-
tides were incubated with liver microsomes (pooled from mouse (CD-1), Sigma-Aldrich),
freshly prepared mouse plasma or extracts of brain, liver and kidney at 37°C for different time
periods (from 0 min to 2 days). 1 uCi (approx. 0.08-0.8 ug) radioactive labelled peptide was
mixed with 1 ul microsomes stock solution, plasma or organ extracts, respectively (in great ex-
cess to peptide). Mixtures containing tritium-labelled peptides were applied onto HPTLC Silica
Gel 60 plates (OMNILAB, Essen, Germany) for thin layer chromatography (TLC) with a mo-
bile solvent (2-Butanol/Pyridine/Ammonia(28%)/Water(39/34/10/26)). After development, a
phosphor imaging plate for *H-autoradiography (FUJIFILM, Tokyo, Japan) was exposed to the
TLC plates for 3 days. Images were acquired with a BAS reader and AIDA software (Raytest,
Freiburg, Germany). Retardation factor (Rf) of each substance was defined as the ratio of the
migration distance of the centre of a separated spot to the migration distance of the

solvent front.

Results
Proteolytic stability of D3 in comparison to its L-enantiomer

Before meaningful pharmacokinetic studies could be performed with *H-D3, it was essential to
show that the D-peptide is stable under near in vivo conditions. First, we compared the stability
of *H-D3 with its exacl enantiomer, *H-(L)-D3 in plasma (Fig 1). *H-(L)-D3 shows significant
degradation already after 60 min incubation in plasma as concluded by the appearance of addi-
tional bands as compared to the mixture at 0 min on the TLC plate after detection by autoradi-
ography. In contrast, ’H-D3 did not show any degradation products even after 2 d incubation
in the same plasma preparation.

More importantly, *H-D3, was neither degraded after 2 h incubation in liver microsomes
nor after 2 days incubation in homogenates of kidney, brain and liver as shown by TLC and de-
tection by autoradiography (Fig 2). Microsomes were checked for proteolytic activity using L-
peptide substrates.

Due to high but unspecific affinity of D3 and (L)-D3 to the TLC plate support malerial
(glass), artefacts were observed at the starting points of the TLC as well as light smears
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Fig 1. Autoradiogram demonstrating proteolytic stability of *H labelled peptides in plasma. °H-D3 was incubated with plasma for different times at
37°C anddeveloped on TLC plates. For comparison, the exact enantiomer of D3, (L)-D3, was used in this stability assay. *H-(L}-D3 was incubated with
plasma for 0 and 60 min at 37°C. Please note that free *H-({L)-D3 and free *H-D3 are perfect enantiomers to each other and because the TLC material is not
chiral, both compounds show identical Rf values. Additional bands in the 0 min lanes of *H-(L)-D3 and H-D3 that arise from binding and co-migration of
3H-D3 and *H-{L}-D3 to plasma components do not necessarily have identical Rf values in the 0 min lanes of H-(L)-D3 and *H-D3, because some of the
plasma components are enantiomers themselves. Therefore, any effect of degradation will lead to extra additional bands as compared to the O min lane of
the very same compound. Obvious proteolytic degradation can be observed for *H-(L)-D3 already after 60 min incubation with plasma leading to additionally
appearing bands (black arrows) as compared to the 0 min lane *H-(L)-D3. Additionally appearing bands as compared to 0 min incubation are not observed for
3H-D3 even after 2 days incubation.

doi:10.1371/journal. pone.0128553.g001

originating thereof. To prove that these compounds were not located in the layer of the TLC
matrices, a control experiment was performed by placing a new TLC plate to a freshly devel-
oped plate to transfer only the *H-peptides within matrices, but not those on the glass surface
support (Fig 3). Artefacts could thus be eliminated.

Pharmacokinetics

Time dependent distribution of D3 in organs and plasma after different administration routes
was analysed using tritium labelled D3 (*H-D3) as shown in Fig 4. The corresponding pharma-
cokinelic parameters calculated with non-compartmental analysis based on the absolule
amount of administered D3 are shown in Tables 1 and 2.

After i.v. and Lp. administration, pharmacokinetic curves showed similar patterns with
highest concentration of tritium per gram tissue found in kidney, followed by liver and plasma.
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Fig 2. Autoradiogram demonstrating proteolytic stability of *H labelled peptides in liver microsomes and organ homogenates. °H-D3 was incubated
with Kidney, brain and liver homogenate for 0, 10, 30, 60, 240 min and 1, 2 days at 37°C and developed on TLC plates. For liver microsomes, the incubation
time was 0, 10, 30, 60 and 120 min. Slight difference in Rf values of *°H-D3 in liver homogenate might be due to incompletely homogenized liver tissues,

which was not observed after incubation with liver microsomes. (Two autoradiograms of liver homogenate were presented in one image and separated
through a dashed line.) No obvious proteolytic degradation of D3 can be observed in all the organ homogenates with up to two days’ incubation.

doi:10.1371/journal.pone.0128553.9002

However, after oral administration *H-D3 concentrations measured in kidney and liver did not
exceed concentrations in plasma (Fig 4). Plasma Cmax/D after i.v. administration reached
78 pg/ml/mg at Tmax 3 min (the first sampling time point), while after i.p. and p.o. administra-
lion plasma Cmax/D were 47 pg/ml/mg al 10 min and 1.5 ug/ml/mg al 240 min (Table 1). In
brain, the Cmax/D and their corresponding Tmax values for i.v., i.p. and p.o. administration
were 2.8, 2.2 and 1.3 pg/ml/mg at 3, 20 and 240 min, respectively (Table 2). However, after 4
hours concentrations in brain reached similar concentrations irrespectively of the administra-
tion route (Fig 4). Although plasma concentrations after p.o. administration appeared to be
very low in comparison to i.v. and i.p. administration, comparable concentrations of *H-D3
were found in the brain resulting in high brain/plasma ratio after 4 h (Tig 5).

4 hours after a *H-D3 bolus dose, brain/plasma ratio of all administration routes reached a
plateau between 0.7 and 1.0 (Fig 5). To minimize the time dependence of brain/plasma ratio,
the absolute ratios were calculated from the area under the brain and plasma concentration
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Fig 3. Plate-transfer of >H-D3 in TLC matrices. A control experiment was performed by placing a new TLC
plate to a freshly developed plate to transfer only the *H-D3 within matrices. On the mirrorimage of the
transferred plate, the ®H signals at the start points as well as the smears were obviously reduced, while the
intensity of separated *H-D3 did only change slightly. This result suggests that the observed artefacts arise
from unspecific ®H-D3 binding to the glass surface.

doi:10.1371/journal.pone. 0128553 g003

curves from 4 hours to infinity (brain_ AUC jj, ijn¢/plasma_AUC,j5ne) with 1.07 for iv., 0.69 for
i.p., and 0.85 for p.o. administration.

After bolus administration, D3 showed relalively long elimination half-lives in plasma of
31.8 h,41.2 hand 40.7 h after i.v., i.p. and p.o. administration, respectively. Plasma clearance
was (.12 ml/min after i.v. administration. Apparent volumes of distribution were different
among i.v., i.p. and p.o. administration with 316, 444 and 684 ml, respectively (Table 1).

Absolute bioavailability was high with 92.2% afier i.p. administration and 58.3% after p.o.
administration (Table 1). When studying gastrointestinal distribution of D3 afier p.o. adminis-
tration (Fig 6), most of the radioactivity was found in the lower intestinal tract after 4 hours,
which suggested that the majority of D3 did not enter the system circulation within 4 hours.
Still, the AUC of D3 in brain after p.o. administration was comparable (o those afler i.p. and i.
v. administration (Table 2).

We were also interested in answering the question, whether continuous dosing over several
days using an ip. implanted osmotic pump is showing specific effects in D3 distribution. We found
linearly increasing D3 concentrations in plasma and all tested organs over 6 days (Lig 7). Although
D3 highly accumulated in liver and kidney at day 6, the mice did not show any obvious signs of in-
toxication. The brain/plasma ratio increased with time from 0.53 at day 2 to 0.77 at day 6.

Plasma protein binding of D3

To estimate the free fraction of D3 in plasma in vivo (£, o), D3 was incubated with human
serum albumin (HSA) and o -acid glycoprotein (AGP) in an in vitro assay (Iig 8). The plasma
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Fig 4. Mean pharmacokinetic profiles of *H-D3 in organs and plasma after i.p., p.o. and i.v. administration. *H-D3 (5 pCi) mixed with D3 in a total
concentration of 3.5 mg/kg (i.v.) or 10.5 mg/kg {i.p. and p.o.) was applied per mouse. D3 concentrations are shown as percentage of injected dose per gram
tissue or milliliter plasma {%ID/g or %|D/ml) dependent of time after administration. Mean values from 3 mice are shown.

doi:10.1371/journal pone 01285539004

prolein binding assay for AGP resulted in a Ky of 1.8 uM £ 7.9%. Assuming a D3 concenlra-
tion in blood of 0.1 uM (Cp;, measured 4 h after i.p. injection) calculation of binding to AGP
according to Eq (1) predicts a free fraction of 8.3%. For HSA, the Ky, was above the detection
limit of the kit (> 1.4 mM) indicating very low allinity of D3 Lo HSA. Nevertheless, calculation
of the free fraction with an assumed K, of 1.4 mM resulted in 68.3% free D3. Taken together,
using Eq (2), the estimated free fraction of D3 in plasma was calculated to be approximately
8%.

Discussion

In the current study we have analysed the distribution of the D-enantiomeric peptide D3 after
single intravenous, intraperitoneal and per oral administration, as well as continuous dosing

PLOS ONE | DOI:10.1371/journal pone.0128553 June 5, 2015
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Table 1. Pharmacokinetic parameters for D3 from noncompartmental analysis of plasma.

Parameter Units i.v. (3.5 mg/kg) i.p. (10.5 myg/kg) p.o. (10.5 mg/kg)
Tmax min 3 10 240
Cmax pg/mi 7.75 14 0.45
Cmax/D pg/ml/mg 775 46.7 1.48
AUC¢o st min*pg/ml 679 1763 1095
MRT o1t min 547 527 1718
Lambda_z 1/min 0.00036 0.00028 0.00028
HL Lambda z min 1907 2471 2439
AUCeo.inf min*pg/ml 869 2404 1521
MRTco.ing min 1658 2104 3430
Vz ml 317 445 684

Cl ml/min 0.115 N.A. N.A.
Vss mi 190 N.A, N.A.
Bioavailability % N.A. 92.2 58.3

N.A.: Parameters not applicable for this administration route. For abbreviations see methods section.

doi:10.1371/journal pone 0128553.1001

via intraperitoneally implanted osmotic pumps. To the best of our knowledge, this is the first
report of a comprehensive pharmacokinetic study of a peptide consisting solely of D-enantio-
meric amino acid residues in rodents demonstrating excellent proteolytic stability, long plasma
half-life and very high oral bioavailability.

D3 showed high proteolytic resistance exactly as it was shown in vitro previously with other
all-D-peplides [14-16]. Thanks Lo this stabilily, melaboliles can be neglected and the measured
*H radioactivity represents the concentration of D3 after administration in vivo.

Estimated terminal plasma half-lives of D3 were between 32 and 41 h and were thus much
higher than those reported for L-enantiomeric peptides which are typically only a few minutes
[25]. Four hours after administration, irrespective of the administration routes, the temporal
distribution of D3 in brain closely followed that in plasma resulting in brain/plasma ratios be-
tween 0.7 and 1.0 (Fig 5). While substances with a brain/plasma ralio larger than 0.3 are con-
sidered to have sufficient access to the central nervous system [26], our results suggest that D3
efficiently overcomes the blood-brain barrier.

Interestingly, by p.o. administration of D3, in spite of only a small rate of D3 being absorbed
via the enteric Lract, the bioavailability was 58.3% (Table 1), which is relatively high in compari-
son Lo that of L-peptide drugs, which were described to be less than 1% without delivery en-
hancement [27-30]. This finding can be explained by slow oral absorption of D3 and
particularly long terminal half-life in plasma resulting in high AUC-values after p.o.

Table 2. Pharmacokinetic parameters for D3 from noncompartmental analysis of brain.

Parameter Units i.v. (3.5 mg/kg) i.p. {10.5 mg/kg) p.o. (10.5 mg/kg)
Tmax min 3 20 240

Cmax L'y 0.283 0.665 0.390

Cmax/D ueg/mg 2.83 222 1.30

AUCco.jast min*ug/y 275 643 935

MRT o jast min 1173 1108 1693

For abbreviations see methods section.

doi:10.1371/journal. pone. 0128553 1002
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Fig 5. Temporal distribution of brain/plasma ratio of H-D3 after different administration routes. Following bolus dose administration, low brain/plasma
ratios were found at the starting time points. After 4 hours, the ratios reached relative high values and varied between 0.7-1.0. Upon i.p. pump implantation

the ratio increased constantly with time.

doi:10.1371/journal pone.0128553.9005

administration (Table 1). Low concentrations of D3 as found in kidney and liver after p.o. ad-
ministration are desirable because this lowers the risk of possible intoxication of important or-
gans. With absorption enhancers and a more suitable formulation of D3, even higher oral
bioavailabilities seem to be feasible. Due to the observed high stability of D3 against proteolysis
under biological conditions and its hydrophilic properties, elimination via biliary excretion
(without re-absorption) and renal clearance in unchanged form could be expected.

Estimated volumes of distribution were 11.1 (i.v.), 15.6 (i.p.) and 24.0 I’kg (p.0.), respectively
considering the body weight of the mice (28.5 g in average). The total body water in C57Bl/6
mice is approximately 0.6 1/kg [31], suggesting a distribution of D3 beyond the body fluid and
some uptake in peripheral tissues.

Plasma volume of distribution at steady state was also high with 191 ml and 6.69 I/kg con-
sidering the body weight of the mice and the fraction of unbound D3 in plasma was predicted
Lo be around 8%. High volume of distribution promoles low plasma clearance, which in our
study was approximately between 0.12-0.19 ml/min observed in all routes of administration.

In summary, the current study demonstrates high proteolytic stability for the D-enantio-
meric peptide D3. Furthermore, D3 enters the brain very efficiently and shows high oral bio-
availability. The terminal half-life in mice after p.o. administration was approximately 41 hours
with a brain/plasma ratio between 0.7 and 1.0, and a bioavailability of about 60%.

PLOS ONE | DOI:10.1371/journal pone.0128553 June 5, 2015 11/15
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the amount of D3 in other organs or plasma after p.o. administration was very low.
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Fig 7. Concentration of *H-D3 in kidney, liver, brain and plasma administered via i.p. implanted osmotic pump. Alzet mini pumps with a delivery rate
of 0.3 mg D3 (plus 5 uCi *H-D3) per 24 hours were implanted i.p. and organs were sampled after 2 to 6 days. Similar to bolusi.p. administration, more °H-D3
was found in kidney than in liver {A), whereas D3 concentrations in plasma and brain were considerably lower (B). The concentration of D3 was increasing
linearly over time suggesting that the saturation concentration in the respective organs and plasma was not reached by 6 days of continuous dosing.

dei;10.1371/journal. pene.0128553 g007
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doi:10.1371/journal.pone.0128553.9008

In our previous studies, D3 already proved to be therapeutically active in reversing cognitive
deficits and amyloid plaque load in vivo. Given its high oral bioavailability, suitably formulated
D3 with multiple dosing might be a promising drug candidate against Alzheimer’s disease.

Supporting Information
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ABSTRACT: Alzheimer's disease (AD) is a neurodegenerative disorder and the most
common type of dementia. Until now, there is no curative therapy available. Previously, we
selected the amyloid-beta (Af) targeting peptide D3 consisting of 12 D-enantiomeric
amino acid residues by mirror image phage display as a potential drug candidate for the
treatment of AD. In the current approach, we investigated the optimization potential of
linear D3 with free C-terminus (D3cgop) by chemical modifications. First, the impact of
the net charge was investigated and second, cyclization was introduced which is a well-
known tool for the optimization of peptides for enhanced target affinity. Following this
strategy, three D3 derivatives in addition to D3¢0y were designed: C-terminally amidated
linear D3 (D3conm,), cydlic D3 (cD3), and cyclic D3 with an additional arginine residue

(cD3r) to maintain the net charge of linear D3¢y, These four compounds were

compared to each other according to their binding affinities to AB(1—42), their eflicacy to
eliminate cytotoxic oligomers, and consequently their potency to neutralize AB(1—42)

D3conn,

Positive net charge

D3coon

Conformational rigidity

oligomer induced neurotoxicity. D3¢y, and cD3r versions with equally increased net charge showed superior properties over

D3coon and cD3, respectively. The cyclic versions showed superior properties compared to their linear version with equal net
charge, suggesting cD3r to be the most efficient compound among these four. Indeed, treatment of the transgenic AD mouse
model Tg-SwDI with cD3r significantly enhanced spatial memory and cognition of these animals as revealed by water maze
performance. Therefore, charge increase and cyclization imply suitable modification steps for an optimization approach of the A

targeting compound D3.

KEYWORDS: Alzheimer's disease, amyloid-beta, drug discovery, p-enantiomeric peptides, cyclization, charge increase

1. INTRODUCTION

Alzheimer’s disease (AD) is a progressive and devastating
neurodegenerative disorder and the most common type of
dementia. The number of patients is continually increasing and
expected to reach 42 million people worldwide in the year
2020." Although a curative therapy is utterly important, there is
no disease modifying drug available yet.”

AD is an amyloid related disorder which is associated with
misfolding of the amyloid-beta peptide (Af) resulting in Af
self-assembly.”* Expected Af} states and assemblies include
soluble monomer units, low molecular weight oligomers,
protofibrils, and insoluble, fibrillar aggregates.” Fibrillar Af is
the major component of extracellular senile plaques which are
histopathologically characteristic features in the brain of AD
patients.”' However, studies over the past decade implicate
oligomeric assembly states of Af as the major neurotoxic agents
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in AD.®” Therefore, these soluble species represent a suitable
target for the treatment of AD. An attractive strategy is the
development of a compound that interferes with the Af self-
assembly process resulting in nonamyloidogenic and nontoxic
Af species.”*

Previous studies in our group describe the peptide D3 which
was sclected against Af(1—42) monomers via mirror image
phage display with the intention to destabilize Af
oligomers.”™"* D3 consists of 12 D-enantiomeric amino acid
residues (rprtrlhthrnr). Therefore, D3 shows superior proteo-
Iytic stability compared to its stercoisomer resulting in longer
biological halflife."> In vitro, D3 induces the conversion of
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Figure 1. Interaction studies of D3aq0p D3conmy D3, and cD3r with A(1—42) monomers. Interaction between the designed D3 derivatives and

Af(1—42) was examined using SPR with immobilized biotinylated Af(1—42) monomers via streptavidin—biotin coupling. The compounds were
injected over the surface with increasing concentrations (0.6 M, 1.9 uM, 5.6 M, 16.7 uM, 50 uM) in single cycles. The sensorgrams of D3¢oo
D3¢onmy €03, and ¢D3r binding to A(1—42) are shown (A). For evaluation, the steady state binding responses were plotted against the compound

concentrations and the data points were fitted using the Langmuir 1:1 binding model (B). The calculated K, values + SE and saturation binding
levels (R ,,,) are indicated. cD3r shows a heterogeneous interaction with Af%. Therefore, the evaluated K, and R, values represent apparent binding
affinity and saturation level in case of ¢D3r consisting of two kinetics, indicated with Kp® and R,,,;*. Blue, D3coqy; red, D3coyy,; green, cD3;

orange, cD3r.

cytotoxic Aff oligomers into high molecular weight aggregates,
which are not cytotoxic.""™'® In transgenic AD mice, D3 binds
to Af plaques, reduces Af plaque load and cerebral
inflammation, and improves cognition after oral treat-
ment.”'>'7"® Pharmacokinetic data report that D3 reaches a
high oral bioavailability and enters the brain efficiently."
Nevertheless, the potency of D3 as a drug candidate for the
treatment of AD can further be optimized by applying general
tools for peptide modification.

In this study, the impact of net charge and cyclization of D3
was systematically investigated. The analyzed D3 derivatives
were characterized according to their binding affinity to Af(1—
42), their efficacy to eliminate cytotoxic AG(1—42) oligomers,
and the resulting potency to neutralize Af(1-42) oligomer
induced cytotoxicity to neuronal cells. Finally, the most
promising compound based on the in vitro characterization
was evaluated in an in vivo study.

2. RESULTS AND DISCUSSION

Design of D3 Derivatives. The peptide D3 (rprtrdhthrnr)
is characterized by a high content of positively charged amino
acid residues. At physiological pH, the net charge of D3 with
free N- and C-termini amounts to +5 due to the five arginine
residues. In silico, it was shown that the basic side chains of D3
form the electrostatically driven interaction with the acidic
residues E11, E22, and D23 of AB(1—42)."” Thus, we
hypothesized that increasing the net charge of D3 represents
one possibility for increasing its affinity to AS(1—42).
Additionally, cyclization of peptides was reported to implicate
several advantages. Hydrogen bonding is reduced in cyclic
compounds, which can increase their membrane permeability.”
Furthermore, cyclic peptides are less affected by both endo- and
exopeptidases as they lack free termini and are conformationally
less flexible compared to linear peptides. These effects often
result in increased pharmaceutical efficacy.””* The rigidity of
cyclic compounds further implies a reduction of the entropic
part of Gibbs free binding energy leading to enhanced binding
affinity.”® To investigate the impact of net charge and
cyclization on the therapeutic effect of D3, four peptides
based on the sequence of D3 were investigated: the linear D3
peptide with free N- and C-termini (D3¢oopy), the C-terminally
amidated peptide (D3cony,), the head to tail cyclized version
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of D3 (cD3) that maintains the net charge of D350y, and the
head to tail cyclized D3 with an additional arginine inserted to
remain the net charge of D3coyy, (rprivhthrnrr, ¢D3r).

D3 Derivatives Bind to Af(1-42) with Increased
Affinity. The interaction between the four compounds and
Af(1-42) was investigated using surface plasmon resonance
(SPR). N-Terminally biotinylated AB(1—42) was used as ligand
and immobilized via streptavidin—biotin coupling to the sensor
surface. Five ascending compound concentrations were injected
in single cycles to the surface.

The interactions between Af(1—42) and D3caon D3coniy
and ¢D3 were characterized by fast on- and off-rates and the
equilibrium phases were rapidly achieved (Figure 1A).
Furthermore, the interactions were characterized by a
homogeneous 1:1 binding. In contrast, the sensorgram of
cD3r binding to Af(1-42) indicated a heterogeneous
interaction comprising two kinetics. In order to keep all four
compounds comparable to each other, we determined the
equilibrium dissociation constants (K},) by plotting the steady
state responses against the L‘orresponding compound concen-
trations and the data points were fitted applying the Langmuir
1:1 binding model (Figure 1B). K, values of 15 uM, 3.8 uM,
and 6.7 uM were determined for D3coon D3canny and ¢D3,
respectively. Despite the heterogeneous binding mode, one
apparent overall K, value (K*) of 2.9 uM was determined for
the interaction between cD3r and Af(1—42). Charge elevation
of D3-gony by amidation of the acidic C-terminus and
cyclization equally enhanced the affinity to Af(1—42). For
cD3r, both optimization strategies were combined, leading to
enhanced affinity with a 5-fold lower Kp, value for the Af(1—
42) interaction compared to the unmodified compound
D3coon:

Modified D3 Compounds Efficiently Eliminate Af(1—
42) Oligomers. Ap(1-42) oligomer elimination eflicacies of
the four compounds D3co0m, D3conm, cD3, or cD3r were
studied using QIAD (quantitative determination of interference
with Af aggregate size distribution). QIAD is a method for
quantitative determination of Af oligomer elimination efficacy
by a given compound. The outcome of the assay allows
comparison between various drug candidates regarding their Af}
oligomer elimination efficacies.'®

DOI: 10.1021/acschemneuro.6600047
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In the current study, 80 uM Af(1—42) was preincubated in
order to enrich Af(1—42) oligomers. After this step, Ap(1-42)
was coincubated with 20 #M of the respective compound. The
resulting Af(1—42) assemblies were separated by density
gradient centrifugation and subsequent fractionation. Fractions
1 to 15 represented the density gradient from the top to the
bottom containing particles with increasing s-values.”' The
Ap(1-42) content in each fraction was quantified using RP-
HPLC (Figure 2). Fractions 4—6 contain cytotoxic Af(1-42)
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Figure 2. Quantitative determination of interference with Af
aggregate size distribution. Influences of D3¢o0y, D3cony, D3, or

cD3r on preformed AB(1-42) aggregates were cxamined with
emphasis on cytotoxic A(1—42) oligomer species. 80 uM Af(1—
42) was preincubated for 4.5 h and coincubated with 20 gM of the
respective compound for further 40 min. Aff(1—42) species were
separated using density gradient centrifugation. The gradient was
fractionated from the top to the bottom and the AJ(1-42)
concentrations of all 15 fractions were determined using RP-HPLC.
A reduction of Aff(1—42) species in the presence of compound was
observed in fractions 4—6 which contain Af oligomers. For
quantitation of the oligomer elimination influenced by the compounds,
the AB(1—42) concentrations in fractions 4 to 6 were pooled and
statistically analyzed (inset). The data represent mean + SD of
quadruplicate (for AB(1—42) without compound: n = 21). One-way
ANOVA (p < 0.001) with Bonferroni post hoc analysis: **#p < 0.001.
Black, AB(1—42); blue, AP(1-42) + D3cgou red, Ap(1-42) +
D3cony,; green, AB(1—42) + cD3; orange, AB(1—42) + cD3r.

oligomers with an s-value of 7 §, consisting of approximately 23
AB(1-42) monomer units.'® Af protofibrils, Af fibrils and
large Af} aggregates are known to be located in the bottom six
fractions of the gradient.”"**

The concentrations of Af(1—42) monomers and low
molecular weight assemblies in the upper fractions of the
gradient were not significantly affected by all four compounds
(p = 0.23). The most affected AB(1—42) species which were
drastically reduced by the compounds were located in fractions
4—6, ic, the cytotoxic AS(1—42) oligomers. Within these
fractions, the total AP(1—42) concentration was diminished by
14% (D3coon)y 51% (D3conn, and ¢D3), and 90% (cD3r)
compared to Af(1—42) without compound (Figure 2 inset). As
the QIAD assay is a matrix free and closed approach, AB(1-42)
was completely recovered and its redistribution can be
conveniently monitored. Eliminated Af(1—-42) oligomers
from fractions 4—6 were converted into species that moved
into higher density material of the gradient and were recovered
in fractions 11—13. While the compounds shifted the
equilibrium of AB(1—42) from oligomers to high molecular
weight coprecipitates, the monomeric and low molecular
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weight AB(1—42) present in fractions 1—3 was not alfected.
Comparing these modified compounds according to their
efficacy, we conclude that both charge increase and cyclization
of the peptides lead to a significant increase of Af(1—42)
oligomer elimination in a comparable way. ¢D3r almost
completely eliminated the Af(1—42) oligomers of fractions
4—6, indicating that cD3r acts as the most efficient compound
in Af/(1—42) oligomer elimination.

High Molecular Weight Coprecipitates in the Pres-
ence of the Compounds. The morphology of the resulting
high molecular weight Af(1—42) coprecipitates in the presence
of the compounds shown by QIAD was examined using
transmission electron microscopy (TEM). Af(1—42) incubated
without compound shows the well-known structure of amyloid
fibrils with its highly ordered and elongated aggregates (Figure
3A)°¢ Addition of the compounds to an oligomer enriched
Af}(1—42) mixture resulted in the formation of high molecular
weight coprecipitates (Figure 3B—E). However, the morphol-
ogy of the coprecipitates altered between the compounds. In
the presence of D3igqp, the aggregates still exhibited
remaining fibrillar parts which were less pronounced in the
presence of D3¢qyy, or cD3. The formed coprecipitates in the
presence of cD3r lacked any fibrillar morphology but were
completely amorphous.

Reduction of Af(1-42) Oligomer Induced Cytotox-
icity. Af(1—42) aggregates are known to exert cytotoxic effects
on neuronal cells.'””” As an in vitro system to investigate
Af(1-42) induced cytotoxicity, the human derived neuro-
blastoma cell line SH-SYSY is commonly used.'™® In this
study, we examined the cytotoxicity of an AS(1—42) oligomer
enriched mixture on SH-SYSY cells in the presence or absence
of the compounds D3¢qon, D3conm, D3, or cD3r. By this, we

investigated if the formed high molecular weight Af(1—42)
coprecipitates in the presence of the compounds shown by
QIAD are cytotoxic. The cell viability was determined using the
tetrazolium dye MTT which is reduced to its purple formazan
by dehydrogenase enzymes in active mitochondria. Thus, the
color change reflects metabolic activity and correlates with total
cell viability.*”

Af(1-42) was preincubated for 4.5 h in order to enrich
cytotoxic oligomeric Af(1—42) assemblies followed by
coincubation with the four compounds, respectively. The
mixtare of Aff(1—42) assemblies and respective compound was
added to SH-SYSY cells and the cell viability was determined
(Figure 4). Normalized to the buffer control, 1 uM Af(1-42),
mostly consisting of oligomers, reduced the cell viability of SH-
SYSY cells to 55%. The presence of 5 M D3cn0p did not
show a significant influence on the A#(1—-42) oligomer induced
cytotoxicity. However, in the presence of D3cgyy, the cell

viability was increased to 60%. cD3 enhanced the cell viability
to 82%. cD3r further reduced Af(1-42) oligomer induced
cytotoxicity, resulting in 97% cell viability. The compounds
themselves showed no significant effect on the cell viability in
the applied concentration (Figure S$2). Thus, the high
molecular weight Af(1—42) coprecipitates which are formed
in the presence of the compounds are nontoxic to SH-SYSY
cells, independent of their morphology. Furthermore, cycliza-
tion and charge increase yielded in a compound which inhibited
Af(1-42) oligomer induced cytotoxicity. Both modifications,
cyclization and charge increase, contributed synergistically to
this effect.

DOI: 10.1021/acschemneuro.6600047
ACS Chem. Neurosci, 2016, 7, 10881096
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Figure 3. Transmission electron microscopy (TEM) images of Af(1—42) coincubated with D3coom D3conn, €D3, or ¢D3r. Via TEM, the
morphology of Afi(1—42) aggregates in the absence (A) or presence of the compounds D3¢oon (B), D3cony, (C), cD3 (D), and cD3r (E) was
investigated. After preincubation of 20 #M Af(1—42) for 4.5 h, 20 uM of the respective compound was added and coincubated for 16 h.
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Figure 4. MTT based cytotoxicity test of oligomer enriched Af(1—42)
coincubated with D3¢0, D3conir, €03, or cD3r. 50 uM AS(1-42)
was preincubated for 4.5 h to enrich cytotoxic Af(1—42) oligomers,
followed by coincubation for 40 min with 250 uM of the respective
compound. Cytotoxicity of the Aff-compound mixtures was examined
based on the MTT assay principle using SH-SYSY cells. The cells were
exposed to final concentrations of 1 M Ap(1-42) with 5 uM
compound. The data represent mean + SD of three independent
experiments with n 5 for each compound in the respective
experiment, normalized to the buffer control. Kruskal—Wallis ANOVA
(p < 0.001) with Bonferroni corrected Mann—Whitney U-test: *p <
0,05, *#*p < 0.001, n.s. not significant (p > 0.05). Gray, buffer control;
black, Af(1—42); blue, AB(1—42) + D3cpom; red, AS(1—42) +
D3conn,; green, A(1—42) + cD3; orange, AB(1-42) + cD3r.

Correlation between the Quantitative in Vitro Assays.
Concerning the efficacies of D3¢qon D3conm, ¢D3, and cD3r
within the applied quantitative in vitro assays (SPR, QIAD,
cytotoxicity assay), we can conclude that the efficacy correlates
with positive charge and cyclization of the investigated
compounds (Figure 5). D3¢qoy bound to Af(1-42) with a
Kp value of 15 yM and showed no significant effects in the
performed assays under the applied conditions. By amidating
the C-terminus, the net charge was increased, resulting in a 4-
fold increase in binding affinity to A#(1—42) and in enhanced
Ap(1-42) oligomer elimination. Interestingly, the neutraliza-
tion effect of AF(1—42) oligomer induced cytotoxicity was only
slightly increased for D3coyy, compared to D3coop. There-
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Figure 5. Summary of quantitative assays. Binding affinities given as
Kp values derived by SPR (triangle), oligomer elimination efficacies
analyzed by QIAD (square), and cytotoxicity neutralization efficacies
(circle) derived from MTT based cytotoxicity assays of the four
compounds are shown.

fore, the correlation between the quantitative assays was very
weak for this compound. Nevertheless, the efficacy of D3¢coon
could be improved by charge increase.

The second optimization strategy, cyclization, presents a
well-established method to yield increased compound efficacy
and is already described for the drug development process for
AD treatment.”"™** In our study, cyclization of D3¢0y leading
to ¢D3 resulted in similar enhancement of binding affinity and
AB(1—42) oligomer elimination efficacy as achieved by charge
increase. Thus, charge increase and cyclization facilitate a
similar degree of optimization concerning binding affinity and
ApP(1—42) oligomer elimination efficacy, while the neutraliza-
tion effect on AB(1—42) oligomer induced cytotoxicity was
enhanced in the presence of cD3 compared to D3coyp,. The

correlation between the quantitative assays was also very strong
for cD3, as already shown in case of D3cnon.

The combination of both optimization strategies, cyclization
and charge increase, was realized in c¢D3r. This compound
showed the strongest binding affinity to Af(1—42) and
eliminated 90% of the cytotoxic Af(1—42) oligomers by
shifting the equilibrium to high molecular weight nonfibrillar

DOI: 10.1021/acschemneuro 6600047
ACS Chem. Neurosci. 2016, 7, 1088—1096
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Figure 6. In vivo cognition study of cD3r treated transgenic AD mice. Transgenic AD mice (Tg-SwDI) were treated with cD3r (1 = 9) or saline (n =
10) over 4 weeks. After 3 weeks of treatment, the influence of cD3r treatment on normal behavior of Tg-SwDI mice was investigated in an open field
(A) and zero maze test (B). The latencies of the mice in the respective area are plotted as means + SEM. Mann—Whitney U-test saline vs cD3r: p =
0.775 for open field test; p = 0.965 for zero maze test. Subsequently, the cognition was examined in a water maze consecutively over 5 days (C). The
animals were placed into a maze with a hidden platform and allowed to find the platform for 60 s. The escape latency of the mice before they found
the platform is plotted as mean + SEM of three trials per day of all animals of the respective group. Friedman’s one-way repeated measures ANOVA

by ranks: p = 0.014 for cD3r group; p = 0.238 for saline group.

coprecipitates. Consequently, Af(1—42) oligomer induced
cytotoxicity was completely neutralized and there were no
significant differences between buffer treated cells and Af(1—
42) plus cD3r treated cells (p = 0.110). These findings support
the theory of Af oligomers being the major cytotoxic species in
AD. Additionally, our data show clearly that net charge increase
and cyclization enhance the efficacy of D3. Thereby, Af(1-42)
binding affinities, Af(1—42) oligomer elimination, and
cytotoxic neutralization efficacies strongly correlated, except
for the compound D3¢qnp, Thereby, the morphology of the

high molecular weight coprecipitates which are formed in the
presence of the compounds seemed to have no influence on the
cytotoxicity.

cD3r Improves Cognition of Transgenic AD Mice. In
vitro experiments revealed that the compounds D3¢gnyy, €D3,

and cD3r show enhanced performance in Af(1-42) binding
affinity, elimination of AB(1—42) oligomers, and reduction of
the cytotoxic effect of Aff(1—42) compared to D3cooy. The
cyclic version with an arginine insertion, ¢D3r, showed the
highest efficacy in these experiments. T'o evaluate ¢D3r as a
potential therapeutic, the influence of cD3r treatment on the
cognition of transgenic AD mice was examined. Tg-SwDI mice
were used as mouse model. These mice express human
Swedish, Dutch, and Iowa multiple mutant APP. From the age
of three months, Tg-SwDI mice show Af deposits in the
subiculum and impaired learning and memory effects without
developing differences in mobility, strength, or coordination as
compared to wildtype.****

In the current study, 48 weeks old male mice were
intraperitoneally (ip.) treated with a total amount of 5 mg
cD3r (n = 9) or saline as a control (1 = 10) over 4 weeks using
osmotic minipumps (4.2 + 0.1 mg kg™' day™"). The influence
of the treatment on the exploratory behavior and anxiolytic
activity was examined in the zero maze and open field tests.***"
cD3r treatment did not significantly affect the proportion of
time spent in the center of the arena (open field, Figure 6A) or
in the open quadrants (zero maze, Figure 6B), suggesting that
the treatment with compound or saline had no side effects
regarding exploratory behavior and anxiolytic activity of Tg-
SwDI mice.

During the last week of treatment, the cognition of ¢D3r
treated animals was investigated in a water maze over a period
of 5 days, modified after the procedure developed by Morris.*”
Daily, the latency until each mouse found a hidden platform
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within the maze was measured for both groups (Figure 6C).
Over a period of 5 days, the control group showed no
significant differences in latency {p = 0.238), indicating neither
spatial learning effects nor improved cognition. In contrast,
cD3r treated animals required significantly less time over the
tested period until they found the hidden platform (p = 0.014).
Thus, Tg-SwDI mice improved in spatial cognition and
memory after ¢D3r treatment.

In order to investigate whether cD3r influenced the Af
plaque load, we performed an immunohistochemical analysis of
the hippocampus of saline and cD3r treated animals. As already
described for Tg-SwDI mice at the age of 12 months,™ human
Af was highly expressed and accumulated in the hippocampus
area (Figure 7). Nevertheless, there were no significant changes

Figure 7. A plaque load of saline and ¢D3r treated Tg-SwDI mice.
After 4 weeks of treatment, Af} plaque load in the hippocampus of
saline or cD3r treated Tg-SwDI mice was analyzed by immunohis-
tochemistry. Exemplary, brain slides of animal no. § (saline, A) and no.
8 (cD3r, B) are shown.

in Af plaque load analyzed after saline or cD3r treatment (p =
0.094, Table 1). Thus, we can conclude that therapeutic activity
of cD3r shown by water maze performance did not result from
alterations in Af} plaque load. In accordance to our findings,
Karran et al. reported that the correlation between cognitive
alterations and Af plaque load in the brain is not linear.”

To further investigate the mechanism of action of ¢D3r in
vivo, the concentrations of the cytokines interleukin-10 (IL-10),
tumor necrosis factor alpha (TNFa), and interferon gamma
(IFNy) were determined in plasma samples after 4 weeks of
treatment (Table 1). Although some values were below the
limit of detection (LoD) and were excluded from evaluation,
the data revealed that cD3r treatment had no significant
influence on these cytokines in Tg-SwDI mice (p > 0.2).
Therefore, we concluded that cD3r had no side effects on

DOI: 10.1021/acschemneuro 6600047
ACS Chem. Neurosci. 2016, 7, 1088—1096
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Table 1. Af plaque load is presented as staining density analyzed by immunohistochemistry of the hippocampus of saline or
cD3r treated Tg-SwDi mice after 4 weeks of treatment. Cytokine concentrations in pg mL ™" were examined in plasma samples.
Values below the limit of detection {LoD) were excluded from evaluation. Mann—Whitney U-test for saline vs. cD3r was applied

Af plaque load 1L-10 TNFe IENy
animal saline <D3r saline c<Da3r saline cD3r saline <D3r
1 170.0 184.5 85 < LoD} < LoD < LoD < LoD < LoD
2 173.0 170.5 259 L1 1.1 0.6 < LoD < LoD
3 164.0 160.0 < LoD < LoD < LoD < LoD < LoD < LoD}
4 169.5 167.0 274 13.1 0.6 < LoD < LoD} < LoD»
N 158.5 163.5 34 89 03 < LoD < LoD < LoD
6 138.5 157.0 9.2 34.4 < LoD 0.8 < LoD < LoD
7 152.0 171.0 25.7 283 1.0 0.9 206 227
8 1518 168.5 343 3L1 10 14 237 < LoI»
9 139.5 169.0 11.6 28.1 0.4 0.8 225 21.7
10 139.0 316 0.6 23.1
mean 1585.7 167.9 19.7 250 07 0.9 225 22.2
SEM 4.1 25 36 35 01 01 0.6 04
r 0.094 0.244 0.511 0817

inflammation and that the observed in vivo activity of ¢D3r in
transgenic AD mice cannot be attributed to potential reduction
of inflammation.

3. CONCLUSION

In this study, we showed that the compound D3gqpyy and its
derivatives D3CONHZJ cD3, and <D3r bound to Aﬂ(l—-’i—l) and

eliminated cytotoxic Af{1—42) oligomers. In vitro, the
eliminated Af(1-42) oligomers were converted into high
molecular weight Af{1—42) coprecipitates which were non-
toxic as shown using SH-SYSY cells, independen‘r of their
morphology.

According to the efficacy of the compounds as a drug for the
treatment of AD, the lead compound D3 can be already
optim_ized by charge increase. Most probab]y, the electrostatic-
driven interaction of D3 with negatively charged residues of Af
is enhanced by net charge increase. This effect can especially be
amplified by introducing arginine residues. Cyclization implied
another optimization step with a similar degree of optimization.
These two minor modifications are readily implemented and
provide high potential to increase the therapeutic effect of D3.
Indeed, by applying both modifications, D3ggoy was
successfully upgraded into the superior compound cD3r.
Because treatment with cD3r yielded cognition enhancement
in transgenic AD mice, we conclude that this compound shows
therapeutic activity in vivo without changing Af plaque load or
inflammation markers. Although various other mechanisms of
action might underlay the observed cognition improvement, the
elimination of Af oligomers is one potential mechanism.
Therefore, cD3r represents a suitable candidate for further fit-
for-PurPose validation during clinical translation.

4. METHODS
Peptides. The compounds D3coon, D3conn, €D3, and cDi3r

consisted of D-enantiomeric amino acids and were synthesized by
peptides and elephants (Germany) fa]lowing the Fmoc strategy of
solid phase peptide synthesis.”* The cyclization was carried out with
BOP while the peptides were still attacked to the resin.***" The
compounds were acquired as lyophilized powder with >93% purity
(Figure S1, Table S1).

AP{1-42) and N-terminally biotinylated AB(1—42) were purchased
from Bachem (Germany) as lyophilized powder with >95% purity.
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Preparation of Ag(1-42) Solution. Lyophilized A#(1—42) and
N-terminally biotinylated AS(1—42) were dissolved in 1,1,1,3,33-
hexafluoro-2-propanol “overnight” (HFIP, Sigma-Aldrich, Germany)
to destroy any existing aggregates, aliquoted, and stored at —20 °C.
Before using, HFIP was evaporated in a vacuum concentrator 5301
(Eppendorf, Germany) and the Af(1—42) film was dissolved in 10
mM sodium phosphate buffer, pH 7.4.

Surface Plasmon Resonance. The affinity dissociation constants
(Ky) of the compounds binding to monomeric AB(1-42) was
determined by surface plasmon resonance (SPR) using a T200 device
(Biacore, GE Healthcare, Sweden). The immobilization was
performed as described by Frenzel et al. with minor modifications.”!
N-Terminally biotinylated Af{(1—42) {8 pM) was dissolved and
AP(1-42) monomers were purified via density gradient centrifugation
using a discontinuous gradient containing § to 50% {w/v) iodixanol
(OptiPrep, Axis-Shield, Norway). The species were separated at
259 000 X g for 3 k at 4 °C by ultracentrifugation {Optima MAX-XP,
Beckman Coulter, USA). Afterward, the gradient was fractionated into
14 fractions of 140 yL. A(1—42) monomers from the top fraction 1
were directly immobilized onto a series S SA sensor chip (Biacore, GE
Healthcare, Sweden) by biotin—streptavidin coupling to a final level of
600 RU. The ligand flow cell and a reference flow cell were quenched
with 10 g mL™" biotin for 7 min. For affinity determination of the
compounds, single cycle kinetic experiments were applied at 25 °C and
30 4L min™" flow rate. Concentrations of 0.6, 1.9, 5.6, 16.7, and 50 M
of the compounds diluted in 20 mM sodium phosphate buffer
including 50 mM sodium chloride, pH 7.4 were injected over the flow
cells for 180 s, A conditional regeneration step was implemented using
2 M guanidine hydrochloride for cD3r. The quenched flow cell and
buffer cycles were used for double referencing of the sensorgrams. For
evaluation, the sensorgrams were fitted applying the steacdy state
Langmuir 1:1 fit model of the Biacore T200 Evaluation Software 2.0
and the offset was constantly set to zero.

QIAD Assay. The assay for quantitative determination of
interference with A aggregate size distribution (QIAD) of the
compounds D3¢nen, D3conm, D3, and cD3r was performed

according to Brener et al'’® In brief, 80 uM Af{1—42) was
preincubated for 4.5 h followed by the addition of 20 M of the
respective compound for another 40 min. The Af(1—42) species were
separated via density gradient centrifugation using a discontinuous
gradient containing 5 to 50% (w/v) iodixanol {OptiPrep, Axis-Shield,
Norway). Afterward, the gradient was fractionated into 15 fractions
from top to bottom and the AB(1—42) distribution influenced by the
compounds was quantified via analytical reversed-phase HPLC
(Agilent 1260 Infinity system) using a C8 column {Zorbax 300SB-
C8, 4.6 mm X 250 mm, 5 ym Agilent, Germany). The determined
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AB{1—42) concentrations in each fraction were normalized to the
recovery rate of the whole gradient. The recovery rate for Af(1—42)
without compound (n = 20) averaged to 99.3% + 11.3%, for AB{1—
42) with compound {r = 16) to 84.5% + 15.6%.

Transmission Electron Microscopy. 20 uM AB(1—42) was
preincubated for 4.5 h shaking at 600 rpm. Afterward, 20 #M D3coom,
D3CDM‘]4‘! cD3, or cD3r was added and coincubated for 16 h. A sample

of 20 L was dropped on a Formvar/carbon coated 200 mesh copper
grid (Plano, Germany) for 7 min, and the grid was washed with
deionized water. It was stained with 1% (w/v) uranyl acetate for 1 min,
washed, and dried. Images were recorded at 120 kV using a Libra 120
transmission electron microscope {Zeiss, Germany).

Cell Viability Assay. 3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenylte-
trazolium bromide (MT'T) based cell viability assays were performed
to investigate the cytotoxicity of AB(1—42) in the presence of D3¢oon,
D3conmy €03, or ¢D3r. SH-SYSY cells (DSMZ, Germany) were

cultivated in DMEM supplemented with 20% fetal calf serum at 37 °C,
5% CO,, and 95% humidity. The assay was performed using the Cell
Droliferation Kit I {Roche, Switzerland) according to the manufac-
turer’s protocol “Cytotoxicity assay procedure” whereby the seeded
cell concentration was reduced to 1000 cells per well. A concentration
of 50 M AP(1—42) was incubated for 4.5 h shaking at 600 rpm
before adding 250 #M D3coom D3cona, €D3, or cD3r for another 40

min. During the assay the CE]]S were e)(PCISed to ﬁnal concentrations Df
1 M AP(1—42) plus § M compound. For evaluation, the viability of
buffer treated cells was set to 100%.

Animals. For evaluation of in vivo efficacy of cD3r, homozygous
Tg-SwDI mice were used which are CS7BL/6 mice expressing human
APP with Swedish K670N/M671L and Dutch/lowa E693Q/D694N
mutations.™ The animals housed four per cage in a controlled
environment {22 °C, 50—60% humidity, light from 7 am to 7 pm) on
food and water ad libitum. Animal experiments were conducted
according to the local Institutional Animal Care and Use Committee
(IACUC) guidelines.

Treatment of Tg-SwDI Mice. Male Tg-SwDI mice, 48 weeks old,
were treated with ¢D3r compound or saline as a control for 4 weeks.
Both groups started with n = 10, decided on the basis of previous
studies.' After the study, one cD3r treated animal was excuded due to
incorrect genotype. cD3r and saline were dosed intraperitoneally by
osmotic minipumps (Alzet, #1004) which were implanted into the
peritoneal cavity. After the implantation each animal housed
separately. cD3r was applied in a concentration of 67.5 mg mL™
with a flow rate of 0.11 4L h™", yielding a total applied amount of 5
mg. Three weeks after start of the treatment, the animals were double-
blinded tested in open field and zero maze and the water maze
experiments started. After 4 weeks, plasma samples were taken for
cytokine analysis and the animals were sacrificed for Af plaque load
analysis in the brain.

Open Field Test. The maze consisted of an arena of 42 cm X 42
cm with clear plexiglass sides {20 cm high). The arena was subdivided
into two areas: the open center and the sides nearby the wall The
animal was put in the arena and observed for 4 min with a camera
driven tracker system (Ethovision X'T10, Noldus, The Netherlands).
The system recorded the position of the animal within the arena at 5
frames per second and the data were analyzed with respect to the time
spent in both areas. After each test, the apparatus was wiped out with
chlorhexidine and 70% ethanol.

Zero Maze Test. The maze consisted of an annular maze (70 cm
diameter) that is raised 40 cm above the table. The maze was separated
into four equal parts by two 15 cm high walls of opaque material and
two only 0.5 cm high walls, Therefore, it consisted of two open and
two dlosed areas. The animal was put into the dircle and observed for 4
min with a camera driven tracker system {Ethovision XT10, Noldus,
The Netherlands). The system recorded the position of the animal at §
frames per second and the data were analyzed with respect to the time
spent in each area. After each test, the apparatus was wiped out with
chlorhexidine and 70% ethanol

Water Maze Test. To investigate the influence of cD3r on the

cognition of Tg-SwDI mice, a water maze test was performed as
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described before."” Briefly, a blue plastic pool {120 cm diameter) with
an opaque round platform (10 cm diameter) located 0.5 em below the
water surface was used. During 5 days, the mice were trained to find
the hidden platform that was kept in a constant position throughout
this period. Each day, three trials were run where all starting positions
were equally used in a random order. The mice were given 60 s to find
the platform and 10 s afterward to stay on the platform. If the animals
did not locate the platform within this time they were placed there by
the experimenter. The intertrial interval was 2 min. The task was
evaluated by recording the latency of each animal until the platform
was found.

Cytokine Assay. Plasma samples of saline and cD3r treated Tg-
SwDI mice were tested for interleukin-2 {IL-2), interleukin-4 (IL-4),
interleukin-6 (IL-6), interleukin-10 (IL-10), tumor necrosis factor
alpha (TNFa), and interferon gamma (IFNy) biomarkers using
LUNARIS Mouse Cytokine 6-Plex Kit {Ayoxxa, Germany) according
to the manufacturer’s protocol. The limits of detection (LoD} were:
IL-2: 0 pg mL7Y 11-4: 554 Pg mL7Y; 16 11.3 P mL7Y 10-10: 22
g mlL "} TNFa: 0.3 Pg mL7Y [FNy: 18.8 pg mL . All samples were
diluted 1:2. Results were analyzed using the LUNARIS Analysis Suite
Software. The determined [1-2, [L-4, and IL-6 concentrations within
the samples were, with a few exceptions, below the LoD and neo
statement was possible concerning these cytokines.

Ap Plaque Analysis. Af plaque load of saline and c¢D3r treated
Tg-SwDI mice was determined by immunohistochemistry. After 4
weeks of treatment, mice were anesthetized and transcardially perfused
with cold saline. The brains were sagittally cut in half and the right
hemisphere of the brain was fixed in 4% paraformaldehyde ﬂvemight
and afterward placed in 30% sucrose for 24 h for cryoprotection.
Thirty pm thick coronal sections were cut on a freezing sliding
microtome. For staining, free ﬂoaling sections were pretreated with
sodium citrate solution, pH 6.5 for 30 min at 85 °C, washed with TBS
including 0.5% Triton X-100 (TBS-T), and incubated in W0—2
antibody {The Genetics Company, Switzerland), diluted 1:2000 in
TBS-T overnight Afterward, the Mouse ExtrAvidin Peroxidase
Staining Kit {Sigma-Aldrich) was used according to the manufacturer’s
protocol After washing, the sections were stained for 3 min with Ni*'-
enhanced DAB solution. All sections from all animals were processed
in the same tray.

After staining, sections were mounted on slides with coverslips. The
hippocampus area of the brain was digitized using an Olympus DP70
digital camera. To avoid changes in lighting which might affect
measurements, all images were acquired in one session. For evaluation,
the average density of staining by the antibody in the measured area
was calculated. All density measurements were performed in triplicate
by an investigator who was blinded to the treatment of the animals.

Statistical Analysis. Data were averaged and represented as mean
+ standard deviation {SD), standard error (SE), or standard error of
the mean {SEM), as indicated. For plotting and statistical evaluation,
OriginPro 8.5G (OriginLab) was used; p > 0,05 was considered as not
significant (n.s.).

QIAD assay: Data of each group were normally distributed
(Shapiro-Wilk test: p < 0.05). One-way ANOVA and Bonferroni
post hoc analysis were applied. Af(1—42) without compound: n = 21;
Af(1-42) with compound: n = 4.

Cell viability assay: Data were not normally distributed (Shapiro-
Wik test: p > 0.05). Kruskal-Wallis ANOVA and Bonferroni
corrected Mann—Whitney U-test were applied. AB(1—42) without
compound: 1 = 45; AB(1—42) with compound: » = 15.

Open field test: Data were not normally distributed (Shapiro-Wilk
test: p > 0.05) and Mann—Whitney U-test was applied. Saline group: #
= 10; c¢D3r group: n = 9.

Zero maze test: Data were not normally distributed {Shapiro-Wilk
test: p > 0.05) and Mann—Whitney U-test was applied. Saline group:
= 10; ¢D3r group: n = 8.

Water maze test: Data were not normally distributed (Shapiro-Wilk
test: p > 0.05) and Friedman’s one-way repeated measures ANOVA by
ranks was applied. Saline group: n = 10; ¢D3r group: n = 9.

Cytokine assay and Af plaque analysis: Data were not normally
distributed {Shapiro-Wilk test: p > 0.05) and Mann—Whitney U-test
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was applied. Values < LoD were excluded from statistics. Thus, #
varied between the tests and can be obtained from Table L.
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1. S| Methods

Analytical RP-HPLC: To evaluate the compounds” purity of > 95%, analytical reversed-

phase high performance liquid chromatography (RP-HPLC) was used. 20 uL of a 20 uM
compound solution in H,O were injected on a Zorbax 300SB-C8 column (4.6 mm x 250
mm, 5 um, Agilent, Germany) connected to an Agilent 1260 Infinity system and analyzed
isocratically at 14% acetonitrile containing 0.1% trifluoroacetic acid (TFA) at 21°C and a
flow rate of 1 mL min™. Absorbance was measured at 214 nm and the data were analyzed

using ChemStation (Agilent, Germany).

Cell viability assay: MTT based cell viability assays were performed as described in the

manuscript. Here, the cytotoxicity of the compounds D3coon, D3conmz, ¢D3, or cD3r
themselves were investigated. During the assay the cells were exposed to a final

concentration of 5 yM compound.

Statistical analysis: Data were averaged and represented as mean * standard deviation
(SD). For plotting and statistical evaluation OriginPro 8.5G (OriginLab, USA) was used; p
> 0.05 was considered as not significant (n.s.).

Cell viability assay: Data were not normally distributed (Shapiro-Wilk test: p > 0.05).
Kruskal-Wallis ANOVA and Bonferroni corrected Mann-Whitney U-test were applied.

Buffer and all compounds: n = 5.
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Figure S1: RP-HPLC chromatograms of D3coon, D3contz, €D3, or cD3r.

The purity of D3coon (A), D3contz (B), cD3 (C), and cD3r (D) was evaluated using analytical reversed-phase
high performance liquid chromatography (RP-HPLC). Absorbance was measured at 214 nm and the data
were analyzed using ChemStation (Agilent, Germany).
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Table S1: Purity of the compounds analyzed by peak integration of RP-HPLC chromatograms. Peaks which
show > 95% of the total peak area represent the respective compound.

Compound Peak no. Reter[lgm time Peak area [%]

1 3.78 1.1
D3coon 2 4.15 97.2
3 4.58 1.7

1 3.79 0.7
D3con: 2 4.07 98.2
3 4.42 1.1

1 4.59 3.1

cD3 2 5.27 0.9
3 5.51 96.0

1 4.14 1.5

cD3r 2 5.48 29
3 5.84 95.7
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Figure S2: MTT based cytotoxicity test of the compounds D3coon, D3conmz, ¢D3, or cD3r.

As a control experiment, the cytotoxicity of 5 yM compound was examined based on the MTT assay principle
using SH-SY5Y cells. The data represent mean + SD of one experiment with n = 5 for each compound,
normalized to the buffer control. Kruskal-Wallis ANOVA (p = 0.098) with Bonferroni corrected Mann-Whitney

U-test were not significant (p > 0.05) for all compounds. Gray, buffer control; blue, D3coon; red, D3conts;
green, cD3; orange, cD3r.
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Abstract

The aggregation of amyloid-p (AB) is postulated to be the crucial event in Alzheimer's dis-
ease (AD). In particular, small neurotoxic Ap oligomers are considered to be responsible for
the development and pregression of AD. Therefore, elimination of thesis cligcmers repre-
sents a potential causal therapy of AD. Starting from the well-characterized p-enantiomeric
peptide D3, we identified D3 derivatives that bind monomeric AB. The underlying hypothesis
is that ligands bind monomeric AR and stabilize these species within the various equilibria
with AP assemblies, leading ultimately to the elimination of AR cligomers. One of the hereby
identified p-peptides, DB3, and a head-to-tail tandem of DB3, DB3DB3, were studied in
detail. Both peptides were found to: (i) inhibit the formation of Thioflavin T-paositive fibrils; (ii)
bind to AR monomers with micromolar affinities; (iii) eliminate Ap oligomers; (iv) reduce AB-
induced cytotoxicity; and (v) disassemble preformed AB aggregates. The beneficial effects
of DB3 were improved by DB3DB3, which showed highly enhanced efficacy. Our approach
yielded AB manomer-stabilizing ligands that can be investigated as a suitable therapeutic
strategy against AD.

Introduction

There are 4.2 million new cases of dementia worldwide each year with Alzheimer’s disease
(AD) being the most common cause. Currently, there is no causal treatment for AD available
[1,2].

Intracellular neurofibrillary tangles (NFTs), consisling of hyperphosphorylaled lau and
extracellular plaques, consisting predominantly of amyloid-B (AB), are the major pathological
hallmarks of AD. The cleavage of the amyloid precursor protein (APP) by the - and y- secre-
tases releases AP. Various species of AP are formed because the N- and C-terminal cleavage
events are non-homogeneous. The most abundant species of Af is AB(1-40), consisting of 40
amino acids. The second most dominant species is AB(1-42) [3, 4].
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According to the amyloid cascade hypothesis the aggregation of AP is responsible for the
development and the progression of AD. Various Af} aggregate species have been described,
including A oligomers and A protofibrils [5]. In parlicular, soluble, toxic AB oligomers are
thought Lo be responsible for damage of synaplic plasticity, formation of free radicals, disequi-
librium of intracellular caleium distribution, chronic inflammation and increased phosphoryla-
tion of tau [6, 7]. Thus, inhibition of A oligomerization and the elimination of Ap oligomers
are promising Lreatment strategies for the development of a causal therapy of AD.

We have previously selected the 12mer all-p-enantiomeric peptide D3 via mirror image
phage display [8, 9]. In vitro, D3 binds to amyloid plaques, reduces A aggregation to regular
fibrils, eliminates A oligomers and converts preformed fibrils into non-amyloidogenic, non-
fibrillar, non-toxic aggregates [10-14]. In vivo, the plaque load and cerebral inflammation of
transgenic mice is reduced after injection of D3 into the brain and cognitive impairment of
Lransgenic mice is improved afler oral application [10, 15, 16], The original phage library, from
which D3 was selecled, coded for aboul 10 different peptides. A fully randomized 12mer
library would contain 20" different peptides. That equals 4 x 10" theoretically possible 12mer
sequences and is absolutely impossible Lo achieve due Lo limitations in the transformation effi-
ciency during generation of the original phage library. Thus, it can be expected that variation
of the D3 sequence will lead to even more potent D3 derivatives.

In the present study, we screened for D3 derivatives with optimized efficiency. To facilitate the
screening for various derivatives, peptide microarrays were used because they allow miniaturiza-
tion, parallelization and automation, and enable high-throughput screenings [17, 18]. In addition,
non-natural amino acids and linker groups, like biotin or fluorescein, can be introduced easily.

We screened more than 600 different D3 derivatives for their ability to bind monomeric A and
characterized the five most promising candidates by examining their ability to prevent Ap fibril for-
mation. For further optimization, the most promising D3 derivalive DB3 was modified by design-
ing a head-lo-tail tandem peplide, called DB3DB3. Both peptides were characterized in more detail
regarding their affinity to A monomers and their efficiency to eliminate A oligomers.

Material and Methods

Peptides

AP(1-42), N-terminally biotinylated AB(1-42) and FI'TC-AB(1-42) were purchased from
Bachem (Heidelberg, Germany). D3 (RPRTRLHTHRNR), DB1 (RPITRLHTDRNR), DB2 (RP
ITTLQTHQNR), DB3 (RPITRLRTHQNR), DB4 (RPRTRLRTHQNR) and DB5 (RPITRLQT
HEQR) were purchased from JPT (Berlin, Germany). DB3DB3 (RPITTRLRTHQNRRPITRLRT
HQNR) was purchased from peptides&elephants (Potsdam, Germany). All p-peptides con-
sisted of D-enantiomeric amino acids, were C-terminally amidated and > 95% pure.

HFIP pretreatment of AB(1-42)

For oblaining monomeric AB(1-42), N-terminally biotinylated AB(1-42) and FITC-AP(1-42)
were dissolved in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) overnight to a final concentration
of 1 mg/ml and aliquoled. HFIP was evaporaled by vacuum concentration (Concentralor 5301,
Eppendorf, Germany) for 20 min and the aliquots were stored at -20°C until further usage.

Peptide Microarrays

Pepspot membranes. In a first generation peplide array, every position of the 12 amino
acid residue p-peptide D3 was replaced against all 20 naturally occurring amino acids in their
p-enantiomeric conformation. The nitrocellulose membrane spotted with these 240 different
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peptides (JPT, Berlin, Germany) was blocked using TBS pH 7.4 with 10% v/v blocking solution
(Roche, Basel, Switzerland) for 2.5 h at room temperature. After 5 min washing with TBS and
0.1% v/v Tween 20 (TBS-T), the membrane was incubated with 5 pM AB(1-42) in 10 mM
sodium phosphale buffer pH 7.4 for 1 h, The potential of all 240 derivalives Lo bind monomeric
AP was measured by applying 6E10 (BioLegend, San Diego, USA, diluted 1:10.000 in TBS pH
7.4) and a horseradish peroxidase (HRP)-conjugated goat anti-mouse antibody (Fisher Scien-
tific, Schwerte, Germany, diluted 1:10.000 in TBS pH 7.4). The membrane was washed with
TBS-T pH 7.4 for 2 h. HRP aclivity was measured after incubation with HRP substrate (Pierce,
Waltham, USA) by using a ChemiDoc 200 detection system (Bio-Rad Laboratories, Munich,
Germany) and the ImageLab software (Bio-Rad Laboratories, Hercules, Munich, Germany).

Pepscan. For the second generation a peptide microarray was produced by Pepscan (Lely-
stad, Netherlands).

For the Pepscan chip, the peptides were covalently coupled on glass slides in triplicate
(spots with diameter of 100 um). Slides were incubated with 5 uM FITC-AB(1-42) in 10 mM
sodium phosphate buffer pH 7.4 for 1 h at room temperature with gentle agitation. After incu-
bation, the slides were washed three times with TBS-T for 10 min, three times with water for 10
min and subsequently dried using a stream of nitrogen gas.

Fluorescence intensity of FITC-AB(1-42) bound to the peptide spots was measured by a
FLABO0 fluorescence image system (Fujifilm Medical Systems USA Inc, Stamford, USA) with a
slide carrier employing a 473 nm laser for excitation. Digital images were recorded at 5 um res-
olution. Fluorescence was analyzed by the software AIDA Array Melrix (Raylest, Staubenhardt,
Germany). Signals were integrated for each spot (diameter 80 pm). The background signal was
detected from local dot rings with diameter widths of 150 pm and background ring widths of
30 um, and subtracted from the peptide spot signal,

Thioflavin T {ThT) Assay

20 uM AP(1-42) was mixed with 20 uM Thioflavin T (ThT) and 31 pg/ml DB3 or DB3DB3 in
10 mM sodium phosphate buffer, pH 7.4. The assay was performed using a non-binding 96 well
plate (Greiner Bio-One, Frickenhausen, Germany). ThT f{luorescence was measured every 15 min
at Age = 440 nm and Ay, = 490 nm in a temperature-controlled plate reader (Polarstar Optima,
BMG, Offenburg, Germany) at 37°C with 1 min agitation before every measurement. Each value
was background corrected using the ThT fluorescence of a peptide solution without Ap(1-42).

Biolayer interferometry (BLI)

BLI experiments were performed using an Octet RED96 instrument (fortéBI1O, PALL Life Sci-
ence, Menlo Park, USA). N-terminally biotinylated AB(1-42) was dissolved in HFIP, lyophi-
lized and dissolved in 2 mM aqueous sodium hydroxide (1 mg/ml) in order to destroy any pre-
exisling aggregales. The AB(1-42) solution was neulralized by dilution in running buffer (20
mM sodium phosphate buffer, pH 7.4) to a final concentration of 20 pug/ml and directly immo-
bilized on Super Streptavidin biosensors (SSA) (fortéBIO, PALL Life Science, Menlo Park,
USA) to a final depth of 3 nm. Ligand biosensors and reference biosensors were quenched with
20 pg/ml biotin for 7 min.

For K, delerminalions, the binding of a dilulion series of DB3 (200, 100, 50, 25, 12.5, 6.25,
3.125 uM) or DBDB3 (20, 10, 5, 2.5, 1.25, 0.625, 0.3125 uM) was detected in parallel to the
ligand biosensors and reference biosensors. A separate buffer cycle was used for double
referencing. For evaluation, steady stale response levels were plotted against the applied peptide
concentrations and fitted according to Langmuir ‘s 1:1 binding model (Hill function with nn =1,
OriginPro 8.5G, OriginLab, Northampton, USA).
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QIAD assay

The quantitative delermination of interference with AB(1-42) aggregale size distribution
(QIAD) was performed as described before [14]. In brief, 80 uM AP(1-42) was incubated in 10
mM sodium phosphale buffer, pH 7.4 for 4.5 h at 22°C with 600 rpm agitation. AB(1-42)
aggregalion was conlinued for an additional 40 min with or without DB peplide. The oblained
partial size distribution was analyzed by applying density gradient centrifugation. 100 pl of the
incubated sample was placed on top of a gradient with 5 to 50% iodixanol (Optiprep, Axis-
shield, Oslo, Norway) and separaled al 259.000 x g for 3 h al 4°C using an ultracentrifuge
(Optima MAX-XP, Beckman Couller, Brea, USA). Fourleen fractions of 140 ul were Laken
from top to bottom. The pellet was dissolved by adding 60 yul of 6 M guanidine hydrochloride
Lo the centrifugation tube. After boiling for 5 min, the dissolved pellet sample was collected.
The samples were stored at -80°C until further use.

For quantification of the AB(1-42) amount in each fraction, reversed-phase high perfor-
mance liquid chromatography (RP-HPLC) was performed using a Zorbax SB-300 C8 column
(Agilent, Boblingen, Germany) connected to an Agilent 1260 Infinity system using 30% (v/v)
acetonitrile with 0.1% (v/v) trifluoroacetic acid (TFA) as the mobile phase with a flow of 1 ml/
min and a column temperature of 80°C. The applied sample volume was 20 pl. The UV absorp-
tion at 214 nm was measured. For quantification of the AB(1-42) amounl, the area under the
peak representing AP(1-42) was calculated and the molar concentration was determined using
a calibration curve.

For additional control and visualization of the AB content in each fraction, a 16% Lricine-
SDS-PAGE was performed and AB(1-42) was visualized by silver slaining according to Schag-
ger [19].

MTT cell viability assay

Rat pheochromocytoma PC12 cells (Leibniz Institute DSMZ, Braunschweig, Germany) were
cultivated in DMEM medium supplemented with 10% fetal bovine serum and 5% horse serum.
10,000 cells per well were seeded on collagen-coated 96 well plates (Gibco, Life technology,
Carlsberg, USA) and incubaled in a 95% humidified atmosphere with 5% CO, al 37°C for 24 h.
To yield oligomeric AB, monomerized AB(1-42) was preincubaled for 4.5 h in sodium phos-
phate buffer at 21°C and 600 rpm agitation. DB peptide was then added at different concentra-
tions and incubated for further 40 min at 21°C and 600 rpm agitation before addition to the
PC12 cells. Final concentrations were 1 uM AB(1-42) and 0, 2, 1, or 5 uM DB3 or hall of the
molar peptide concentrations of DB3DB3. The PC12 cells were further incubated for 24 h in
95% humidified atmosphere with 5% CO, al 37°C afler adding the AB-peptide mixture. Cell
viabilily was then measured using the Cell proliferation Kit I (MTT) (Roche, Basel, Swilzer-
land) according to the manufacturer’s instruction. The absorbance of the formazan product
was determined by measuring at 570 nm afier subtracting the absorption at 660 nm. For
absorption measurements, a Polarstar Optima plate reader (BMG, Offenburg, Germany) was
used. All results were normalized o cells that were treated with buffer only.

APB Aggregation inhibition ELISA

Freshly dissolved monomeric AB(1-42) (400 nM in 500 mM Tris-buffer pH 7.4) was incubaled
with and without DB peptides in different concentrations (0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50 and
100 uM for DB3 or half of the molar concenlrations in case of DB3DB3) in a humidity cham-
ber for 23 h al 37°C. The aggregation was analyzed by an enzyme-linked immunosorbent assay
(ELISA). NP27 antibody in bicarbonate/carbonate buffer was used to coat the ELISA plate
overnight. Then the plate was washed in PBS-Tween buffer (1x PBS + 0.05% Tween) and
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blocked for 2 h at room temperature with 5% casein buffer. After washing, AP aggregate solu-
tions were added to the plate and incubated for 1 h at room temperature. The plate was washed
again and bound A aggregates were delected by biclinylated 6E10/HRP-avidin mediated
immunoreaction (BioLegend, San Diego, CA USA) using TMB as delection reagenl. Each
value was background corrected which were derived from ELISA of samples withoul capture
antibody and normalized to the control without peptide (0% no inhibition, 100% full inhibi-
tion). Mean value and standard error were calculated from three independent experiments.
EC5, was calculated by fitting the data to a logistic dose response function.

AR Aggregate disassembly ELISA

Freshly dissolved monomeric AB(1-42) (400 nM in 500 mM Tris-buffer pH 7.4) was incubated
in a humidity chamber for 22 h at 37°C in order to preform AB(1-42) aggregates. These pre-
formed aggregales were coincubaled with p-peptide in different concentrations (0.01, 0.05, 0.1,
0.5, 1, 5, 10, 50, 100 uM for DB3 or with half of the molar concentrations in case of DB3DB3)
for additional 22 h at 37°C. The content of Ap aggregates was measured and evaluated in the
same way as the aggregation inhibition ELISA.

Transmission electron microscopy (TEM)

10 uM of freshly dissolved monomeric AB(1-42) was incubated in 10 mM sodium phosphate
buffer pH 7.4 with or without DB peptide in equal molar ratios for 24 h at 37°C. Afterwards,
20 pl of the samples were absorbed on formval/carbon coated copper grids (5162, Plano, Wel-
zlar, Germany) for 3 min, washed three times with water and negative stained with 1% v/v ura-
nylacetale for 1 min. The images were acquired using a Libra 120 electron microscope (Zeiss,
Oberkochen, Germany) at 120 kV.

Statistical analysis

Statistical analysis was performed using the Origin 8.5 (OriginLab Cooperation, Northampton,
USA) software package.

Results
Screening for optimized D3 derivatives using peptide microarrays

We identified previously the Af oligomer eliminating p-enantiomeric peptide D3 via mirror
image phage display [10, 16). A possible explanation of the efficiency of D3 is that it binds to
and stabilizes A} monomers within the various equilibria with AP oligomers and other Af
assemblies. In order to identify more efficient derivatives, a systematic optimization of D3
regarding its binding affinity to monomeric AB(1-42) was performed using a two-step proce-
dure. For the first slep, every posilion of the original peplide D3 was replaced againsl each of
the 19 other proteinogenic amino acids residues in their D-enantiomeric form. These 20x12
different peptides were spotted on a Pepspot membrane (JPT, Berlin, Germany) and the bind-
ing of monomeric AB(1-42) was measured according to the procedure described in the mate-
rial and method part. To verify that the applied AP(1-42) was mainly monomeric even after
the 1 h incubation period, a densily gradienl ullracentrifugalion run was done with an aliquol
of the applied AB(1-42) that was incubated 1 h, too. Even after 1 h incubation, only a very
small fraction of AB(1-42) was found in fractions 4 and higher (Fig 1) indicaling that by far the
largest part of the A is still monomeric and thus can be found in fractions 1 to 3 [14]. After
washing, the amount of bound A} was determined by the AB-specific antibody 6E10, which is
known to bind all AP species regardless of their assembly slate, and a secondary detection
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Fractions

4.6 kDa

1.7 kDa

monomers  oligomers

Fig 1. Aggregation state of monomeric AB(1—42) after 1 h incubation. For optimization of D3 with peptide
microarrays, the peptide microarrays were incubated with 5 uM initially monomeric AB{1-42) for 1 h at room
temperature. The aggregation state of this Ap preparation was analyzed by density gradient centrifugation
followed by 16% Tricine-SDS-PAGE. FITC-AB(1-42) was detected via FITC fluorescence and was only
detectable in the first four lanes, which represent mainly monomeric and oligomeric FITC-AB [14].

doi:10.1371/journal.pone.0153035.9001

antibody (Fig 2A). The amino acid substitutions that yielded the highest Ap binding activity, as
measured by the dot staining density, were chosen for further combinations in the second
round (Fig 2B and 2C). In particular, the substitutions R3L, R5T, H9D, R10Q, R10E, N11Q and
N11D were found Lo bind more favorably to AR monomers. The residue H7 showed the highest
potential for further improvement, because most substitutions at this position yielded higher
affinity towards A monomers. H7P, H7Q, H7R and H7S were selected as the most promising
substitutions for H7. Substitution of R12 was excluded from the analysis because a minimum
number of arginines has been recognized to be responsible for the superior pharmacokinetic
properties of D3 [20]. Interestingly, nine of the eleven substitutions were located in the C-ter-
minal half of D3 at positions 7,9, 10 and 11.

For the second round of optimization, every possible combination of the eleven single resi-
due replacements R31, R5T, H7P, H7Q, H7R, H7S, H9D, R10Q, H10E, N11Q and N11D, were
combined (o yield 360 different peplides, which were spolled on a glass chip (Pepscan, Lely-
stad, Netherlands) (Fig 2C). To compare their binding activities to monomeric A, the peptide
microarrays were incubated with freshly dissolved monomeric FI'TC-AB(1-42) and fluores-
cence intensities of the AB-peplide interactions were measured. Five peptides that showed tight
binding to AP monomers as deduced from high FITC fluorescence intensities were chosen for
further in vitro characterization (Fig 2D and Table 1). The fluorescence intensities of these D3
derivatives, termed DB1 to DB5, were up to six times higher when compared with the fluores-
cence intensity obtained with D3 (Fig 2D). As shown in Table 1, the sequences of DB1 to DB5
had two to four amino acid substitutions to the original D3 template.

The influence of DB3 and DB3DB3 on A fibril formation

To investigate the influence of DB1 to DB5 on A fibril formation, a Thioflavin T (ThT) assay
was performed. In an aqueous environment the benzothiazole dye has a low fluorescence. Upon
interaction with regularly formed amyloid fibrils the fluorescence signal is significantly enhanced
and excitation and emission maxima shift from 385 and 445 nm to 450 and 490 nm, respectively.
The emission at 490 nm is directly proportional to the quantity of amyloid fibrils. Fibril forma-
tion of AB can be followed in real time by measuring the ThT fluorescence [21-23].

‘Therefore, the inhibitory effects of the p-peptides DB1 to DB5 and D3 were investigated by
co-incubating these peptides with AB(1-42) and performing the ThT assay. Fluorescence emis-
sion data were compared after 5 h incubation, because after this period the AB(1-42) control
(without added peptide) reached its fluorescence maximum. As shown in Fig 3, D3 inhibited
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Fig 2. Selection of DB1 to DB5 based on two cycles of peptide microarray based screenings. A) Promising replacements in the sequence of D3 were
selected via PepSpots peptide array. Binding of monomeric AB(1—42) to spotted D3 derivatives was detected using the AB antibody 6E10 and a HRP-labeled
secondary antibody. Several of the dots with the highest staining density, representing the most promising single replacements, are marked in red. The
original D3 controls are indicated in blue. B) The HRP-intensity was evaluated by the staining density of the peptide dots and plotted against the amino acid
substitutions. Eleven promising substitutions that showed > 1.5 times increase in binding to monomeric AB(1-42) when compared with that of D3, were
chosen for a second generation peptide microarray. The red line represents the mean dot staining intensity of D3. C) Schematic overview of the first
generation microarray output. D) Binding of FITC-AB{1—42) to the peptides DB1 to DB5. The binding of FITC-AB(1-42) to the spotted peptides was analyzed
by measuring the FITC-fluorescence intensity. All intensities were background corrected. The signal intensities of the top five peptides were plotted. The red
line represents the mean fluorescence intensity of D3.

doi:10.1371/journal pone.0153035.9002

AB(1-42) fibril formation by 30%, whereas DB3 inhibited the AB(1-42) fibril formation by
80%, DB5 by 76%, DB1 by 63% and DB2 by 49% when compared Lo the control (Fig 3). Sur-
prisingly, DB4 had no effect on the fibril formation of Ap.

The results of the ThT assay indicate that DB3 is the most promising peplide according to
the inhibitory effect of fibril formation. Therefore, we selected DB3 for further in vitro studies.
As a further potential optimization step of the DB peptides, we wanted to investigate the
impact of avidity. Although the DB peptides were selected for monomer binding, elimination

PLOS ONE | DOI:10.1371/journal.pone.0153035  April 22, 2016 7/16

52



O PLOS | one

Optimization of the All-D Peptide D3 for AR Oligomer Elimination

Table 1. Amino acid sequences of D3 and DB1 to DB5.

name sequence

D3 RPRTRLHTHRNR
DB1 RPITRLHTDRNR
DB2 RPITTLQTHQNR
DB3 RPITRLRTHQNR
DB4 RPRTRLRTHQNR
DBS RPITRLATHEQR

All amino acids of the peptides are p-enantiomeric and their C-termini are amidated. The amino acid
substitutions made to the D3 template are indicated in bold.

doi:10.1371/journal.pone.0153035.1001

of toxic oligomer species might require contacting monomer units within these oligomers. In
order to make use of the multivalence of oligomers, multivalent DB3 could possibly have
increased efficiency in oligomer elimination. As the simplest multivalent DB3 peptide, we
designed a head-to-tail tandem peptide of DB3, named DB3DB3. In contrast to other divalent
DB3 molecules, e.g. head-to-head or tail-to-tail orientations, the head-to-tail tandem of DB3
contains only peptide bonds between the amino acid residues and is thus easily accessible by
standard peptide synthesis. As shown in Fig 3, 10 uM DB3DB3 inhibited the formation of
ThT-positive aggregates as efficiently as 20 uM DB3,

Binding affinities of DB3 and DB3DB3 to AB(1—42) monomers

For further characterization of DB3 and DB3DB3, the equilibrium dissociation constants (Kp)
of the p-peptides were determined for their interaction with AB(1-42) monomers using bio-
layer interferometry (BLI) (Fig 4). For DB3, a Kp, value of 75 uM was determined, whereas for
the designed dimer peptide DB3DB3 a K, value of 1 uM was obtained. Therefore, the binding
affinity to AB(1-42) monomers was enhanced by 75-fold for the dimeric version of DB3.

AP aggregation inhibition by DB3 and DB3DB3

To confirm and further investigate the efficiency of DB3 and DB3DB3 activity on AP aggrega-
tion, an aggregation inhibition ELISA was performed. Initially monomeric AB(1-42) was incu-
bated with different concentrations of DB3 or DB3DB3 and the AB(1-42) aggregates were
specifically detected via ELISA. DB3 inhibits A aggregate formation with an EC5; of 6 uM,
whereas DB3DB3 inhibits AB aggregate formation with an ECs, of 8 nM (Fig 5A). Thus,
DB3DB3 is 1000-fold more efficient in inhibiting A} aggregation when compared with that of
DB3. Furthermore, the aggregation inhibition ELISA showed that the fibrillization of A(1-42)
was almost inhibited completely at a peptide concentration of 20 uM DB3 and 10 uM DB3DB3.

AP aggregates disassembly ability of DB3 and DB3DB3

The AP aggregate disassembly ELISA was used to analyze the effect of DB3 and DB3DB3 on
preformed A aggregales (Fig 5B). Preformed AB(1-42) aggregates were co-incubated with dif-
ferent concenlrations of DB3 or DB3DB3 for 24 h. The AP aggregales specific ELISA was used
to quantify AB aggregates. The raw data were normalized to AP aggregates without peptide.
The results of measured AP aggregates normalized to the A} control were plotted against the
peptide concentration. The ECsq was calculated by a logarithmic dose response function.

The EC5, value using D3 to dissemble the AP aggregates was 2.5 pM; however, the value for
DB3DB3 could not be determined because the A} aggregales were already disassembled at very
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ThT fluorescence [% Ap]

Fig 3. Thioflavin T fibril formation assay. 20 pM AB(1—42) was mixed with 20 uM DB1 to DB5 or 10 pM
DB3DB3 and the ThT fluorescence was monitored. AB{1—42) without peptide addition was taken as the
control. The ThT fluorescence of all samples were compared after 5 h, where the control, AB{(1-42) only,
reached its maximum in fluorescence emission. The Mann-Whitney-U-test was used for statistical analysis. *
p <0.05; ** p<0.01; *** p <0.001.

doi:10.1371/journal.pone.0153035.9003

low peptide concentrations, i.e., addition of 10 nM DB3DB3 to 400 nM AP gave 80% disassem-
bly of the AP aggregates when compared to AB in the absence of peptide.

Elimination of A3 oligomers

AP oligomers are the main loxic species and are discussed Lo be responsible for development
and progression of AD [7]. A promising therapeutic approach is the elimination of AB oligo-
mers. We have previously established an assay that determines quantitatively the AB oligomer
elimination efficiency of a given substance (QIAD assay) [14]. By applying this assay the Ap(1-
42) oligomer elimination efficacy of DB3 and DB3DB3 (Fig 6) was determined. Incubation of
80 uM monomeric AB(1-42) for 4.5 h led to the formation of a mixture of A} monomers
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(fractions 1-2), oligomers (fractions 4-6) and larger aggregates (other fractions) (Fig 6A).
Addition of DB3 at different concentrations resulted in the elimination of A oligomers in a
concentration-dependent manner. Addition of 40 uM DB3 Lo AP oligomers yielded near com-
plete elimination of the oligomers. In comparison, addition of 20 uM DB3DB3 Lo 80 uM AB
eliminated the oligomer species completely. Moreover, the content of AB oligomers was also
strongly reduced when applying 10 pM DB3DB3.

RP-HPLC was used to quantify the Ap oligomer elimination efficiency (Fig 6B). 20 uM DB3
reduced the amount of AP oligomers by ~27% compared with that of the Af only control.
10 uM DB3DB3 reduced the content of AP oligomers by 82%, which is a significant improve-
ment over the DB3 result. The content of large co-precipitates increased and represented the
content of A oligomers that were eliminated. The content of monomeric A was not affected
by DB3 and DB3DB3. Thus, DB3 and DB3DB3 eliminated A oligomers without affecting the
monomers and shifted the equilibrium from oligomeric Af to larger Af aggregates,

Reduction of Ap toxicity

The MTT assay with rat PC12 cells was performed to analyze the influence of DB3 and
DB3DB3 to AB-induced cytotoxicity (I'ig 7). Monomeric AB(1-42) was pre-incubated for 4.5 h

B
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Fig 4. Kp determination of DB3 and DB3DB3 to monomeric AB using biolayer interferometry (BLI). N-terminally biotinylated AB(1-42) monomers were
immobilized on streptavidin biosensors and the binding of DB3 and DB3DB3 was detected. Representative double referenced sensorgrams of a dilution
series of DB3 (A) and DB3DB?3 (B) are shown, including the equilibrium dissociation constants (Kp) as means + SD of data recorded in triplicate. For steady
state analysis Langmuir’s 1:1 binding model was applied. Representative fits of DB3 (C) and DB3DB3 {D) are depicted with the corresponding corrected R2.

doi:10.1371/journal pone.0153035.9004
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to yield AP oligomers. Afler additional co-incubation with DB3 or DB3DB3 for 40 min, the
mixture was added to PC12 cells and cell viability was analyzed after 24 h using the MTT assay.
In the absence of peptides a solution of 1 uM A reduced the PC12 cell viability to 44% (Fig
7). In contrast, neither DB3 (5 uM) nor DB3DB3 (5 uM) exhibited any effect on PC12 cell via-
bility, which indicates that both peptides are not toxic at the applied concentration. Addition
of DB3 to 1 uM pre-incubated AP over the concentration range of 0.2 to 5 pM did not signifi-
cantly increase cell viability. However, a significant concentration-dependent increase of cell
viability was observed in the presence of 0.1 to 2.5 uM DB3DB3 in a concentration dependent
manner up to 80% (Lig 7). Thus, DB3DB3 was able to inhibit AB-induced cytotoxicity.

Morphology of co-incubated A

To analyze the morphology of Ap co-complexes with DB3 and DB3DB3, initially monomeric
AP(1-42) was incubated with DB3 and DB3DB3 for 24 h and TEM analysis performed. For
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Fig 5. Inhibition of A fibril formation and A aggregation disassemble by DB3 and DB3DB3. A) Monomeric AB(1-42} (400 nM) was mixed with
different concentrations of DB3 {0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50, 100 pM) and the aggregation state of A} was analyzed using an Ap aggregate specific
ELISA. For DB3DB3 half of the molar concentrations compared to DB3 were used. Af without DB3 and DB3DB3 addition was taken as control. For DB3 an
ECs; of 6 uM was calculated using a logistic fit model. DB3DB3 inhibited the formation of A fibrils more efficiently with an ECs, of 7 nM. B) The disassembly
properties of DB3 and DB3DB3 were measured using an Ap aggregation specific ELISA. Monomeric AB{1-42) (400 nM) was preincubated in order to form
fibrils and mixed with nine different concentrations of DB3 (0.01, 0.05,0.1, 0.5, 1, 5, 10, 50, 100 uM). For DB3DB3, the molar concentrations were half those
used for DB3. For DB3 an ECs, 0f 2.5 pM was determined. DB3DB3 disassembled AR aggregates at the lowest concentration (10 nM). Thus, the ECs, could
not be determined, butis < 10 nM. All data were determined in triplicate. The Mann-Whitney-U-test was performed for statistical analysis. * p<0.05; **
p<0.01; ***p <0.001

doi:10.1371/journal. pone.0153035.9005
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Fig 6. Effect of DB3 and DB3DB3 on different Af aggregation species. A) Analysis of AB(1-42) aggregation species with density gradient centrifugation
and followed by analysis using silver-stained Tricine-SDS-PAGE to analyze the influence of DB3 and DB3DB3 on the distribution of Af} assemblies. B)
Quantification of AB(1-42) by RP-HPLC. All data were recorded in triplicate.

doi:10.1371/journal pone.0153035.9006

TEM analysis, the samples were absorbed onto formval/copper grids and negatively stained
using uranyl acetate.

AP formed large meshes of fibrils after 24 h incubation (Fig 8A). Co-incubation of Ap with
DB3 in an equal molar ratio resulted in the formation of substantially fewer and shorter fibrils
(Fig 8B), which is in perfect accordance with the observation from the ThT assay that DB3 was
able to reduce fibril formation by 80%. Co-incubation of AB with DB3DB3 yielded huge amor-
phous co-precipitates, which did not contain any fibrillar structures (Fig 8C). Obviously, at
least under these artificially high concentrations, DB3DB3 did not yield mostly Ap monomers,
but high-molecular-weight non-fibrillar co-precipitates with AB (Fig 8C), as also observed in
the QIAD assay (Fig 6).

Discussion

Currently, there is no causal therapy for Alzheimer’s disease (AD). In vitro and in vive studies
showed that AB oligomers play an important role in the progression of AD [7]. Therefore,
elimination of these loxic AP oligemers is a promising stralegy Lo relard AD. Using peplide
microarrays, we have optimized the amino acid sequence of the well-characterized p-enantio-
meric A oligomer-eliminating peptide D3. The most promising D3 derivatives, DB1-DB5,
exhibit two to four different amino acids compared with D3. Besides DB4, the DB peptides
have a lower net charge than D3, due to the substitution of R3, R5 and R10, and the introduc-
tion of negatively charged amino acids. The substitution of R10Q within DB4 was charge com-
pensated through the substitution H7R. Additional substitutions that had no effect to the net
charge were H7QQ and N11Q. Combination of single amino acid residue replacements within
D3 that each showed slightly enhanced binding capabilities to monomeric FITC-Af (Fig 2B)
ultimalely yielded D3 derivalives Lhal are characterized by significantly enhanced binding
capabilities to monomeric FITC-A (Fig 2D). Increased binding capabilities to monomeric

PLOS ONE | DOI:10.1371/journal.pone.0153035  April 22, 2016 12/16

57



@PLOS | oxe

Optimization of the All-D Peptide D3 for AR Oligomer Elimination

100 —

Viability [%]

el
-

Fig 7. Influence of DB3 and DB3DB3 on AB-introduced cytotoxicity. The cell viability assay was performed using PC12 cells in a MTT test. Therefore, AR
{1-42) was preincubated for 4.5 h and further coincubated with DB3 or DB3DB3 for 40 min. The cells were incubated for 24 h with the AB(1-42)-peptide
mixture or AB(1-42) alone as a control. The absorption of buffer treated cells was setto 100% cell viability. The cell viability of cells treated with AR and DB3
or DB3DB3 were compared with cells treated with AB only. The Mann-Whitney-U-test was used for statistical analysis. * p <0.05; ** p <0.01; *** p <0.001,

doi:10.1371/journal pone.0153035.9007

FITC-Ap were solely deduced from fluorescence intensities. Although we cannot prove that
this assumption holds true for each peptide spot, it allowed us to pre-select the five most prom-
ising D3 derivatives that subsequently were compared to each other.

The inhibition efficacy of Ap aggregalion by DB1 to DB5 was invesligated. DB3 was found
to be the most promising D3 derivative that inhibited the Af aggregation by up to 80%. In con-
trast, D3 inhibited A aggregation by only 30%. Considering the results of the ThT assay, DB3
was chosen for further in vitro characterization. BLI analysis revealed that DB3 interacts with
AP monomers with a binding affinity of 75 uM, and an ELISA showed that DB3 inhibits the
formation of A} aggregates with an EC5q of 6 pM.

The p-enantiomeric peptides D3 and DB1-DB5 were developed for elimination of Ap oligo-
mers. This was tested by the QIAD assay [14]. The addition of DB3 to Ap reduced Ap oligo-
mers by 28%. AB monomers, which are assumed to have neuroprotective functions [24], were
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Fig 8. TEM of ApB-DB3 and -DB3DB3 co-complexes. 10 pM initial monomeric AB(1-42) without {A) and with 10 uM DB3 (B} or 5 uM DB3DB3 (C) were
coincubated for 24 h. Subsequently, the samples were absorbed onto formval/carbon coated copper grids and negative stained with 1% uranyl acetate. The
images were obtained using a transmission electron microscope {TEM). Scale bar: 0.25 um.

doi:10.1371/journal pone.0153035.9008

nol affected. The reduction of oligopmeric A resulted in an increase of large amorphous Af co-
precipitates. TEM images showed that these aggregates possess a higher density. Typical A
fibrils, which are linear, unbranched and 5 to 10 nm wide [25], were not visible. Additionally,
DB3 was able to disassemble preformed AP aggregales.

Since AP oligomers are a multivalent target, the divalent tandem peptide DB3DB3 was
expected to be significantly more effective. DB3DB3 showed a 75-fold higher affinity for A}
monomers. This increase in affinity resulted in an increase in the inhibition of A fibrilation
and an increased reduction in AB-induced cytotoxicity. Additionally, in the Ap aggregation
inhibition ELISA, DB3DB3 yielded an ECs, that was 1000-fold lower when compared with that
of DB3. DB3DB3 was also able to efficiently eliminate AB oligomers as shown in the QIAD
assay. Interestingly, DB3 and DB3DB3 did not significantly affect the A} monomer content.
TEM images showed that these aggregates were not fibrillary structured.

In summary, our in vitro data show that the D3 derivative DB3 and its tandem version
DB3DB3 were highly efficient at reducing AP oligomer content in samples, In particular, the
tandem peptide DB3DB3 yielded a significant optimization step when compared with the orig-
inal peptide DB3. In vivo studies will show whether the new compounds’ in vitro properties
can be translated into enhanced therapeutic activity in AD animal models.
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ABSTRACT: Amyloid-beta (Af) oligomers are thought to be

causative for the development and progression of Alzheimer’s discase

(AD). Starting from the Af oligomer eliminating D-enantiomeric Lead compound
peptide D3, we developed and applied a two-step procedure based on  (TCCCCCTTTO g~
peptide microarrays to identify D3 derivatives with increased binding b

affinity and specificity for monomeric Af(1—42) to further enhance the ) )

Af oligomer elimination efficacy. Out of more than 1000 D3 Single mutatons Charaeterization
AP monomer binding AB monomer binding

ahmination
AR toxicity
neutralization

AB oligomer

derivatives, we selected seven novel D-peptides, named ANKI to
ANK7, and characterized them in more detail in vitro. All ANK
peptides bound to monomeric Af(1-42), eliminated Af(1-42)
oligomers, inhibited Af#(1—42) fibril formation, and reduced Af(1—
42)-induced cytotoxicity more efficiently than D3. Additionally, ANK6
completely inhibited the prion-like propagation of preformed Af(1—
42) seeds and showed = nonsignificant tendency for improving memory
performance of tg-APPSwDI mice after i.p. application for 4 weeks. This supports the hypothesis that stabilization of Af
monomers and thereby induced elimination of A oligomers is a suitable therapeutic strategy.

KEYWORDS: Alzheimer’s disease, amyloid-beta, drug development, D-peptides, peptide microarrays, optimization

B INTRODUCTION shifting the equilibrium away from oligomers toward
monomers. D3 consists of 12 p-enantiomeric amino acid
residues. It inhibits formation of AB(1—42) fibrils, eliminates
Af(1-42) oligomers, and reduces AS(1—42)-induced cell
toxicity. In vivo, D3 improves cognitive performance of
transgenic AD mice and reduces plaque load and inflammation
of transgenic AD mice after oral application.””"®

In order to support that D3’s mechanism of action is based
on its ability to bind and stabilize Aff monomers, we aimed for
the identification of D3 derivatives that show enhanced Af
monomer binding affinity and specificity. If our hypothesis for
the mechanism of action of D3—stabilization of Af
monomers—is true, such derivatives are expected to be even
more efficient than the original peptide D3.

Alzheimer's disease (AD) is the major type of dementia
affecting more than 30 million people worldwide." Memory
deficits and cognitive decline are the key symptoms of AD.”
According to the modified amyloid cascade hypothesis, the
aggregation of amyloid-beta (Af) is thought to be responsible
for the development and progression of this neurodegenerative
disease.” Af} is a product of the proteolytic cleavage of the
amyloid precursor protein (APP) by f- and y-secretases.” Af
monomers aggregate into various oligomeric Af} species and
fibrils. Small, soluble Af oligomers are thought to be the most
toxic species.” The level of cognitive defects in AD is reported
to correlate with the level of Af oligomeric species in the
brain.’ Thus, the elimination of the oligomeric Af is, from the
current point of view, the most promising objective for causal B RESULTS
therapy of AD. One possible approach is to identify ligands that
stabilize Af monomers within the various equilibria between
them, Af oligomers and other Af assemblies.

Previously, we selected the p-enantiomeric peptide D3 by

Development of a Two-Step Procedure to Identify D3
Derivatives with Increased Binding Affinity and Specif-

mirror image phage display against A monomers.”® The Received: January 28, 2017
original idea of the D3 selection was to identify ligands, which Accepted:  June §, 2017
bind to A monomers, thereby stabilizing them and thus Published: June S, 2017
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Figure 1. Schematic overview of the peptide microarray procedure. The experimental part, consisting of the incubation of peptide microarray slides
with different FITC-Af species and FITC only as a control, is marked in blue and data acquisition in green. The data analysis to calculate the specific
binding score (sbs) is marked in yellow. Three peptide microarray slides were incubated each separately with FITC-Af monomers, oligemers, fibrils
or FITC. The interaction between the p-peptides, covalently coupled to the glass slide, and different FITC-Af species was measured via fluorescence,
here termed Fl {fluorescence intensity). Afterward, the specific binding score (sbs) of every p-peptide to A monomers was calculated. Therefore,
the mean fluorescence intensity {mFI,} of the three technical replicates was calculated, a median-based normalization was performed (mFL,) and
therewith the mean value of the three biological replicates was calculated (mFIy). After a FITC correction, the specific binding score (sbs) to
monomeric Af# was calculated by subtracting the binding score (bs) of oligomeric and fibrillar A# of the binding score of monomeric Af. Please note
that the exact equations are shown and described in the Methods. The different A conformation species are indicated as subscripts. mono, A

monomers; oligo, AF oligomers; fib, Af fibrils.

icity for Monomeric Af. In order to identify D3 derivatives
with increased binding affinity and specificity for Af(1-42)
monomers, we designed and performed a systematic amino
acid replacement of D3 using peptide microarrays. Therefore,
we designed two generations of peptide microarrays and
developed an experimental and a data analysis procedure
(Figures 1 and 2).

In the first step, a complete single amino acid replacement
set of all 12 amino acid residues of D3 was performed (Figure
2A). Each amino acid residue of the D-enantiomeric D3 was
substituted by all proteinogenic amino acids, except for
cysteine. Cysteine had been excluded because of its
unpredictable redox-based properties. These replacements
already lead to 18 X 12 D3 derivatives and 12 times the
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original D-peptide D3. These copies of D3 resulted from the
substitution of each of the 12 amino acid residues of D3 also
with the original one. In addition to the 19 proteinogenic
amino acid replacements for each D3 residue, we further added
13 nonproteinogenic amino acid residues to the replacement
scheme (Figure S1) to allow much more conformational and
functional freedom and potential properties. The nonproteino-
genic amino acids were chosen based on increased or decreased
structural flexibility, hydrophobicity, presence of aromatic ring
systems, as well as the content of elements that may later be
suitable for the use of the optimized derivatives as tracer ligands
in PET imaging, like fluorine and iodine, and of course also on
their availability by the manufacturer. All proteinogenic and
nonproteinogenic amino acids that contained asymmetric

DOI: 10.1021/acschemneuro.7b00045
ACS Chem. Neurosci. 2017, B, 18891900
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Figure 2. Selection of optimized D3 derivatives via peptide microarray analysis. (A) Heat map of Aff monomer specific binding scores (sbs,,,,) of all
investigated D3 derivatives. The positions of original D3 controls are framed. (B) Layout of the second generation peptide microarray in which all
promising amino acid replacements of the first generation peptide microarray were combined. Some promising replacements were not considered
due to high SD of fluorescence intensities of the triplicate. (C) Sequences and sbsy,,, values of the novel D3 derivatives. All amino acid residues
were in the p-enantiomeric conformation. (D) Aff monomer binding specificities of the novel ANK peptides (red rectangles), all remaining D3
derivatives {black) and D3 (yellow). The ratio of sbs,,,, to sbs is plotted against the ratio of sbs,, to sbs .- A specific binding to monomeric A
was achieved if the ratios were above 1 (dashed lines). A, trans-4-L-fluoro-proline; 7, 4-fluoro-p-phenylalanine; 0, 4-benzyl-p-phenylalanine; 1, 1-
naphthyl-p-alanine; &, 3,5-diiode-p-tyrosine; 4, p-phenylglycine; g, p-homoarginine; &, p-homocitrulline; 0, f-homoarginine; z, ff-cyclohexyl-o-
alanine; o, cyclovaline; ®, f-alanine; ¥, y-aminobutyric acid.

carbon centers were used in their p-enantiomeric form. Thus, identical peptide microarray slides for this step of the
our single residue replacement library of D3 contained 31 X 12 procedure.

different D3 derivatives, which yielded 372 D3 derivatives. After the final washing step, fluorescence intensities of bound
These D3 derivatives and 12 copies of D3 were spotted on a FITC or FITC-Af species were quantified. It was assumed, that
glass slide (Pepscan, Lelystad, Netherlands), each in triplicate, the FITC signal intensity at each spot correlates with the extent

of FITC-Aff bound to the spotted D3 derivative. Although this
assumption may not be applicable to each D3 derivative at each
spot, it allowed the prescreening of the peptide library by
comparing the respective fluorescence intensities to each other.

To obtain a scoring system for binding aflinity and specificity
for Afi monomers, we developed a procedure that highly
weighed on A monomer binding and subtracted binding to Af
oligomers and fibrils. To compare different peptide microarrays,
overall staining intensities for each peptide microarray replicate
were taken into account. As a control, binding to the FITC
control was subtracted to avoid selection of FITC binding
derivatives. The exact data processing procedure is described in

and represented the first peptide microarray used within our
two-step optimization procedure.

To assess binding affinity and specificity of each D3
derivative for A monomers, oligomers and fibrils, we carried
out the following experimental procedure. The peptide
microarrays were incubated with fluorescein isothiocyanate
(FITC) labeled Af(1—42) monomers, oligomers and fibrils
and with FITC itself as a control (see Methods and Supporting
Information). To ensure the monomeric and oligomeric
transition state during the microarray procedure, the distribu-
tion of these two solutions after 1 h of incubation was analyzed

via density gradient centrifugation and subsequent SDS-PAGE. the Methods section and summarized within Figure 1,
A was visualized via FITC (Figure $2). The monomers were The calculated specific binding score of each of the D3
very stable under the assay conditions and only small amounts derivatives for monomeric Af} (sbs,,) represented the
of the oligomers re-cquilibrate into monomers and protofibrils. capability of the respective D3 derivative to bind specifically
Therefore, the major fraction was still consisting of Af to Aff monomers and the raw data can be obtained from Table
oligomers. Every peptide microarray slide was used only once S1. These sbs,,,,, scores arc illustrated as a heat map at Figure
and all incubations were done in triplicate. Thus, we used 12 2A for the single amino acid replacement D3 derivatives. The
1891 DOI: 10.1021 facschemneuro.7b00043
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Figure 3. Sensorgrams and apparent equilibration dissociation constants (Kj,) of p-peptide—Af(1—42) interactions. K values of D3 and ANK
interactions with monomeric AS(1—42) were determined using biolayer interferometry (BLI). Biotinylated Af{1—42) was coupled to streptavidin
biosensors and the n-peptides were used as analytes. By plotting the equilibrium response signals against the applied p-peptide concentrations,
overall Ky values were determined. Data were fitted according to Langmuir’s 1:1 binding model. The sensorgrams show one representative
experiment and K, values represent means + SD of three independent experiments for (A) D3; (B) ANK1; (C) ANK2; (D) ANK3; (E) ANK4; (F)

ANKS; (G) ANKS; (H) ANK7.

scale of the specific binding to Aff monomers (sbs,,,,,) ranged
from —0.5 (blue) to 1.9 (red). The higher the sbs,,,, value, the
higher was the affinity and specificity of the respective p-
peptide to monomeric Af after subtracting the values from
binding to Aff oligomers and fibrils.

As shown in Figure 2A, the original D3 peptide was
characterized by an sbs, ., value of 0.2 with a slight variation
between the technical replicates, indicating that some
derivatives achieved clearly enhanced affinity and specificity
for Aff monomers. Replacement of D3 residues 1 to 3 did not
enhance the sbs,,, scores of the D-peptides, except for the
replacement p2k. Replacement of the original C-terminal half of
D3 (amino acid residues 7—11) frequently resulted in enhanced
Af monomer allinity and specificity. Any replacement of
residues 1, 3, and 6 did not alter the sbs,,,, scores of D3
derivatives compared to D3. Whereas replacement of residues
7, 8, 10, and 11 showed the highest potential for enhancement
of affinity and specificity to A} monomers as compared to D3,
represented by high sbs scores displayed in Figure 2A in
yellow or red colors.

Selection of New D3 Derivatives with Increased
Specific Binding Capability to Monomeric A. To further
increase Aff monomer binding affinity and specificity, the 13
most promising single amino acid replacements within D3,

'mono
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based on the sbs,,,,, scores, were combined and the resulting
1024 p-peptides were spotted on a second generation peptide
microarray, which was assayed analog to the first generation
array (Figure 2B). After data analysis, the most promising D3
derivatives with more than two replaced amino acid residues
were selected for further analysis (Figure 2C). Selection criteria
were high sbs,.,, scores representing increased affinity and
specificity for Af monomers. The sbs, ., of D3 in the second
generation of peptide microarray analysis was —0.6 and the
most interesting D3 derivatives had sbs,,, scores between 4.4
and 1.6, already indicating that some derivatives bound to Af
monomers with higher aflinity and selectivity than D3. The
seven most interesting D3 derivatives were selected for further
in vitro characterization and named ANK1 to ANK7 (Figure
20).

Additionally, the ratio of A/ monomer binding to oligomer
binding and fibril binding was calculated (see Methods and
Figure 2D). For all ANK peptides, this ratio was above one. For
example, the respective ratios of ANK3 were 6.5 and 22,
indicating a 6.5 or 22 fold increased specific binding tor Af
monomers compared to Af} oligomers or fibrils, respectively
(Figure 2D). In comparison, the ratios for D3 were below one
(0.8 and 0.6), indicating that D3 binds with a slightly higher
affinity to Af# oligomers and fibrils than to Aff monomers.

DOI: 10.1021/acschemneuro.7b00045
ACS Chem. Neurosci. 2017, B, 18891900
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calculated out of three independent experiments with 1 = 3 for each compound as described in the Methods. *p < 0.05; *#p < 0.01; *#¥p < 0.001;

n.s. not significant.

ANK1 to ANK7 Bound to Af Monomers with
Increased Affinity. After selection of the D3 derivatives
ANKI to ANK7, their in vitro performance was investigated
and compared to D3. First, the real time interaction between
the p-peptides and monomeric Af(1—42) was examined using
biolayer interferometry (BLI) (Figure 3). The sensorgrams of
D3 binding to monomeric Af displayed a homogeneous 1:1
interaction (Figure 3A). ANK1 to ANK7 exhibited a
heterogeneous binding behavior consisting of two kinetics
with a slow final off-rate (Figure 3B—H). In order to describe
these two kinetics quantitatively, a heterogencous fit was
applied (Figure S3). However, the equilibrium dissociation
constants (Kp,) of the second binding site could not reliably be
determined, since the results were outside the instrument
specifications (<1072 M) (Table S2). Therefore, we also
carried out a steady state analysis of the data. This analysis is
more conservative but based on a simple equation (eq 4) which
makes it also very robust. The fitting curves of one
representative experiment are shown in Figure S4. Since we
were aware that this steady state fit based on a homogeneous
binding model is not the most precise description of our data,
we called the obtained Kj, values “apparent overall Ky, values”.
For steady state fit analysis, R* values > 0.95 (Figure S4) were
achieved which we considered as a reliable fit and K, values
were precisely determined with relative errors < 30% for
triplicates (Figure 3). Therefore, we have taken the apparent
overall Ky values from steady state analysis into account to
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directly compare ANK peptides among each other and
relatively to D3.

D3 bound to Aff monomers with a K, value of 6.5 uM under
the given assay conditions (Figure 3A). The K, values of
optimized D3 derivatives ANK1 to ANK7 ranged from 1.3 uM
to 2.3 uM (Figure 3B—H). Thus, the ANK peptides had 3- to
5-fold increased binding affinities to monomeric Af compared
to the original peptide D3.

ANK1 to ANK7 Inhibited Af Fibril Formation Highly
Efficiently. To study the influence of the ANK peptides on the
Ap(1-42) fibril formation, a Thioflavin T (ThT) assay was
performed. ThT is a benzothiazole, which interacts with f-sheet
rich structures including Af oligomers, protofibrils and fibrils.
Upon binding the fluorescence emission is increased at 490

16
nm.

As demonstrated in Figure 44, all ANK peptides inhibited
the formation of ThT positive Af fibrils within 48 h. Co-
incubation of 20 gM Af with equimolar concentrations of
ANK1, ANK2, or ANK3 showed only 5%, 1%, and 4% of the
fluorescence signal of Af alone after 48 h, indicating that AS
oligomer and fibril formation was almost completely suppressed
by the respective ANK peptides. ANK4, ANK6, and ANK7
significantly inhibited the Af fibril formation, which is shown
by the decreased ThT fluorescence signal after 48 h to 16%,
13%, and 219 compared to the Af control. ANKS co-incubated
with Af resulted in a ThT fluorescence signal of 53%

DOI: 10.1021/acschemneuro.7b00045
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normalized to the control, indicating that ANKS inhibited fibril
formation by 47%.

ANK1 to ANK7 Eliminated Ag Oligomers. A suitable
method to assess a compound’s efficacy to eliminate toxic Af
oligomers is the QIAD assay, an assay for the quantitative
determination of interference with Aff aggregate size distribu-
tion."" As introduced by Brener et al,, this assay is a powerful
tool to measure oligomer elimination instead of oligomer
binding. The QIAD assay consists of three steps: first, the
generation of different Aff species followed by a co-incubation
of this mixture with therapeutics of interest; second, a
separation of the different A} species by density gradient
centrifugation followed by a fractionation; third, a quantifica-
tion of Aff within the different fractions via RP-HPLC. Previous
work showed that especially A(1—42) oligomers located in
fractions 4 to 6 are sensitive to D3 and thus, these oligomers
were characterized in detail by Brener et al.'" The results
showed that those oligomers consist of approximately 23
monomer units, have an average molecular weight of about 100
kDa and are extremely cytotoxic. Under the given conditions,
the oligomer population is weighted to 35% relatively to the
total AfS distribution (Figure S5). ANKl to ANK7 were
compared to each other and to D3 according to their ability to
eliminate these Af}(1—42) oligomers. The quantification of Af
within these fractions showed, that ANKS, ANK6, and ANK?7
eliminated the A/ oligomers significantly more efficient than
D3 (Figure 4B). D3 eliminated 50% of the Af oligomers, while
ANKG6, ANK7 and ANKS eliminated 81%, 73% and 72% of the
Af oligomers, respectively. The concentration of Af mono-
mers, present in fractions 1 and 2, was not significantly affected
by the ANK-peptides (Figure S5). The elimination of Af
oligomers by D3 or ANK peptides was balanced by an increase
of A in fractions 10 to 13. Thus, Af oligomers were
coprecipitated into high-molecular-weight aggregates with the
respective peptide, which were already described to be
nontoxic."”

ANK1 to ANK7 Reduced the Af-Induced Cytotoxicity
in a Concentration Dependent Manner. Af has a toxic
effect on neuronal cells.'” To study the influence of ANK
peptides on the Af-induced cytotoxicity, a cell viability assay
was performed. Therefore, 50 yM Af was preincubated to
generate toxic A/ species and co-incubated with or without p-
peptides in three different Aff/peptide ratios (a high ratio (1:5),
an equimolar ratio (1:1) and a low ratio (1:0.2)). These Af-
peptide mixtures were subsequently applied to SH-SYSY
human neuroblastoma cells for 24 h.

Ap species formed in absence of ANK peptides significantly
reduced SH-SYSY cell viability by 45% (Figure 4C). Co-
incubation of Aff with D3 did not show any significant effects
on the Af-induced cytotoxicity within all tested ratios (Figure
4C). Co-incubation of Af with ANK peptides reduced the
cytotoxicity of Af especially at high and equimolar ratios.
ANK1, ANK2, and ANK3 almost completely neutralize Af
cytotoxicity under these conditions. The addition of ANK6
showed the highest rescue effect on Afi-induced cytotoxicity
already in the low ANK/Af ratio. As a control, the ANK
peptides alone did not have any influence on the viability of
SH-SYSY cells (Supporting Information, Figure $6).

These results correlate overall with the results obtained from
the QIAD assay for Af oligomer elimination. In both assays,
ANKG6 was the most efficient D3 derivative (Figure 4B). ANK6
eliminated more than 80% of the Af oligomers and significantly
reduced the Af-induced toxicity on SH-SYSY cells in all applied
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concentrations. Additionally, ANK6 bound to Af with a K
value of 2.3 yM (Figure 3G) and inhibited the Af fibril
formation almost completely (Figure 4A). Therefore, ANK6
was picked for further detailed in vitro and in vivo
characterizations.

ANK6 Inhibited the Prion-like Propagation of
Preformed Af Seeds. Af amyloidogenesis was described in
vitto as a nucleated polymerization mechanism.'”™' To
investigate the ability of D3 and ANK6 to inhibit the prion-
like propagation of preformed Af seeds by monomer
sequestration, a seeding assay monitoring the aggregation of
Af with ThT in real-time was performed (Figure S7). We
examined the seeding potential of preformed Af fibrils on
monomeric Af in the presence of D3 or ANK6 (Figure 4D).
Since ANK6 was able to completely inhibit Af aggregation, we
were only able to calculate the inhibition of fibril formation and
not the half-time of the growth phase (t;,,). However, the
accelerated aggregation kinetics of Af monomers in the
presence of seeds was observed in the time-resolved curves
(Figure S7). D3 significantly inhibited seeded Af fibril
formation by 55%. In comparison to D3, the efficacy of
ANKG6 to interfere with the seeded aggregation reaction was
significantly improved, resulting in 100% inhibition of fibril
formation.

ANK6 Converted Af Oligomers into Amorphous
Aggregates. Previous studies showed that D3 converts Af
into amorphous aggregates under unphysiologically high in
vitro concentrations. > Since ANKG is a derivative of D3, we
hypothesized that ANK6 has a similar effect on Af(1—42). To
investigate this, Af was preincubated for 4.5 h to enrich
oligomers and co-incubated with ANK6 afterward. Trans-
mission electron microscope (TEM) images confirmed our
hypothesis. After 4.5 h of incubation, small oligomers were
observed (Figure SA). Af incubated for 28.5 h contained

Figure 5. TEM images of initially 4.5 h preincubated Af(1-42) (A)
without (B) and with (C) co-incubation with ANK6 (molar ratio 1:1)
for further 24 h. Scale bars: 0.25 gm.

fibrillary structures, as shown in Figure 5B. Aff co-incubated
with ANKG in the same molar ratio resulted in the formation of
amorphous Afl coprecipitates (Figure SC). These results
correlated with the observation, that ANK6 inhibited the
formation of ThT positive Af fibrils.

In vivo Study of ANK6 in Transgenic AD Mice. The
therapeutic effect of ANK6 was investigated in the transgenic
mouse model tg-APPSwDL.** Two groups of tg-APPSwDI mice
(see Table S3) were treated either with saline or ANK6 (0.13
mg per mouse per day, ip., for 4 weeks using Alzet
minipumps). Their behavior was assessed using open field,
zero maze, Morris water maze, and object recognition tests.

The open field and the zero maze tests provide data for the
assessment of novel environment exploration and for the effects
of drugs on anxiety-related behavior of mice. Changes in the
behavior are hints for hypo- or hyperactivity.”>~*° Treatment

DOI: 10.1021/acschemneuro.7b00045
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with ANK6 had no influence on the general behavior of tg-
APPSwDI (Figure S8).

Tendency of Reversal of Cognitive Deficits in tg-
APPSwDI Mice Treated with ANK6. After 3 weeks of ANK6
treatment, a Morris water maze experiment was performed to
investigate sgatial learning and memory capabilities of the mice
(Figure $9).”® No significant differences in the swimming speed
were observed (15.0 + 0.6 m/s for saline and 16.4 + 0.9 m/s
for ANK6 treated mice) and both groups showed significant
learning during 5 days of training. Thus, due to significant
learning of the control group, any treatment effect of ANK6
was neither expected nor observed in the Morris water maze.

Furthermore, we studied the performance of both groups in
the novel object recognition test. The assay investigates the
spontaneous behavior of rodents to interact more intensively
with a novel object compared to a familiar one.””*® Equal or
similar interaction of the rodent with a familiar object and with
a novel object points toward a lack of recall or loss of memory.
Within our study, saline treated mice displayed deficits in
episodic memory as demonstrated by the lack of preference for
the new object (Figure 6, p = 0.75). ANKG treated mice,
however, showed increased preference for the new object (p =
0.075) indicating a tendency that ANK6 improved the
cognition of tg-APPSwDI mice.

p=0.747 p=0075
60|
=
] ,
2 a0
c
s
B
s
£ 20
0+
saline ANKB
[ old object[ ] new object

Figure 6. Object recognition test. Tg-APPSwDI mice were treated i.p.
over 4 weeks with ANK6 or saline as a control. To investigate the
cognitive abilities of the treated mice, an object recognition test was
performed. The amount of time which the mice explored either the
familiar or the new object is presented as mean values = SEM. A two-
sample t test was performed to compare the exploration times for both
objects within one group.

No Significant Changes in A Plaque Load in ANK6
Treated tg-APPSwDI Mice. Tg-APPSwDI mice are develop-
ing typical AS plaques, starting at the age of three months,”
Although based on the suggested mechanism of action, we did
not expect ANK6 treatment to change the plaque load, there
was a slight chance to observe treatment impact on plaques.
Therefore, mice were sacrificed after the behavioral experiments
and we determined the plaque load of the mouse brains (Figure
$10). No significant changes in the Aff plaque load were
observed between ANK6 and placebo treated groups.

B DISCUSSION AND CONCLUSION

Previously, we selected via mirror image phage display the -
enantiomeric peptide D3 to identify specific ligands for

1895

69

monomeric Af as target.'” The rationale behind this approach
was that any ligand that specifically binds monomeric Af# might
stabilize monomeric Af and thus shifting the equilibrium away
from aggregated Af} species, for example Af} oligomers. In the
original selection procedure, we were not able to counter-select
for binding to nonmonomeric Af species. Nevertheless, we
identified D3 as a compound that eliminates toxic A oligomers
and converts them into nontoxic, amorphous coprecipitates in
vitro,”'? In vivo, D3 improves spatial learning and decreases Af
plaque load even after oral administration.” In order to
investigate more on the hypothesis that stabilization of
monomeric Af} is beneficial for improved elimination of Af
oligomers and enhancement of cognition, we set out amino
acid residue replacements to identify D3 derivatives that are
characterized by higher affinity and specificity to monomeric
Ap.

It is noteworthy that although D3 was selected from a phage
displayed peptide library that contained about 10° different
12mer peptides, a fully randomized 12mer library would
contain 20'* different peptides. Thus, the phage displayed
peptide library of the original D3 selection did by far not
contain all possible 12mer sequences leaving room for further
optimization of D3,

In the past, we started several intents to carry out such
optimization and to confirm the proof of principle. First, we
identified Aff monomer specific ligands by repeating the
original mirror image phage display selection 1:)rt:rcedl.u’e,N but
introducing additional counter-selection pressure for binding to
AP oligomers and fibrils.”” Second, we set out to exchange
every amino acid residue of D3 with all Froteinogenic, except
cysteine, in D-enantiomeric confirmation.” In a second round,
these replacements were combined for further selection. These
approaches, however, were based on “seedless” Aff instead of
truly monomeric Aff as a target. Additionally, a counter
selection against Aff oligomers and fibrils was not performed
within the second approach.

Thus, for the first time, we hereby present the results of a
more sophisticated approach to identify truly Aff monomer
specific ligands by D3 derivatization. We developed and applied
a two-step peptide microarray selection procedure to identify
D3 derivatives with increased binding affinity and specificity for
monomeric A#(1—42) and at the same time for decreased
binding affinity and specificity for oligomeric and fibrillar Af.
Therefore, we used Aff monomers obtained from SEC as drug
target and Af oligomers and Af fibrils as counter target for
scoring all investigated D3 derivatives.

Within the here performed screening, additional 13 non-
proteinogenic amino acid residues were used in order to
introduce more variety. The first peptide microarray consisted
of 384 different D3 derivatives with a variation of each single
amino acid residue with all proteinogenic amino acid residues,
except cysteine, but in their p-enantiomeric conformation and
13 nonproteinogenic amino acid residues. These 384 different
D3 derivatives were assayed for increased binding affinity and
specificity to AfJ(1—42) monomers. In a second step, the most
promising single replacements were combined with each other
and the resulting 1024 compounds were again screened for
increased Af(1—42) monomer binding affinity and specificity.
Seven novel compounds, named ANK1 to ANK?7, with five or
six replacements compared to D3 were picked and further
characterized in vitro. The positions 2, 4, 7, and 10 of D3
showed the highest potential for optimization. In all ANKs, the
original p2 of D3 was replaced against k, the original t4 against i
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or v, the original h7 against v, phenylglycine or trans-4-fluoro-
phenylalanine, and the original r10 against i, w or k. ANKS,
ANK6 and ANK7 contain k at the C-terminus. Therefore, the
positive net charge of these peptides was increased compared to
D3 and the remaining ANK peptides. With this procedure, we
could successfully identify D3 derivatives, named ANK
peptides, with increased binding specificity for A monomers.

Binding affinities of ANK1 to ANK7 to monomeric Aff were
3—5-fold increased as compared to D3. Additionally, the
binding mode deviated from a homogeneous interaction, which
was deduced from the shape of the BLI sensorgrams and
suggested the appearance of an additional slower off-rate for the
ANK peptides as compared to D3. However, it needs to be
further investigated whether the heterogeneous binding is just
based on unspecific binding, e.g. due to the increased
hydrophobicity compared to D3, or rather a second binding
site.

Furthermore, the Af oligomer elimination efficacy, as
analyzed by the QIAD assay, was enhanced for the ANKs as
compared to D3. Af-induced cytotoxicity was reduced in the
presence of ANKI to ANK7, as expected. ANK6 showed the
highest effect on elimination of Af oligomers and reduction of
Aff-induced cytotoxicity, and thus was selected for further
analysis.

Afi fibrils exhibit the ability to enhance self—aggreqation and
act as seeds for fibril formation of Af monomers.”*' The
reduced seeding reaction of Af fibrils in the presence of D3 or
ANKS6 indicated that ANK6& was significantly more efficient
than D3 to inhibit this process. Since ANK6 was able to
completely inhibit this process, a highly efficient stabilization of
monomers can be assumed which resulted in a sequestration of
Af monomers {rom this acceleration reaction.

In vivo therapeutic effects of ANK6 were investigated in the
transgenic mouse model tg-APPSwDI. Application of ANK6
over 4 weeks did not result in any side effects, like hypo- or
hyperactivity. Although we have not carried out a full
pharmacokinetic study with ANKS, it is well documented
that the lead compound D3 and several other D3 derivatives
penetrate the brain very efficiently and show brain to plasma
ratios up to 1.0.57% Therefore, we assume that also ANK6 was
able to cross the blood-brain barrier and reached the brain.
ANKS6 showed a tendency for improving the cognition of tg-
APPSwDI mice within the novel object recognition test {p =
0.075). One possible explanation why the typical significance
level (p < 0.05) was not reached might be the relatively short
treatment period cnmpared to other studies.>"* Furthermore,
no significant changes in A plaque load were found, which is
exactly what was expected based on our working hypothesis.
Because ANK6 was not designed to interfere with Af
production or clearance, and because we indeed did not find
any differences in plaque loads between ANK6 treated and
placebo treated mice, we did not further investigate Af levels in
the animals. Nevertheless, this result indicates, that reduction of
Afi plaque pathology is not necessary to improve cognitive
deficits, which is in accordance with the well described lack of
correlation between Af plaques load and cognitive impairment
and was also reported from our further studies.’*™"

This ANK6é mice study is not directly comparable with
previous]y I:lubljshed D3 studies. With ten months of age the
here used tg-APPSwDI mice were relatively old compared to
other D3 studies.”'" Additionally, eatlier studies differed in
mouse models, treatment durations, dosage and application
forms.” !
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Taken together, this study shows that the strategy to identify
derivatives of D3 with increased binding affinity and specificity
for A} monomers resulted in even more potent D-peptides than
the original lead compound D3. The ANK peptides showed
highly eflicient stabilization of monomers resulting in a
sequestration of monomers from the aggregation reaction.
Therefore, Af oligemer elimination efficacy was enhanced for
ANK peptides as well as superior effects in other in vitro and in
vivo experiments. The ANK peptides may become promising
drug candidates for the treatment of AD and will be further

investigated in vivo.

B METHODS

Peptides. Synthetic A(1—42), N-terminally biotinylated AB(1—
42) and FITC-Af(1—42) were purchased from Bachem {Heidelberg,
Germany). Recombinant Af{1-42) was purchased from Isoloid
{Duesseldorf, Germany). The p-enantiomeric peptides D3 and ANK1
to ANK7 were purchased with a purity of 95% from peptides&ele-
phants {Potsdam, Germany). The C-terminus of the n-peptides was
amidated.

Preparation of Seedless Afi(1-42) Stock Solutions. In general,
synthetic AP(1-42) was used if not other stated and all AS
preparations were carried out in Protein LoBind tubes (Eppendorf
AG, Hamburg, Germany). Lyophilized Af(1—42), N-terminally
biotinylated Af{1—42) and FITC-Af§{1—42) were dissolved in
1,1,1,3,3,3-Hexafluor-2-propanol (HFIP) to a final concentration of
1 mg/mL overnight at room temperature and stored at —20 °C until
further use. For experiments, required amounts were aliquoted and
HFIP was evaporated using a vacuum concentrator (Concentrator
5301, Eppendorf, Germany) for 20 min.

Preparation of Different Af(1—-42) Species in Solution. For
incubation of the peptide microarrays with different AB{1—42) species,
the preparation of monomeric and oligomeric FITC-A{1—42) was
carried out using size exclusion chromatography (SEC) as described
before.”” In brief, HFIP pretreated FITC-Af(1—42) was freshly
dissolved in 10 mM sodium phosphate buffer pH 7.4 containing 150
mM NaCl to a concentration of 0.1 mM FITC-Af{1—42), centrifuged
and supplied on a Superdex 75 10/300 GL column {GE Healthcare,
Uppsala, Sweden) connected to an Akta purifier system (GE
Healthcare, Uppsala, Sweden). The separation of monomeric and
oligomeric FITC-Af(1—42) was performed with a flow rate of 0.6
mL/min and recorded by measuring the absorptiun at 490 and 280
nm. 500 uL fractions were collected and fractions, containing
monomeric or oligomeric FITC-AB(1—42), were pooled.

For preparation of Af fibrils, FITC-Af{1—42) was dissolved in 10
mM sodium phosphate buffer pH 7.4 as described above and
incubated for 3 days at 37 °C. Generated fibrils were centrifuged at
14,000g and washed three times with buffer to remove soluble
monomeric and oligomeric A species.

Peptide Microarrays. The peptide microarrays were purchased
from Pepscan (Lelystad, Netherlands). Different p-peptides were
covalently coupled on glass microscope slides in triplicate (spots with a
diameter of 100 im). In a first generation peptide microarray, every
position of the 12 amino acid residues of D3 was replaced against 19
naturally occurring amino adds (all amino acids except of cysteine)
and 13 nonproteinogenic amino acids in their D-enantiomeric
conformation. In a second generation peptide microarray, promising
single replacements, which increased the spedfic binding of D3
derivatives to monomeric Af, were combined.

The peptide microarray procedure involved three parts: an
experimental part, a data acquisition and a data analysis (Figure 1).

1. Experimental Part. As a pretreatment, the peptide microarray
slides were shortly washed with ddH,O and 20% ethanol. Peptide
microarray slides were incubated with 5 M fluorescein isothiocyanate
(FITC), 15 #M monomeric, oligomeric or fibrillar FITC-Af{1-42),
respectively, achieved as described above, in 10 mM sodium phosphate
buffer pH 7.4 for 1 k at room temperature with gentle agitation. After
incubation, the slides were washed three times with TBS-T {TBS with
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0.1% v/v Tween-20) for 10 min and three times with water for 10 min,
following by drying with nitrogen. This experimental part was
performed in triplicate.

2. Data Acquisition. The fluorescence intensities (FI) on the
prepared slides were evaluated using a FLA800 fluorescence image
system (Fujifilm Medical Systems USA Inc., Stamford, CT) with slide
carrier employing a 473 nm laser for excitation and a 530 nm emission
filter. Digital images with 5 gm resolution were generated. The
fluorescence intensities were quantified using the software AIDA array
Metrix (Raytest, Staubenhardt, Germany). The integral of the
fluorescence intensities {diameter 80 ym) was calculated. Background
subtraction was carried out by local dot rings. Therefore, background
signals were measured from the ring area of 150—180 gm from the
center of each D-peptide spot.

3. Data Analysis. Each peptide sequence has three replicates on
each slide. The fluorescence intensities (FI) of these technical
rep]_icates were Cﬂmbined by Calcl]]ﬂting the mean Va_lue, lla.[ne'.d
mean fluorescence intensity (mFlL,). To compare the fluorescence
intensities of the different experiments, a median-based normalization
‘was Performed:

mFI

mFl, = ——————
median{mFI, ;)

) 1)
with mFL, being the normalized fluorescence intensity of one peptide
on the microarray, mFI, being the mean fluorescence intensity of the
technical replicates, and mFI, ; being the mean fluorescence intensity
of all sequences within one experiment. The mean value of mFl, for
each peptide sequence of three independent experiments was
calculated and named mFl;. Afterward, the fluorescence intensities
were corrected for unspedific binding of FITC by subtracting mFL,
from peptide microarrays incubated with FIT'C only.

bs_.; = mFL, 02mFl, grc

2)
with bs_; being the FITC corrected binding score of one peptide
incubated with one of the three AF conformation species, and
mFl; .o and mFly s being the mean fluorescence intensity of one
peptide sequence over all three experiments incubated with an A#
conformation species or FIT'C, respectively. T'o avoid overestimation
of FITC binding, the mFI; values were multiplied by a factor of 0.2.

The specific monomeric Aff binding score {sbs,,,) was calculated
using the following equation:

conf—'

sbs

mone

=bs — 0.5bs

mono

— 0.5bs g (3)
with bsp, o, being the binding score for Aff monomers, bsyg, being the
binding score for A# oligomers, and bsg, being the binding score for
Af fibrils. To avoid overestimation of the sum of the binding scores for
oligomers and fibrils, the bs,y,, and bsg, values were multiplied by a
factor of 0.5. The resulting sbs,,,,, one score for each peptide
sequence, was visualized in a heat map generated with MatLab (The
MathWorks, Natick, MA) (Figure 2A).

Additionally, a specific binding ratio was calculated by forming the
quotient of bs,.. and bs,, and bs,,, and bsg, (Figure 2D).

Biolayer Interferometry (BLI). The equilibration dissociation
constants (Kp) determination of D3 and ANK1 to ANK7 to
monomeric Af(1—42) was examined using biolayer interferometry
{BLI) where biotinylated AB(1—42) was immobilized to the sensor
surface via biotin—streptavidin coupling and the peptides were used as
analytes in solution.

The purification and immobilization of AP(1-42) monomers was
performed as described before with minor changes.'m Briefly, HFIP
pretreated N-terminally biotinylated AS{1—42) was dissolved in 20
mM sodium phosphate buffer pH 7.2 to a final concentration of 80
yg/‘mL. Monomers were purified on a Superdex 75 10/300 GL
column (GE Healthcare, Uppsala, Sweden) connected to an AKTA
purifier system (GE Healthcare, Uppsala, Sweden). Purified
monomers were directly immobilized on the sensor surface of Super
Streptavidin biosensors {SSA) {fortéBIO, PALL Life Science, Menla
Park, CA) using an Octet RED96 instrument (fortéBIO, PALL Life

oligo
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Science, Menlo Park, CA) to a final level of 2 nm. Ligand and
reference biosensors were quenched with 20 pg/mlL biotin for 7 min.

The Kp determinations of D3 and ANK peptides to monomeric
AB{1-42) were performed in multi cycle kinetics at 26 °C.
Association of 0.8, 1.6, 3.1, 6.3, 12.5, 25, and 50 yM D3 and 0.4,
0.8, 1.6, 3.1, 6.3, 12.5, and 25 uM ANK peptides diluted in 20 mM
sodium phosphate, 50 mM sodium chloride, pH 7.4 was recorded for
300 s on ]igand and reference biosensors, followed by a dissociation
phase of 300 s. After each cycle, a regeneration step using 2 M
guanidine hydrochloride for 30 s was implemented. After measure-
ment, the sensorgrams were double referenced using the reference
biosensors and a buffer cycle. Steady-state evaluation was performed
by plotting the respective response levels against the applied peptide

concentrations. The curves were fitted according to the fo]lowing

Langmuir's 1:1 binding model (Hill equation with n = 1) using
OriginPro 8.5G (OriginLab, Northampton, MA):
R ®
),‘ =
Ky + = 1G]

with y being the binding signal, R, being the saturation binding
signal, x being the applied peptide concentration, and Kj, being the
equilibrium dissociation constant.

Thioflavin T Assay. The Thioflavin T {ThT) assay was performed
as described before.” In brief, HFIP pretreated AB(1-42) was
dissolved to 20 #M in 10 mM sodium phosphate buffer, pH 7.4 and
mixed with 20 #M ThT and 20 M p-peptide. The ThT fluorescence
was monitored over 48 h every 15 min at A, = 440 nm and 1, = 490
nm in a plate reader (Polarstar Optima, BMG, Ortenberg, Germany)
at 37 °C. Each value was background corrected {(all components
without Af).

Quantitative Determination of Interference with Ag(1-42)
Aggregate Size Distribution (QIAD). The QIAD assay was
performed according to Brener et al'* After a preincubation of 4.5
b in 10 mM sodium phosphate buffer, pH 7.4 at 21 °C and shaking at
600 rpm, 80 M AB(1—42) was co-incubated with 10 #M p-peptide
for 40 min under the same conditions. For separation of the different
ApP(1—42) species, a density gradient centrifugation with a
discontinuous gradient ranging from 5 to 50% iodixanol {OptiPrep,
Axis-Shield, Oslo, Norway) was performed by using an ultracentrifuge
(Optima MAX-XP) with an TLS-55 rotor (both Beckman Coulter,
Brea, CA). A volume of 100 yL of the sample was loaded on the top of
the gradient. After centrifugation at 259, 00g for 3 h at 4 °C, 14 X 140
#L fractions were collected from the top to the bottom. To dissolve
the pellet, representing the 15th fraction, 60 pL of 6 M guanidine
hydrochloride was boiled for § min within the centriﬁlge tube. The
samples were stored at —20 °C until further use.

For quantification of the Aff content in each fraction, reverse phase
high performance liquid chromatography (RP-HPLC) was used. A
volume of 20 #L was supplied on a Zorbax SB-300 C8 column
(Agilent, Bsblingen, Germany) connected to an Agilent 1260 Infinity
system. Thirty % v/v acetonitrile with 0.1% {v/v) trifluoroacetic acid
(TFA) was used as mobile phase. The column was tempered at 80 °C
and the UV absorption at 214 nm was detected. For quantification of
the AF(1—42) amount, the area under the peak representing Af(1—
42) was calculated and the molar concentration was determined using
a calibration equation.

The recovery rate R was determined by using the following
equation:

e+ B eV

oV s)
with ¢, being the Af(1-42) concentration in the last fraction {15th
fraction), ¢, being the AB(1-42) concentration in fractions 1—14, ¢,
being the initial AB(1—42) concentration, V5 being the volume of the
fractions 114, Vp being the volume of the last fraction, and V; being
the volume of the initial sample. The total Aff recovery rate was 94%
for AB(1—42) without peptide and 92% for Af(1—42) co-incubated
with D-peptides
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The elimination (E) of A#(1—42) oligomers by the p-peptides D3
and ANK1 to ANK7 were determined as followed:

s

P
é

=4 A8

E=100[1 -
{6)

with ¢, being the Af#(1-42) concentration in fractions 4—6 in the
presence of D-peptide and ¢,; being the Af(1—42) concentration of
the control without p-peptide.

The results were statistically analyzed using the Mann—Whitney U-
test. A(1—42) without ligand was measured 11 times, and AB(1—42)
with p-peptide four times.

MTT Cell Viability Assay. The human neuroblastoma SH-SYSY
cells {Leibniz Institute DSMZ, Braunschweig, Germany) were
cultivated in DMEM medium supplemented with 20% fetal calf
serum. Here, 10 000 cells per well were seeded on collagen-coated 96
well plates (Gibco, Carlsbad, CA) and incubated in a humidified
atmosphere with 95% air and §% CO, at 37 °C for 24 h. 51 uM
Ap{1—42) was preincubated for 4.5 h in 10 mM sodium phosphate
buffer pH 7.4 at 21 °C and 600 rpm and co-incubated with the ANK
peptides or D3 for further 40 min under the same conditions. The cells
were treated with 1 M AB(1—42) and 0, 0.2, 1, or § M final peptide
concentrations. For quantification of the cell viability, the Cell
Proliferation Kit T (MTT) (Roche, Mannheim, Germany) was used
according to manufacturer’s instructions. The absorbance of the
formazan product was determined by measuring the absorption at 570
nm subtracted by the absorption at 660 nm in a plate reader {Polarstar
Optima, BMG). The positive control, consisting of cells only, was set
to 100% cell viability. One-way ANOVA with Bonferroni posthoc test
was used for statistical analysis.

Seeding Assay. Recombinant AB{1—42), 50 4#M, was incubated in
10 mM sodium phosphate buffer pH 7.4 over 3 days at 37 °C for seed
preparation. After this time, we assumed that nearly 100% of
monomers aggregated into fibrils. The sa_mplz was vortexed and
sonicated for 2 min. Freshly prepared Aff(1—42) monomers (10 uM)
were mixed with 2% seeds (200 nM) regarding the monomer
concentration in the seed solution and 10 gM D3 or ANK6. The
buffer conditions were 10 mM sodium phosphate pH 7.4 containing $
#M ThT. AB(1-42) monomers without seeds served as a control. The
ThT fluorescence was measured at A, = 440 nm and A, = 490 nm
every 10 min for 21 h at 37 °C. After this time, the curves reached
saturation and the amplitudes were determined by subtracting the
ﬂuurescence Signa]s from the lag-phase from ﬁna.l signa]s at &12 end Of
the aggregation cuarves. The ﬁbrﬂ masses were norma.lized to 1112
Ap{1—42) monomer curves and inhibition in % was calculated. The
presented data are mean values and SD from three independent
experiments with three technical replicates each. The results were
statistically analyzed using the Mann—Whitney U-test.

Transmission Electron Microscopy (TEM). Oligomer-enriched
ApB(1-42) solution of the QIAD assay and samples used for the MT'T
assay with Af3{1—42) and ANKS6 in equimolar ratio were incubated 24
h and absorbed on Formvar/carbon coated copper grids (S162, Plano,
Wetzlar, Germany) for 5 min. After three times washing with water,
the samples were negatively stained with 1% (w/v) uranyl acetate for 1
min. Images were recorded using a Libra 120 transmission electron
microscope (Zeiss, Oberkochen, Germany) operating at 120 kV.

Animals. In the present study, 10 month {+1 week) old female
APPSwDI {human APP with Swedish K670N/Mé671L, Dutch E693Q,
and lowa D694N mutations on a C57BL/6 background) mice were
used. T‘he ﬂ[]jIﬂalS were housed ﬁve Per Cage in a Conirﬂ]]ed
environment (temperature 22 °C, humidity 50—-60% and light from
07:00 am to 07:00 pm), food and water were available ad libitum. The
experiments were conducted in accordance with the local Institutional
Animal Care and Use Committee (IACUC) guidelines. Group sizes
were decided on the basis of previous data.”

ANK6 Treatment. Tg-APPSwDI mice (11 animals per group)
were treated over 4 weeks with a total peptide amount of 3.7 mg via
intraperitoneally implantedAlzet minipumps (model #1004; delivery
rate: 0.11 uL/h).

1898

72

Behavior. During the last week of treatment, animals were tested in
three different behavioral tests to assess cognition and to monitor side
effects like changes in general activity and anxiety. Experiments were
performed double-blinded.

First, the open field test was conducted. The arena consisted of an
arena of 42 X 42 cm?® with clear Plexiglas walls (20 cm high). The
animal was put into the arena and observed for 4 min with a camera
driven tracker system (Ethovision 8.5, Noldus, ‘Wageningen, The
Netherlands). The arena was subdivided into two areas, the center and
the area at the walls. The system recorded the position of the animal in
the arena at § frames/second and the data were analyzed regarding
time spent in each area {center vs wall). For disinfection and to avoid
olfactory cues, the apparatus was cleaned with chlorhexidine and 70%
ethanol and allowed to air-dry.

Next, the zero maze test was conducted. The maze consisted of a
circular arena with a diameter of 70 cm and four areas of equal size,
two with walls with the height of 0.5 cm and two walls with the height
of 15 cm walls of nontransparent material. The animal was put in the
arena and observed for 4 min with a camera driven tracking system
(Ethovision 8.5, Noldus, Wageningen, The Netherlands). The time
spent in each area (open vs closed) was recorded. After every trail, the
box was cleaned with chlorhexidine and 70% ethanol and allowed to
air-dry to avoid olfactory cues.

The water maze procedure has been described in detail before.”
Briefly, a pool, 120 cm in diameter, and a see-‘thmugh round platform,
10 em in diameter, located 0.5 cm below the water surface, were used.
During day 1 through day § of the testing period, the mice were
trained to find a hidden platform that is kept in a constant position
throughout these 5 days. Three trials a day were performed; each trial
started at another starting position in random order. The mice had 60
s to find the platform and 10 s to stay on the platform. The intertrial
interval was 2 min.

The object recognition test (ORT) was carried out in a maze
consisting of a rectangular polycarbonate box, with partitions
separating the box into three chambers. The partitions had openings
that allowed the animal to move freely from one chamber to another.
The animal was monitored by the Noldus tracking system Ethovision
8.5. The test consisted of two sessions: a training session and a testing
session. In the training session, two identical objects were placed on
each side in the box. The mouse was placed in the box and allowed to
move freely throughout the apparatus for a 10 min training session.
After 30 min, a new object replaced one of the old objects and the
mouse was put in the box and allowed to move freely throug]mut the
box over a 4 min test session. The time spent with each object was
recorded. All objects used in this study were different in size and
shape. They were fixed in the box to avoid movement and cleaned
with chlorhexidine and 70% ethanol and allowed to air-dry to avoid
olfactory cues. The apparatus was additionally cleaned with
chlorhexidine followed by ethanol and water and dried with paper
towels for each mouse tested.

Histochemistry. After the treatment period, mice were sacrificed
for histochemical analysis. Therefore, the mice were anesthetized and
transcardially perfused. The brain was removed, and the right
hemisphere was fixed in 4% paraformaldehyde overnight. Afterward,
it was cryoprotected in 30% sucrose for 24 h and antifreezed in 15%
sucrose and 30% ethylene glycol in 0.05 M phosphate buffer, pH 7.4.
The brain was cut into six sections {1—6) of coronal sections {30 gm).
The first series of sections was mounted unstained; the second and
third series were immunohistochemically stained, using the WO0-2
antibody for human Af, according to van Groen et al.** The other
series were stored in antifreeze at —20 °C. Plaque loads were
determined as described before, ™"
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Table S1| Raw data of sbs,,, values obtained from the first generation peptide microarray.

r p r t r I h t h r n r
a -0.28 0.08 | -0.28 0.06 | -0.35| -0.30 0.00 0.47 0.26 | -0.18 -0.06 0.17
d -0.18 | -0.15 | -0.29 -0.32 | -035| -062| -0.26 0.12 0.34 | -0.10 0.26 0.00
e 0.36 | -0.08 | -0.41 -029 | -035| -0.34| -0.13 0.04 0.24 0.15 | -0.11 -0.02
f 0.49 0.51 -0.30 030 | -023| -0.17 | -0.03| -0.22 0.09 0.67 0.09 | -0.22
g -0.03 022 | -0.31 -0.02 | -044 | -0.08 | -0.08 0.00 0.57 0.31 -0.12 0.17
h 0.27 0.09 | -0.10 -0.11 0.81 0.94 | -0.02 0.00 0.11 0.50 0.02 -0.07
i 0.32 0.00 | -0.30 1.48 0.08 | -0.21 0.15 0.36 0.04 1.47 -0.03 | -0.02
k 0.00 1.86 | -0.29 0.36 0.87 0.00 0.04 0.42 1.20 1.39 1.61 0.85
I 0.08 0.75| -0.18 -0.18 | -0.22 | -0.21 0.00 0.41 0.10 | -0.26 0.02 -0.05
m -0.08 022 | -0.21 -0.13 | -0.16 0.06 0.00 0.28 0.36 | -0.04 0.23 0.19
n -0.07 | -0.27 | -0.34 -0.01 020 | -0.03| -0.25 0.18 0.23 0.11 0.44 0.06
p -045| -019 | -0.40 0.57 0.32 | -0.27 0.13 0.15 0.07 0.29 -0.03 0.19
q -0.17 | -0.04| -0.41 0.49 0.06 | -0.24 0.17 0.18 | -0.16 0.01 0.55 0.00
r -0.17 032 | -0.24 0.24 0.10 0.19 0.20 0.03 | -0.06 0.25 0.30 0.00
s -0.06 | -0.18 | -0.30 -0.11 0.18 | -0.11 -0.18 0.44 0.14 0.19 0.44 0.23
t -0.28 | -0.03 | -0.37 064 | -012| -0.02 0.43 032 | -0.17 0.84 0.57 0.07
v 0.15] -0.09 | -0.14 0.96 043 | -0.03 0.81 0.41 -0.15 0.67 0.26 0.00
w 0.00 0.14 | -0.06 -0.32 0.01 -0.04 | -0.10 0.25 0.16 1.42 0.00 0.10
y 0.00 0.28 0.00 0.51 -0.43 0.08 | -0.11 0.53 0.30 0.41 0.63 0.25
A -0.37 | -0.39 | -0.34 -046 | -027 | -0.02 | -0.34 0.54 | -0.20 0.29 -0.06 0.26
n -0.33 | -0.27 | -0.28 0.34 | -0.40 0.01 1.34 | -0.11 -0.05 0.56 0.32 0.15
) -0.16 | -0.08 | -0.23 0.31 0.10 | -0.20 0.39 0.65 | -0.04 0.29 0.23 0.17
I -0.31 0.11 -0.36 0.06 0.11 -0.20 0.47 0.95 0.32 0.19 0.25 | -0.02
K -0.15| -0.11 -0.39 -0.23 010 | -0.12 | -0.03 0.35 0.10 0.12 0.06 0.17
A -0.87 0.00 | -0.24 0.28 0.10 | -0.10 1.26 0.23 | -0.26 0.47 0.59 0.04
y -0.13 | -0.01 -0.13 0.83 | -0.06 | -0.24 0.51 0.48 0.03 0.26 0.25 0.08
4 -0.44 | -0.09 | -0.21 -0.05 | -0.05| -0.19 0.06 0.55 0.38 0.29 0.30 0.22
o -0.32 | -0.23 0.15 -0.17 | -0.15| -0.09 048 | -0.02 0.62 | -0.12 0.12 0.19
m -0.21 -0.17 | -0.10 0.09 028 | -0.13 0.26 0.57 0.06 0.44 1.02 0.16
o) -0.50 | -0.06 | -0.34 039 | -0.16 | -0.25 1.25 0.13 0.32 0.12 0.83 0.35
0] -0.14 | -0.31 0.00 052 | -0.07 | -0.36 0.44 0.41 0.37 0.73 0.83 0.28
Y -0.66 0.91 -0.42 -0.27 0.15| -0.33 0.37 0.27 0.17 0.11 0.18 0.04
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Figure S1| Non-proteinogenic amino acids used within the two-step peptide microarray procedure.
To increase the variability of D3 derivatives, 13 non-proteinogenic amino acids were introduced.
The amino acids were in D-enantiomeric conformation, if possible, except of trans-4-fluoro-L-

proline.
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Figure S2| Size distribution of FITC-AP(1-42) monomers (A) and oligomers (B) after size
exclusion chromatography and additional 1 h incubation at room temperature. Af species were
verified by density gradient centrifugation, fractionated within 14 fractions, visualized by SDS-

PAGE and detecting the FITC tag by fluorescence.
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Figure S3| Heterogeneous fit curves of one representative interaction study using biolayer

interferometry (BLI). Since heterogeneous binding curves were observed for ANK peptides, the
data were fitted using a heterogeneous ligand fit model (ForteBio Data Analysis 8.0). A) ANK1; B)
ANK2; C) ANK3; D) ANK4; E) ANKS; F) ANK6; G) ANK7.

Table S2| Mean values of fit results of three independent interaction studies obtained from the
heterogeneous ligand binding model. With few exceptions, obtained Kp, values were outside the

instrument specification (10" M). In these cases, mean values and SD could not be determined.

Ko [M] SD [M] Koz [M] SD [M]
ANK1 8.70E-07 1.03E-06 <1.0E-12
ANK2 1.58E-07 6.69E-08 <1.0E-12
ANK3 2.10E-07 1.28E-07 <1.0E-12
ANK4 1.35E-06 1.76E-06 <1.0E-12
ANKS 1.27E-06 1.29E-06 <1.0E-12
ANKG6 2.33E-06 2.87E-06 3.99E-07 1.37E-07
ANK7 1.95E-06 2.36E-06 <1.0E-12
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Figure S4| Steady state fit curves of one representative interaction study using biolayer
interferometry (BLI). Apparent equilibration dissociation constants of peptide-Ap(1-42)
interactions were determined applying Langmuir’s 1:1 binding model. A) D3; B) ANK1; C) ANK2;
D) ANK3; E) ANK4; F) ANK35; G) ANK6; H) ANK7. Corrected R” values represent the goodness

of the fit.
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Figure S5| Effects of ANK1 to ANK7 on AB(1-42) assemblies. 80 uM pre-incubated AP (4.5 h at
21 °C, 600 rpm) was co-incubated with 10 pM D3 or ANKI1 to ANK7 (40 min, 21 °C, 600 rpm).
Afterwards, the different AP aggregates were separated via density gradient centrifugation,
fractionated into 15 fractions and quantified via RP-HPLC according to their AP content.
Fractions 1 and 2 represented monomeric AP and fractions 4 to 6 oligomeric AB. AP oligomer
concentrations present in fractions 4 to 6 are shown in the inlet. Mean value and SD of four

independent experiments are shown.
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Figure S6| Controls for cell viability assay. The influence of 5 uM D3 and 5 uM ANKI1 to ANK7
without AP on the cell viability was determined. Cell viabilities were measured by measuring the
absorption of MTT at 570 nm subtracted by the absorption at 660 nm and normalized to non-
treated cells. As a negative control, the influence of 0.125 % Triton X-100 on the cell viability was

measured. Mean values and SD are shown.
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Figure S7| Effect of D3 or ANK6 on the AP seeding potential. 10 uM AP(1-42) monomers were
seeded with 2 % fibrils in the presence or absence of 10 uM D3 or ANK6. The aggregation was

monitored for 21 h at 37 °C by ThT fluorescence. Three technical replicates are presented and the

data are exemplary for three independent experiments.
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Figure S8| Effects of treatment on general activity or anxiety studied via A) open field test and B)

zero maze test. A) A squared arena was divided into the center and the side near the walls. B) A
circular maze was divided into four parts with equal size. Two parts have nonvisible walls (closed)
and two parts have open arms (open). For both tests, the time the mice spent in both parts was

compared between both groups. For statistical analysis, Mann-Whitney U-test was performed.

84



60 -

. éﬁ&i

)
>
2
g §§
o
g 20-
(7]
(]
0 I | ) | 1 |
0 1 2 3 4 5 6

days of training

—m— saline —O— ANKG

Figure S9| Morris water maze performance of saline and ANK6 treated tg-APPSwDI mice. The
time spend in the water until they found the hidden platform was investigated daily over a period of
five days. The mean values + SEM are shown. For statistical analysis, a Friedman-ANOVA was
performed. Both groups significantly learned within this training interval; p = 1.04 x 10 for saline

and p = 1.33 x 10~ for ANKG6.
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Figure S10| AP plaque loads of saline- and ANK-treated tg-APPSwDI mice at the hippocampus and
dorsal cortex. After behavioral studies, the mice were sacrificed and brain slices were analyzed

according to the AP plaque load. For statistical analysis, a t-test was performed.

Table S3| Summary of important quantities of the in vivo study.

Group control ANKG6
Infusion saline ANKG6 peptide
Number n=11 n=11

Body weight [g]

Before treatment | 354+52 |33.2+4.6

After treatment 31.8+2.9 |25.8+3.7

[a] Intraperitoneal (i.p.) Alzet pumps, treatment with 3.696 mg / 4 weeks

[b] Number of animal per group
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SI Methods

Tricine-SDS-PAGE. Tricine-SDS-PAGE was performed according to Schagger'. In brief, all
samples were mixed with 4x Tris-Tricine loading buffer (4 % SDS (w/v), 12 % glycerol (v/v),
50 mM Tris, 2 % B-mercaptoethanol (v/v), 0.01 % SERV A BlueG (w/v), pH 6.8), boiled for 5 min,
and the proteins were separated on a 16 % Tricine-SDS-Gel at 100 V constantly. The ultra-low
range Color Protein marker (C6210, Sigma-Aldrich, St. Louis, USA) was used as a size standard.
For visualization, the Chemidoc MP system (Biorad, Hercules, USA) was used.

Heterogeneous fitting of BLI data. Performance of biolayer interferometry (BLI) measurements
and data processing were described in the Methods section of the main manuscript. For kinetic
evaluation of the BLI data according to a heterogeneous binding model, the data were fitted using
the heterogeneous ligand fit model implemented in the ForteBio Data Analysis Software, 8.0. In
brief, this fit model assumes the presence of two independent 1:1 binding sites or binding modes of
the analyte on the ligand surface. Therefore, two different rate constants are given, one for each
site:

kon1

A+ B, © AB; (S1)
koffl

konz
A+B, < AB, (S2)
koffz
with A as analyte concentraton, B the immobilized ligand, k,, the association rate constant, k. the
dissociation rate constant and AB the complex. B, and B, are either two different epitopes on the
same ligand or two different ligands on the surface. The corresponding equilibrium dissociation
constants (Kp; and Kp,) are calculated separately for each binding site by the following equations:

Kpy = 22l (83)
konl
Kpp = 222 (s4)
kona
SI References
1. Schagger, H., Tricine-SDS-PAGE. Nat. Protocols 2006, 1 (1), 16-22.
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Abstract

Inhibition of the self-assembly process of amyloid-beta and even more the destruction of
already existing toxic amyloid-beta assemblies represents a promising therapeutic
strategy to prevent Alzheimer's disease. To approach this aim, we selected a
D-enantiomeric peptide by phage-display based on the interaction with amyloid-beta
monomers. This lead compound was successfully optimized by peptide microarrays with
respect to its affinity and specificity to the target resulting in D-peptides with both
increased hydrophobicity and net charge. Here, we present a detailed biophysical
characterization of the interaction between these optimized D-peptides and amyloid-beta
monomers in comparison to the original lead compound in order to obtain a more
thorough understanding of the physico-chemical determinants of the interactions. Kinetics
and stoichiometry of complex formation were studied using surface plasmon resonance.
Potential modes of binding to amyloid-beta were identified and the influence of ionic
strength on complex stability was investigated. The results elucidate a very different mode
of interaction of the optimized D-peptides based on a combination of electrostatic and
hydrophobic interactions as compared to the fully electrostatically driven interaction of the
lead compound. These conclusions were supported by the thermodynamic profiles of the
interaction between optimized D-peptides and AB monomers, which indicate an increase

in binding entropy.
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Introduction

Alzheimer’'s disease (AD) is a neurodegenerative disorder with progressive loss of
memory and cognitive decline as major symptoms. Although the precise etiology remains
unclear, aggregation of amyloid-beta (AB) is a hallmark of AD. This aggregation process is
characterized by oligomeric precursors, which are considered to be the most neurotoxic
species, and highly ordered, insoluble amyloid fibrils, which make up the basis of amyloid
plagues (1-4). Therefore, inhibiting the AR oligomer formation or even more the
destruction of already existing A oligomers is a promising and widely pursued strategy
for a causative therapy. However, the unstable and transient nature of AR oligomers
renders them very challenging to study and hence to target. AB monomers, on the other
hand, are easier to study and targeting monomers could be a promising early intervention
strategy, preventing the formation of toxic oligomers and pursuing the destabilization of
preformed oligomers (5,6). We hypothesize that specific interactions with monomeric AR
can shift the equilibrium away from oligomeric states and simultaneously inhibit further
aggregation. To test this hypothesis, the D-enantiomeric peptide D3 (D-peptide, amino
acid sequence rprtrlhthrnr) was selected as the first representative of a novel class of
therapeutics. D3 was found to bind to AB monomers and inhibit A amyloid fibril formation
in vitro (7-9). Additionally, preformed oligomers were eliminated by D3 resulting in a
rescue effect of oligomer induced cytotoxicity. The molecular mechanism of the inhibitory
effect was shown to be the D3-induced formation of off-pathway non-toxic, amorphous co-
precipitates (10). This is in contrast to most known inhibitors such as chaperones or
antibodies that mostly slow down the formation of amyloid fibrils and do not open
additional aggregation channels (11-13), and therefore represents a novel mode of
inhibition of amyloid fibril formation. In vivo, D3 improved cognition of transgenic AD mice
and reduced AB plaque load as well as cerebral inflammation (7,10,14). In order to
increase drug efficacy, this lead compound was systematically optimized regarding the
affinity and specificity to AB monomers by peptide microarrays. The seven D-peptides with
strongest binding signatures to monomeric AR are represented by the ANK D-peptides
(15). In vitro, it was shown that these D-peptides indeed show improved efficacy as
compared to D3, i.e., increased binding affinity as well as efficacy in eliminating AR
oligomers and in neutralization of toxicity, indicating a successful lead optimization
process. Regarding the binding mode, it was observed that the interaction with AB
monomers changed from a homogeneous interaction to a heterogeneous one without
quantitatively describing the kinetics. One component of the interactions between A and

the ANK D-peptides might be based on electrostatics which was previously found to be
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the major driving force of D3 interaction with AR (9,16) and we hypothesize, that ANK
binding might additionally be driven by hydrophobic interactions, consistent with the
increased sequence hydrophobicity. Here, we address this question by studying the
influence of charge and hydrophobicity of the D-peptides on the interaction with A
monomers in detail. The binding kinetics and stoichiometry were determined, as well as
affinities to AB fragments in order to identify potential epitopes. The influence of the ionic
strength of the solution, and hence the role of electrostatic interactions on the interaction
was investigated by stepwise increasing the salt concentration in the buffer. The
conclusions from these experiments were confirmed by performing aggregation assays of
AB under the same ionic strength conditions. Furthermore, thermodynamic profiles
including enthalpic and entropic contributions were analyzed which provide further insights
into the driving forces for the binding of the D-peptides to AR, information that is relevant
for decision making in the lead optimization process (17-19). Since AR species, especially
AP oligomers, are converted into non-amyloid, non-toxic amorphous co-precipitates in the
presence of ANK D-peptides, solution-based techniques are not easily applicable for
accurate interaction analysis between AR monomers and D-peptides. Thus, the surface-
based sensing technique surface plasmon resonance (SPR) has been used with AR
monomers attached to the surface matrix in order to prevent D-peptide-induced
aggregation. This method enables the reliable analysis of binding affinity, kinetics and
stoichiometry to surface-bound AB monomers (20). Additionally, the thermodynamic
signature of the interaction can be examined by performing a van't Hoff analysis where

the change in affinity over a temperature range is investigated.

Since the ANK D-peptides are highly similar in sequence and also in efficacy in vitro, only
a representative selection was included in this study. Two D-peptides out of seven were
chosen: ANK3 and ANKG. The physico-chemical characteristics including sequence,
charge and hydrophobicity in comparison to D3 are depicted in Table 1. ANKS3 is one of
the D-peptides with highly increased hydrophobicity due to an exchange of four polar to
hydrophobic amino acid residues whereas the net charge of the D-peptide is the same as
for D3. ANKG6 exhibits the highest number of positive charges. However, hydrophobicity is
only slightly enhanced as a result of two polar to aliphatic substitutions which were mainly
compensated by introducing hydrophilic lysine residues. Therefore, a direct comparison
between D3 and ANK3 provides further insights into the role of hydrophobicity on the
interaction with AB whereas ANKG6 is characterized by both increased net charge and

slightly enhanced hydrophobicity.
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Results

Kinetics and stoichiometry of complex formation between surface-bound AB and

D-peptides

The interactions of different D3, ANK3 and ANKG concentrations with immobilized Ap
molecules were measured by SPR (Figure 1). Deduced from the sensorgram shape it was
assumed, that D3 bound homogeneously to AR with single rate constants whereas ANK
D-peptides exhibited a second association and dissociation phase, indicating a
heterogeneous interaction consisting of two kinetic rate constants. Hence, the
sensorgrams were globally fitted using three different models; a homogeneous interaction
model which considers a single type of interaction on the surface, a two-state reaction
model considering a conformational change which stabilizes the complex upon binding,
and a heterogeneous interaction model where D-peptides are allowed to interact
heterogeneously with surface-bound AR via two independent binding modes (Figure 1).
The goodness of the respective fit was expressed as x* values. The homogeneous fit
model was sufficient to describe the binding curves of D3 since x? values were only
slightly decreased by applying a more complex model (Figure 1A, D, G). In contrast, this
simple fit model and the more complex two-state reaction model were not able to describe
ANK3 (Figure 1B and E) and ANK6 sensorgrams Figure 1C and F). However, the
heterogeneous fit model described the entire data sets of ANK D-peptides with minimal x?
values (Figure 1H and 1), yielding two ligand binding modes with two pairs of rate
constants. The quantitative description of the kinetics was very reproducible with low
deviation between replicates (Figure 2A). For D3, a very fast association rate constant
(ko) of 5-10* M"'s™ and also a very fast dissociation rate constant (ks of 7-10™" s™ were
determined, indicating that the complex is rapidly formed but not very stable. Both kinetics
of ANK3 and ANK6 were very similar to each other. For binding mode 1, k., values of
2:10* M's™ and 3-10* M's™ and a ks of 1-10" s were determined and binding mode 2
was characterized by a k., of 2:10° M's™ and k. values of 2:10° s and 4-10° s™. The
resulting equilibrium dissociation constants (K,) were 14 uM for D3, 7 uyM (binding mode
1) and 13 nM (binding mode 2) for ANK3 and 3 uM (binding mode 1) and 28 nM (binding
mode 2) for ANKG6. In general, binding mode 1 was characterized by affinity in the low
micromolar range for all D-peptides and binding mode 2 represented a high affinity site for
ANK3 and ANKG6 with a K, in the low nanomolar range. Thus, binding kinetics of ANK3
and ANK6 were comparable. However, by evaluation of the fitted saturation levels (R.x)
of the two binding modes it was observed that the extent of the high affinity binding mode

differed between these two D-peptides. For ANKG, this site represented 13% of the total
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binding while for ANK3 the high affinity binding mode was more pronounced and
amounted to 26% (Figure 2B). Regarding the stoichiometry, a substoichiometric binding of
all three D-peptides to the quantity of AB attached to the sensor surface was observed
(Figure 2B). For D3, an overall binding of 0.19 molecules per AR molecule was
determined meaning that one molecule of D3 bound per 5.3 attached A molecules. The
low affinity binding mode of ANK3 showed the same stoichiometry as compared to D3 but
including the high affinity site increased the total stoichiometry to 0.28 ANK3 molecules
per AB molecule, leading to a final ratio of one molecule ANK3 per 3.6 A molecules. For
ANKG6, a lower stoichiometric ratio was determined for both binding modes; 0.12
molecules bound to one AR molecule on the low affinity binding mode and 0.02 molecules
per AB molecule on the high affinity binding mode. This resulted in a total stoichiometry of
0.14 molecules ANKG6 per AR molecule, meaning that one ANK6 molecule bound to 7.0

AB molecules.
Identification of epitopes

In order to analyze whether a distinct epitope on the AB sequence is responsible for the
heterogeneous binding, especially of ANK3, an epitope mapping approach was
conducted. Seven AB fragments were designed with 15 amino acids in length with an
overlap of ten amino acids and a frame shift of five amino acids (Figure 3A). Only
fragments 6 and 7 had a frame shift of two amino acids to investigate the affinities to the
two isoforms AB(1-40) and AB(1-42) separately. Interestingly, the binding of the ANK
D-peptides to all AR fragments could be fitted with the homogeneous model, which
allowed the determination of a single K, value for each fragment (Figure 3B), facilitating
convenient comparison. D3 and ANK6 bound to the fragments 1 to 5 with a K, ranging
from 14 to 85 uM and 3 to 16 uM, respectively. Both D-peptides showed no binding to
fragments 6 and 7 in the applied concentrations. ANK3 bound to all seven fragments with
a Ky ranging from 1 to 41 yM. Thus, the D-peptides did not exhibit a well-defined epitope
and the effective K, values determined for the full length AB sequence are likely to stem
from a combination of multiple indistinct binding modes on the AR sequence and resulting
avidity effects. D3 and ANK6 bound to all fragments, which contained negatively charged
residues located on the N-terminal part of the sequence. ANK3 also bound to these
fragments but interestingly, it additionally bound to the hydrophobic C-terminal region
which does not include any negative charges, except the C-terminal carboxyl group. None
of the D-peptides distinguished between AB(1-40) and AB(1-42), since they all bound
similarly to fragments 6 and 7, i.e., either not detectably (D3 and ANKG6) or with the same
affinity (ANKS3).

93



Influence of ionic strength on the interaction

As the epitope mapping approach suggested that the interaction of ANK3 with AR might
be driven not only by electrostatic interactions, the binding to AB was analyzed at
increased ionic strength in order to screen electrostatic interactions and strengthen
hydrophobic interactions simultaneously (21). A constant D-peptide concentration was
brought into contact with AR at four different sodium chloride concentrations, i.e., 150 mM,
300 mM, 600 mM and 1200 mM. 50 uM D3 showed a clear binding signal at 150 mM
NaCl, which was already reduced by 80% at 300 mM (Figure 4A). At higher ionic strength
(600 mM and 1200 mM), no binding could be detected, indicating high NaCl sensitivity of
D3 binding. Binding of 25 yM ANK6 was also strongly affected by the increased ionic
strength (Figure 4C). At 300 mM, the signal was reduced by 60% as compared to 150 mM
and at 600 mM and 1200 mM, only 10% remained. This result revealed that the main
contribution of the interaction of ANK6 with AR was sensitive to NaCl as well but that 10%
of the interaction was independent of salt concentration, possibly representing the
hydrophobic contribution. Contrary to D3 and ANKG6, 60% of the binding signal from 25 yM
ANK3 at 150 mM NaCl was still detected at 1200 mM NaCl, indicating that ANK3
interaction is highly stable at increasing NaCl concentrations (Figure 4B). All
measurements at different NaCl concentrations were performed on the same sensor chip

and the immobilized AB was stable under these conditions (Figure S1).

In addition to probing the interactions with A by SPR, the D-peptides were also tested
with respect to their function as inhibitors of AR amyloid fibril formation at different ionic
strength. A fibril formation kinetics were monitored by Thioflavin-T (ThT) fluorescence in
the presence or absence of the respective D-peptide at 150 mM, 300 mM, 600 mM and
1200 mM NaCl (Figure 5A-D). It was observed that the absolute ThT fluorescence levels
of 10 uM fibrillar AR decreased with increasing salt concentrations, most probably due to
interference of NaCl with ThT binding to mature fibrils (22). This is plausible due to the
fact that the electrostatic interactions between AR (negatively charged) and ThT (positively
charged) are favorable. At 1200 mM, the kinetic data was of poor quality but still allowed
qualitative statements regarding the inhibitory function of the D-peptides. At 150 mM NaCl,
D3 inhibited AB fibril formation by 30% as judged from the final ThT intensity but at
300 mM NaCl, the inhibition efficacy was already reduced to 15%. At 600 mM and
upwards no inhibitory effect by D3 was observed. ANK6 nearly completely inhibited A
fibril formation at 150 mM NaCl indicating a higher efficacy as D3 but at 300 mM, the
efficacy was reduced to 60%. At 600 mM and 1200 mM, ANK6 was also not able to inhibit

AB fibril formation. In contrast, ANK3 showed a complete inhibition of AR fibril formation at
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all tested salt concentrations, even at 1200 mM. Thus, A fibril formation assays were in
very good agreement with SPR-derived data at different NaCl concentrations and
indicated that ANK3 is an efficient inhibitor of AB amyloid fibril formation independently of

the ionic strength.
Thermodynamics of the interactions

To further investigate the physico-chemical mechanism and its driving forces, the
thermodynamic signatures of the interaction of the D-peptides with AB were studied. First,
the solution-based technique isothermal titration calorimetry (ITC) was applied which is
the method of choice for thermodynamic analysis of interactions due to the fact that it can
simultaneously yield the free energy, enthalpy and entropy of interaction (23, 24).
However, the measured heat signal from the titration of D3 into AR solution was not
distinguishable from background heat (Figure S2). If no heat signal is recorded in an ITC
experiment, either the binding event is entirely entropy-driven or no binding occurs. The
second appeared unlikely as direct interaction was demonstrated by SPR. Thus, SPR-
based van’t Hoff analyses were performed, which have been reported in the past to

correlate well with ITC experiments (25, 26).

Ky values of the homogeneous D3 and heterogeneous ANK interactions with Ap
monomers were determined at different temperatures ranging from 11 to 39°C. Based on
a linear relationship between the logarithm of the dissociation constants and the inverse
absolute temperature (R? > 0.9) (Figure S3), the analysis of enthalpic (AH) and entropic
(-TAS) contributions at 25°C of Gibbs free energy of binding (AG) was performed
according to van't Hoff as described in the experimental procedures. The low affinity
binding mode 1 with a Ky in the micromolar range corresponded to a free energy of
binding of around -20 kJ mol™ for all b-peptides (Figure 6A). However, the enthalpic and
entropic contributions differed between D3 and ANK D-peptides. D3 binding was
characterized by a slightly negative but very low enthalpy (-4 kJ mol™), which resulted in a
nearly completely entropy-driven binding. Interestingly, the binding enthalpy of the low
affinity binding mode 1 of ANK D-peptides changed from negative to positive resulting in
an increase in entropy as compared to D3. The profiles of the high affinity binding mode 2
of ANK3 and ANK6 were very similar for both D-peptides Figure 6B). The Ky values in the
nanomolar range corresponded to a free energy of binding of around -40 kJ mol™ with an
enthalpic contribution of around +40 kJ mol” and entropic contribution of -80 kJ mol™,

respectively.
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Discussion

The process of drug discovery often starts with a rather hydrophilic lead compound where
hydrogen bonding and electrostatic interactions are likely to contribute significantly to
affinity, often resulting in micromolar binding affinity to the target protein. The process of
lead optimization typically includes a high-throughput screening and vyields lead
derivatives with increased hydrophobicity, leading to increased affinity of hit compounds
and entropy-driven binding (27-30). This strategy was successfully applied to our target
AB. The hydrophilic polycationic D-peptide D3 as lead compound was systematically
modified by peptide microarrays, resulting in optimized D-peptides (15). In order to gain a
more detailed understanding of the physico-chemical determinants of interaction with A,
D3 and two of the optimized D-peptides were included in the current study: ANK3 and
ANKG. We showed that D3 rapidly interacts with AR involving all negatively charged amino
acid residues and the interaction was strongly dependent on the ionic strength of the
solution. As a consequence, the inhibitory effect on AR amyloid fibril formation by D3
decreased with increasing ionic strength. At concentrations > 300 mM NacCl, neither
binding nor inhibitory action was observed. It was demonstrated that the interaction
between D3 and AB was principally driven by electrostatic interactions and that the
binding event of D3 was indeed responsible for the inhibitory action. Quantitative analysis
of the SPR-derived kinetics of the interactions with AB revealed a low affinity binding
mode in the micromolar range for ANK3 and ANK6 as well. The rate constants and
resulting K, values of this low affinity binding mode were all of comparable magnitude as
those determined for D3. Thus, increased hydrophobicity of ANK3 and increased net
charge of ANK6 had a very little influence on this mode of interaction. However, ANK3
and ANKG6 binding curves showed heterogeneous binding behavior to A and global fitting
revealed an additional high affinity binding mode with affinity in the nanomolar range,
which differed in the stoichiometry from the low affinity binding mode. For ANK®, this high
affinity binding mode amounted to 13% of the total binding and this corresponded to the
proportion of ANK6 binding which was resistant to increased ionic strength. Therefore, we
concluded that the high affinity binding mode was driven by hydrophobic rather than
electrostatic interactions. Nevertheless, the proportion of 13% was not sufficient to inhibit
AB fibril formation at NaCl concentrations higher than 300 mM and we concluded that
electrostatic interactions were relevant for the inhibitory function of ANKG6. In the case of
ANKS3, it was shown that increased hydrophobicity resulted in an increased proportion of
the high affinity binding mode (26%) and, in contrast to D3 and ANK6, ANK3 additionally

showed interactions with the hydrophobic C-terminus of AB beginning at S26. This region
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of AB is known to be part of the fibril core and thus, plays an important role in the self-
assembly process (31-33). Despite the fact that the hydrophobic contribution of ANK3
binding to AB amounted to 26%, 60% of the binding signal remained stable at NaCl
concentrations > 1 M and this interaction was sufficient to completely inhibit AR amyloid
fibril formation. Thus, targeting the hydrophobic C-terminus of AR might be a relevant

feature for increased efficacy of drug candidates for AD.

All D-peptides were characterized by a substoichiometric binding to A monomers,
possibly suggesting cross-linking or bridging of multiple AB monomers by one polyvalent
D-peptide molecule which might be attributed to the high number of positively charged
residues and hydrophobic interaction sites for ANK3. For a standard Biacore CM5 sensor
chip it was described that 100 RU of immobilized ligand corresponds to a bulk
concentration of 1 mg ml" in the surface matrix (34,35). Based on this value, an
immobilization level of 1800 RU is equivalent to a local AB concentration of 4 mM which
corresponds to an average distance between AR molecules of less than 8 nm, rendering
at least partial cross-linking of surface-bound AB by the D-peptides plausible. The fact,
that AB is rapidly converted into amorphous co-precipitates in the presence of D3 and
ANK D-peptides in solution supports this proposed mechanism (15). A further possible
explanation for the substoichiometry is that a certain fraction of the AB molecules is not
accessible to the D-peptides. This could be either due to the fact that the AB is partly
attached to the surface in oligomeric form, or that the attachment to the dextran matrix of
the SPR sensor renders some AR molecules inaccessible, potentially due to reduced
mobility of the positively charged D-peptides within the negatively charged dextran matrix.
Furthermore, the referencing procedure, whereby the signal from D-peptides that bind
non-specifically to the dextran matrix is subtracted from the signal in the presence of
surface-attached AP, could be incomplete in this case. Despite these potential
complications stemming from the use of a surface-based biosensing technique, SPR has
the advantage that the surface-bound AR is stably attached and hence a reliable binding
constant can be established, because the same number and conformation of A

molecules are exposed to the various D-peptide concentrations.

In order to further validate these results, we analyzed the thermodynamic profiles of the
individual binding modes which revealed that all binding modes are entropy-driven. The
thermodynamic profile of D3 interaction with AR showed a slightly negative enthalpic
contribution to the Gibbs free energy of binding which resulted in a nearly completely
entropy-driven interaction. This type of thermodynamic signature has already been

described for purely electrostatic interactions, for example in the case of the interaction
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between DNA and polyvalent cations, i.e., lysine, Mg®* and polycationic proteins (36,37).
The enthalpic contributions of these interactions are explained by the counterion
condensation theory which describes the partial release of counterions to the bulk
solution, resulting in cratic entropy gain, as proposed by Manning (38,39) as well as by
Privalov et al. (40). In contrast to this, the mechanism of binding mode 1 changed from a
weakly exothermic to a weakly endothermic process for ANK D-peptides suggesting that
the net effect of ANK binding to AB involved breakage of energetically favorable
noncovalent interactions, e.g., van der Waals contacts and hydrogen bonds. This enthalpy
gain was compensated by a corresponding entropy gain. Furthermore, the high affinity
binding mode 2 of ANK D-peptides was also entropy-driven and it is well-established that
hydrophobic interactions are mainly entropic in nature, at least in the case of small
hydrophobes (41). Thus, the thermodynamic analysis of the binding modes supported the
idea that the second binding mode of ANK might be based on hydrophobic interactions.
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Conclusion

The present study provided new insights into the physico-chemical determinants of the
interactions between the lead compound D3 and optimized D-peptides ANK3 and ANK6
with their target, the AB peptide. We conclude that D3 interacts with AB via electrostatic
interactions, leading to micromolar affinity. In addition to this mode of interaction, ANK3
and ANKG6 exhibited a second binding mode with nanomolar affinity. This second binding
mode was more pronounced in the case of the hydrophobic D-peptide ANK3 than for
ANKG6 which is more positively charged and involved hydrophobic interactions with the
C-terminus of A, the latter being known to play an important role in the self-assembly
process. Therefore, both electrostatic and hydrophobic interactions significantly
contributed to the driving force for binding of ANK3, leading to a more robust complex
formation with AB. A decomposition of the free energy of binding into enthalpic and
entropic contributions supported these findings. In vivo, increased hydrophobicity is linked
to improved pharmacokinetic and pre-clinical ADMET (absorption, distribution,
metabolism, excretion and toxicity) properties resulting in increased chances of success in
drug development (17,42,43). Thus, ANKS3 is highly relevant for further fit-for-purpose
studies in vivo investigating if increased hydrophobicity indeed leads to an optimized drug

for the treatment of AD.
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Experimental procedures
D-peptides

D3, ANK3 and ANKG6 consisted of D-enantiomeric amino acids and were purchased from

peptides&elephants (Germany) with C-terminal amidation and > 95% purity.
Hydrophobicity calculation

The grand average of hydropathy (GRAVY) of the D-peptides was calculated according to
Kyte and Doolittle (44) using the online tool ProtParam. The higher the GRAVY score, the
more hydrophobic the D-peptide. Amidation of the C-terminus was not taken into account
for the calculation and the unnatural amino acid phenylglycine (A) was substituted by
phenylalanine for the calculation of the GRAVY score of ANK3. Since all D-peptides
consist of twelve amino acid residues, the GRAVY scores represent not only hydropathy

but also hydrophobicity of the D-peptides.
AB samples and their preparation

To ensure the monomeric state of full-length AB, recombinant AB(1-42) (Isoloid, Germany)
and N-terminally biotinylated AB(1-42) (Bachem, Switzerland) were dissolved in
hexafluoroisopropanol (HFIP), aliquoted and lyophilized. As required, Ap was dissolved in
2 mM NaOH to a concentration of 1 mg ml”, diluted in HBS (20 mM HEPES, 150 mM
NaCl, pH 7.4) and directly used.

N-terminally biotinylated AB fragments (peptides&elephants, Germany) were dissolved in
dimethylformamide (DMF) and diluted in HBS for the SPR coupling procedure. Fragments
5 and 7 were heated up to 50°C for better solubility.

Kinetic interaction analysis

Kinetic analysis of the interaction between AB(1-42) and D-peptides was performed by
SPR using a Biacore T200 instrument (GE Healthcare, Sweden) at 25°C. N-terminally
biotinylated AB(1-42) (Bachem, Switzerland) was coupled on Series S SA Sensor chips
(GE Healthcare, Sweden) at a concentration of 10 ug ml™ to final levels of 1500-1800 RU.
The AB flow cell and a reference flow cell without ligand were quenched with biotin.
Titration series of D-peptides ranging from 3.2 uM to 50 uM for D3 and from 1.6 uM to 25
MM for ANK D-peptides were prepared in HBS including 150 mM NacCl, unless otherwise
stated, and injected over the sensor surface. For experiments at higher NaCl

concentrations, the D-peptide concentrations were adapted to the K, values for D3

100



(6.3 uM - 200 uM) and ANKG (3.1 uM - 100 pM). After each cycle, a conditional
regeneration step using 2 M GdnHCI was implemented. For evaluation, the curves were
double referenced using a buffer cycle and the reference flow cell and fitted according to
the homogeneous 1:1 fit model, the two-state reaction model and the heterogeneous
ligand model with Rl = 0, respectively (Biacore T200 Evaluation Software 2.0, GE

Healthcare).
Stoichiometry

The fitted saturation levels were taken from kinetic interaction analysis to estimate the

stoichiometry of the complexes by the following equation:

R maXM L

N, =
L= " Rrmy,

where N, is the valency of the ligand, R,y is the fitted saturation level of the analyte, R is
the immobilization level of AB, M, is the molecular weight of AB, M, is the molecular

weight of the D-peptide. 100% ligand activity and accessibility were assumed.
AB fibril formation kinetics

The AB fibril formation kinetics were measured in 20 mM HEPES buffer, pH 7.4, including
150 mM (HBS), 300 mM, 600 mM or 1200 mM NaCl. All buffers were supplemented with
5 uM Thioflavin-T dye and 10 pM of the respective D-peptide (D3, ANK3 or ANKG).
Recombinant AB(1-42) was dissolved in the presence or absence of D-peptides to a final
concentration of 10 uyM. The fluorescence intensity (Aex = 440 nm, Agy, = 490 Nnm) was
recorded in black non-binding 96-well plates (Greiner, Austria) every 450 s at 37°C over
27 h under quiescent conditions. The curves were corrected for buffer and D-peptide

background.
Affinity determination for AB fragments

To evaluate the affinities for AR fragment binding, SPR experiments were conducted as
described in the “Kinetic analysis™ section but using N-terminally biotinylated AB fragments
as ligands. For the coupling reactions, the concentrations were increased to
70 - 100 ug ml™'. The analyte concentrations ranged from 3.1 uM to 100 uM for D3 and
ANK6 and from 1.6 yM to 50 uM for ANK3. Obtained signals below 10 RU from the
highest concentration were considered as non-binding. Since the sensorgrams of ANK3

and ANK6 showed less signatures of heterogeneous binding to the fragments as
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compared to the full-length AB, Ky values for a 1:1 interaction were calculated, which
provided fits of satisfactory quality. For evaluation, the final responses at the end of the
association phase were plotted against the applied concentrations and fitted with the 1:1
steady state affinity model (RI = 0) (Biacore T200 Evaluation Software 2.0, GE

Healthcare).
Thermodynamics

The thermodynamic profiles of the interaction between the D-peptides and A monomers
were determined by van’t Hoff analysis. For equilibrium thermodynamics, the van’'t Hoff

equation states:

1
AG=-RTn (—) = RTIn(Ky)
Ky

where AG is the Gibbs free energy of binding, R is the gas constant, T is the absolute
temperature, K, is the equilibrium dissociation constant.

Substituting in the expression

AG=AH-TAS
and rearranging yields:
In(k,) = AH AS
R =RrR

where AH is the standard enthalpy, AS is the standard entropy.

K, values were analyzed in HBS by SPR-based affinity determination as described above
at different temperatures ranging from 11°C to 39°C. For D3, the homogeneous 1:1 fit
model was applied (Rl = 0) and for ANK D-peptides, the heterogeneous ligand model
(RI = 0) (Biacore T200 Evaluation Software 2.0, GE Healthcare). By plotting In(Ky) against
the reciprocal temperature, AH and AS were extracted from the slope (AH/R) and

intercept on the y-axis (-AS/R) of the linear regression.
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Tables and figures

Table 1 Physico-chemical characteristics of the D-peptides involved in the study. All
D-peptides were purchased in D-enantiomeric configuration with an amidated C-terminus which
was considered for the calculation of net charge at neutral pH. ANK3 contains the unnatural amino
acid phenylglycine (A). Hydrophobicity was determined according to Kyte and Doolittle (46) as
described in the experimental procedures and expressed as GRAVY score.

Compound Sequence Net charge GRAVY score
D3 rprtrlhthrnr +6 -2.6
ANK3 rkrirlAyhwnr +6 -1.6
ANKG6 rkrirlvtkkkr +9 -1.8
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Figure 1 Real-time interaction between the D-peptides and A monomers and corresponding
fits. SPR sensorgrams of a titration series of D3 (A, D, G), ANK3 (B, E, H) and ANK®6 (C, F, I)
binding to immobilized AB monomers. Data were globally fitted according to a homogeneous (A-C),
a two-state reaction (D-F) and a heterogeneous binding model (G-l1). Sensorgrams are
representative for seven independent kinetic measurements. )(2 values present the goodness of the

respective fit.
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Figure 2 Kinetic rate constants and stoichiometry of the interaction of the D-peptides with
AB. Kinetic rate constants of D3, ANK3 and ANK®6 interactions with AR monomers were analyzed
by SPR (A). Association rate constants (k,,) and dissociation rate constants (ko) of D3 derived
from global homogeneous fits while ANK3 and ANKG6 were fitted heterogeneously, leading to two
pairs of rate constants. Closed symbols represent binding mode 1 and open symbols binding
mode 2. Equilibrium dissociation constants (K,) resulting from k. divided by k,, are depicted as
dotted lines. The stoichiometry of saturated complexes was analyzed separately for each binding
mode based on SPR data and shown as D-peptide to AR ratios (B). The numbers indicate the
proportion of each binding mode. Presented data are mean values + SD from seven independent
measurements on various sensor surface preparations.
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Figure 3 Epitope mapping of D3, ANK3 and ANK6. AB(1-42) sequence was divided into seven
peptides with a length of 15 amino acids and an overlap of ten amino acids (A). The affinity of D3,
ANK3 and ANKG6 to the fragments 1 to 7 (F1 — F7) was determined by SPR (B). D3 and ANKG6
showed no binding to fragments 6 and 7 in the applied concentrations. Presented data are mean
values + SD of three independent experiments.
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Figure 4 Interaction of the D-peptides with AR at different NaCl concentrations. The influence
of ionic strength on the interaction of 50 yM D3 (A), 25 yM ANKS (B) and 25 yM ANK®6 (C) with AB
monomers was analyzed by SPR at four different NaCl concentrations: 150 mM, 300 mM, 600 mM
and 1200 mM. Sensorgrams are representative for two independent measurements. For
quantitative analysis of the two data sets, the responses were normalized to the response at
150 mM and plotted as mean values + SD over the NaCl concentration (D).
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Figure 5 Inhibition of AP fibril formation by D3,

ANK3 and ANK6 at different NaCl

concentrations. The efficacy of D3, ANK3 and ANK®6 to inhibit AB fibril formation was investigated
at increasing ionic strength, adjusted by NaCl, 150 mM (A), 300 mM (B), 600 mM (C) and 1200 mM

(D). All experiments were performed using 10 uM AR

in the presence or absence of 10 uM

D-peptide. The aggregation kinetics were monitored using Thioflavin-T fluorescence. Presented

curves are mean values of three experiments.
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Figure 6 Thermodynamic analysis of the interaction with AB. The binding energies including
Gibbs free energy of binding (AG), enthalpy (AH) and entropy (-TAS) at 25°C were determined by
van’t Hoff analysis. Due to heterogeneous binding of ANK D-peptides, thermodynamic profiles were

separately analyzed for binding mode 1 (A) and binding mode 2 (B). Presented data are mean
values * SD of four independent analyses.
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Figure S1 Control of immobilized AB after high salt conditions by SPR. Binding of 100 uM D3
was analyzed on a sensor chip directly after the immobilization procedure of AR monomers (before)
and after more than 30 cycles with salt concentrations higher than 1 M NaCl (after). Since the
response levels were the same, it was assumed that AR monomers are stable on the surface under
these assay conditions.
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Figure S2 Titration curve of D3 into AB solution by ITC. Representatively, one isothermal
titration calorimetry (ITC) experiment is shown for the titration of 300 uM D3 in 100 uM AB(1-40)
solution at 25°C. The titrations of D3 in buffer (HBS) and buffer in AR solution were performed as
control experiments and subtracted from the titration curve. Based on van’t Hoff analysis, very low
entropy of -4 kdJ mol” was expected which was not detected with this system.
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Figure S3 Temperature dependence of K, values (van't Hoff plot). K, values of D3, ANK3 and
ANKG6 were determined at different temperatures using SPR. At each temperature, binding curves
of D3 were homogeneously fitted whereas ANK D-peptides were analyzed heterogeneously, which
resulted in two binding modes with two K, values. Logarithm of dissociation constants were plotted
against reciprocal temperature and fitted with a linear regression model. Closed symbols represent
binding mode 1 (A) and open symbols binding mode 2 (B). Presented data are representative for
four independent experiments.
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ARTICLEINFO ABSTRACT

Keyweords: Currently, there are no causative or disease modifying treatments available for Alzheimer's disease (AD).
PEAR(3-42) Previously, it has been shown that D3, a small, fully p-enantiomeric peptide is able to eliminate low molecular
D3 weight AP oligomers in vitro, enhance cognition and reduce plaque load in AD transgenic mice. To further
D3D3 . characterise the therapeutic potential of D3 towards N-terminally truncated and pyroglutamated AP
Neuredegeneration

Alzheimer's disease

Animal model

Treatment
All-p-enantiomeric peptides
TBA21

(PEAP(3-42)) we tested D3 and its head-to-tail tandem derivative D3D3 both in vitro and in vivo in the new
mouse maodel TBAZ 1. These mice produce human pEAB(3-42) leading to a strong, early onsel motor neuro-
degenerative phenotype. In the present study, we were able to demonstrate 1) strong binding affinity of both D3
and D303 to pFAR(3-42) in camparison to AR(1-42) and 2) increased affinity of the tandem derivative D313 in
comparison to D3. Subsequently we tested the therapeutic potentials of hoth peptides in the TBA2.1 animal
medel. Truly therapeutic, non-preventive treatment with D3 and D3D3 clearly slowed the progression of the
neurodegenerative TBAZ2.1 phenotype, indicating the strong therapeutic potential of both peptides against
PEAB(3—42) induced ncurodegencration,

1. Introduction

of the amyloid precursor protein (APP) through [i- and vy-secretases.
Under pathological conditions, corrclating with age, ultimately, AR

The number of patients suffering from Alzheimer's disease (AD) is
expected to incerease dramatically if no causal therapy becomes avail-
able (Brookmeyer et al., 2007). Major hallmarks of AD are progressive
neurodegenceration, and the deposition of tau protein containing neu-
rofibrillary tangles and amyloid f peptide (Af) containing extracellular
plaques (Parihar and Hemnani, 2004), Af is produced by the cleavage

monomers will assemble into different A[} aggregates, e.g. the Ap oli-
gomers, which arc thought to play an important role in the develop-
ment and progression of the disease (Finder and Glockshuber. 2007).
Currently, there is no causal treatment available to halt or even slow
down AD progression (Bateman, 2015). Previously, the potential Ap-
binding p-cnantiomeric peptide D3 has been identified by mirror image
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phage display (Schumacher et al., 1996) for binding to AR (Wieschan
and Willbold, 2003; Funke and Willbold, 2009). It has been shown that
the two advantages of peptides consisting solely of p-enantiomeric
amino acid residues are the lower immunogenic potential and the
higher resistance to proteases as compared to L-peptides (Dintzis et al.,
1993; Soto et al., 1996; Funke and Willbold, 2012; Jiang et al., 2015;
Leithold et al., 2016). It was shown that D3 reduces AB(1-42) mediated
cell toxicity, prevents further aggregation of APB(1-42) {van Groen
et al., 2008) and converts toxic oligomers into large, non-toxic amor-
phous aggregates in vitro (Funke et al,, 2010). Oral administration of
D3 improves the sparial learning behaviour in the Morris water maze,
reduces AP load and the inflammarory situation in rransgenic APP/PS1
mice (van Groen er al.,, 2008; Funke et al., 2010; van Groen et al.,
2013).

Animal models of AD have been successfully used to gain deeper
insight into the pathogenesis of this condition and are currently without
viable alternative. However, despite this utility, most of the models
currently used lack the neurodegenerative pathology required to de-
velop a curative treatment option. The transgenic TBAZ2.1 mouse model
expresses human N-terminally truncated Ap which is post-
translationally modified to form pyroglutamate modified Ap
{(pEAR(3-42)) (Alexandru er al, 2011). pEAB(3-42) is one of the
principal components of senile plaques in human brains {Iarigaya
et al., 2000). Owing to its very fast aggregation and formation of toxic
oligomers, pEAP(3-42) is thought to be involved in the initiation of the
amyloid cascade (Jawhar et al., 2011). Homozygous TBA2.1 mice de-
velop a progressive motor neurodegenerative phenotype. Here, we in-
vestigated the treatment potential of D3 and its head-to-tail tandem
version D3D3 in homozygous TBAZ2.1 mice to elucidate their potential
in ameliorating pEAP(3-42) aggregation induced pathology and neu-
rodegeneration. This study demonstrates that a truly therapeutic, non-
preventive treatment with D3 and D3D3 decelerated the progression of
the pEAB(3-42) induced neurodegenerative TBA2.1 phenotype under-
lining the strong therapeutic potentials of both compounds for Alzhei-
mer's disease.

2. Material and methods
2.1. Experimental design

We determined the binding affinities of D3 and D3D3 to AP(1-42)
and pEAPB(3-42) via SPR and tested their influence on the cytotoxicity
of pEAB(3-42) using MTT cytotoxicity analysis in cell culture. For these
experiments, recombinant AR{1-42) was purchased from Isoloid
(Germany) and recombinant pEAR{3-42) was purified as described
recently (Dammers et al., 2015). Both A variants were dissolved in
HFIP overnight prior to usage to destroy any existing aggregates and
lyophilised to remove HFIP.

After the positive evaluation of both compounds in vitro, it was
planned to determine their therapeutic properties in the TBA2.1 mouse
model. Due to animal welfare we decided to use male TBAZ.1 mice for
phenotype characterisation and female mice for the treatment study.
The phenotype assessment and the motor balance were determined
longitudinally by testing ten wild type and eleven homozygous mice
every four weeks starting at two months of age. For the treatment
studies, four-months-old female mice were stratified into groups ac-
cording to their SHIRPA score, resulting in 7 animals receiving placebo,
8 animals D3 and 8 animals D3D3. The mice were treated in-
traperitoneally by implanting Alzet osmotic minipumps, in order to
achieve high and fast drug exposure in the brain during a short ther-
apeutic treatment period. Additionally, the mice were tested before and
after treatment in the accelerating Rotarod. All experimenters were
blind to genotype or treatment and all tests were carried out at the same
time of day. After the last behavioural test animals were sacrificed and
brains were dissected. One hemisphere was collected for biochemical
analysis and one for immunostainings. Several hemispheres were lost
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during processing for immunohistochemistry resulting in 4 placebo, 4
D3 and 5 D3D3 specimens. ELISA measurements were performed with
samples from each animal included in the study {7 to 8 per group).

2.2, SPR spectroscopy

SPR measurements were performed using a Biacore T200 instru-
ment (GE Healtheare, Sweden) at 25 °C with 20 mM sodium phosphate,
50 mM sodium chloride, pH 7.4 as running buffer. For preparation of
the flow cells, a CM5 sensor chip (GE Healthcare, Sweden) was acti-
vated with EDC/NHS {0.2 M/0.05 M) and AP(1-42) {300 ug/ml) and
PEAR(3-42) (100 pg/ml), diluted in 10 mM sodium acerate pH 4.0,
were immobilized to final levels of 8000 RU {(pEAB(3-42)) and 1000 RU
{AP(1-42)). Ligand and reference flow cells were deactivated with 1 M
ethanolamine-HCL. D3 and D3D3 affinity determinations were per-
formed in multi cycle kinetics at 30 pl/min flow rate. The analytes were
diluted in running buffer to the final concentrations of 100, 33.33,
11.11, 3.70, 1.23 and 0.41 pM for D3 and 10, 3.33, 1.11, 0.37, 0.12 and
0.04 pM for D3D3. Association of the peptides was recorded for 120 s,
followed by a dissociation of 240 s. After each cycle, a conditional re-
generaftion step with 2 M guanidine hydrochloride was implemented.
After measurement, the sensorgrams were double referenced using the
reference flow cell and a buffer cycle. Evaluation was performed by
plotting the respective response levels against the applied pepride
concentrations. The curves were fitted using Langmuir’s 1:1 binding
model (Hill function with n =1, OriginPro 8.5G, OriginLab,
Northampton, USA).

2.3, MTT-assay

Lyophilized pEAP{3-42) was dissolved in 10 mM sodium phosphate
buffer, pH 7.4 to a total concentration of 51 pM and the p-peptides D3
and D3D3 (molar ratio of 1:0, 1:0.1, 1:1, 1:10 for pEABR(3-42):D3 and
1:0, 1:0.2, 1:1, 1:5 for pEAP(3-42):D3D3) were added, respectively,
and incubated at 37 °C for 5days without shaking resulting in
PEAB(3-42] fibrils. The highest concentration of p-peptides, i.e. 510 uM
{0,81 mg/ml) for D3 and 255 pM (0,81 mg,/ml) for D3D3, were treated
the same without co-incubation of pEAB(3-42).

PC-12 cells (Leibniz-Institut DSMZ-Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany)
were cultured in Dulbecco's modified Eagle's medium (DMEM) (Sigma-
Aldrich Chemie GmbH, Taufkirchen, Germany) supplemented with
10% fetal bovine serum (FCS) (Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany) and 5% horse serum (HS) (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) at 37 °C and 5% COa. Cells were
harvested and seeded onto 96-well plates (Gibeo, Life Technologies,
Carlsbad, California) at 1 x 10° cells/well and incubated at 37 °C and
5% €O» for 24h. The cells were treated with 1pM incubated
PEAB(3-42) and 1 pM pEAP(3-42) co-incubated with D3 (in molar
ratios of 1:0.1, 1:1 and 1:1) or D3D3 (in molar ratios of 1:0.2, 1:1 and
1:5), respectively, as well as 10 pM D3, 10 uM D3D3 and the buffer
alone (10mM sodium phosphate, pH7.4). The buffer containing
0.125% Triton X-100 {AppliChem, Darmstadt, Germany) was used as
negative control. All samples were added five-fold in a three-fold-de-
termination. The treated cells were incubated at 37 °C and 5% CO, for
24h. MTT-assay was performed using the “Cell Proliferation Kit 17
{Roche, Mannheim, Germany) according to the manufacturer's in-
structions. The 96-well plate was analysed using a MicroPlate Reader
{PolarStar Optima, BMG Labtech, Offenburg, Deutschland) by mea-
suring the absorbance at 570nm and 660 nm and background cor-
rected.

2.4. Animals

Experiments were conducted using homozygous TBA2.1 mice and
wild type littermates as control mice. Transgenic TBA2.1 mice exhibited
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neuronal expression of AB(Q3-42) on a C57BL/6 x DBA1 background.
AP{Q3-42) was modified by glutaminyl cyclase to pEAB{3-42) within
the secretory pathway in TBAZ2.1 mice (Alexandru et al., 2011). All
animal procedures were performed in accordance with the German law
tor the protection of animals and approved by LANUV North-Rhine-
Westphalia {Germany, AZ84-02.04.2011.A359). The animals were kept
in a controlled environment on a 12/12-hours light/dark cyele {lights
on from 7 a.m.-7 p.m.}, with 54% humidity and a temperature of 22 “C.
Up to four mice per cage were housed with food and water available ad
libitum. Only heterozygous TBA2.1 mice were used for breeding and
homozygous mice were sacrificed at five months of age to prevent
suffering due to the severity of the phenorype.

2.5. Peptides

The p-enantiomeric peptides D3 (rprurlhthrnr, all amino acids are o-
enantiomers) and D3D3 {rprirlhthrnrrprirlhthror, all amino acids are -
enantiomers) with = 95% purity were purchased C-terminally ami-
dated from JPT Peptide Technologies GmbH, Germany.

2.6. Phenotype assessment

For phenotype assessment the primary screen of the SHIRPA test
battery was used {Rogers et al., 1997). This includes the following
subtests: abnormal body carriage, alertmess, abnormal gait, startle re-
sponse, loss of righting reflex, touch response, pinna reflex, cornea re-
tflex, forelimb placing reflex, hanging behaviour and pain response.
Additionally, the body weight was measured. For individual observa-
tion and analysis an arema of 42.5cm X 18cm X 26.5cm
(L x H x W) was used. The observations were scored from 0 {similar
to wild type) to 3 (extremely abnormal from wild type). The sum of all
subtests per animal was used for analysis.

2.7, Accelerating Rotarod

To analyse motor coordination and motor balance TBA2.1 mice
were placed on a Rotarod apparatus (Ugo Basile Srl, Italy). Testing was
performed according to the previously published protocol (Alexandru
etal., 2011). In the morning of the first day mice were trained Lo stay on
the rod for at least 60 s at a constant 10 rpm. The test sessions were
performed in the afternoon as well as the following morning and
afternoon. Before starting the test session the mice were habitvated for
30 min in single cages. In one test session the mice had to run in three
trials on the beam accelerating from 4 to 40 rpm. The escape latency of
running was measured. Maximum time was 10 min. For analysis the
mean value of all nine trials was used.

2.8, Treatment with D3 and D3D3

Wild type and homozygous four months old TBA2.1 mice were
treated intraperitoneally for four weeks with a daily dosage of 5 mg per
kg peptide in PBS (pH 7.4) or vehicle {PBS, pH 7.4) using Alzet mini-
osmotic pumps (model 1004, DURECT Corporation, USA). The body
weight and conditions of the mice were controlled twice a week. A loss
of 15% body weight and severe conspicuities were defined as exclusion
criteria. Mo animal was affected by these exclusion criteria.

2.9. Tissue preparation

The mice were sacrificed and the brain was harvested. The right
hemisphere was used for immunohistochemical analysis and the left
was used for enzyme-linked immunosorbent assay {(ELISA) measure-
ments. Both hemispheres were stored at — 80 °C until further proces-
sing.
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2.10. Immunofluorescence

Immunotluorescence analysis was assessed to determine the AP
load, DAPI positive nuclei and astrocyte staining. The right hemisphere
was cryosectioned sagittally into 10 ym thin sections. Six sections per
animal were fixed with 4% paratormaldehyde and (reated with 70%
formic acid for antigen retrieval. After washing and blocking with
Mouse Ig Blocking Reagent (Vector Laboratories, Inc., USA) slides were
treated with either primary antibody against Ap (6E10, Covance Inc.,
USA) or against activated astrocytes (GFAP, Dako Deutschland GmbH,
Germany) overnight. After washing the secondary antibody {mouse anti
goat 488, Life Technologies GmbH, Germany) was incubated for two
hours. After washing slides were covered with 4’, 6-Diamidin-2-phe-
nylindol {DAPI, Merck KGaA, Germany) for 10 min, Images were taken
with a LMD6000 microscope {Leica Camera, Germany) with a DFC310
FX camera (Leica Camera, Germany). The number of stained Af ag-
gregates (AP particle count) of either the whole hemisphere, or hip-
pocampus, striatum and midbrain as well as DAPI counts and GFAP
{astrocyte staining, % positive area) of the CAl region were quantified
on five to six sections per animal using ImageJ (National Institute of
Health, USA).

2.11. EIISA

In brief, an AB ELISA {(N3pE-42, IBL International GmbH, Germany)
was used to quantify the pEAP(3-42) levels. Therefore, left hemispheres
were homogenised with Tris buffer (20 mM Tris pH 8.3, 250 mM NaCl,
Roche EDTA free Complete Protease Inhibitor) using the PreCellys24
homogeniser (2 x 20 sec at 6500 rpm, Bertin Technologies, France).
After vortexing, a 15 min sonification and additional vortexing the
homogenate was then centrifuged (175,000g, 4°C, 30 min). The re-
sulting pellet was incubated and resuspended with diethanolamine
{DEA) on ice and again centrifuged. The supernatant represents the
DEA soluble fraction which was used for analysis. The pellet was in-
cubated and resuspended with 70% formic acid on ice. After the final
centrifugation step the interphase was taken and neutralised with 1 M
Tris pH 11.3 representing the insoluble A fraction. DEA soluble and
insoluble AR fractions were subjected to the ELISA to determine the
PEAR(3-42) concentrations according to the manufacturer's protocol.
The samples were normalised to their protein concentration. For the
DEA-soluble fraction, the Micro BCA Protein Assay Kit {Pierce
Biotechnology, USA) was used and for the insoluble fraction, the Bio-
Rad Protein Assay {Bio-Rad, Germany).

2.12. Statistical analysis

To assess Gaussian distribution, all data were tested using the
Shapiro-Wilk-Test or in a normality probability plot. In the case of
normally disiributed data the Repeated-Measures Parameiric Analyses,
Twao- or One-Way-ANOVA with Bonferroni post hoc analysis or (paired)
t-test were used, respectively. For the non-parametric analysis, the
Friedman test or Kruskal-Wallis test were used. Multiple Comparison
Tests by Dunn was used for appropriate non-parametric post hoc ana-
lysis. All data were expressed as mean with SEM. Results are considered
as significantly different to p = 0.05. All statistical analyses were per-
formed using GraphPad PRISM 5 (GraphPad Software, Inc., USA) and
InVivoStat 2.5 {InVivoStat by Simon Bate and Robin Clark, United
Kingdom {Clarl et al., 2012).

3. Results

3.1. In vitro binding activity of D3 and D3D3 for AB(1-42} and
PEAB(3-42}

In order to increase the potency of D3, we chose a head-to-tail
tandem version of it, D3D3, which was expected to bind with higher
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Fig. 1. Affinity determination of D2 and D3D3 to AR(1-42) and pEAP(3-42) by SPR spectroscopy. (A) Sensorgrams of D2 and (B) D3D2 intcraction with AR(1-42). (C,D) The data were
fitted by plotting the response levels (RU) against applied peptide concentrations using a steady-state 1:1 binding model. Sensorgrams of (E) D3 and (F) D3D3 interaction with
pEAB(3-42) and corresponding fit results (G,H). K values are represented as mean with SD of two independent measurements. Representative sensorgrams and fits are shown for both

measurements.

affinity to the target AP due to increased avidity. To validate this in
vitro, equilibrium dissociation constants (Kp) of both peptides for
AB(1-42) and pEAB(3-42) were determined under the same assay
conditions and compared with each other. As expected, D3D3 showed a

which might be associated to increased avidity. For D3, the affinities for
both Af} species, AB(3-42) and pEA[((3-42), were similar to each other
with slightly higher binding affinities of D3 and D3D3 for pEAR(3-42)
as compared to AB(1-42) (Fig. 1).

higher binding affinity than D3 as indicated by lower Kp values (Fig. 1)
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Fig. 2. MTT analysis of the interactions between D3 and D3D3 with pEAR(3-42). MTT
analysis revealed a reduced cell viability upon addition of 1 pM pEAB{3-42). This was
reversed by treatment with D3D3. Data is presented as mean with SEM; *p =< 0.05,
**p = 0.01 and ***p = 0.001.

3.2. Inhibition of pEAB(3-42) mediated toxicity by D3 and D3D3

Encouraged by the binding experiments to pEAf(3-42), we then
compared the abilities of D3 and D3D3 to neutralize the cvtotoxicity of
recombinant pEAB(3-42) in PC-12 cells (Fig. 2). Already a concentra-
tion of 1uM recombinant pEAB(3-42) reduced the cell viability
by > 30% (15 measurements per treatment in 3 tests; Kruskal Wallis
test, p = 0.0001, post hoc Buffer vs. 1 uM pEAB(3-42)). Treatment
with D3 had no significant influence on this effect (post hoc 1M
PEA[(3-42) vs. D3 at any concentration, not significant (ns)), although
this does not mean that D3 when applied at higher concentrations
would not have rescued the pEA[R(3-42) mediated reduction of cell
viability. However, the addition of D3D3 at concentrations of 0.05 uM
or higher resulted in a significant rescue of cell viability (post hoc 1 yM
PEAB(3-42) vs. addition of 5uM D3D3 p = 0.001, 1 uM pEAB(3-42)
vs. addition of 0.5 pM D3D3 p < 0.01, 1 pM pEA[3(3-42) vs. addition of
0.05 uM D3D3 p < 0.05).

Thus, as expected, the increased avidity of D3D3 over D3 led to
superior efficacy of D3D3 in vito (Brener et al, 2015),

3.3. Characterisation of the motor phenotype of TBA2.1 mice

Based on the results of the SPR and cytotoxicity experiments, it was
our aim to prove our hypothesis in vive by treatment of homozygous
TBA2.1 mice with D3 and D3D3 against placebo. Accordingly, we de
termined the motor performance and overall phenotype of transgenic
TBA2.1 mice. Subsequently, we treated homozygous mice with either
D3 or D3D3 for four weeks.

We characterised the motor neurodegenerative phenotype of this
mouse model longitudinally using wild type (WT) and homozygous
(HOM) TBAZ2.1 mice up to five months of age. Phenotype assessment
revealed HOM TBA2.1 mice to have a significant phenotype by the age
of two months (Fig. 3). Scored observations revealed HOM TBA 2.1
mice to have severely impaired sensorimotor function, which in
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conjunction with other deficits, rapidly resulted in a hunched bady
posture, wobbly and rigid gait. By two months of age HOM TBAZ2.1
mice had four times the score of wild type littermates, a disparity that
continued to increase with time, becoming ten times greater at five
months (number of animals: 10 WT and 11 HOM; Repeated-Measures-
Parametric Analyses, genotype (Feaas, = 59.01, p =< 0.001), interac-
tion genotype with age (Fg 75, = 20.30, p =< 0.001), pairwise tests WT
vs. IIOM p = 0.001 at all ages, Fig. 3A). In addition, the weight gain
from two to five months of age differed significantly between the
groups {(number of animals: 10 WT and 11 [IOM; Repeated-Measures-
Parametric Analyses, weight (Fi3 75y = 136.19, p < 0.001), interaction
genotype with age (Fgss5 = 4.88, p = 0.001)), More precisely, the
body weight of WT TBA2.1 mice increased successively up to five
months of age (pairwise tests p < 0.01), whereas in 1I0M TBA2.1 sig-
nificant weight gain was only observed up to the fourth month of age
(pairwise tests of two to four months old 1I0M p = 0.05 and pairwise
test four to five months HOM ns) (Fig. 3C).

Analysis of the motor coordination of 110M TBAZ2.1 mice showed a
significant deficit beginning at the age of three months which remained
for all subsequent time points tested (number of animals: 10 WT and 11
HOM; Repeated-Measures-Paramelric Analyses, genotype
(Fz25 = 3.59 and p = 0.043), pairwise WT vs. HOM at two months ns
and at three to five months p = 0.05) (Fig. 3B). Overall, these results
indicated the rapid progression of the phenotype in HOM TBA2.1 mice
from two to five months of age.

3.4, Ireatment with D3 and D3D3

Since the motor neurodegencrative phenotype of male HOM TBA2.1
mice was highly prominent at five months of age we decided to start the
treatment at four months of age over four weeks to test the truly
therapeutic rather than preventive power of D3 and D3D3. Before
treating female HOM and WT TBA2.1 mice, all mice were stratified into
groups according to their SHIRPA score in the phenotype assessment
test. Comparing the scores of WT (1.4 = 0.22) and I[IOM
(12.2 + 0.71) mice clearly demonstrated that female HOM mice also
developed a severe phenotype with the same baseline as the males.
When comparing the outcome of the motor performance before and
after treatment of female 1IOM TBA2.1 mice, the motor balance of
placebo treated mice decreased (number of treated animals: placebo 7,
D3 8, D3D3 8; Repeated-Measures-Parametric Analyses, before vs. after
(Fey 200 = 2.76, p = 0.1122, pairwise tests before vs. after treatment
p = 0.05), indicating a progression of the phenotype over the four
weeks treatment period. In contrast, treatment with D3 or D3D3 in-
hibited the worsening of the Rotarod performance of HOM TBA2.1 mice
(Fig. 1A, pairwise tests before vs. after treatment ns). Of note, the rate
of progression is the decisive factor in this model, since the phenotype
can only be delayed or ideally stopped but not be reversed. Analysis of
the pEA[(3-42) concentration in the brain of HOM TBA2.1 mice
showed an increase in DEA-soluble pEAR(3-42) after the administration
of D3D3 in contrast to the placebo and D3 treated groups (Fig. 4C.
number of analysed samples: placebo 7, D3 8; D3D3 8; Onc-Way-
ANOVA p = 0.0055, post hoc analysis placebo vs. D3 ns, placebo vs.
D3D3 p = 0.05), while no significant differences were detectable be-
tween the insoluble fractions of the three groups (Fig. 4D; number of
analysed samples: placcbo 7, D3 8; D3D3 8; Kruskal-Wallis test
p = 0.9253; post hoc analysis ns). The latter was confirmed by quan
tification of A immunostaining in diffcrent brain arcas in which A
aggregates were found (Fig. 5: 6 slices per animal, number of analysed
animals: placebo 4, D3 4, D3D3 5; total brain, One-Way-ANOVA
p = 0.18; striatum, Kruskal-Wallis test p = 0.67; CAl. Kruskal-Wallis
test p = 0.34; midbrain, One-Way-ANOVA p = 0.21; post hoc placebo
vs. D3 or D3D3 ns). To evaluate the incidence of hippocampal neuro-
degeneration (neuron loss and gliosis), cell nuclei and activated astro-
cytes in the CA1 region of D3, D3D3 and placebo-treated HOM TBAZ2.1
mice were stained. Quantification of stainings revealed an increasing
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trend in the DAPT count and a decreasing trend in GFAP positive as-
trocytes of D3 or D3D3 treated animals in comparison to placebo ani
mals, although quantification revealed no significant differences (Fig. 6;
5 to 6 slices per animal, number of analysed animals: placebo 4, D3 3,
D3D3 5; GFAP: Kruskal-Wallis test, p = 0.3953, post hoc placebo vs.D3
or D3D3 ns and DAPIL: Kruskal-Wallis test, p = 0.0867, post hoe placebo
vs. D3 or D3D3 ns).

Additionally, W1 TBA2.1 mice were treated with D3 or D3D3 to
exclude unrelated effects of the compounds. No differences between
these groups could be observed in the Rotarod test, indicating the cf-
fects of D3 and D3D3 were restricted to HOM TBA2.1 mice (Fig. 4B,
number of treated animals: placebo 6, D3 7, D3D3 7; Fricdman test
p = 0.1667, post hoc analysis ns).

Overall, both D3 and D3D3 were able to inhibit the deterioration of
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Fig. 3. Longitudinal determination of the sensorimotor
phenotype of wild type (WT) and homozygous (HOM)
TBA2.1 mice at 2, 3, 4 and 5 months of age. (A) Assessment
using the SHIRPA test battery revealed the continuously
incrcasing phenotype of HOM TBA2.1 mice. (B) Body
weight of WT mice increased from two to five months of
age, but weight guin of HOM was stable from four to five
months of age. (C) Between three and five months of age
the Rotarod motor performance of HOM mice was reduced
when compared to control. Data are presented as mean
with SEM: *p =2 0,05, **p == 0.07 and ***p < 0.001

—

2 3 4 5

months

[1 TBA2.1 WT
B TBA2.1 HOM

the motor neuronal degenerative phenotype in HOM TBA2.1, and D3D3
was able to induce a concentration shift towards the DEA-soluble
PEAB(3-42) pool.

4. Discussion

The p-enantiomeric peptide D3 has been shown to be a promising
lead compound for the treatment of AD. D3 was originally developed as
an AB(1-42) monomer stabilizing ligand in order to destabilize and
eliminate AP oligomers, which are thought to be the most toxic AP
species and decisive for development and progression of AD. In vitro
tests with D3 showed its potential to eliminate toxic AB(1-42) oligo-
mers (Funke et al., 2010). The potential of D3 was further proven by
inhibition of AB(1-42) toxicity in cell culture, the improvement of

Fig. 4. I'reatment of homozygous "I BA2.1 mice with the n-
enantiomeric peptides D3 and D3D3. Ilomozygous TBA2.1
[HOM) and wild-type (WI) mice were treated in-
traperitoneally over four weeks with vehicle (placebo) or
with 5 mg per kg body weight D3 ar D3D3 per day. Rotarod
analysis of HOM demonstrates a worsening cf the motor
phenotype in placebo-treated mice whereas D3 and D3D3
administration inhibited this process. (A) Data before and
after treatment per HOM mouse are shown. (B) The Rotarod
performance of WT mice before and after trearment is il-
lustrated. (C) Biochemical quantification of DEA-soluble
PEAB(3-42) in the brain of HOM revealed a significantly
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higher concentration in D3D3 compared to placebo treated
mice. (1) Quantification of insoluble pEAB(3-42) from the
brains of HOM animals is unchanged between treatment
groups. Data are presented as mean with SEM (B, C, D);
p = 0.05, **p < 0.01 and ***p < 0.001.
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D3

D3D3

Fig. 5. AP immuncflucrescence staining and quantification of homozygous mice treated with D3 or D3D3. After treatment, hemispheres of D3, D3D3 or placebo-treated hemozygous
TBA2.1 mice were harvested. Brain slices of each group were stained against AR (antibody 6E10). Immunctluorescence figures show the whole brain hemispheres (B-D), the striatum
(E-1I), the hippecampus (J-L) or midbrain (N-P} of placebo, D3 and D3D3 treated mice. Quantification of the AP particle count in the whole hemisphere (A), striatum (L), CA1 region of

the hippocampus () or midbrain (M) revesled no significant differences between these groups. Data are presented ss mean with SEM. Bars indicating length in (D) and (P) are

representative for pictures (B-D) and (F-P), respectively.

spatial learning behaviour and the reduction of the Af} plaque load in
APP/PS1 doublc transgenic mice (van Groen ct al., 2008; Funke ct al.,
2010). D3D3 was rationally designed to vield a di-valent version of D3
with increased avidity and hence increased affinity to its Ap target
species. In the present study, we have for the first time validated the
higher binding affinity of the derivative D3D3 to AB(1-42) in com-
parison to D3. Furthermore, we were able to show that both peptides,
and especially D3D3, show increased binding affinity to pEAB(3—42) as
compared to AR(1-42). We evaluated the inhibition potentials of both
compourkls against pEAR(3—-42) mediated toxicity in PC12 cells. Low
concentrations of pEAR(3-42) reduced cell viability, an effect blocked
by minute amounts of D3D3. In contrast, D3 was unable to significantly
improve cell viability at any of the concentrations tested. To validate
the potentials of D3 and D3D3 in vivo, we analysed the therapeutic
efficacies in the new mouse model, TBA2.1, which exhibits a motor
neurodegenerative phenotype induced by the expression of human
PEAB(3-42).

From two months of age the progression of the phenotype influen-
cing posture, gait and motor function of TBAZ2.1 mice was severe.
Additionally, from the age of three months these mice displayed im-
paired motor coordination. In contrast, WT TBAZ2.1 mice failed to dis-
play any abnormalities over the entire period of observation. These
results are in agreement with previously published observations
(Alexandru et al.,, 2011) and confirm the strong motor neurodegen-
erative phenotype of HOM TBAZ2.1 mice.

Treatment studies with D3 or D3D3 in diseased IIOM TBA2.1 over a

period of four weeks with a daily dosage of 5 mg per kg of body weight
showed that both compounds have strong therapeutic potential. Both
compounds were able to stabilise the motor coordination of the HOM
TBA 2.1 micc and to reduce phenotype progression to non-significant
levels during the treatment period. In contrast, placebo-treated mice
showed significant progression of their phenotype during that time. In
addition, WT mice demonstrated no adverse effects caused by the
treatment, which confirmed the effects of D3 and D3D3 were specific to
HOM TBA2.1 mice. These findings suggest these n-enantiomeric pro-
teins have a specific therapeutic effect against the pEAB(3-42) induced
neurodegenerative phenotype as rhey halted disease progression,
maintaining performance to that observed at the beginning of treat-
ment. This conclusion is also supported by Brener et al., 2015 showing
D3D3 was able to delay the overall behaviour and sensorimotor pro-
gression in homozygous TBA mice. In contrast to the present report, in
which both D3 and D3D3 stopped progression of the motor deficit as
measured by the Rotarod test, Brener et al., 2015 demonstrated that the
SITIRPA assay was able to distinguish the efficiencies of D3D3 and D3 in
slowing down the progression of the motor neurodegenerative pheno-
type. Although this observation is in line with results of the present
study demonstrating higher in vitro efficiency of D3D3 over D3, one has
to keep in mind that in vitro results do not necessarily directly translate
to respective in vivo efficiencies due to potentially different pharma-
cokinetic properties of the respective compounds. Also, the repeated
Rotarod measurements for assessment of motor performance might be
less sensitive than the SIIIRPA derived judgements due to training
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Fig. 6. DAPI anul GEAP immunofluorescence stainings of homogygous mice mreated with D3 and D3D3. Brain sections of D3, D3D3 or placebo-treated homozygous mice were stained for
activated astrocytes with antibodies raised against GFAP and nuclei were counter stained by DAPL DAPI pesitive nuclei (A) and activated astrocytes (B) were quantified in the CAl region
of the hippocampus. (C) CA1 region of merged DAPI and GFAP stainings after treatment with D3, D3D3 or placebo-treated homozygous mice. (A, B) Data are presented as mean with SEM.

effects inherently connected to the Rotared assay. Also, by trend neuron
loss was improved and correspondingly gliosis reduced in D3 and D3D3
treated HOM mice. Although statistical analyses revealed no sig-
nificance of the quantification, this was most probably due to the low
number of samples, which were left for this analysis. Nevertheless, it
supports the hypothesis that 3 and D3D3 seem to interfere with hip-
pocampal neurodegeneration. Besides neuronal toxicity, it is well
known that oligomeric species of AP also interfere with neuronal
function. Disturbances of synaptic transmission, either pre- or post-
synaptically, synaptic loss and inhibition of synaptic plasticity via
modulation of neurotransmitter receptors are discussed, which are all
independent of neuronal toxicity and neuronal death (Carrillo Mora
et al., 2014). These synaptotoxic effects may also act via, or in con-
Jjunction with Tau. Recently, it was reported that oligomeric Tau exerts
selective synaptotoxicity without affecting cell viability (Kaniyappan
et al., 2017}, and combination of oligomeric A} and Tau species have
been shown to impair long-term-potentiation and memory (Fa et al.,
2016). Thus, by reducing oligomeric A D3 and D3D3 could mediate a
therapeutic effect and halt in phenotype progression of TBA2.1 mice
even without interfering with neurodegeneration.

The development of a disease-modifying or even curative treatment
for AD is one the biggest challenges of 21st century medicine, but un-
fortunately most of the potential compounds that are chosen for clinical
research fail. One potential reason for this is that most of the animal
models used for preclinical research do not show neurodegeneration.
Here we use the TBAZ.1 mouse — a model exhibiting a dramatically
increasing motor neurodegenerative phenotype. The principle aim of
the present study was to investigate the truly therapeutic potentials of
the fully n-enantiomeric peptides D3 and its derivative D3D3 in this
neurodegenerative animal model. In this respect, reversal of cercbral
damage and increase of motor performance cannot be expected by this
kind of treatment as the animals used suffer already from distinct
neurodegeneration in the brain by this age (Alexandru et al.,, 2011).
Instead, any halt of phenotype progression has to be regarded as a
treatment success. In particular, we show that the pEAB(3-42) induced
neurodegencerative phenotype of TBA2.1 mice can not only be inhibited

by a preventive treatment, but arrested by a truly therapeutic treatment
with D3 and D3D3, most probably by direct action against pEAP(3-42)
assemblies, ¢.g. pEAR(3-42) oligomers,

Earlier in vitro studies demonstrated that these p-enantiomeric
peptides are capable of binding AR species and convert them into non-
toxic, non-fibrillar forms (Funke er al., 2010; Brener et al., 2015). In
vivo, using mouse models that produce mainly AB(1-40) and AB(1-42),
and develop a plaque pathology comparable to AD patients, a reduction
of the AR load was observed after several weeks of treatment with D3
(van Groen et al., 2008; Funke et al, 2010). The exact mechanism of
action in vivo has not been unraveled yet. However, all experimental
data collected so far suggests the following hypothesis: By binding of D3
to AP monomers and oligomers the chemical equilibrium is shifted
away from fibrillary species which is obviously able to result in a re-
duction of existing, or in prevention of newly formed plaques. In the
present study, the used mouse model TBA2.1 produces aggregates
consistent of A and pEA(3—42) (Alexandru et al., 2011). Not much
information is available about the chemical equilibrium of aggregates
containing pLAP(3—42), but it has been shown that those aggregates are
more stable (Dammers et al., 2017). In consequence, D3 and D3D3 can
probably neot be expected to dissolve already formed pRAPB(3—42) ag-
gregates or significantly prevent their formation within the short
treatment window used here. Instead, we hypothesize a mechanism by
which toxic oligomeric species are reduced by binding to D3 or D3D3,
as has been shown for A[(1-42) in vitro (Brener et al., 2015). In line
with our in vitro data on cell viability presented here, this may prevent
neuronal cell death also in vivo resulting in the observed halt in phe-
notype progression in TBA2.1 mice.

‘We have observed a significant increase of pEA[5(3—42) in the DEA-
soluble fraction upon treatment with D3D3 and a trend upon D3
treatment in the HOM TBA2.1 mice. It is not absolutely clear which A}
speeies are located in the DEA fraction. Since DEA solubilizes protein
complexes, one could speculate that complexes between pEAR(3-42)
and D3D3 or D3 are enriched in this fraction, which would also support
our working hypothesis of shifted equilibriums, as outlined above.
However, so far it is not clear whether the observed inercase in the DEA
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fraction is therapeutically relevant and actually does correlate with the
delay in phenotype progression observed in the mice. In any case it
could be a hint of target engagement by D3D3 in vivo.

TBAZ2.1 mice expressing pEA[R{(3-42) is a very poltent model deli-
vering a highly interesting drug target. But to date, only a few com-
pounds have been identified as targeting pEAB(3-42). The main effects
of these compounds were reducing the plaques and for AP species using
either active (e.g. pGlu-3 mimotope, (Schneeberger et al., 2009)) or
passive immunisation {e.g. 9D5 {Wirths et al., 2010), or NT4X
{Antonios et al., 2013)) in different mouse models of amyloidosis. To
our knowledge these data are mostly lacking behavioural analyses or
functional benefits or show preventive rather than therapeutic effects
(Frost e al,, 2015). Moreover, there are several challenges to overcome
with these immunogenic strategies. For example, passive immunisation
is deficient in bridging the blood brain barrier, which is essential to
have substantial effects. The risk of active immunisation is that the
immune system of AD patients might not be capable enough for the
patients” benefit. Additionally, the probability of upcoming adverse
events has to be discussed {Cynis er al., 2016). Comparing these chal-
lenges to the present study, p-enantiomeric peptides are less im-
munogenic than 1-enantiomers which seems to be an advantage (Funle
and Willbold, 201 2). Moreover, it is already known that p-enantiomeric
peptides like D3 are passing the blood brain barrier {Jiang et al., 2015;
Jiang er al., 2016). Additionally, pharmacokinetic studies showed high
biological stability, long plasma half-lives and constant levels of D3 and
D3D3 in the target organ brain {Jiang et al., 2015; Leithold et al.,
2016).

In conclusion, D3 and D3D3 represent a potentially interesting new
class of compounds with promising properties to cope with the chal-
lenge of treating Alzheimer's disease.
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4 Summary and conclusion

AD is a neurodegenerative disorder with progressive loss of memory and cognitive decline
as major symptoms. Although the precise etiology remains unclear, aggregation of A has
become the fundamental framework of AD (LaFerla et al. 2007). This aggregation process
is characterized by monomers, oligomeric precursors which are considered to be the most
neurotoxic species and highly ordered, insoluble amyloid fibrils (Cohen et al. 2013). To
develop a curative therapy for AD, we hypothesize that stabilization of monomers and
sequester them from the aggregation cascade will shift the thermodynamic equilibration
away from oligomer generation and simultaneously eliminate pre-formed cytotoxic Ap
oligomers. To validate this strategy, the lead compound D3, a D-peptide, was selected by
mirror image phage display and intensively characterized in vitro and in vivo regarding its
efficacy and potency as a potential therapeutic for AD (see 1.2.4). These results
evidenced that D3 is ready for further fit-for-purpose studies including pre-clinical

parameters

In the present study, the pharmacokinetic profile of tritium-labeled D3 was analyzed for
different administration routes to study its distribution in vivo and the metabolic stability in
ex vivo material. Additionally, plasma protein binding was analyzed in vitro in order to

estimate the unbound fraction of compound in plasma.

After validating suitable pre-clinical properties for D3, this lead compound was further
optimized regarding its efficacy and potency for AD therapy. Two different strategies,
rational and systematic approaches, were applied resulting in various D3 derivatives.
Those were characterized in vitro regarding their efficacy to bind AR monomers, eliminate
oligomers and AB-induced cytotoxicity. Additionally, two compounds resulting from peptide
microarrays, ANK3 and ANKG6, were analyzed in detail regarding their interaction with AR
in order to gain a better understanding of the molecular mechanism. Kinetics,
stoichiometry, epitopes and thermodynamics of complex formation were studied using
surface plasmon resonance (SPR). Thereby, the main driving forces of D3 and optimized

compounds binding to AB were identified.

Due to high prevalence of pEAB(3-42) in senile plaques of AD patients, this
posttranslationally modified AB isoform is thought to play an important role in triggering
neurodegeneration (Wirths et al. 2009). pEAB(3-42) is characterizes by increased
aggregation propensity as compared to AB(1-42) and the resulting assemblies have a

stronger cross-seeding potential for other AR isoforms (Schilling et al. 2006, D'Arrigo et al.
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2009). Therefore, the cross-reactivity of D3 and derivatives for pEAB(3-42) was further

investigated and the suitability of those compounds for pEAB-directed therapy evaluated.

Certain D3 derivatives derived from rational or systematic optimization strategies were
further tested in transgenic AD mice with respect to improvement of neurodegeneration.

An overview of investigated compounds involved in this thesis can be found in Table 1.

Table 1 Overview of D3 and its derivatives involved in this thesis. D3 yielded from phage
display (PD) and derivatives from either rational design (RD) or systematic peptide microarray (MA)
approaches. All compounds were in D-enantiomeric configuration with an amidated C-terminus, if
not other stated. Net charge was calculated at neutral pH. Certain ANK compounds contain
unnatural amino acid residues. A, phenylglycine; u, 4-fluorophenylalanine.

Compound Source Sequence Charge Comment

D3 PD rprtrlhthrnr +6

D3coon RD rprtrlhthrnr +5 D3 with free C-terminus

ch3 RD rprtrlhthrnr +5 head-to-tail cyclization of D3

cD3r RD rprtrlhthrnrr +6 ¢cD3 with additional arginine residue
D3D3 RD rprtrlhthrnrrprtrlhthrnr +11 tandem head-to-tail version of D3
DB3 MA rpitrlrthgnr +5

DB3DB3 RD rpitrlrthgnrrpitrlrthgnr +9 tandem head-to-tail version of DB3
ANKA1 MA rkrirlvyhinr +6

ANK2 MA rkrirlAyhinr +6

ANK3 MA rkrirliyhwnr +6

ANK4 MA rkrirlvyhwnr +6

ANK5 MA rkrvrlvyhkkr +8

ANK6 MA rkrirlvtkkkr +9

ANK7 MA rkrvrluthikr +7

4.1 Pre-clinical parameters of D3

The pharmacokinetic profile of tritium-labeled compound revealed high oral bioavailability
and long plasma half-lives for D3 which might be based on very high metabolic stability as
shown for the D-peptide in comparison to the L-enantiomer. Therefore, D3 exhibits all
favorable characteristics of D-peptides which were mentioned in 1.2.1. Furthermore,
constant levels of D3 in the target organ brain were detected indicating that D3 can cross

the blood brain barrier in vivo.
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Binding of D3 to human serum albumin (HSA) and a1-acid glycoprotein (AGP) was
analyzed in vitro in order to calculate the unbound fraction in plasma. HSA comprises
40 % of the total plasma proteins and AGP accounts for 1-3 % (Mandic 2012). Therefore,
the majority of human plasma proteins are covered by investigating those two proteins.
For AGP, a Kp value of 1.8 yM was determined and for HSA, the Ky was over the
detection limit of the assay which was 1.4 mM. Therefore, plasma protein binding was
mainly affected by AGP binding which was expected since it is known that acidic and
lipophilic drugs mainly bind to albumin whereas basic drugs have higher affinity to AGP
(Hage et al. 2011). Accounting AGP and HSA binding, the estimated free fraction of D3 in
plasma was calculated to be approx. 8% which is typically not considered as high protein
binding for drugs (Liu et al. 2014).

4.2 Rational optimization of D3

Due to a high content of positively charged amino acid residues, charge of D3 obviously
plays a central role in the mechanism of action. Therefore, the effect of net charge was
investigated as an optimization strategy for D3. Furthermore, the well-known tool for
peptides optimization, cyclization, was applied to D3 (1.2.2). Indeed, in vitro
investigations, i.e. affinity determination to AB(1-42), elimination efficacy of cytotoxic
oligomers and subsequent neutralization of oligomer-induced cytotoxicity, elucidated that
the efficacy of D3 can be already optimized by charge increase. Most probably, the
electrostatic driven interaction of D3 with negatively charged residues of A is enhanced
by this. Additionally, cyclization implied another optimization step with a similar degree of
optimization. By applying both modifications, D3 was successfully upgraded into the
superior compound cD3r. Furthermore, the design of multivalent compounds, e.g. bivalent
peptides, was emphasized to yield a high grade of optimization. In the study investigating
pEAB-targeting therapy, the Kp values of D3 and D3D3 to non-modified AB(1-42) were
analyzed. Here, a 16-fold increase in affinity was observed by developing the head-to-tail
tandem version. For DB3, this effect was even more pronounced. The Kp values of DB3
and DB3DB3 indicated a 75-fold improvement. Increased affinity of tandem compounds
were further linked to increased characteristics such as oligomer elimination efficacy and
subsequent rescue of cytotoxicity. Most probably, the high number of positive charged

residues results in avidity effects.

128



4.3 Systematic optimization of D3

Peptide microarrays were proven to be a powerful tool for systematic peptide optimization.
Attributed to relatively high throughput, several parameters can be investigated in parallel
(1.2.2). We have applied peptide microarrays for systematic optimization of D3 regarding
its affinity and specificity to AB(1-42) monomers using oligomers and fibrils as counter
targets. The most promising derivatives derived from this approach were the seven ANK
compounds. As compared to D3, all compounds exhibit higher hydrophobicity and were
characterized by enhanced binding affinity, oligomer elimination efficacy and
neutralization ability of AB-induced cytotoxicity. However, the net charge of the ANK
compounds ranges from +6 (as for D3) to +9. Therefore, the influence of charge and
hydrophobicity on the interaction with AR was investigated in a detailed biophysical study
involving ANK3 and ANK®6. In comparison to D3, the binding mode changed from a
homogeneous interaction with a Ky in the micromolar range to a heterogeneous one with
an additional binding mode in the nanomolar range for both compounds. The proportion of
this high affinity binding mode correlates with the hydrophobicity. Additionally, an epitope
mapping approach showed that this binding mode involves the hydrophobic C-terminus of
AB which is known to play an important role in the self-assembly process (Colvin et al.
2016, Walti et al. 2016). The AB interaction of the more hydrophobic compound ANK3 was
characterized by a high resistance to ionic strength (> 1 M) resulting in highly efficient
inhibitory function of AB aggregation under these conditions. The thermodynamic profiles
supported these findings by an increase in entropic contributions. Thus, we concluded that
D3 interacted with AB via electrostatic interactions only and the hydrophobic contributions
of ANK® interaction were too low to benefit from this. In contrast to this, electrostatic and

hydrophobic interactions were both substantially involved in the binding process of ANKS3.

4.4 pEAB-directed therapy with D3 and a derivative

Quantitative Kp determinations revealed a comparable binding affinity of D3 to AB(1-42)
and pEAB(3-42) indicating that D3 is characterized by high cross-reactivity. However, the
effect of bivalent D3 differed for both isoforms. For AB(1-42), affinity increased by
factor 16 and this effect was double for pEAB(3-42). High affinity of D3D3 to pEAR(3-42)
was confirmed by cell viability assays where it was able to completely rescue pEAB-
derived cytotoxicity in a concentration range where D3 showed no significant effects.
Thus, D3 but especially D3D3 show a high therapeutic potential for pEAB-driven

neurodegeneration.
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4.5 Correlation between in vitro and in vivo outcome

After all, high potential in vitro requires to be validated in vivo. Indeed, certain D3
derivatives were already significantly proven to be therapeutically active in transgenic AD
mice. Although various other mechanisms of action might underlay the observed potency,

the elimination of AB oligomers is one potential mechanism.

Treatment with cD3r yielded spatial cognition and memory improvement in Tg-SwDI mice
without changing AB plaque load or inflammation markers. Previously, also D3 was shown
to improve cognition, reduce AR plaque load and inflammation in APP/PS1 mice (1.2.4).
The potency of D3 and D3D3 for pEAB-induced neurodegenerative phenotype was
confirmed using the transgenic mouse model TBA2.1. Both compounds D3 and D3D3
were able to stabilize the motor coordination and reduce phenotype progression down to
non-significant levels. Thus, D3 and D3D3 were proven to be therapeutically active by
stopping pEAB-driven phenotype progression after treatment. In contrast, ANK6 which is a
highly promising candidate regarding its in vitro performance only showed a non-
significant tendency for cognitive improvement so far. However, performed in vivo studies
cannot be compared with each other regarding their outcome due to various variable
parameters. The mentioned studies differed in mouse model, age and gender of mice,
dosage, duration and application route of treatment. Thus, each compound can only be
assessed qualitatively within one study by comparing compound-treated with placebo-

treated animals.

4.6 General conclusion and perspectives

Pre-clinical results validated that D-peptides in general are characterized by favorable
characteristics and especially that D3 is a promising candidate for further evaluation.
Furthermore, detailed biophysical characterization of the interaction between optimized
compounds and their target AB(1-42) elucidated that not only charge but also
hydrophobicity is a crucial characteristic in the lead optimization process of D3.
Additionally, we gained a deeper understanding of the molecular mechanism of interaction
in comparison to the original compound D3 regarding kinetics, stoichiometry, epitopes and
thermodynamics. This information was crucial and partially associated with potency

characteristics such as AB oligomer elimination and toxicity neutralization efficacy.

130



After systematic optimization of D3 leading to highly potent ANK compounds, rational
optimization tools such as increase of charge, cyclization and multivalence can be applied
Those are readily implemented and might provide high potential to further increase the
therapeutic effect since they were already proven to be efficient for D3. For example, a
cyclic version of ANK3 might be more potent as compared to the linear one or a
heterodimer of ANK3 and ANK6 might combine the positive effects of both compounds.
Furthermore, in vivo efficacy and pre-clinical parameters of ANK compounds would be
interesting, especially for ANK3 since hydrophobicity is supposed to positively influence
ADMET properties resulting in increased chances of success in drug development (Testa
et al. 2000, Klebe 2015).
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