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Kurzfassung

Kurzfassung

Bei Protein-Fehlfaltungskrankheiten werden amyloide Strukturen als Ursache fur
das Entstehen und das Fortschreiten der Krankheit diskutiert. Bei diesen
Krankheiten handelt es sich sowohl um neuronale, also auch nichtneuronale
Erkrankungen, wie z. B. die Alzheimersche Demenz (AD) und Diabetes Typ Il.

Die Selbstaggregation von AB-Monomeren gilt als eins der Schllisselereignisse in
der Entstehung der AD. Aktuelle Forschungsergebnisse zeigen, dass A-
Oligomere zur Entstehung und dem Fortschreiten der AD fuhren. Die Inhibierung
der Bildung und/oder die Entfernung der ApB-Oligomere stellen daher
vielversprechende therapeutische Ansatze dar. Diese Ansatze wurden durch das
mittels Spiegebild-Phagendisplay selektierte D-enantiomere Peptid D3 ver-
wirklicht. D3 ist u. a. in der Lage in vitro AB-Oligomere zu eliminieren und zeigt in
verschiedenen AD Mausmodellen eine therapeutische Effektivitat.

Ziel der hier vorliegenden Arbeit war die systematische Optimierung der
Aminosauresequenz von D3 bezlglich der Bindung der D3-Derivate an ver-
schiedene AB-Spezies. AnschlieRend wurden die so selektierten D3-Derivate auf
ihre Effektivitdt AB-Oligomere zu eliminieren untersucht.

Im ersten Teil dieser Arbeit wurden ausgehend von der Aminosauresequenz des
Peptids D3 Peptide selektiert, die mit einer hdheren Affinitat an HFIP-
vorbehandeltes AR, bestehend hauptsachlich aus ApR-Monomeren, binden. Mit
Hilfe von Peptid-Mikroarrays wurden die D3-Derivate DB1 bis DBS identifiziert
und selektiert. DB3 wurde detailliert in vitro charakterisiert. Es bindet an AB-
Monomere und -Oligomere mit einer mikromolaren Affinitat. Die Aggregation von
AR wird durch DB3 inhibiert und toxische AB-Oligomere eliminiert. Des Weiteren
werden vorgebildete AB-Aggregate durch DB3 zerstort. Um den therapeutischen
Effekt von DB3 zu steigern, wurde ein Tandempeptid (DB3DB3) entworfen, das
einer C- zu N-terminalen Verknipfung von zwei einzelnen DB3-Peptiden
entspricht. Der in vitro Wirkungsgrad wurde durch diese Verdoppelung des
Peptides im Vergleich zum einfachen DB3 verstarkt. Dies wird z. B. durch eine
40 x hohere Affinitat von DB3DB3 an ApR-Monomere und -Oligomere und einer
750 x geringeren mittleren effektiven Konzentration (ECsg) der Inhibierung der
AB-Aggregation im Vergleich zu DB3 deutlich.

Zur gezielten Stabilisierung von AB-Monomeren und somit einer Inhibierung der
AB-Aggregation ist eine spezifische Bindung des therapeutischen Wirkstoffs an
AB-Monomere wichtig. Unter Verwendung von definierten AB-Spezies wurde im
zweiten Teil dieser Arbeit eine zwei-Schritt-Prozedur mit Peptid-Mikroarrays
durchgefihrt. Mit dieser Methode wurden sieben weitere D3-Derivate (ANK1 bis
ANK7), die mit einer hohen Afftinitdt und Spezifitdt an AB-Monomere binden,
selektiert und in vitro charakterisiert. Die D3-Derivate ANK1 bis ANK7 binden an
AB-Monomere mit einer submikromolaren Affinitat, inhibieren die Aggregation
von AB und eliminieren toxische AB-Oligomere ohne den Anteil von Af-
Monomeren signifikant zu reduzieren. In Folge dessen wird durch die ANK-
Peptide die AB-induzierte Zytotoxizitat auf neuronale Zellen reduziert. Die ANK-
Peptide sind in ihrer in vitro Wirkung effizienter als D3 und die DB-Peptide. ANK6
reduziert zusatzlich den Prion-&hnlichen Seeding-Mechanismus, wandelt zuvor
gebildete AB-Aggregate in amorphe, unstrukturierte Aggregate um und
verbessert die kognitiven Fahigkeiten von transgenen-APPSwDI Mausen.
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Abstract

Amyloid structures are discussed to be the cause of protein misfolding diseases.
Those neuronal and non-neuronal diseases are associated with the misfolding of
peptides or proteins and their aggregation to toxic or dysfunctional species, e. g.
Alzheimer’s disease (AD) and Typ Il diabetes.

One hallmark of AD is the aggregation of AB monomers to AR fibrils via different
intermediates. AP oligomers are discussed to be responsible for the development
and progression of AD. Promising strategies for a causal therapy of AD is to
inhibit the aggregation of AR monomers into toxic AB oligomers or to eliminate
them. This approach was realized with the D-enantiomeric peptide D3, which was
selected via mirror image phage display. D3 is able to eliminate AB oligomers in
vitro and has therapeutic effect in different AD mouse models.

Goal of this work was to systematically optimize the amino acid sequence of D3
according to the binding ability of the resulting D3 derivatives to different A
species. The hereby selected D3 derivatives were analyzed regarding their ability
to eliminate AR oligomers.

Within the first part of this work, the D-peptide D3 was optimized regarding its
binding affinity to HFIP pretreated AR, consisting mainly of AR monomers. By
using peptide microarrays, the D3 derivatives DB1 to DB5 were identified and
selected. DB3 is able to bind to monomeric and oligomeric AR with a
submicromolar affinity, inhibits the AB aggregation, eliminates AR oligomers,
reduces the AB-induced celltoxicity and disassembles preformed AB aggregates.
By generating a head-to-tail tandem peptide of DB3, termed DB3DB3, the
beneficial effects of DB3 were increased, as shown for example by a 40 fold
higher affinity to AB monomers and oligomers and a 750 fold decreased ECs, for
inhibiting AR aggregation.

In order to stabilize AR monomers and inhibit their aggregation, highly specific
binding to AB monomers can be expected to be beneficial. This was addressed in
the second part of this work. Seven D3 derivatives, termed ANK1 to ANK7 were
identified and selected by a two-step-procedure using peptide microarrays. ANK1
to ANK7 bind with submicromolar affinity to A monomers, inhibit the AR
aggregation, eliminate AR oligomers and reduce the AB-introduced celltoxicity.
Regarding all these properties, ANK1 to ANK7 are more effective than D3 and
the DB-peptides. ANKG6 is able to reduce the AB seeding potential, to convert
preformed AP aggregates into unstructured, amorphic aggregates and to
enhance cognitive abilities of tg-APPSwDI mice.
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1. Einleitung

1.1. Amyloide Fehlfaltungskrankheiten

Fir die Funktion von Proteinen ist eine korrekte dreidimensionale Struktur
essentiell. Werden Proteine fehlgefaltet und nicht durch natdrliche Proteolyse
abgebaut, kdnnen Proteinaggregate entstehen und Aggregationskrankheiten, wie
die Alzheimersche Demenz (AD), die Parkinsonkrankheit (PD), Chorea
Huntington (HD) und Amyotrophe Lateralsklerose (ALS) ausgeldst werden. Die
Ursachen, die zu pathologischen Proteinfehlfaltungen fuhren, sind bisher
ungeklart (Carrell et al., 1997).

Bisher wurden 40 amyloide Krankheiten identifiziert, darunter die in Abbildung 1
genannten neuronalen Krankheiten, aber auch nichtneuronale Erkrankungen, wie
Diabetes Typ II. Die zur Fehlfaltung neigenden Peptide und Proteine werden auf
Grund einer genetisch vererbbaren Mutation oder spontan fehlgefaltet, verlieren
so ihre physiologische Funktion oder wirken toxisch. In Folge dessen aggregieren
die Peptide und Proteine zu Ablagerungen, die als amyloide Aggregate
bezeichnet werden (Chiti et al., 2006).
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HD: intranukleére
Ablagerungen

ALS: amyloide Aggregate

Abbildung 1| Zerebrale Ablagerungen in neurodegenerativen Erkrankungen.

A) Die pathologischen Hauptmerkmale der Alzheimerschen Demenz (AD) sind amyloide Plaques,
bestehend hauptsachlich aus Amyloid-B-Peptid (weile Pfeile), und neurofibrillare Blndel, die
hyperphosphoryliertes Tau-Protein (gelbe Pfeile) enthalten. B) Zytoplasmatische Aggregate,
sogenannte Lewy-Kdrperchen, bestehend aus a-Synuclein, sind typischerweise in den Neuronen
von Parkinson-Erkrankten (PD) zu finden. C) Extrazellulare Prionen kommen in verschiedenen
Hirnarealen bei der Creutzfeld-Jakob-Krankheit (CJD) vor. D) Bei Patienten mit Amyotropher
Lateralsklerose (ALS) bestehen diese amyloiden Aggregate z. B. aus Superoxid-Dismutase 1.
E) Intrazellulare Aggregate bestehend aus Huntingtin kennzeichnen die Chorea Huntington (HD)
Pathologie. Die Struktur der Proteinaggregate (Abbildung in der Mitte) ist bei all diesen Krankheiten
sehr dhnlich und besteht aus fibrillaren Netzwerken. Abbildung nach Soto (2003).

Amyloide Aggregate besitzen eine geordnete Struktur mit cross-p-Faltblattern, an
die die Farbstoffe Kongorot und Thioflavin T binden (Puchtler et al., 1965, Levine,
1993). Cross-p-Struktur entsteht durch die Ausbildung von B-Faltblattern entlang
der Fibrillenachse (Nelson et al., 2005). Im Elektronenmikroskop sind typische
fibrillare Strukturen mit geraden, unverzweigten, etwa 10 nm breiten Fibrillen zu
erkennen (Abbildung 1, Mitte). Des Weiteren sind amyloide Aggregate besonders

resistent gegeniber proteolytischer Degradation (Soto, 2003).

Bei neurodegenerativen Erkrankungen kommt es infolge dieser fehlgefallteten

Proteine, der Ausbildung von amyloiden Aggregaten und weiteren
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pathologischen Veranderungen im Gehirn, zu Beeintrachtigungen in kognitiven
Fahigkeiten, wie z. B. bei: abstraktem Denken, erlernten Bewegungen,

Emotionen, Erinnerungen und anderen Fahigkeiten.

Amyloide Aggregate erhdhen des Weiteren die Wahrscheinlichkeit der sexuellen
Ubertragung von dem humanen Immundefizienz-Virus (HIV). Mit einer
durchschnittlichen Wahrscheinlichkeit von 0,0011 % pro Geschlechtsverkehr ist
das Risiko einer Mann-zu-Frau intravaginalen Ubertragung des HIV-1 sehr
niedrig (Gray et al., 2001). Ein Teil der prostataspezifische saure Phosphatase
(engl. Prostatic acidic phosphatase, PAP), der SEVI (engl. semen-derived
enhancer of viral infection) genannt wird, bildet in Sperma amyloide Strukturen
und steigert die sexuelle Ubertragungseffizienz (Miinch et al., 2007, Olsen et al.,
2010). Dabei erleichtert die intrinsisch positive Ladung der SEVI-Fibrillen das
Anlagern und Fusionieren von Virionen mit den Zielzellen, méglicherweise durch
Neutralisieren der negativen Ladung von Virionen und der damit verbundenen
Reduzierung der AbstoRung der Virionen mit den Zellmembranen der Zielzellen
(Roan et al., 2009). Eine praventive Strategie, um die Ubertragung von HIV-1 zu
verhindern, stellen Inhibitoren dar, welche die amyloiden Strukturen der SEVI-

Fibrillen zerstoren.

1.2. Die Alzheimersche Demenz

1.21. Epidemiologie der Alzheimerschen Demenz

Die AD ist eine neurodegenerative Erkrankung mit zunehmendem Verlust des
Kurzzeit-Gedachtnisses und anderen kognitiven Fahigkeiten, verbunden mit zum
Teil drastischen Personlichkeits- und Verhaltensanderungen (Mattson, 2004). Mit
60 bis 80 % zahlt AD, gefolgt von der vaskularen Demenz mit 15 %, zu den

haufigsten Demenzformen.

Wenige Prozent der an AD erkrankten Personen leiden an der . familidren
Alzheimerschen Demenz“ (fAD), die in der Regel bereits vor dem 65. Lebensjahr
auftritt. Es sind mehr als 150 verschiedene Mutationen bekannt, die als Ursache
fur die fAD gelten und hauptsachlich im Presenilin-1 (PS-1) Gen auf Chromosom
14 oder im Gen fir das Amyloid-Vorlaufer-Protein (APP) auf Chromosom 21

lokalisiert sind. Im Gegensatz dazu wurde 2012 eine Genmutation im APP Gen
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entdeckt, die vor kognitiven Beeintrachtigungen allgemein und AD schitzt
(Jonsson et al., 2012).

Der groRte Risikofaktor der AD ist das Lebensalter. Mehr als 95 % der AD
Erkrankungsfalle gehoren zur sporadischen AD (sAD), die ab einem Lebensalter
von 65 Jahren aufritt. Das Risiko an AD zu erkranken verdoppelt sich ab dem 65.
Lebensjahren alle finf Jahre, sodass ab einem Alter von 90 jeder Dritte erkrankt
ist (Qiu et al., 2009). Da die Lebenserwartung stetig ansteigt und die Gesellschaft
im Durchschnitt immer alter wird, gewinnt AD zunehmend an gesellschaftlicher
und wirtschaftlicher Bedeutung. Laut Prognosen wird die Anzahl an
Demenzerkrankten von Uber 36 Mio. im Jahr 2010 auf Uber 115 Mio. Erkrankte
im Jahr 2050 weltweit ansteigen (Abbildung 2). Jahrlich kommen 4,3 Mio. neue
Falle hinzu (Prince et al., 2013, Ferri et al., 2005).

120 -

100

80

60
Lander mit geringem und
mittlerem Einkommen

40

20

Lander mit hohem Einkommen

Anzahl der Demenzerkrankten weltweit
(Millionen)

2010 2020 2030 2040 2050
Jahre

Abbildung 2| Prognose der Demenzerkrankten weltweit von 2010 bis 2050.

2010 gab es etwa 36 Mio. an Demenz erkrankte Personen. Diese Zahl wird bis 2050
voraussichtlich auf Uber 115 Mio. Demenzerkrankte ansteigen. Davon kommen aktuell 58 % der
Demenzerkrankten aus Landern mit niedrigem oder mittlerem Einkommen. Dieser Anteil wird bis
2050 auf voraussichtlich 71 % ansteigen. Dies steht in Zusammenhang mit einem geringen
Bildungsstandard in diesen Landern. Abbildung nach Prince et al. (2013).

Neben dem Alter werden weitere Risikofaktoren fur die Entwicklung von AD
diskutiert, wie ungesunde Erndhrung, wenig Sport, geringe Bildung und haufige
Schadel-Traumata (Mayeux, 2003, Beydoun et al., 2014).
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Trotz intensiver Forschung (circa 106.000 verschiedene Publikationen zum
Thema AD wurden bereits verdffentlicht, Stand Pubmed Marz 2015) kann AD
erst post mortem zweifelsfrei bestimmt werden. Zu Lebzeiten wird eine
Ausschlussdiagnose mit Hilfe von neurophysiologischen Tests und bildgebenden
Verfahren, wie Computertomografie (CT) und Magnetresonanztomografie (MRT)
durchgefihrt. Genauere Diagnosemethoden, wie Positronen-Elektronen-
Tomographie (PET)-Aufnahmen von pathologischen Amyloid-B- und Tau-
Ablagerungen oder die Detektion von Biomarkern Uber das Blut oder Liquor,
befinden sich noch in der Entwicklung (lkonomovic et al., 2008, Blennow et al.,
2010, Zhang et al., 2012, Wang-Dietrich et al., 2013).

Des Weiteren existiert keine kausale Therapie, die den Krankheitsverlauf
verlangsamen oder gar stoppen kann (Shelanski et al., 2015). Auf mogliche
therapeutische Ansatze, die aktuell erforscht und/oder entwickelt werden, wird in

Kapitel 1.2.4 detailliert eingegangen.
1.2.2. Pathologie

Das klinische Krankheitsbild von AD kann durch drei pathologische Merkmale
beschrieben werden: die Abnahme des Hirnvolumens, das Auftreten von
extrazellularen Plaques und das Auftreten von intrazellularen, neurofibrillaren
Bindeln (Abbildung 3) (Nelson et al., 2012).
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A B
Gesundes Gehirn  AD Gehirn

Cerebral cortex: Cortex schrumpft
Verantwortlich fir zusammen

Sprache und
Informations-
verarbeitung

Hirnventrikel gefilit
mit CSF sind stark
vergréftert

Hippocampus:
Verarbeitung von
Kurzzeitgedachnis ins
Langzeitgedachnis

Hippocampus
stark geschrumpft

Abbildung 3| Charakteristische Merkmale der AD.

A) Schematische Darstellung eines Gehirns einer gesunden Person (links) und einer an der AD
erkrankten Person (rechts). Die Abnahme des Gehirnvolumens ist eine Folge des Schrumpfens von
Cortex und Hippocampus. Gleichzeitig vergrofern sich die Hirnventrikel. Quelle: Alzheimer
Association. B) Post mortem Aufnahmen von Immunfarbungen extrazellularer Plaques, bestehend
hauptsachlich aus Amyloid-B-Peptid, gefarbt in rot und intrazellularen neurofibrillaren Blndeln,

bestehend aus hyperphosphoriliertem Tau, gefarbt in griin. Quelle: Jakob-Roetne et al. (2009)

Durch den fortschreitenden Verlust von Nervenzellen und Synapsen,
hauptsachlich im Hippocampus und den Kortex-Regionen (Abbildung 3A), nimmt
das Hirnvolumen bei AD-Erkrankten stark ab. Diese Gehirnregionen sind
zustandig fur Lern- und Erinnerungsprozesse. Die Hirnventrikel geflllt mit

Zerebrospinalflissigkeit (CSF) sind stark vergroRert.

Neben den neurodegenerativen Prozessen kommt es zu extrazellularen
Ablagerungen von Aggregaten aus AB-Peptiden, welche in Kapitel 1.2.3 naher
beschrieben werden, und von intrazellularen Ablagerungen von neurofibrillaren
Bindeln (NFTs), bestehend aus dem Mikrotubuli-bindenden Protein Tau
(Abbildung 3B) (Jakes et al., 1991, Glenner et al., 1984, Masters et al., 1985).

Tau stabilisiert Mikrotubuli in neuronalen Axonen, wodurch die Funktion von
Mikrotubuli beim axonalen Transport und als zytoskelettales Elemente beim
Aufbau der Axone gewahrleistet wird (Cleveland et al., 1977). Die physiologische
Funktion von Tau wird durch seine Phosphorylierung gesteuert (Johnson et al.,
2004). Bei AD und frontolateralen Demenz wird Tau hyperphosphoryliert, in
Folge dessen die Bindung an Mikrotubuli inhibiert wird (Grundke-Igbal et al.,
1986, Cleveland et al., 1977). Hyperphosporiliertes Tau aggregiert zu
abnormalen Fasern (PHFs), die eine helikale Struktur aufweisen. Die PHFs

bilden in Neuronen und anderen zerebralen Zellen wiederum hoher vernetzte
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Aggregate, sogenannte neurofibrillare Blindel (NFTs). Der Krankheitsverlauf der
AD korreliert mit dem Grad der Tauopathie (Braak et al., 1991).

1.2.3.  Amyloid-B-Peptid

Bildung und Regulation von AR

Hauptbestandteil der extrazellularen Plaques ist das Amyloid-3-Peptid (AB), das
wahrend unserem gesamten Leben kontinuierlich durch enzymatische Proteolyse
vom Amyloid-Vorlaufer-Protein (engl. amyloid precourser protein, APP) generiert
wird (Abbildung 4). APP ist ein 110 bis 130 kDa grofes Typ | transmembran
Glykoprotein, mit einer membranstandigen Domane, einem extrazellularen
glykosylierten N-Terminus und einem kurzen intrazellularen C-Terminus (Zhang
et al.,, 2011). Das APP-Gen ist auf Chromosom 21 lokalisiert.

APP kann durch zwei Wege proteolytisch gespalten werden. Bei dem amyloiden
Prozessierungsweg wird APP am resultierenden N-Terminus von AB durch das
Enzym B-Sekretase geschnitten. Anschliefiend wird das resultierende Fragment
durch den y-Sekretase-Komplex am resultierenden C-Terminus prozessiert. Da
der y-Sekretase-Komplex verschiedene Schnittstellen innerhalb  der
Transmembrandomane von APP erkennt, entstehen verschiedene AB-Isoformen

mit einer Lange von 30 bis 51 Aminosauren (Abbildung 4) (Olsson et al., 2014).

Eine alternative  APP-Prozessierung, auch als der nicht-amyloide
Prozessierungsweg bekannt, erfolgt durch die a-Sekretase (De Strooper, 2010).
Die a-Sekretase verhindert die Bildung von AR, da APP innerhalb der AB-

Sequenz geschnitten wird.
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nicht-amyloider Weg amyloider Weg
sAPPS
sAPPa
extrazellularer p3 I y-Sekretase a-Sekretase [| B-Sekretase y-Sekretase AB
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Zellmembran
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Abbildung 4| APP-Prozessierung.

Die Prozessierung von APP erfolgt auf zwei Wegen. Bei dem amyloiden Weg wird APP zunachst
durch die B-Sekretase in sAPPB und ein membranstéandiges C99-Fragment gespalten und
anschlieBend durch die y-Sekretase in AB und die intrazellulare APP-Doméane (APP intracellular
domain, AICD). Bei dem nicht-amyloiden Prozessierungsweg spaltet die a-Sekretase innerhalb der
AB-Sequenz und generiert ein extrazelluldres sAPPa-Fragment und ein membranstandiges C83-
Fragment. AnschlieBend spaltet die y-Sekretase ein p3-Fragment vom C83-Fragment ab.
Abbildung nach Querfurth et al. (2010).

Monomeres AP ist ein 4,5 kDa grofles, amphipathisches Peptid mit einem
hydrophilen N-Terminus und einem hydrophoben C-Terminus. AB-Monomere
neigen zur Selbstaggregation. Als haufigste Form tritt AR im menschlichen
Gehirn mit einer Lange von 40 (AB(1-40)) und 42 Aminosauren (AB(1-42)) auf.
Obwohl der Unterschied nur aus zwei zusatzlichen C-terminalen Aminosauren
(Ala und lle) besteht, neigt AB(1-42) deutlich starker zur Selbstaggregation als
AB(1-40) und besitzt eine hdhere Toxizitat auf neuronale Zellen (Selkoe, 2001).
Neben der unterschiedlichen Prozessierung von APP flhren auch
posttranslationale Modifikationen von AB, z. B. die Bildung von Pyroglutamat bei
AB(3-x) oder die Phosphorylierung von Ser8 und Ser26, zu einem veranderten

Aggregationsverhalten von AB (Saido et al., 1995, Kumar et al., 2011).

Die physiologische Funktion von monomerem A ist nicht detailliert geklart.
Berichtet wird, dass monomeres AR eine neuroprotektive Funktion hat, als
antimikrobielles Peptide im angeborenen Immunsystem und bei der Induzierung
von proinflammatorischen Aktivititen bei einer Vielzahl von Mikroben wirkt
(Soscia et al., 2010, Giuffrida et al., 2009).

10
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AB wird u. a. durch Neprilysin, das Insulin abbauende Enzym (IDE), das
Endothelin-Konversionsenzym und Plasmin abgebaut (Eckman et al., 2005).
Neprilysin ist eine Membran-assoziierte Zink-Endopeptidase, die AB-Monomere
und -Oligomere abbaut (Kanemitsu et al, 2003). IDE, eine
Thiolmetalloendopeptidase, baut kleine Peptide, wie Insulin und monomeres AR
ab (Qiu et al., 1998).

Des Weiteren stellt sich im Blut und Gehirn ein Gleichgewicht von AR Uber die
Blut-Hirn-Schranke (engl. blood brain barrier, BBB) ein. AR wird Uber das low-
density lipoprotein receptor related protein (LRP1) durch die BBB aus dem
Gehirn transportiert und in der Leber oder Niere abgebaut. Ins Gehirn wird AB
Uber den receptor for advanced glycation endproducts (RAGE) transportiert
(Deane et al., 2009, Deane et al., 2003).

AB-Oligomere und deren pathologische Effekte

In der Literatur werden eine Vielzahl von verschiedenen synthetischen und im
menschlichen Organismus vorkommenden Ap-Aggregationsformen diskutiert,
unter anderem Protofibrillen, ringférmige Strukturen, Aggregationskeime, aus AR
bestehende diffuse Liganden (ADDLs), sowie globulare und amyloide Fibrillen
(Abbildung 5). Im Allgemeinen werden AB-Oligomere, die u. a. als Dimer,
Tetramer oder als groRRere Dodecamere (ABR*56) in vivo auftreten, flr die
Enstehung und den Krankheitsverlauf von der AD verantwortlich gemacht. Die
Konzentration von AB-Oligomeren Korreliert starker mit dem Krankheitsverlauf als
die Konzentration von AB-Fibrillen (McLean et al., 1999, Hartley et al., 1999). AB-
Fibrillen stellen eine Reservoir von ldslichen, toxischen Ap-Oligomeren dar

und/oder haben eine protektive Funktion (Haass et al., 2007).
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Lag-Phase Seeding

Lﬁslic!e AB

Monomere

4 Abnormale
R
—

Aggregate/
Kleine Oligomere Plaques

Protofibrille
o \\ Fibrille
Ringférmiges Oligomer l //

Protofibrillare Bundel
Abbildung 5| Aggregation von AR.

Losliche AB-Monomere aggregieren zu Dimeren und kleinen I6slichen Oligomeren. Im Folgenden
aggregieren AB-Oligomere zu Protofibrillen, Fibrillen und gréReren abnormalen Aggregaten. Die
Aggregationsreaktion kann unterteilt werden in eine Lag-Phase, bei der die Bildung der AB-
Oligomere als Seeds (Aggregationskeim) die zeitlimitierende Reaktion darstellt, gefolgt von einer
Seeding-Phase (beschleunigten Aggregations-Phase). Nebenprodukte stellen kleine und
ringformige Oligomere dar. Es ist bisher nicht klar, ob sie zu On- oder Off-Pathways gehoren.
Abbildung modifiziert nach Finder et al. (2007).

Die Lag-Phase der AB-Aggregation kann durch die Zugabe von vorgebildeten
AB-Aggregationskeimen, auch Seeds genannt, reduziert werden. Dies wird als
ein Prion-ahnlicher aggregationskeimgeférderter Mechanismus, auch Seeding
genannt, diskutiert (Cohen et al., 2013, Petkova et al., 2005). Die Bildung von
Seeds, welche aus AB-Oligomeren besteht, ist der limitierende Faktor und wird
durch eine Lag-Phase bei der Aggregation von AB-Monomeren zu Fibrillen
deutlich. Der Seeding-Mechanismus ist hoch spezifisch, andere amyloiden
Strukturen kénnen die Aggregation von AR nicht auslésen (O'Nuallain et al.,
2004). Nach der Lag-Phase folgt eine schnelle Wachstumsphase der Ap-
Aggregate.
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Storung des Ca?* -Haushaltes

Verdnderte Tau-Phosporylierung
Selektives Absterben

von Neuronen \

ChAT-Verlust
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AB-
Oligomere T Oxidativer Stress
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Auswirkungen auf _
Astrozyten/ Mikroglia

Insulin-Resistenz

Funktionsbeeintrdchtigung
von Synapsen

Abbildung 6| Direkter und indirekter Einfluss von AB-Oligomere auf die Pathologie von AD.

AB-Oligomere flihren zur Stérung des Ca?'-Haushaltes durch Ausbilden von Membranporen,
verandern die Tau-Phosporylierung und inhibieren somit den axionalen Transport. Durch die
Aktivierung von inflammatorischen Signalwegen werden Astrozyten und Migroglia aktiviert und
Neuronen und Synapsen sterben ab bzw. verlieren ihre Funktion (Sondag et al., 2009, White et al.,
2005). ApB-Oligomere induzieren oxidativen Stress, der zum Verlust der Aktivitat der
Cholinacetyltransferase (ChAT) fuhrt (Butterfield, 2002, Nunes-Tavares et al., 2012). Des Weiteren
haben AB-Oligomere einen Einfluss auf Insulin und den Zellzyklus (Varvel et al., 2009, Seward et
al., 2013, Zhao et al., 2008). Abbildung nach Viola et al. (2015).

Die Bildung von toxischen AB-Oligomeren fihrt zu einer Reihe von Ereignissen
auf immunologische und neuronale Funktionen (Abbildung 6). Unter anderem
wird eine inflammatorische Reaktion von Mikroglia und Astrocyten auslost.
Neuritische und neuronale Dysfunktionen fihren zum Verlust von Nervenzellen
und Synapsen (Goure et al., 2014, Itagaki et al., 1989).

Vaskuldre Veranderungen fuhren zu einer beeintrachtigten Funktion von
BlutgefalRen. Dadurch wird der Transport von Nahrstoffen zu den Neuronen
verringert und der AB-Abbau Uber die BBB aus dem Gehirn reduziert (ladecola,
2004).
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AB-Oligomere inhibieren die Langzeit-Potenzierung (LTP), verstarken Langzeit-
Depression (LTD) und reduzieren die dendritische Dornen Dichte (Shankar et al.,
2008). Zusatzlich hat das C-terminale Fragment von APP evtl. einen
beschleunigenden Effekt auf die Entstehung synaptische Dysfunktion und den

Verlust von Synapsen in der AD (Oster-Granite et al., 1996).

AB-Oligomere wirken auf den N-Methyl-D-Aspartat-Rezeptor (NMDAR) (J. J. Li,
Dolios, Wang, & Liao, 2014; S. Li et al., 2009), der indirekt durch den Transport
von Ca® in die Synapsen und die damit verbundene Aktivierung von
verschiedenen Signalwegen, fir die LTD verantwortlich ist. AB-Oligomere
aktivieren den NMDAR, wodurch die Ca®*-Aufnahme erhoht, die

Glutamataufnahme verringert und das LTD verstarkt wird.

Die toxische Wirkung von AB-Oligomeren beruht des Weiteren auch auf der
Induktion von oxidativem Stress. ApR-Oligomere interagieren mit reduzierenden
Metallen, z. B. Fe?* und Cu* und bilden H,O,. In Membrannihe werden dadurch
Lipide peroxidiert und die Bildung von 4-hyroxynonenal (4HNE) induziert. Dies ist
ein toxisches Aldehyd, das Cystein, Lysin und Histidin in Proteinen kovalent
modifiziert, z. B. Membrantransporter, Rezeptoren, GTP-bindende Proteine und
lonenkanale, und so ihre Funktion beeintrachtigt (Mattson, 2004). Des Weiteren

haben AB-Oligomere einen Einfluss auf den zellularen Energiestoffwechsel.

Es konnte gezeigt werden, das AR in die Zellmembran inkorporiert und dort
Poren bildet. Durch diese Poren kann Ca* in die Zellen diffundieren und
Apoptose ausgeldst (Lashuel et al., 2002, Quist et al., 2005, Poojari et al., 2013).

In Fachveroffentlichungen wird diskutiert, dass AB-Oligomere eine verstarkte
Tau-Phosphorylierung bewirken, wodurch der axonale Transport inhibiert wird
(Jin et al., 2011, Rhein et al., 2009).

Amyloid-B-Kaskaden-Hypothese

Die AB-Kaskaden-Hypothese besagt, dass ein Ungleichgewicht von AB-
Produktion und -Abbau zur Neurodegeneration und Demenz fluhrt (Abbildung 7)
(Blennow et al., 2006). Bei einer neueren Version der AB-Kaskaden-Hypothese

werden die kleineren, ldslichen, am starksten toxischen ApB-Oligomere als
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Ursache der AD angesehen. Ausgeldst durch einen bisher unbekannten Faktor
kommt es zu einer erhdhten extrazellularen Gesamt-AB-Bildung, einem
veranderten AB(1-40)/AB(1-42) Verhaltnis und/oder einem gestoérten Abbau von
AB (Kuperstein et al.,, 2010). Die daraus resultierende Aggregation von AP ist
eines der SchlUsselereignisse in der Entstehung der AD. Die intrazellulare
Aggregation von A flhrt zu der Bildung von verschiedenen koexistierenden AB-
Aggregationsformen (Abbildung 5). Die AB-Oligomerisierung fuhrt Gber mehrere

Zwischenereignisse zur Demenz (Jin et al., 2011).

Familidre AD Sporadische AD

Altern in Verbindung mit
genetischen (ApoE &4)
und Umweltrisikofaktoren

PN e N

Lebenslange Erhdhung der . . - Defekt von Chaperonen
Gesamt-Ap oder AB(1-42)- Erh"hF‘e':‘ffe'l?““g ZUAB- dDefefb‘:fr Beseglg‘;ﬁgfder oder Funktionen, die eine korrekte
Produktion flihrt zu einer fhrt erAri Lllg'gcelnen'tét f e:]n ) Zu VZ” .E\k: z‘ur‘ Faltung von Ap gewahrleisten, flihrt
kontinuierlichen Ap-Akkumulation | 0"t ZUr Amyloidogent ortschreitenden Ap-Akkumulation | einer erhahten Amyloidogentitat

\ Konzentration ———— g | Beeintréichtigtes LTP fiihrt zu

Erhéhte Ap-Oligomer-|
Qg einer synaptischen Dysfunktion

A4

Fortschreitende Ablagerung von
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zu diffusen amyloiden Plaques
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Veréanderte Kinase- und Phosphatase- Weitere Akkumulation von Inflammatorische Zellantwort;
Aktivitat fiihrt zur Bildung von ~ —  Ap-Aggregaten und -Fibrillen =9 oxidativer Stress '
neurofibrillaren Biindeln zu amyloiden Plaques

Neuronale und synaptische Dysfunktion,

ebenso Neurotransmitter-Defizite
\4

Kognititve Beeintrachigungen <

Abbildung 7| Schematische Ubersicht der Amyloid-B-Kaskaden-Hypothese.

Ein Ungleichgewicht zwischen AB-Produktion und -Abbau im Gehirn resultiert in einer erhdhten
Konzentration an AB-Peptid und fuhrt zur Entstehung der AD, mit neuronaler Degeneration und
Demenz im weiteren Krankheitsverlauf. Bei der fAD wurde eine erhohte Gesamt-AB- oder
AB(1-42)-Produktion festgestellt. Bei der sAD gibt es Hinweise auf einen gestorten AB-Abbau. In
fAD und sAD fluhrt eine erhdhte Neigung zur Oligomerisierung und Aggregierung von AR. Verlust
von Synapsen und der Krankheitsverlauf von AD korreliert mit der Konzentration an Ap-
Oligomeren. Als Folge der erhdhten Konzentration von AB-Oligomeren wird das LTP im
Hippocampus inhibiert, wodurch die Synapsenfunktion gestért wird. Des Weiteren wird Tau
hyperphosphoriliert und neurofibrillare Bindeln gebildet, sowie inflammatorischer und oxidativer

Stress ausgeldst. Abbildung nach Blennow et al. (2010).
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1.2.4. Therapeutische Ansatze

Palliative Therapie

In den 1980er Jahren galt ein Mangel an Acetylcholin als Ausléser fur die AD.
Aus dieser Hypothese sind die heutigen zugelassenen Medikamente Donepezil,
Rivastigmin und Galatamin entstanden, die allerdings, wie wir heute wissen, nur
die Symptome behandeln, nicht die Ursachen. Sie kdnnen den symptomatischen
Krankheitsverlauf bis zu zwei Jahre verlangsamen (Courtney et al., 2004, Bullock
et al., 2005). Memantine ist ein weiteres zugelassenes AD Medikament. Es
inhibiert die Aktivierung des NMDA-Repetors, die durch die glutaminerge
Dysfunktion ausgeldst wird und zu eine intrazelluldren Akkumulation von Ca®'-
lonen fuhrt. Zusatzlich nehmen viele AD-Patienten antipsychotische
Medikamente und Antidepressiva (Brodaty et al., 2003, Masterman, 2003).

In den letzten zwei Jahrzehnten wurden auf Basis der Amyloid-B-Kaskaden-
Hypothese und mit Hilfe von transgenen Mausmodellen einige kausal wirkende
Medikamente entwickelt, von denen aber bislang keines in allen Phasen der
klinischen Priufung erfolgreich getestet wurde. Zugrundeliegende therapeutische
Ansatze sind dabei - und y-Sekretase-Inhibitoren, Immuntherapien durch AR
Antikorper, Aggregationsmodulatoren von AB und Tau-basierte Therapien
(Abbildung 8). Andere ursachliche therapeutische Ansatze, wie eine Cholesterol-
basierte Therapie, Metallkomplexbildung mit Cu®*- und Zn*-lonen und
Inhibierung von synaptotoxischen und neurodegenerativen Effekten werden hier

nicht weiter diskutiert, sind aber auch mogliche Ansatze (Hardy et al., 2002).
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toxische AB- amyloide ?
APP AB- Oligomere Plaques ¢

Monomere . J_

Abbildung 8| Die Amyloid-Kaskaden-Hypothese und mdgliche therapeutische Ansatze.

Schematische Darstellung mdglicher therapeutischer Strategien bei der Amyloid-Vorlaufer-Protein
(APP) Prozessierung (durch B- und y-Sekretase-Inhibitoren), der Ap-Aggregation (durch
Aggregationsmodulatoren und -inhibitoren oder AB-Immuntherapie) oder der Tau-Pathologie (Tau-
basierte Therapie). Kombinationen der moglichen Therapien ist die vielversprechendste Strategie.
Abbildung modifiziert nach Mullard (2012).

Sekretase-Inhibitoren

Ein therapeutischer Ansatz ist die Reduktion der Bildung von AB durch Inhibition
der Sekretasen. Wie in Kapitel 1.2.3 gezeigt, wird AR durch die B- und y-

Sektretasen generiert.

Eine Inhibierung der y-Sekretase gestaltet sich schwierig, da die y-Sekretase
Uber 100 Substrate besitzt, u. a. das Protein Notch (De Strooper et al., 1999).
Notch ist ein Rezeptor, der bei der Entwicklung von Geweben und Embryonen
mit verantwortlich ist (Andersson et al., 2011). Die Inhibierung der y-Sekretase
muss zur Vermeindung von Off-Target Effekten deshalb sehr spezifisch fiir die
APP-Prozessierung sein (Lundkvist et al., 2007). Die klinischen Studien der y-
Sekretase-Inhibitoren Semagacestat (LY-450139) und Svagacestat (BMS-
708163) wurden abgebrochen, weil keine Verbesserung der kognitiven
Fahigkeiten erreicht wurde und es zu Off-Target-basierten Nebenwirkungen auf
Grund der Gesamtinhibierung der y-Sekretase kam. Neue Strategien fir y-
Sekretase-Inhibitoren sind nicht die aktive Domane zu blockieren, sondern die
substratandockenden Domane, die spezifisch fur APP ist (Wolfe, 2006) und die
Adenosintriphosphate (ATP)- Bindungsdomane zu blockieren. Letztere moduliert

selektiv die APP-Prozessierung (Fraering et al., 2005).
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Die Entwicklung von Sekretase-Inhibitoren verlagert sich immer mehr auf B-
Sekretase (BACE) Inhibitoren. Zwei Beispiele fir aktuell in klinischen Phasen
befindenden BACE1-Inhibitoren sind E2609 und MK-8931. MK-8931 ist ein von
Merck lizenziertes kleines Molekdl, bei dem in der Phase | bis zu 94 % Reduktion
von AB(1-40) in CSF bei einer zwei wochigen Studie beobachtet wurde (Forman
et al.). E2609 erreichte in der Phase | 46 - 80 % Reduktion von AB in CSF bei
einer Verabreichung Uber 2 Wochen. Allerdings haben Studien gezeigt, dass
auch BACE1 andere Substrate, z. B. Neuregulin 1 (NRG1), besitzt (Savonenko et
al., 2008), und BACE1-knockout-Mause Verhaltensstérungen entwickeln. Derzeit
werden weitere klinische Studien im Menschen mit BACE1-Inhibitoren

durchgefihrt.

Immuntherapie

Ein weiterer therapeutischer Ansatz zur Behandlung von AD ist die
Immuntherapie. Bei einer Immuntherapie wird durch Antikérper z. B. gegen AR
eine Immunantwort ausgeldst und AB abgebaut. Unterschieden werden hierbei

aktive und passive Immunisierungen.

Bei der aktiven Immunisierung wird AR oder Teile von AR als Immunogen
verabreicht, die Produktion von eigenen Antikérpern gegen dieses Ap-
Immunogen, dass durch die Antikérper erkannt wird, anregt und AB abgebaut
(Schenk et al, 1999). Die aktive Immunisierung ist allerdings mit Risiken
verbunden. Eine klinische Studie der Phase Il eines AB(1-42)-Vakzines wurde
auf  Grund einer mit  T-Helferzellen assoziierten, autoimmunen

Meningoenzephalitis bei 6 % der Patienten abgebrochen (Orgogozo et al., 2003).

Bei der passiven Immunisierung werden Antikdrper verabreicht, die die T-Zell-
Antwort aktivieren (Bard et al., 2000). Im Folgenden werden Medikamente der

passiven Immuntherapie vorgestellt, die sich in der klinischen Prifung befinden.

Solanezumab und Bapineuzumab sind zwei humanisierte monoklonale 1gG1
Antikorper, die gegen AB gerichtet sind. Solanezumab bindet an die mittlere
Doméane von monomerem AR (Bard et al., 2003), Bapineuzumab bindet den N-

Terminus von AB. Beide Antikdrper konnten in der klinischen Phase Il keine
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generelle klinische Verbesserung oder deutlichen Krankheitsveranderungen
zeigen (Doody et al., 2014, Salloway et al., 2014, Wisniewski et al., 2015).

BIIB37, auch bekannt unter dem Namen Aducanumab, ist ein Antikérper, der
aggregiertes AB erkennt. Aducanumab wurde durch umgekehrte translationale
Medizin (reverse translational medicine) aus gesunden, alten Spendern
gewonnen. Dieser humane Antikérper bindet an ein konformationelles Epitop von
AB und erkennt keine AB-Monomere. Bei einer klinischen Studie IB mit diesem
Antikérper konnte ein therapeutischer Effekt gegen AD beim Menschen
beobachtet werden (Sheridan, 2015)

[http://lwww.alzforum.org/therapeutics/aducanumab].

AB-Aggregations- und Abbaumodulatoren

Bei der Modulation der AB-Aggregation wird das Ziel verfolgt, die Konzentration
der pathogene AB-Oligomere oder generell AB-Aggregaten zu reduzieren. Dies
kann erfolgen durch die Inhibierung der Bildung oder durch das Entfernen von

AB-Oligomeren oder AB-Aggregaten (Knowles et al., 2014).

Einige natirliche Substanzen, zum Beispiel Kurkuma und Epigallocatechingallat
(EGCG), zeigen eine inhibierende Eigenschaft auf die AB-Aggregation (Begum et
al., 2008, Ehrnhoefer et al., 2008). Die meisten dieser Substanzen sind Farbstoff-

oder Phenolderivate und binden unspezifisch an eine Vielzahl von Biomolekdlen.

Durch die Interaktion von AR mit kleinen Molekulen, wie heterozyklische
Aminopyrazole oder Peptide, wie z. B. D3 (wird im weiteren Verlauf dieses
Kapitels detaillierter eingeleitet), werden die amyloidogenen Eigenschaften von
AB verandert (Nagel-Steger et al., 2010, Funke et al., 2010, Kirsten et al., 1997,
Rzepecki et al., 2004).

Es wurden einige kleine Peptide entwickelt, sogenannte (-Faltblattbrecher, die
auf der Selbsterkennungssequenz von AR, der mittleren hydrophoben Region
LVFF?°, basieren (Sciarretta et al., 2006). Der B-Faltblattbrecher iAB5p (Ac-
LPFFD-NH,) konnte in zwei verschiedenen transgenen AD-Mausmodellen die
AB-Plaque-Belastung und zerebralen Schadigungen reduzieren (Permanne et al.,
2002).
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Ein weiterer therapeutischer Ansatz ist, den Abbau von A zu férdern. Im Gehirn
wird AB hauptsachlich durch Neprilysin und IDE abgebaut (vgl. Kapitel 1.2.3). Die
Aktivitdt von Neprilysin und IDE nimmt wahrend des Alterns und bei der AD ab
(Wang et al., 2003, Caccamo et al., 2005). Mit Hilfe von Medikamenten kann die
Aktivitdt dieser Proteasen gesteigert und somit der Abbau von AR gefdrdert
werden (Cabrol et al., 2009).

D-Peptide

Ein Vorteil von Peptiden gegenliber Antikorpern ist ihre geringe Grof3e und damit
verbundene effizientere Bioverfigbarkeit. Besonders synthetische Peptide
besitzen eine geringere Immunogenitat als Proteine und nicht-koérpereigene
Antikérper (McGregor, 2008). Des Weiteren sind Peptide glnstiger in der
Herstellung, besitzen eine hdhere Aktivitat pro Masseneinheit, eine hdhere
Lagerungsstabilitat und zeigen eine geringe Wechselwirkung mit anderen
Medikamenten (Vlieghe et al., 2010).

Das grofte Problem von Peptiden ist allerdings eine schnelle Degradation und
mangelnde Permeabilitat Gber biologische Barrieren, wie die Blut-Hirn-Schranke.
Dies fuhrt zu kurzen in vivo Halbwertszeiten (im Allgemeinen < 30 min) und
geringen oralen Bioverfugbarkeiten (1 -2 % der verabreichten Gesamtmenge)
(Lee et al., 1989, Bocci, 1989).

Um die Proteaseresistenz von Peptiden zu steigern kdnnen die normalerweise in
L-enantiomerer Konformation vorliegenden Aminosauren teilweise oder komplett
gegen D-enantiomere Aminosauren austauscht werden (Powell et al., 1993).
Eine weitere Strategie ist das Verwenden von nicht-natirlich vorkommenden
Aminosauren. Die Bioverfligbarkeit kann durch chemische Modifikation
verbessert werden, z. B. fihrt die C-terminale Polyamidierung zu einer héheren
BBB Permeabilitat von Peptiden (Poduslo et al., 1999).

D3 (s. Tabelle 1) ist ein dodecameres, D-enantiomeres Peptid, welches durch
einen Spiegelbild-Phagendisplay mit Selektion gegen monomeres und
moglicherweise kleine oligomere AB(1-42)-Spezies identifiziert wurde (Wiesehan,
2003; Wiesehan, 2008; van Groen, 2008).
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Tabelle 1| Aminosauresequenz von D3.

Die Aminosauresequenz (Ein-Buchstaben-Code) von D3 und die chemischen Eigenschaften der
Aminosauren sind dargestellt. Gekennzeichnet wurden saure Aminosduren (D und E) in rot,
basische Aminosauren (K und R) in blau, polar, ungeladene Aminosauren (G, S, T, N, Q und C) in
griin, hydrophobe Aminosauren (A, |, L, M, V, und P) in schwarz und aromatische Aminosauren (F,
H, Y und W) in grau. Da alle Aminosauren des D3-Peptids in D-enantiomerer Konformation sind,

wurden die Buchstaben klein geschrieben.

Peptid Aminosauresequenze

D3 rprtrihthrnr

In vitro Studien haben gezeigt, dass D3 die Bildung von AB-Fibrillen inhibiert, die
zytotoxische Wirkung von AB(1-42) reduziert und AB-Aggregate mdglicherweise
in nicht-amyloide, nicht-fibrillare und nicht-toxische Aggregate umwandelt. Es
reduziert den Anteil an AB-Oligomere und verschiebt das Gleichgewicht zu
grélkeren AB-Aggregaten ohne den Anteil an AB-Monomere zu reduzieren (Funke
et al., 2010). D3 bindet an amyloide Plaques und bevorzugt an AB-Oligomere
(Bartnik et al., 2009, van Groen et al., 2009). Mit Hilfe eines in vitro Models
konnte gezeigt werden, das D3 die BBB passieren kann (Liu et al., 2009).

In silico Studien deuten darauf hin, dass D3 mit den negativ geladenen Gruppen
von A interagiert. Dadurch wird die Ladung der Oberflache von AB kompensiert.
Dies fUhrt zu einer Reduktion der Ld&slichkeit und foérdert die AB-Aggregation
(Funke et al., 2010, Olubiyi et al., 2012).

In vivo reduziert D3 die AB-Plaque-Menge und zerebrale Inflammation in
transgenen Mausen (APPSwe/PSAE9) nach Applikation direkt ins Gehirn. Durch
orale Applikation wurden die kognitiven Fahigkeiten verbessert und
neuroinflammatorische Prozesse reduziert (Funke et al., 2010, van Groen et al.,
2013, van Groen et al., 2008).

Durch rationales Wirkstoffdesign wurden weitere D3-Derivate, z. B. RD2,
entwickelt und in vitro charakterisiert (Olubiyi et al, 2014)
[http://www.alzforum.org/news/conference-coverage/d-peptides-drugs-protein-

therapy-approaching-phase-1-trials]. Ein weiteres D3-Derivat wurde durch die
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Verknupfung von D3 als molekulare Erkennungsdomane mit einem Aminopyrazol
als B-Faltblattbrecher entwickelt. Dieses D3-Derivat zeigt eine gesteigerte in vitro
Wirksamkeit im Vergleich zu D3 (Muller-Schiffmann et al., 2010).

1.3. Screeningverfahren zur Medikamentenentwicklung

Medikamente kénnen durch Screening von Datenbanken zur Identifizierung von
Bindungsliganden an ein spezielles Zielprotein entwickelt werden. Eine
Screeningmethode ist die Phagendisplay-Methode (Scott et al., 1990, Devlin et
al., 1990). Phagen exprimieren die Aminosauresequenz eines Peptids, Proteins
oder Teile von Proteinen als Fusionskonstrukt zusammen mit dem Hullprotein auf
der Phagenoberflache. Diese Aminosauresequenz ist ebenfalls im Phagengenom
inseriert (Smith et al, 1997). Bei der Phagendisplay-Methode werden
Phagenbibliotheken mit Uber 1 Mrd. verschiedenen Peptidsequenzen in Lésung
zu einem immobilisierten Zielprotein gegeben. Die Liganden bleiben bei einem
Waschschritt an dem Zielprotein gebunden, alle anderen Phagen werden durch
waschen entfernt. Nach verschiedenen Selektionsrunden wird ein Einzelphage
isoliert und die Peptidsequenz, die an das Zielprotein bindet, durch

Sequenzierung des Phagengenoms identifiziert.

Eine Abwandlung der klassischen Phagendisplay-Methode ist das Spiegelbild-
Phagendisplay. Dabei wird gegen den Spiegelbild der Ziel-Moleklle selektiert.
Ein Peptid mit der so identifizierten Aminosaure-Sequenz, in der aber alle
Aminosaure Reste D-enantiomere Aminosauren darstellen, binden dann an das
Original-Zielmolekul (Funke et al., 2009, Schumacher et al., 1996).

Eine weitere Hochdurchsatzmethode um viele Liganden-Studien gleichzeitig
durchzufihren, sind Mikroarrays. Mikroarray ist ein Oberbegriff fir eine ganze
Reihe von verschiedenen Arrayformaten und Anwendungen. Mit Hilfe von DNA-,
RNA-, Protein-, Lysat- und Peptid-Mikroarrays lassen sich ganze Genom-,
Proteom-, Transkiptom- und Metabolismusstudien durchfiihren (Schena et al.,
1995, Zhu et al., 2003, Leivonen et al., 2009, Foong et al., 2012). Der grolde
Vorteil von Mikroarrays ist die Automatisierung, Parallelisierung und
Minimalisierung von den zuvor genannten Studien, da mehrere tausend
verschiedene Liganden auf einer Oberflache immobilisiert werden, wobei jeder

Liganden einzeln in einem kleinen definierten Bereich (Spot) vorliegt. Durch ein
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Experiment kénnen somit tausende von Einzelnachweisen parallel durchgefihrt

werden.

Neben den Arrayformaten, die sich hinsichtlich des Liganden, der auf dem Array
immobilisiert ist, und der Anwendung unterscheiden, wird zusatzlich zwischen
Makro- und Mikroarrays unterschieden. Makroarrays weisen wenige Spots pro
Array auf und das Tragermaterial des Arrays besteht haufig aus einer Membran,
z. B. Cellulose. Sie besitzen typischerweise 20 Spots pro cm?, wobei ein Spot
einen Durchmesser von 2 - 3 mm hat. Mikroarrays haben eine hohe Anzahl an
Spots pro Array und als Tragermaterial dienen haufig Glasobjekttrager, wie sie in
der Mikroskopie verwendet werden. Sie besitzen 200 Spots pro cm? mit einem

Spotdurchmesser kleiner als 1 mm (Katz et al., 2011).

In Abbildung 9 ist der Aufbau von Peptid-Mikroarrays schematisch dargestellt.
Bei Peptid-Mikroarrays sind Peptide kovalent auf Objekttragern immobilisiert

(Fodor et al., 1991). Der Analyt wird in Losung auf den Objekttrager gegeben.

Es gibt verschiedene Verfahren um eine Interaktion von immobilisierten Liganden
und freien Analyten zu detektieren. Bei der markierungsbasierten Detektion wird
der Analyt direkt markiert oder Uber ein mehrstufiges Detektionssystem (z. B. mit
einem sekundaren Antikérper) nachgewiesen. Erfolgt die Detektion Uber
Fluoreszenz wird diese mit einem Laserscanner gemessen. Nachteil dieser
Detektionsmethode ist, dass moglicherweise die Bindestelle des Liganden durch
den Farbstoff blockiert wird. Dieses Problem tritt bei der markierungsfreien
Detektion nicht auf (Lokate et al., 2007).
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. . ) Laserscanner
Peptide-Mikroarray-Slide & Protein in Lésung

[ /”/i/}:

Abbildung 9| Aufbau von Peptid-Mikroarrys.

Identische Peptide werden in einem 100 um breiten Bereich kovalent an einen Standard-
Mikroskopie-Objekttrager immobilisiert. Auf einem Mikroarray-Objekttrager kénnen so tUber 1000
verschiede Peptide immobilisiert werden (links). Nach der Immobilisierung wird der Peptid-
Mikroarray-Objekttrager mit Substrat inkubiert (Mitte). Das Substrat kann mit einem Fluorochrom

markiert sein. In diesem Fall kann die Detektion mit einem Laserscanner erfolgen (rechts).

Peptid-Mikroarrays haben einen breiten Anwendungsbereich, z. B. beim Erstellen
von Enzymprofilen (Kinase- und Protease-Screening), Affinitatsprofilen
(Epitopmapping und Proteinfingerprints) und in der Diagnostik (Andresen et al.,
2006).

Viele bei einem Screening identifizierte Substanze werden nach generellen
Wirksamkeitsstudien durch rationales Wirkstoffdesign hinsichtlich ihrer Funktion
und pharmakokinetischen Eigenschaften chemisch optimiert, zum Beispiel durch
N- oder C-terminale Modifizierung um die Bioverfiigbarkeit zu steigern (Vlieghe et
al., 2010).
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2. Zielsetzung dieser Arbeit

Trotz intensivster Forschung gibt es flir die AD kein kausal wirkendes
Medikament. Als Ursache von AD wird aktuell die Bildung von toxischen Ap-
Oligomeren diskutiert. Als effektivste Behandlungsstrategie wird daher die
Inhibierung der Bildung oder die Eliminierung von AB-Oligomeren angesehen. In
vorherigen Arbeiten in unserer Arbeitsgruppe wurden mittels Spiegelbild-
Phagendisplay D-enantiomere Peptide entwickelt. D3 wurde durch die Selektion
gegen HFIP-vorbehandeltes AR, bestehend Uberwiegend aus AB-Monomeren,
identifiziert und bindet bevorzugt an AB-Oligomere. Im AD-Mausmodell zeigte D3

eine nachweisbare therapeutische Eignung.

Hauptziel dieser Arbeit war die systematische Optimierung der D3-
Aminosauresequenz bezogen auf die Bindung an verschiedene AB-Spezies. Als
Hochdurchsatzmethode sollten Peptid-Mikroarrays verwendet werden. Die
Selektion von mdglichen optimierten D3-Derivaten sollte auf Basis einer erhdhten
Affinitdt gegenuber HFIP-vorbehandeltes AR und einer erhdhten Affinitat sowie
Spezifitdt an AB-Monomere erfolgen. Dazu sollte eine Prozedur mit Peptid-

Mikroarrays etabliert werden.

Im Anschluss sollten die neu selektierten D3-Derivate durch verschiedene
biochemische und biophysikalische Methoden charakterisiert und ihre in vitro
Effektivitat mit D3 verglichen werden. Fur weitere in vitro und in vivo Studien

sollte ein vielversprechender Kandidat ausgewahlt werden.

25



Ergebnisse

3. Ergebnisse

3.1. Publizierte Ergebnisse

3.1.1. Optimization of the all-D peptide D3 for AB oligomer
eliminiation

Einzureichen bei: PlosOne

Impact Factor (2013): 3.534

Eigener Anteil: 80 %

Entwicklung und Durchfihrung der Peptid-Mikroarray-Studien, Durchfihrung des
Thioflavin T-Assay, QIAD-Assays und transmissionselektronenmikroskopischen

Aufnahmen, Schreiben des Manuskripts

26



Ergebnisse

BowWoN

w0~ oy U

10
11

12

13

14
15
16
17

18
19
20
21
22
23
24
25
26
27
28

29

Optimization of the all-D peptide D3 for AR oligomer elimination

Antonia Nicole Klein', Tamar Ziehm', Markus Tusche', Johan Buitenhuis?, Dirk Bartnik', Annett
Boeddrich®, Thomas Wiglenda®, Erich Wanker’, Susanne Aileen Funke'#, Oleksandr Brener'*,

Lothar Gremer"®, Janine Kutzsche', Dieter Willbold™>*

" Institute of Complex Systems, Structural Biochemistry (ICS-6), Research Center Jilich, 52425 Julich, Germany
? Institute of Complex Systems, Soft Matter (ICS-3), Research Center Jiilich, 52425 Julich, Germany

¥ Neuroproteomforschung und Molekulare Mechanismen Neurodegenerativer Erkrankungen, Max-Delbriick-Centrum fur Molekulare
Medizin, Berlin, Germany

* Bioanalytik, Fakultat angewandte Naturwissenschaften, Hochschule fiir angewandte Wissenschaften Coburg, 96450 Coburg
“ Institut fur Physikalische Biologie, Heinrich-Heine-Universitat Dlsseldorf, 40225 Dusseldorf, Germany

*Correspondence: d.willbold@fz-juelich.de

Abstract

The aggregation of amyloid-B (AB) is suspected to be the crucial event in Alzheimer's disease
(AD). Especially small neurotoxic oligomers of AB are thought to be responsible for the
development and progression of the disease. Therefore, their elimination is a promising

objective for a causal therapy of AD.

Starting from the well characterized D-enantiomeric peptide D3, we identified D3 derivatives,
which bind monomeric AB. The underlying hypothesis is that ligands, which bind monomeric AB,
can be expected to stabilize AR monomers within the various equilibria with Ap assemblies,
which ultimately should lead to elimination of AR oligomers. One of the hereby identified D-
peptide, called DB3, and a head-to-tail tandem of DB3, named DB3DB3, were studied in more
detail. We could show that both compounds (i) inhibit the formation of Thioflavin T-positive fibrils,
(i) bind to AB monomers with micromolar affinities, (iii) eliminate Ap oligomers, (iv) reduce AB-
induced cytotoxicity and (v) disassemble preformed AP aggregates. The beneficial effects of
DB3 were topped by the tandem peptide DB3DB3 which showed highly enhanced efficacy. Our
approach yielded A3 monomer stabilizing ligands that can now be used to investigate, whether

this is a suitable therapeutic strategy.
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Introduction

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

Intracellular neurofibrillary tangles (NFTs), consisting of hyperphosphorylated tau, 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 B- and y-
secretases results in the release of AB. Because neither the N- nor the C-terminal cleavage is
homogeneous, various species of AB are formed. The most abundant species of AB is AB(1-40),

consisting of 40 amino acids. The second most dominant species is AB(1-42) [3, 4].

According to the amyloid cascade hypothesis, the aggregation of AR is considered to be
responsible for the development and the progression of AD. Various AB aggregate species have
been described, including AB oligomers and AR protofibrils [5]. Especially the soluble, toxic AR
oligomers are thought to be responsible for damage of synaptic plasticity, formation of free
radicals, disequilibrium of intracellular calcium distribution, chronic inflammation and increased
phosphorylation of tau [6, 7]. Thus, the inhibition of AR oligomerization or the elimination of AR

oligomers are promising treatment strategies for the development of a causal therapy of AD.

We have previously selected the 12mer all-D-enantiomeric peptide D3 via mirror image phage
display [8, 9)]. In vitro, D3 binds to amyloid plaques, reduces AR aggregation to regular fibrils,
eliminates AP 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 transgenic mice is

improved after oral application [10, 15, 16].

In the present study, we screened for D3 derivatives with optimized efficiency. To allow
screening for various derivatives, we used peptide microarrays, as they allow miniaturization,
parallelization and automatization 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 AR and
characterized the five most promising candidates with respect to their ability to prevent A fibril
formation. For further optimization, the most promising D3 derivative DB3 was modified by
designing a head-to-tail tandem peptide, called DB3DB3. Both peptides were characterized in
more detail regarding their affinity to AB monomers and their efficiency to eliminate Ap

oligomers.
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Material and Methods

Peptides

AB(1-42), N-terminally biotinylated AB(1-42) and FITC-AB(1-42) were purchased from Bachem
(Heidelberg, Germany). D3 (rprtrihthrnr), DB1 (rpitrihtdrnr), DB2 (rpittlqthgnr), DB3 (rpitrirthgnr),
DB4 (rprtrirthgnr), and DB5 (rpitrlgthegr) were purchased from JPT (Berlin, Germany). DB3DB3
(rpitrirthgnrrpitrithgnr) was purchased from peptides&elephants (Potsdam, Germany). All D-
peptides consisted of D-enantiomeric amino acids, were C-terminally amidated and more than
95 % pure.

HFIP pretreatment of AB(1-42)

For monomerization AB(1-42), N-terminally biotinylated AB(1-42) and FITC-AB(1-42) were
dissolved in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) overnight to a final concentration of
1 mg/ml and aliquoted. HFIP was evaporated by vacuum concentration (Concentrator 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 peptide array, every position of the 12 amino acid residue D-peptide D3 was
replaced against all 20 naturally occurring amino acids in their D-enantiomeric conformation. The
nitrocellulose membrane spotted with these 240 different 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 uM AB(1-42) in 10 mM sodium phosphate buffer pH 7.4 for 1 h.
The potential of all 240 derivatives to 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 Scientific, 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 activity
was measured after incubation with HRP substrate (Pierce, Waltham, USA) by using a
ChemiDoc 200 detection system (Bio-Rad Laboratories, Munich, Germany) and the ImagelLab

software (Bio-Rad Laboratories, Hercules, Munich, Germany).
Pepscan

For the second generation a peptide microarray was produced by Pepscan (Lelystad,
Netherlands).
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For the Pepscan chip, the peptides were covalently coupled on glass slides in triplicate (spots
with diameter of 100 pym). Slides were incubated with 5 yM FITC-AB(1-42) in 10 mM sodium
phosphate buffer pH 7.4 for 1 h at room temperature with gentle agitation. After incubation, 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 on the slides was measured
using a FLABOO 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 pm resolution. The fluorescence was analyzed using the software AIDA Array Metrix (Raytest,
Staubenhardt, Germany). Signals were integrated for each spot (diameter 80 ym). Background
signal was detected from local dot rings width at a diameter of 150 pm and background ring
width of 30 pm and subtracted from the peptide spot signal.

Thioflavin T (ThT) Assay

20 pM AB(1-42) was mixed with 20 uM Thioflavin T (ThT) and 31 pg/ml DB3 or DB3DB3 within
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 fluorescence was measured every
15 min at Aex = 440 nm and Ae, = 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 solution without AB(1-42)
but containing the peptide.

Biolayer interferometry (BLI)

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

For Kp determinations, the binding of a dilution series of DB3 (200 uM, 100 uM, 50 uM, 25 pM,
12.5 pM, 6.25 pM, 3.125 uM) or DBDB3 (20 pM, 10 pM, 5 pM, 2.5 pM, 1.25 uM, 0.625 pM,
0.3125 pM) was detected in parallel to the ligand biosensors and reference biosensors. A

separate buffer cycle was used for double referencing. For evaluation, steady state response
4
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levels were plotted against the applied peptide concentrations and fitted according to Langmuir’s
1:1 binding model (Hill function with n = 1, OriginPro 8.5G, OriginLab, Northampton, USA).

QIAD assay

The quantitative determination of interference with AB(1-42) aggregate size distribution (QIAD)
was performed as described before [14]. In brief, 80 uM AB(1-42) was incubated in 10 mM
sodium phosphate buffer pH 7.4 for 4.5 h at 22 °C with 600 rpm agitation. AB(1-42) aggregation
was continued for additional 40 min with or without DB peptide. The hereby obtained partial size
distribution was analyzed by applying a density gradient centrifugation. 100 pl of the incubated
sample were placed on top of a gradient with 5 to 50 % iodixanol (Optiprep, Axis-shield, Oslo,
Norway) and separated at 259.000 x g for 3 h at 4 °C using an ultracentrifuge (Optima MAX-XP,
Beckman Coulter, Brea, USA). Fourteen fractions a 140 pl were taken from top to bottom. The
pellet was dissolved by adding 60 pl of 6 M guanidine hydrochloride to 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, a reversed phase high performance
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 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 absorption at 214 nm was
measured. For gquantification of the AB(1-42) amount, the area under the peak representing

AB(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 % tricine-SDS-
PAGE was performed and AB(1-42) was visualized by silver staining according to Schagger [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 incubated in a 95 % humidified atmosphere with 5 % CO; at 37 °C for 24 h.
To yield oligomeric AR, monomerized AB(1-42) was preincubated for 4.5 h in natriumphosphate
buffer at 21 °C and 600 rpm agitation. Then, DB peptide was added at different concentrations
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 uyM DB3 or half of the molar

peptide concentrations of DB3DB3. The PC12 cells were further incubated for 24 h in 95 %
5
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humidified atmosphere with 5 % CO- at 37 °C after adding the AB-peptide mixture. Cell viability
was then measured using the Cell proliferation Kit | (MTT) (Roche, Basel, Switzerland)
according to manufacturer's instruction. The absorbance of the formazan product was
determined by measuring the absorption at 570 nm after subtracting the absorption at 660 nm.
For absorption measurements, the Polarstar Optima plate reader (BMG, Offenburg, Germany)
was used. All results were normalized to 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 incubated
with and without DB peptides in different concentrations (0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50 and
100 pM for DB3 or half of the molar concentrations in case of DB3DB3) in a humidity chamber
for 23 h at 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
blocked for 2 h at room temperature with 5 % casein buffer. After washing, AB aggregate
solutions were added to the plate and incubated for 1 h at room temperature. The plate was
washed again and bound AP aggregates were detected by biotinylated 6E10/HRP-avidin
mediated immunoreaction (BioLegend, San Diego, USA) using TMB as detection reagent. Each
value was background corrected which were derived from ELISA of samples without capture
antibody and normalized to the control without peptide (0 % no inhibition, 100 % full inhibition).
Mean value and standard error were calculated from three independent experiments. ECs, was
calculated by fitting the data to a logistic dose response function.

Ap 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 preformed
aggregates were coincubated with D-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 AR 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 (S162, Plano, Wetzlar,

Germany) for 3 min, washed three times with water and negative stained with 1 % viv
6
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193  uranylacetate for 1 min. The images were acquired using a Libra 120 electron microscope
194  (Zeiss, Oberkochen, Germany) at 120 kV.

195  Statistical analysis

196  Statistical analysis was performed using the Origin 8.5 (OriginLab Cooperation, Northampton,
197  USA) software package.
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Results
Screening for optimized D3 derivatives using peptide microarrays

Previously, we identified the AR oligomer eliminating D-enantiomeric peptide D3 via mirror image
phage display [10, 16]. One possible explanation of D3's efficiency is that it binds to AB
monomers and stabilizes them within the various equilibria with AB oligomers and other AR
assemblies. In order to identify more efficient derivatives, a systematic optimization of D3
regarding its binding affinity to monomeric AB(1-42) (Figure 1) was performed using a two-step
procedure. For the first step, every position of the original peptide D3 was replaced against 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 binding
of monomeric AB(1-42) was measured according to the procedure described in the material and
method part. After washing, the amount of bound AB was determined by the Ap-specific
antibody 6E10 and a secondary detection antibody (Figure 2A). The amino acid replacements
that yielded the highest ABR binding activity, as measured by the dot staining density, were
chosen for further combinations in the second round (Figure 2B and C). In particular, the
replacements r3i, r5t, h9d, r10q, r10e, n11q and n11d were found to be of possible benefit for A
monomer binding. The residue h7 seemed to have the highest potential for further improvement,
because most replacements suggested additional benefit. h7p, h7q, h7r and h7s have been
picked as the most promising replacements for h7. Replacements of r12 were excluded because
we anticipated a minimum number of arginines in D3 to be responsible for D3's superior
pharmacokinetic properties as reported recently [20]. Interestingly, nine of the eleven

replacements were located in the C-terminal half of D3 at positions 7, 9, 10 and 11.

For the second round of optimization every possible combination of the eleven single residue
replacements r3i, r5t, h7p, h7q, h7r, h7s, h9d, r10g, h10e, n11q and n11d, were combined
yielding in 360 different peptides, which were spotted on a glass chip (Pepscan, Lelystad,
Netherlands) (Figure 2C). To compare their binding activities to monomeric AR, the peptide
microarrays were incubated with freshly dissolved monomeric FITC-AB(1-42) and fluorescence
intensities of the AB-peptide interactions were measured. Five peptides, which showed tight
binding to AR monomers as deduced from high FITC fluorescence intensities, were chosen for
further in vitro characterization (Figure 2D and Table 1). The fluorescence intensities of these D3
derivatives, termed DB1 to DBS5, were up to six times higher as compared to the fluorescence
intensity obtained with D3 (Figure 2D). As shown in Table 1, the sequences of DB1 to DB5 had
two to four amino acid residue exchanges as compared to D3.
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The influence of DB3 and DB3DB3 on AR fibril formation

To investigate the influence of DB1 to DB5 on A fibril formation, a Thioflavin T (ThT) assay was
performed. In aqueous environment the benzothiazole dye has a low fluorescence. Upon
interaction with regularly formed amyloid fibrils the fluorescence signal is greatly 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 formation
of AB can be followed in real time by measuring the ThT fluorescence [21-23].

Therefore, the inhibitory effects of the D-peptides DB1 to DB5 and the original D-peptide D3 were
investigated by ThT assays of coincubations of AB(1-42) with each of the DB peptides.
Fluorescence emission data were compared at the time point of 5 h, at which the AB(1-42)
control (without added peptide) reached its fluorescence maximum. As shown in Figure 3, D3
inhibited the AB(1-42) fibril formation by 30 %. DB3 inhibited the AB(1-42) fibril formation by
80 %, DB5 by 76 %, DB1 by 63 %, and DB2 by 49 % compared to the control with AB(1-42) only
(Figure 3). Surprisingly, DB4 had no effect on the fibril formation of AB.

Considering the results of the ThT assay, DB3 seems to be the most promising peptide
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. As the simplest divalent DB peptide, we designed a head-to-tail tandem
peptide of DB3, named DB3DB3. As shown in Figure 3, 10 uM DB3DB3 inhibited the formation
of ThT-positive aggregates equally efficient 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 D-peptides were determined for their interaction with AB(1-42) monomers using biolayer
interferometry (BLI) (Figure 4). For DB3, a K value of 75 pyM was determined, whereas for the
designed dimer peptide DB3DB3 a Ky value of 1 yM was obtained. Therefore, the binding
affinity to AB(1-42) monomers was 75-fold enhanced for the dimeric version of DB3.

AB aggregation inhibition by DB3 and DB3DB3

To confirm and further investigate the efficiency of DB3 and DB3DB3 activity on AP aggregation,
an aggregation inhibition ELISA was performed. Therefore, initially monomeric AB(1-42) was
incubated with different concentrations of DB3 or DB3DB3 and the AB(1-42) aggregates were
specifically detected via ELISA.
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DB3 inhibits AR aggregate formation with an ECsy of 6 uyM whereas DB3DB3 inhibits AR
aggregate formation with an ECs, of 8 nM (Figure 5A). Thereby, DB3DB3 is 1000-fold more
efficient in AR aggregation inhibition compared to DB3. Furthermore, the aggregation inhibition
ELISA showed that the fibrillization of AB(1-42) was almost completely inhibited at a peptide
concentration of 20 yM DB3 and 10 pM DB3DB3.

ApB aggregates disassembly ability of DB3 and DB3DB3

With an AP aggregate disassembly ELISA the effect of DB3 and DB3DB3 on preformed AR
aggregates was analyzed (Figure 5B). Preformed AB(1-42) aggregates were coincubated with
different concentrations of DB3 or DB3DB3 for 24 h. By using an AP aggregates specific ELISA,
AP aggregates were quantified. The raw data were normalized to AR aggregates without
peptide. The results of measured AB aggregates normalized to the AB control were plotted
against the peptide concentration. The ECs, was calculated by using a logistic dose response
function.

For DB3 the ECs, of the AR aggregates disassembly ability is 2.5 pM. For DB3DB3 the ECsq
could not be determined since the AR aggregates were already disassembled at very low
peptide concentrations, i.e. by adding 10 nM DB3DB3 to 400 nM AB, 80 % of AB aggregates
were disassembled compared to AB without peptides.

Elimination of AB oligomers

AP oligomers are the main toxic species and are discussed to be responsible for development
and progression of AD [7]. A promising therapeutic approach is the elimination of Ap oligomers.
In previous studies, we established an assay that determines quantitatively the A oligomer
elimination efficiency of a given substance (QIAD assay) [14]. Applying this assay, we
determined the AB(1-42) oligomer elimination efficacy of DB3 and DB3DB3 (Figure 6).

Incubation of 80 pyM monomeric AB(1-42) for 4.5 h led to the formation of a mixture of AR
monomers (fraction 1-2), oligomers (fractions 4-6), and larger aggregates (other fractions)
(Figure 6A). By adding DB3 in different concentrations, A oligomers were eliminated in a
concentration-dependent manner. By adding 40 uM DB3, AB oligomers were nearly completely
eliminated. In comparison, by adding 20 uM DB3DB3 to 80 uM AR, AB oligomers were totally
eliminated. Here, the content of A oligomers was already strongly eliminated at applying 10 yM
DB3DB3.

RP-HPLC was used to quantify the AR oligomer elimination efficiency (Figure 6B). DB3 slightly
eliminated AR oligomers at 20 pM by around 27 % compared to the AB only control. DB3DB3 at
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a concentration of 10 pM, which is half of the molar ratio of DB3, eliminated significantly the
content of AR oligomers by 82 %. The content of large coprecipitates was increased and
represented the content of AB oligomers which was eliminated. The content of monomeric AR
was not affected by DB3 and DB3DB3.

Thus, DB3 and DB3DB3 eliminate AR oligomers without affecting the monomers and shifted the
equilibrium from oligomeric AB to larger A aggregates.

Reduction of A toxicity

To analyze the influence of DB3 and DB3DB3 to AB-induced cytotoxicity an MTT assay with rat
PC12 cells was performed (Figure 7). For that, monomeric AB(1-42) was preincubated for 4.5 h
to yield AP oligomers. After additional coincubation 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.

Without added peptides, 1 pM AR reduced the cell viability to 44 % (Figure 7). In contrast,
neither DB3 (5 pM) nor DB3DB3 (5 uM) exhibt any effect on the cell viability when added to
PC12 cells, which indicate that both peptides are not toxic at the applied concentration. Addition
of DB3 in the concentration range from 0.2 to 5 pM to 1 pM preincubated AP did not significantly
increase the cell viability. However, a significant increase of cell viability was observed in the
presence of 0.1 to 2.5 yM DB3DB3 in a concentration dependent manner up to 80 % (Figure 7).
Thus, DB3DB3 was able to inhibit AB-induced cytotoxicity.

Morphology of coincubated AB

To analyze the morphology of AB co-complexes with DB3 and DB3DB3, initial monomeric AB(1-
42) was incubated with DB3 and DB3DB3 for 24 h. For 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 (

Figure 8A). Coincubation of AB with DB3 in an equal molar ratio resulted in the formation of
substantially fewer and shorter fibrils (

Figure 8B). Coincubation of Ap with DB3DB3 yielded huge amorphous coprecipitates, which did
not contain any fibrillar structures (

Figure 8C).
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Discussion

At the moment, there is no causal therapy for Alzheimer's disease (AD) available. In vitro and in
vivo studies showed, that AB oligomers play an important role in the progression of AD [7].
Therefore, elimination of these most toxic AB oligomers is obviously a promising strategy. Using
peptide microarrays, we optimized the amino acid sequence of the well characterized D-
enantiomeric AR oligomer-eliminating peptide D3. The most promising D3 derivatives, named
DB1 to DBS5, exhibit two to four different amino acids compared to D3. Except of DB4, all DB
peptides have a lower net charge than D3, due to the replacements of r3, r5 and r10 and the
introduction of negative charged amino acids. The replacement r10q at DB4 were compensated
through the replacement h7r. Additional replacements with no effect to the net charge are h7q
and n11q.

DB1 to DB5 were further investigated regarding to their inhibition efficacy of AR aggregation.
Here, DB3 was the most promising D3 derivative which inhibited the A aggregation by up to
80 %. In contrast, D3 inhibited AB aggregation by only 30 %. Considering the results of the ThT
assay, DB3 was chosen for further in vitro characterizations.

BLI analysis revealed that DB3 interacts with A monomers with a binding affinity of 75 pM. Via
ELISA it was shown that DB3 inhibits the formation of AR aggregates with an ECs; of 6 M.

The D-enantiomeric peptides D3 and DB1 to DB5 were developed for elimination of AR
oligomers. This was tested by the QIAD assay [14]. By adding DB3 to AB, DB3 reduced 28 % of
the AR oligomers. AB monomers, which are assumed to have neuroprotective functions [24],
were not affected. The reduction of oligomeric A resulted in an increase of large amorphous AR
coprecipitates. TEM images showed that these aggregates possess a higher density. Typical AR
fibrils, which are linear, unbranched and 5 to 10 nm wide [25], were not visible. Additionally, DB3
was able to disassemble preformed AR aggregates.

Because the target, AR oligomers, is a multivalent target, the divalent tandem peptide DB3DB3
was expected to be significantly more effective. Indeed DB3DB3 showed a 75-times higher
affinity for AB monomers. This increased affinity resulted in increased inhibition of A fibrillization
and increased reduction of AB-induced cytotoxicity. Also in the AB aggregation inhibition ELISA,
DB3DB3 showed an ECsp, which was 1000-fold lower as compared to 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 AR monomer content. TEM
images showed that these aggregates were not fibrillary structured.
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In summary, our in vitro data show that the D3 derivative DB3 and its tandem version DB3DB3
show highly efficient properties according to the applied experiments. Especially designing the
tandem peptide DB3DB3 resulted in a high grade of optimization compared to the original
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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Figure 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 pM initial monomeric AR(1-42) for 1 h at room

temperature. The aggregation state of this AR preparation was analyzed by density gradient centrifugation with
subsequently 16 % Tricine-SDS-PAGE. FITC-AB(1-42) was detected via FITC fluorescence and was only detectable
at the first four lanes, which represent mainly monomeric and oligomeric FITC-AR [14].
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Figure 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 A antibody 6E10 and a HRP -labeled secondary antibody. Several of
the highest dot staining density, representing the most promising single replacements, are marked in red, the original
D3 controls in blue. B) The HRP -intensity was evaluated by the staining density of the peptide dots, plotted against
the amino acid replacements. Eleven promising replacements, which showed up to 1.5 times increased binding to
monomeric AB(1-42) compared to 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.
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460  Table 1 Amino acid sequences of D3 and DB1 to DB5.

name sequence
D3 rprtrihthrnr
DB1 rpitrihtdrnr
DB2 rpittigthqnr
DB3 rpitrirthgnr
DB4 rpririrthgnr
DB5 rpitrigtheqr

461

462 All amino acids of the peptides are in p-enantiomeric conformation and their C-termini are amidated. The amino acid
463 replacements to D3 are marked in bold.

464
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Figure 3 Thioflavin T fibril formation assay. 20 yM AB(1-42) was mixed with 20 uM DB1 to DB5 or 10 uM DB3DB3
and the ThT fluorescence was monitored. AB(1-42) without peptide addition was taken as 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. Mann-Whitney-U-test was used for statistical analysis. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 4 Kp determination of DB3 and DB3DB3 to monomeric AR 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 DB3DB3
(B) are shown including equilibrium dissociation constants (Kp) as means + SD of a triplicate. For steady state
analysis Langmuir's 1:1 binding model was applied. Representative fit curves of DB3 (C) and DB3DB3 (D) are
depicted with the corresponding corrected R%.
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Figure 5 Inhibition of AP fibril formation and Ap 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 yM) and the
aggregation state of AP was analyzed using an AP aggregate specific ELISA. For DB3DB3 half of the molar
concentrations compared to DB3 were used. AR without DB3 and DB3DB3 addition was taken as control. For DB3 an
ECso of 6 uM was calculated using a logistic fit model. DB3DE3 inhibited the formation of AP fibrils more efficiently
with an ECsp of 7 nM. B) The disassembly properties of DB3 and DB3DB3 were measured using an AR 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 pM). For DB3DB3 half of the molar concentrations
compared to DB3 were used. For DB3 an ECs of 2.5 pM was determined. DB3DB3 disassembled AP aggregates
already at the lowest concentration (10 nM). Thus, ECsy could not be determined, but is lower than 10 nM. All data
were determined in triplicate. Mann-Whitney-U-test was performed for statistical analysis. * p< 0.05; ** p < 0.01; ** p
<0.001
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Figure 6 Effect of DB3 and DB3DB3 on different AP aggregation species. A) Analysis of AB(1-42) aggregation
species with density gradient centrifugation and following analysis via silver-stained tricine-SDS-PAGE in order to
analyze the influence of DB3 and DB3DB3 to the distribution of AR assemblies. B) Quantification of AB(1-42) by use of
RP-HPLC. All data consisted of triplicates.
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Figure 7 Influence of DB3 and DB3DB3 on Ap-introduced cytotoxicity. Cell viability assay was performed by
using PC12 cells in a MTT test. Therefore, AB(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 set to 100 % cell viability. The cell viability of cells treated with AR
and DB3 or DB3DB3 were compared with cells treated with Ap only. Mann-Whitney-U-test was used for statistical
analysis. * p< 0.05; ** p <0.01; *** p < 0.001.
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Figure 8 TEM of AB-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. Afterwards, the samples were absorbed on
formvallcarbon coated copper grids and negative stained with 1 % uranyl acetate. The pictures were obtained using a

transmission electron microscope (TEM). Scale bar: 0.25 pm.
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ABSTRACT: Amyloid-beta (Ap) oligomers are thought to be decisive in the development and progression of Alzheimer’s
disease (AD). Here, we selected new peptides, which bind to AB(1-42) monomers, stabilize them and shift the equilibrium
between AP monomers and AP aggregates towards monomers and non-toxic co-aggregates while eliminating toxic AP
oligomers. Starting from the AP oligomer eliminating D-enantiomeric peptide D3, we developed and applied a two-step
procedure to identify D3 derivatives with increased binding specificity for monomeric AB(1-42). The first step consisted of
a variation of each amino acid residue within D3 with all other proteinogenic amino acid residues, except cysteine, but in
their D-enantiomeric form and 13 non-proteinogenic amino acid residues resulting in a total of 384 different D3 deriva-
tives with single replacements. These 384 different D3 derivatives were then assayed for increased binding specificity to
APB(1-42) monomers. In a second step, the most promising single replacements were combined with each other and the
resulting about 1.000 combination peptides were again screened for increased AP(1-42) monomer binding specificity. We
selected seven novel D3 derivatives, named ANKi1 to ANK7, and characterized them in vitro. All of them bind to mono-
meric AP(1-42), eliminate AP(1-42) oligomers, inhibit AP(1-42) aggregation into fibrils, and reduce Ap(1-42)-induced cell
toxicity more efficiently than D3. Finally, ANK6 was chosen as the most efficiently performing D3 derivative in vitro and
characterized in more detail. ANK6 inhibits the prion-like propagation of pre-formed AP(i-42) seeds and improves
memory performance of tg-APPSwDI mice after i.p. application for 4 weeks.

no acid residues, inhibits the formation of Ap(1-42) fibrils,
eliminates AP(1-42) oligomers, and reduces the AB(1-42)-
induced cell toxicity. In vivo, D3 improves cognitive per-
formance of transgenic AD mice and reduces plaque load
and inflammation of transgenic AD mice after oral appli-

cation®™,

INTRODUCTION

Alzheimer's disease (AD) is the major type of dementia
affecting more than 36 million people worldwide’. Loss of
memory and other severe cognitive deficits are the key
symptoms of AD®. According to the modified amyloid
cascade hypothesis, the aggregation of amyloid-beta (AB)
is responsible for the development and progression of this
neurodegenerative disease’. AP is a product of the proteo-
lytic cleavage of the amyloid precursor protein (APP) by
B-secretase and y-secretase. AP aggregates from its mon-
omeric state into fibrils and various oligomeric AP spe-
cies, although to date it is not clear, whether they are on-
or off-pathway intermediates towards fibrils. Nonetheless,
oligomers are thought to be the most toxic species’. The

In this study, we present the selection and identification
of D3 derivatives, which are more efficient in their in vitro
performance compared to the original peptide Ds3.

RESULTS and DISCUSSION

Development of a two-step procedure to identify
D3 derivatives with increased binding specificity to
monomeric AP(1-42). Peptide microarrays (Pepscan,

level of cognitive defects in AD correlates with the level of
AP oligomers in the brain’. Thus, the elimination of the
oligomeric A is, from the current point of view, the most
promising objective for causal therapy of AD.

Previously, we selected the D-enantiomeric peptide D3 by
mirror image phage display®”. D3 consists of twelve ami-

Lelystad, Netherlands) were used for amino acid replace-
ment analysis and optimization of D3 with respect to spe-
cific binding to monomeric AB(1-42). By increasing the
specific binding of the D-peptide to AB monomers, we
intended to stabilize AP monomers and consequently to
shift the equilibrium away from toxic Ap oligomers to Ap
monomers. In a first step, a complete replacement set of
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Figure 1| A) Interaction of AB(1-42) monomers with immobilized D3 derivatives. Peptide microarrays with immobilized D3 deriv-
atives were incubated with monomeric, oligomeric or fibrillar FITC-AB(1-42) for 1 h at room temperature. The FITC fluorescence
intensities of the peptide to FITC-AB(1-42) interaction were measured and the signal of oligomeric and fibrillary FITC-AB(1-42)
was subtracted pro rata from the signal derived from monomeric FITC-AB(1-42) to identify specific AB(1-42) monomer binder.
High interactions between D3 derivatives and FITC-Af(1-42) monomers were colored in red. Low values, corresponding to poor
interactions, were colored in dark blue. The positions of original D3 samples on the microarray are framed. B) Layout of the sec-
ond generation peptide microarray. All promising replacements of the first generation peptide microarray were combined for a
second generation peptide microarray. Some promising replacements were not considered due to high SD of fluorescence inten-
sities of the triplicates. C) Sequences and spezific binding to AB(1-42) monomers of novel D3 derivatives. All amino acid residues
were in the D-enantiomeric conformation. D) Binding specificities of the novel D3 derivatives ANK1 to ANK7. The signal intensi-
ties of monomeric AB-peptide-interaction of the second generation microarray were set in relation to oligomeric and fibrillar Af.
A specific binding to monomeric Af binding was achieved since the quotient of the signals was above 1 (dashed lines). The origi-
nal peptide D3 is marked in yellow and the novel ANK peptides in red. The remaining peptides are presented in black.

A: trans-4-L-fluoro-proline; n: 4-fluoro-D-phenylalanine; 8: 4-benzyl-D-phenylalanine; 1: 1-naphthyl-D-alanine; x: 3,5-diiodo-D-

tyrosin; A: D-phenylglycine; p: D-homoarginine; & D-homocitrulline; o: p-homoarginine; m: B-cyclohexyl-D-alanine; o: cy-
clovaline; @: B-alanine; ¥': y-aminobutyric acid.

D3 derivatives in which each amino acid residue of D3
was successively substituted by all other proteinogenic
amino acids, except cysteine, in their D-enantiomeric con-
formation, and 13 non-proteinogenic amino acids, were
spotted on the peptide microarray (Figure 1A, Figure S1).
For peptide interaction analysis with different Ap con-
formers, the peptide microarrays were incubated with
fluorescein isothiocyanate (FITC) labelled AB(1-42) mon-
omers, oligomers and fibrils (see Methods section). Dif-
ferent FITC-AP(1-42) species were verified by density gra-
dient centrifugation (DGC) with subsequently SDS-PAGE
(Figure S2), based on a protocol published by Ward et al®.

The incubation of the peptide microarrays with differ-
ent AP(1-42) aggregation species was performed in tripli-
cate and fluorescence intensities were median-based
normalized in order to compare the triplicate. To obtain
specific binding of the D3 derivatives to AP(1-42) mono-
mers, FITC-background signal, Ap oligomer binding sig-
nal and fibril binding signal were subtracted pro rata.
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Figure 2| Sensorgrams and apparent equilibration dissociation constants (KD) of ANK-AB(1-42) interactions. KD values of D3
and ANK1 to ANK7 interactions with monomeric AB(1-42) were determined using biolayer interferometry (BLI). Biotinylated
AP(1-42) was coupled to streptavidin sensor surfaces and the peptides were used as analytes. By plotting the equilibrium re-
sponse signals of each cycle against the applied peptide concentrations overall KD values were determined. Data were fitted ac-
cording to Langmuir s 11 binding model. The sensorgrams show one representative experiment and KD values represent means
£ SD of three independent experiments. A) D3; B) ANK1; C) ANKz2; D) ANK3; E) ANK4; F) ANKs; G) ANK6; H) ANK7.

High FITC readout corresponded to a high specific bind-
ing to AP monomer binding, which is illustrated in Figure
1A. As shown in Figure 1A, the original D3 peptide inter-
acted moderately with AR monomers with a slight varia-
tion of the specific binding to AR monomers between dif-
ferent D3 spots. Replacement of D3 residues 1 to 3 did not
enhance the interaction between peptide and A mono-
mers, except for the replacement pzk. Replacement of the
original C-terminus of D3 (amino acid residues 7 to 1)
frequently resulted in enhanced AP monomer-peptide
interaction. Replacement of residues r1, r3 and 16 had no
effect on the interaction of D3 derivatives to Ap mono-
mers, whereas replacement of residues hy, t8, rio and nu
showed the greatest scope of improvement.

Selection of new D3 derivatives with increased
binding specificity to monomeric Af. For further in-
crease of AP monomer binding specificity the 13 most
promising single replacements were combined and the
resulting peptides were tested for enhanced specificity in

a second generation peptide microarray analog to the first
generation array (Figure 1B). Selection criterium for the
optimized D3 derivatives was a high specific binding to
AP monomers (Figure 1A). For D3, the specific monomeric
AP binding at the second generation array was -0.6, which
indicates that D3 did not bind specific to Af monomers.
The most promising D3 derivatives with the highest spe-
cific binding to FITC-AB(1-42) monomers were selected
for in vitro characterization and named ANKi1 to ANK7.
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Figure 3| In vitro characterization of ANK1 to ANK7. A) A Thioflavin T (ThT) assay was performed using zo uM AB(1-42), z0 pM
peptide and 10 pM ThT. The ThT fluorescence was measured at A, = 440 nm and A, = 490 nm for 48 h at 37 °C. B) Elimination
of AB(1-42) oligomers was analyzed via QIAD assay. The mean values + SD of four measurements are illustrated. C) MTT cyto-
toxicity assay for ANK1 to ANK7 in comparison to D3. ANKi to ANK7 were co incubated in three different ratios (AB(1-
42):peptide; 1:5, 11 and 1:0.2) with pre-incubated AfB(1-42) for 40 min at 21 °C and 600 rpm. Significant differences are in relation
to the AB(1-42) control (red bar) and were tested by using one way ANOVA with Bonferroni post-hoc test. D) Analysis of the
seeding potential of AB(1-42) fibrils on monomeric AB(1-42) influenced by D3 or ANKG6. 4.5 h pre-incubated AB(1-42) further in-

cubated over 24 h with and without D3 or ANK6 were used as seeds. The AB(1-42) fibril formation was monitored using ThT

Sk

fluorescence. * p < 0.05; ** p<0.01;

The identified peptides ANK1 to ANK7 and their amino
acid sequences are shown in Figure 1C. The specific bind-
ing to AR monomers was up to two times higher com-
pared to the single replacements in the first generation
microarray (Figure 1C). Additionally, the ratio of Ap mon-
omer binding to oligomer binding and fibril binding was
always above one, i.e. for ANK3 the respective ratios were
6.5 and 22, indicating an increased binding specificity to
AB(1-42) monomers (Figure 1D). In comparison, the ratios
for D3 were below one (0.8 and 0.6), indicating that D3
binds with a slightly higher affinity to Ap(1-42) oligomers
and fibrils than to AB(1-42) monomers.

ANK1 to ANK7 bind to AB monomers with in-
creased affinity. After selection of the D3 derivatives
ANKi1 to ANK7, their in vitro performance was investigat-
ed and compared to D3. First, the interaction between the
peptides and monomeric AB(1-42) was examined using
biolayer interferometry (BLI) (Figure 2). The sensorgrams
of D3 binding to monomeric AB(1-42) showed a homoge-
neous 1:1 interaction composed of a fast on-rate and off-
rate (Figure 2A). ANK1 to ANK7 exhibited a heterogene-
ous binding behavior consisting of two kinetics with a
slow final off-rate (Figure 2B-H). Nevertheless, monova-
lent steady state analyses were applied resulting in a ro-

P < 0.001; n.s. not significant.

bust determination of the overall apparent equilibration
dissociation constants (in the following named Kp). The
fitting curves of one representative experiment are shown
in Figure S3.

D3 binds to AB(1-42) monomers with a K; value of
6.5 pM under the given assay conditions (Figure 2A). The
BLI sensorgrams of the optimized D3 derivatives ANKi1 to
ANK7 were similarly shaped (Figure 2B-H) resulting in Kp
values ranging from 1.3 pM to 2.3 pM. Thus, ANK1 to
ANK7 showed 3- to 5-fold increased binding affinities to
monomeric AB(1-42) compared to the original peptide D3
and the binding mode changed from a homogeneous 1:1
interaction to a heterogeneous interaction.

ANKi1 to ANK7 inhibit AP fibril formation highly ef-
ficient. To study the influence of ANKi1 to ANK7 on the
AB(1-42) fibril formation a Thioflavin T (ThT) assay was
performed. As shown in Figure 3A, all novel D3 deriva-
tives inhibited the formation of ThT positive AB(1-42)
fibrils within 48 h. Co-incubation of AB(1-42) with ANKj,
ANK2z and ANK3 showed only 5 %, 1 %, and 4 % of the
fluorescence signal of AB(1-42) alone, indicating that
AB(1-42) fibril formation was almost completely sup-
pressed by the respective peptides. The D-peptides ANK4,
ANK6 and ANK7 significantly inhibited the AP(1-42) fibril
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formation, which is shown by a decreased ThT fluores-
cence signal to 16 %, 13 % and 21 %. ANK5 co-incubated
with AB(1-42) resulted in a ThT fluorescence signal of
53 % normalized to the control, indicating that it inhibits
fibril formation by 47 %.

ANK1 to ANK7 eliminate AP oligomers. A suitable
method to assess a compound’s efficacy to eliminate toxic
AP oligomers is the QIAD assay, an assay for the quantita-
tive determination of interference with AB(1-42) aggregate
size distribution'*. ANK1 to ANK7 were compared to each
other and to D3 according to their ability to eliminate
AB(1-42) oligomers which are located in fractions 4 to 6 of
the used density gradient. As shown in Figure 3B, ANKs,
ANK6, and ANK7 eliminated those AB(1-42) oligomers
significantly more efficient than D3: D3 eliminated the
content of AB(1-42) oligomers to 50 %, while ANK6, ANK7
and ANK5 removed 81 %, 73 % and 72 % of the AB(1-42)
oligomers, respectively. The concentration of Af mono-
mers, present in fractions 1 and 2, was affected by all test-
ed D-peptides, but not significantly (Figure S4). This find-
ing indicates that the peptides have no influence on AB
monomers, whose potential physiological effect might be
neuroprotective®. The amount of AB(1-42) in fractions 10
to 13 was increased in samples of AB(1 42) co-incubated
with D3 or ANK peptides (Figure S4). Thus, AB(1-42) oli-
gomers were precipitated and converted into high-
molecular-weight AP species.

ANK1 to ANK7 reduce the AB-induced cytotoxicity
in a concentration dependent manner. AB has a toxic
effect on neuronal cells. To study the influence of ANK
peptides on the AB-induced cytotoxicity, a cell viability
assay was performed by using MTT. Treatment of SH-
SYsY cells with pre-incubated AB(1-42) significantly re-
duced cell viability up to 55 % (Figure 3C). Co-incubation
of AB(1-42) with D3 or ANK1 to ANK7 was performed in
AB(1-42):peptide ratios of 1:5, 11 and 1.0.2. D3 did not
show any significant effects on the AB(1-42)-induced tox-
icity within all peptide ratios (Figure 3C). ANKi, ANK2
and ANK3 had the highest effect on the toxicity of Ap at
AB(1-42):peptide ratios of 1:5 and 1:1 compared to all other
tested peptides and conditions. The AB-induced cytotoxi-
city was completely rescued at these ratios for ANK2 and
ANK3. ANK4 and ANK6 increased the cell viability over
the whole tested concentration range up to 83 %. Within
this assay, the addition of ANK6 showed the highest res-
cue effect on AB(1-42) cytotoxicity when tested in a AB(1-
42):peptide ratio of 1:0.2. The peptides alone had no influ-
ence on the viability of SH-SYsY cells (Figure Ss).

These results correlate to results obtained by the QIAD
assay described above. There, the most efficiently opti-
mized D3 derivative was ANK6 as well (Figure 3B). ANK6
eliminated AB(1-42) oligomers by 81 % and, thus, most
likely, strongly reduced the AP (1-42)-induced toxicity on
SH-SYsY cells. Additionally, ANK6 binds to AB(1-42) with
a Kp value of 2.3 uM (Figure 2G) and decreases the AB(1-
42) fibril formation to 13 % (Figure 3A). Therefore, ANK6
was picked for following in vitro and in vivo characteriza-
tions.

ANK6 inhibits the prion-like propagation of pre-
formed AP seeds. AP amyloidogenesis was described in
vitro as a nucleated polymerization mechanism”". The
surface of high-molecular-weight fibrillar Af can catalyze
the generation of AP oligomers and aggregates. A catalytic
cycle lowers the kinetic barrier of the formation of AB
oligomers. The aggregation process can be characterized
by three phases: the lag phase, a fast growing phase and a
stationary phase. The lag phase is associated with the
formation of an oligomeric nucleus. The duration of the
lag phase is inverse proportional to the quantity of pre-
formed amyloid fibrils or seeds™. To investigate the abil-
ity of D3 and ANK® to inhibit the prion-like propagation
of pre-formed AP seeds, a seeding assay was performed
(Figure 3D). We examined the seeding potential of pre-
formed AP(1-42) fibrils co-incubated with D3 or ANK6 on
monomeric AB(1-42). For semiquantitative detection of
seeding-competent AP aggregates, we calculated the half-
life of the growth phase (t,.,). For AB(1-42) monomers co-
incubated with seeds, a t,;, of 0.44 h was calculated, with-
out seeds 5.18 h (Figure 3D). The generated AB(1-42) seeds
accelerated the AP aggregation. Both peptides, the origi-
nal D3 and its derivative ANK6, reduced the seeding po-
tential of AP(1-42) seeds in vitro (Figure 4D). Seeds of pre-
formed AP fibrils co-incubated with D3 shifted t,, to
2.15h, co-incubation with ANK6 shifted t,, to 3.32 h.
These results suggest that the formed co-aggregates have
reduced fibrillar or amyloidic structures, which could act
as seeds for AP fibril formation. The saturation level of
the ThT intensity within 24 h was affected by the addition
of D3 or ANK6 to AB(1-42) seeds, but not significant, sug-
gesting that the 8-fold lower concentration of ANK6
compared to freshly prepared monomeric AB(1-42) was
too low to inhibit AP aggregation (Figure S6). Therefore,
both peptides inhibit the catalytic effect of pre-formed
fibrillar structures on Af aggregation but ANK6 showed a
higher efficacy compared to D3 within this assay as well.

Figure 4| TEM images of A) initially 4.5 h aggregated AB(1-
42) without and B) co-incubated with ANK6 (molar ratio 1:1)
for further 24 h at 21 °C. Scale bars: 0.25 um

ANK6 converts AB oligomers into amorphous ag-
gregates. Previous studies showed that D3 converts AR
into amorphous aggregates”. Since ANKG6 is a derivative of
D3, we hypothesized that ANK6 has a similar effect on
APB(i-42). To investigate this, AB(1-42) was pre-incubated
for 4.5 h to enrich oligomers and co-incubated with ANK6
afterwards. Transmission electron microscope (TEM) im-
ages confirmed this hypothesis. AB(1-42) incubated for
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28.5 h contained fibrillary structures, as shown in Figure
4A. AB(1-42) co-incubated with ANK6 in the same molar
ratio resulted in the formation of amorphous AB(1-42)
aggregates (Figure 4B). These results correlate with the
observation, that ANK6 inhibits the formation of ThT
positive AP(1-42) fibrils.

In vivo study of ANK6. The therapeutic effect of ANK6
was investigated in the transgenic mouse model tg-
APPSwDI*. Two groups of tg-APPSwDI mice (see Table 1)
were treated either with saline or ANK6 (013 mg per
mouse per day, i.p., for 4 weeks using Alzet minipumps).
Their cognition was assessed using the open field, zero
maze, Morris water maze, and object recognition tests.

The open field test provides data for the assessment of
novel environment exploration and for the effects of
drugs on anxiety-related behavior of mice, which can also
be evaluated by zero maze. Changes in the behavior are
hints for hypo- or hyperactivity™**. ANK6 had no influ-
ence on the general behavior of tg-APPSwDI mice as
demonstrated by no differences in time spend in the cen-
ter or open arena between saline and ANK6 treated ani-
mals in the open field and the zero maze experiments
(Figure S7). Therefore, tg-APPSwDI mice show no chang-
es in general activity and fear upon ANK6 treatment.
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Figure 5| Object recognition test. Tg-APPSwDI mice were
treated i.p. over four weeks with a total peptide amount of
3.7 mg ANKG6 or saline as control. To investigate the cogni-
tive 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 are presented as mean
values + SEM. A two sample t-test was performed to compare
the exploration times for both objects within one group.

Reversal of cognitive deficits in tg-APPSwDI mice
treated with ANK6. After 3 weeks of treatment, a Morris
water maze was performed to study spatial learning and
memory (Figure S8)*. No significant differences in the

swimming speed were observed (15.0 = 0.6 for saline and
16.4 + 0.9 for ANK6 treated mice) and both groups
showed a significant improvement of learning during five
days of training. Therefore, no treatment effect of ANK6
could be observed within the Morris water maze due to
significant learning abilities of the control group.

Table 1| Summary of important quantities.

Group control ANK6
Infusion™ saline ANKG6 peptide
Number® n=11 n=11
Body weight [g]
before 354152 33.2146
after 31.8+29 258+3.7

[a] Intraperitoneal (i.p.) Alzet pumps, treatment with 3.696 mg / 4 weeks
[b] Number of animals per group

Furthermore, we studied the performance of both
groups in the novel object recognition test. This test bases
on the spontaneous behavior of rodents to interact more
intensively with a novel object compared to a familiar
one*®?. If a rodent interacts with a familiar object for the
same time compared to a novel object, this is a hint for a
lack of recall or loss of memory. Saline treated mice dis-
played deficits in episodic memory as demonstrated by
lacking preference for any object in this test (p = 0.75).
Surprisingly, ANK6 treated mice showed increased pref-
erence for the new object (Figure 5, p = 0.08) indicating
that ANK6 improves the cognition of tg-APPSwDI mice.
Borderline significance may be due to the short treatment
period.

No significant changes in AP plaque load in ANK6
treated tg-APPSwDI mice measureable. Tg-APPSwDI
mice are developing typical A plaques, starting at the age
of three month™. After finishing the behavior experi-
ments, mice were sacrificed and the brains were assessed
for AR plaque load (Figure Sg). Although the tg-APPSwDI
mice treated with ANK6 showed improved cognitive per-
formance and the control group did not, no significant
changes in the AP plaque load were measured.

CONCLUSION

Within this study, we successfully optimized D3 con-
cerning the affinity to monomeric AfB(1-42) by using a
two-step procedure with peptide microarrays. The novel
AP monomers-stabilizing D3 derivatives ANK1 to ANK7
bind with 3- to 5-fold higher affinity to monomeric AB
compared to D3 and inhibit A fibril formation, eliminate
AP oligomers, and reduce the AB-induced cell toxicity
more efficiently than D3. Additionally, the in more detail
studied peptide ANK6 reduces the seeding potential of AR
by converting AB fibrils into amorphous aggregates. In
vivo studies show that ANK6 improves the cognition of
tg-APPSwDI mice. Taken together, the optimized ANK
peptides are promising drug candidates for the treatment
of AD and will be further investigated in vivo.
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EXPERIMENTAL SECTION

Peptides. AP(1-42), N-terminally biotinylated Ap(1-42)
and FITC-AB(1-42) were purchased from Bachem (Heidel-
berg, Germany). The D-enantiomeric peptides D3 and
ANKi1 to ANK7 were purchased with a purity of g5 % from
peptides&elephants (Potsdam, Germany). The C-terminus
of the D-peptides was amidated.

Preparation of seedless AB(1-42) stock solutions. In
general, all AR preparations were carried out in Protein
LowBinding tubes (Eppendorf AG, Hamburg, Germany).
Lyophilized AB(1-42), N-terminally biotinylated Ap(1-42)
and FITC-AB(1-42) was dissolved in 1,1,1,3,3,3-Hexafluor-2-
propanol (HFIP) to a final concentration of 1 mg/ml over-
night at room temperature and stored at -2o0 “C until fur-
ther use. For experiments, required amounts were ali-
quoted and HFIP was evaporated using a vacuum concen-
trator (Concentrator 5301, Eppendorf, Germany) for 20
min.

Preparation of different AB(1-42) species in solu-
tion. For incubation of the peptide microarrays with dif-
ferent AP(1-42) species, the preparation of monomeric
and oligomeric FITC-AB(1-42) was carried out using size
exclusion chromatography (SEC) as described before®™. In
brief, HFIP pre-treated FITC-AP(1-42) was freshly dis-
solved in 10 mM sodium phosphate buffer pH 7.4 contain-
ing 150 mM NaCl to a concentration of 0.1 mM FITC-AB(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, Swe-
den). The separation of monomeric and oligomeric FITC-
APB(1-42) was performed with a flow rate of 0.6 ml/min
and recorded by measuring the absorption at 490 nm and
260 nm. 500 pl fractions were collected and fractions,
containing monomeric or oligomeric FITC-AB(1-42), were
pooled.

For preparation of A fibrils, FITC-AP(1-42) was dis-
solved in 10 mM sodium phosphate buffer pH 7.4 as de-
scribed above and incubated for three days at 37 °C. Gen-
erated fibrils were centrifuged by 14,000 x g and washed
three times with buffer to remove soluble monomeric and
oligomeric Ap species.

Peptide microarrays. The peptide microarray was
produced by Pepscan (Lelystad, Netherlands). Each pep-
tide was covalently coupled on glass slides in triplicate
(spots with a diameter of 100 pm).

As a pre-treatment, the slides were shortly washed with
bidest. water and 20 % ethanol. Three slides were incu-
bated with 1-5 pM monomeric, oligomeric or fibrillar
FITC-AB(1-42), respectively, in 10 mM sodium phosphate
buffer pH 7.4 for 1 hour at room temperature with gentle
agitation. After incubation, the slides were washed three
times with TBS and o.a % v/v TWEENzo (TBS-T) for 10
min and three times with water for 10 min, following by
drying with nitrogen.

The fluorescence intensity of the FITC-AB(1-42) bound
to the peptides on the slides was evaluated using a
FLA8oo fluorescence image system (Fujifilm Medical Sys-
tems USA Inc, Stamford, USA) with slide carrier employ-

ing a 473 nm laser for excitation. 5 pm resolution digital
images were generated. The fluorescence intensity was
analyzed by using the software AIDA array Metrix (Ray-
test, Staubenhardt, Germany). The integral of the fluores-
cence intensities (diameter 8o pm) was calculated. Back-
ground subtraction was carried out by local dot rings with
inflate dots of 150 pm and background ring width of 3a
pm.

To compare the different peptide microarrays, a medi-
an-based normalization was performed:

Sspot
5= median(sgy) (1}

with sg,,, fluorescence intensity of one spot and 54,
fluorescence intensity of all spots. Afterwards, the fluo-
rescence intensities were FITC corrected and the mean
value of three spots from three different slides was calcu-
lated. For predicting the optimization of the peptide-
FITC-AP(1-42) binding to monomeric FITC-AB(1-42), the
monomeric FITC-AP(1-42) signal intensities were sub-
tracted pro rata using the following formula:

specific binding to monomeric AB = $,0n0s —
0.5 * Sppig0s — 0.5 * Spy (2)

With Sp000, monomeric FITC-AB(1-42) bound to immo-
bilized peptide; sy, oligomeric FITC-AB(1-42) bound to
immobilized peptide; sg,, fibrillary FITC-AB(1-42) bound
to immobilized peptide.

The results were displayed in heatmaps generated with

MatLab (The MathWorks, Natick, USA).

The binding specificity was determined by calculating
the quotient of the binding signal of monomeric Af-
peptide-interaction to oligomeric or fibrillar AB-peptide-
interaction.

Biolayer interferometry (BLI). The equilibration dis-
sociation constants (Kp) determination of D3 and ANK1 ta
ANK7 to monomeric AB(1-42) was examined using biolay-
er interferometry (BLI) where biotinylated AP(1-42) was
immobilized to the sensor surface via biotin-streptavidin
coupling and the peptides were used as analytes in solu-
tion.

The purification and immobilization of Ap(1-42) mon-
omers was performed as described before with minor
changes™. Briefly, HFIP pre-treated N-terminally bioti-
nylated AP(1-42) was dissolved in 20 mM sodium phos-
phate buffer pH 7.2 to a final concentration of 8o pg/ml.
Monomers were purified on a Superdex 75 10/300 GL col-
umn (GE Healthcare, Uppsala, Sweden) connected to an
AKTA purifier system (GE Healthcare, Uppsala, Sweden).
Purified monomers were directly immobilized on the sen-
sor surface of Super Streptavidin biosensors (SSA) (for-
téBIO, PALL Life Science, Menlo Park, USA) using an Oc-
tet REDg6 instrument (fortéBIO, PALL Life Science,
Menlo Park, USA) to a final level of 2 nm. Ligand and ref-
erence biosensors were quenched with 2o pg/ml biotin for
7 min.

The K;, determinations of D3 and ANK1 to ANK7 to
monomeric AB(1-42) were performed in multi cycle kinet-
ics at 26 °C. Association of 0.8 uM, 1.6 pM, 3.1 pM, 6.3 pM,
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12.5 pM, 25 puM, s0 pM D3 and 0.4 pM, 0.8 pM, 1.6 pM, 3.1
uM, 6.3 pM, 12.5 pM, 25 pM ANK peptides diluted in run-
ning buffer (20 mM sodium phosphate, 50 mM sodium
chloride, pH 7.4) was recorded for 300 sec. on ligand and
reference biosensors, followed by a dissociation phase of
300 sec. After each cycle, a regeneration step using 2 M
guanidine hydrochloride for 30 sec was implemented.
After measurement, the sensorgrams were double refer-
enced using the reference biosensors and a buffer cycle.
Evaluation was performed by plotting the respective re-
sponse levels against the applied peptide concentrations.
The curves were fitted using Langmuir’s 121 binding mod-
el (Hill function with n = 1, OriginPro 8.5G, OriginLab,
Northampton, USA).

Thioflavin T (ThT) assay. The thioflavin T (ThT) assay
was performed as described before™. In brief, HFIP pre-
treated AP(1-42) was dissolved to 20 pM in 10 mM sodium
phosphate buffer pH 7.4 were mixed with 20 yM ThT and
20 pM D-peptide. The ThT fluorescence was monitored
over 48 h every 15 min at 4., = 440 nm and A, = 490 nm
in a plate reader (Polarstar Optima, BMG, Ortenberg,
Germany) at 37 °C. Each value was background corrected
(ThT fluorescence signal of solution without AB(1-42) or
with peptide only respectively).

Quantitative determination of interference with
AB(1-42) aggregate size distribution (QIAD). The
QIAD assay was performed according to Brener et al."
Briefly, after a pre-incubation of 4.5 h in 10 mM sodium
phosphate buffer pH 7.4 at 21 °C and shaking at 600 rpm,
8o pM AP(1-42) was co-incubated with 10 pM D-peptide
for 40 min at the same conditions. For separation of the
different AB(1-42) species, a density gradient centrifuga-
tion with a discontinuous gradient ranging from 5 to 50 %
iodixanol (Optiprep, Axis-shield, Oslo, Norway) was per-
formed by using an ultracentrifuge (Optima MAX-XP)
with an TLS-55 rotor (both Beckman Coulter, Brea, USA).
100 pl of the sample were loaded on the top of the gradi-
ent. After centrifugation at 259,000 x g for 3 h at 4 °C, 14 x
140 pl fractions were collected. To dissolve the pellet, rep-
resenting the 15" fraction, 60 pl 6 M guanidinium hydro-
chloride was boiled for 5 min within the centrifuge tube.
The samples were stored at -20 °C until further use.

For quantification of the content of the different AB(1-
42) species, a reverse phase high performance liquid
chromatography (RP-HPLC) was performed. 20 pl were
supplied on a Zorbax SB-300 C8 column (Agilent,
Boblingen, Germany) connected to an Agilent 1260 Infini-
ty system. 30 % v/v acetonitrile with 0.1 % (v/v) trifluoro-
acetic acid (TFA) was used as mobile phase. The column
was tempered at 8o °C and the UV absorption at 214 nm
was detected. For quantification of the AB(1-42) amount,
the area under the peak representing AB(1-42) was calcu-
lated and the molar concentration was determined using
a calibration equation.

The recovery rate R was determined by using the fol-
lowing equation:

R= cpVp+EtticnVr (3)
coVa

with ¢p the AP(1-42) concentration in the last fraction
(15"‘ fraction), ¢, the APB(1-42) concentration in fraction 1
to 14, ¢, the initial AB(1-42) concentration, V; the volume
of the fractions 1 to 14, V, the volume of the last fraction
and V, the volume of the initial sample. Total AP recovery
rate within the quantification of Ap(1-42) using RP-HPLC
was about 94 % for Ap without peptide and g2 % for Ap(1-
42) co-incubated with ANK1 to ANK7.

The elimination (E) of the oligomeric Ap(1-42) by the D-
peptides D3 and ANK1 to ANK7 were determined as fol-
lowed:

E=100-(1—Zi=scn) (4)
- rﬁ:afﬂp 4
with ¢, the AB(1-42) concentration in fraction 4 to 6 of
samples where AP was incubated with D-peptide, c,g the
APB(1-42) concentration of the control.

The results were statistically analyzed with the paired
Mann-Whitney U-test. AP(i-42) without ligand was
measured eleven times, AB(1-42) with ANKi1 to ANK7 four
times.

Tricine-SDS-PAGE. 16 % Tricine-SDS-PAGE was per-
formed according to Schagger®. In brief, all samples were
mixed with 4x Tris-tricine gel loading buffer (4% SDS
(w/v), 12% Glycerin (v/v), somMTris, 2% -
mercaptoethanol (v/v), 0.01% SERVA BlueG (w/v); pH
6.8), boiled for 5 min, and the proteins separated within a
16 % Tricine-SDS-PAGE at 100 V constantly. The ultra-low
range Color Protein marker (C6z210, Sigma-Aldrich, St.
Louis, USA) with molecular weights between 1 and 26.6
kDa was use as a size standard. For visualization, the
Chemidoc MP system (Biorad, Hercules, USA) was used.

MTT cell viability assay. The human neuroblastoma
SH-SYsY cells (Leibniz Institute DSMZ, Braunschweig,
Germany) were cultivated in DMEM medium supple-
mented with 20 % fetal bovine serum. 10.000 cells per
well were seeded on collagen-coated g6 well plates (Gib-
co, Carlsbad, USA) and incubated in a 95 % humidified
atmosphere with 5% CO, and 37 °C for 24 h. Ap(1-42) was
pre-incubated for 4.5 h in 10 mM sodium phosphate buff-
er pH 7.4 at 21 °C and 600 rpm and co-incubated with
ANK4 to ANK7 and D3 for further 40 min with the same
conditions. The SH-SYsY cells were treated with 1 pM
AP(1-42) and o, 0.2, 1, or 5 uM peptide, finally. For quanti-
tation of the cell viability, the Cell proliferation Kit I
(MTT) (Roche, Germany) was used according to manufac-
turer’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, is normalized to 100 % cell viabil-
ity. One Way ANOVA with Bonferroni post-hoc test were
used for statistical analysis.

Seeding assay. Pre-treated 200 pM AP(1-42) was incu-
bated in 10 mM sodium phosphate buffer pH 7.4 over
three days at 37 °C and 600 rpm for seed preparation. The
sample was centrifuged at 14,000 x g at 4 °C for 45 min
and the pellet resuspended in 10 mM sodium phosphate
buffer pH 7.4 and sonicated for 2 min. The concentration
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of AB(1-42) seeds according to the monomers was deter-
mined with RP-HPLC. Seeds were mixed with D3 or
ANKG6 in a molar ratio of 11 (Ap(1-42):peptide) and incu-
bated for further 24 h at 37 °C and 600 rpm. Afterwards,
seed mix, consisting of AP with or without peptide, were
sonicated again for 2 min and 3. pM of this seeds were
added to 25 pM freshly prepared monomeric AB(1-42) and
20 pM ThT (molar ratio of Ap(1-42) monomers:AB(1-42)
seeds 81). The ThT fluorescence was measured every 5
min for 24 h at 24 °C.

For evaluation of the seeding potential, curves were fit-
ted by using a 5-parametrical logistic fit model and the t,;,
value calculated. Additional, the plateau level of the ThT
signal was analyzed. For statistical analysis, a one-way
ANOVA was used. The measurements were performed in
three independent experiments.

Transmission electron microscopy (TEM). The sam-
ples from the MTT assay with AB(1-42) and ANK6 in equal
molar ratio were incubated 24 h and absorbed on
formval/carbon coated copper grids (S162, Plano, Wetzlar,
Germany) for 5 min. After three times washing with wa-
ter, the samples were negative stained with 1% (w/v) ura-
nylacetat for 1 min. Images were taken 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/M671L, Dutch E693Q and lowa D6g4N mutations
on a C57BL/6 background) mice were used. The animals
were housed at controlled environments (temperature 22
°C, humidity 50 to 60 %, and light from 07:00 am to 07:00
pm), food and water were available ad libitum. Group
sizes were decided on the basis of data from previous
studies. The experiments were conducted in accordance
with the local Institutional Animal Care and Use Commit-
tee (IACUC) guidelines.

ANK6 treatment. Tg-APPSwDI mice (1 animals per
group) were treated over four weeks with a total peptide
amount of 3.7 mg. The implantation of the Alzet mini-
pumps was performed intraperitoneal (model #1004; de-
livery rate: 0.1 pl/h; duration: 4 weeks). The Alzet mini-
pumps were filled with the appropriate solutions and im-
planted into the peritoneal cavity.

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 gen-
eral activity and anxiety. Experimenters were not in-
formed about group allocation.

First the open field test was conducted. The maze con-
sisted of an arena of 42 x 42 cm® with clear Plexiglas walls
(zo cm high). The animal was put into the arena and ob-
served for 4 min, with a camera driven tracker system,
Ethovision 8.5 (Noldus, Wageningen, The Netherlands).
The arena was subdivided into two areas, the “open” cen-
ter and the area by the walls. The system recorded the
position of the animal in the arena at 5 frames/second
and the data were analyzed regarding time spent in each
area (center vs. wall). For disinfection and to avoid olfac-

tory cues the apparatus was wiped down with chlorhexi-
dine and 70 % ethanol and allowed to air-dry.

Mext, the zero maze test was conducted. The maze con-
sisted 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 are-
na, and observed for 4 min, with a camera driven tracking
system (Ethovision 8.5, Noldus, Wageningen, The Nether-
lands). 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, with 120 cm in diameter and a see-
through round platform, 10 ¢m in diameter, located o.5
cm below the water surface was used. During day 1
through day 5 of the testing period, the mice were trained
to find a hidden platform that is kept in a constant posi-
tion throughout these 5 days. Three trials a day were per-
formed; 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 inter-trial interval was 2
min. The swimming speed, latency to find the platform,
and the path length of each animal to find the platform
was determined.

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 ob-
jects were placed on each side of the box. The mouse was
placed in the box and allowed to move freely throughout
the apparatus for a 10-minute 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
throughout the box over a 4-minute 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 also wiped down
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 with 4 %
paraformaldehyde overnight. Afterwards, it was cryopro-
tected 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 to 6)
of coronal sections (30 pm). The first series of sections
was mounted unstained; the second and third series were
immunohistochemically stained, using the Wo-2 antibody
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for human AP, according to van Groen et al.”* The other
series were stored in antifreeze at -20 °C.

Plaque loads were determined as described before®®.
In brief, the appropriate areas (dorsal hippocampus and
frontal cortex) of the brain were digitized using an Olym-
pus DP73 digital camera. To avoid changes in light, which
might affect the measurement, all images were acquired
in one session. The measurements were performed on
sections that were stained simultaneously, i.e. in the same
staining tray (n=24), to avoid differences in staining den-
sity between sections. The percentage of area covered by
the reaction product reflecting binding to Ap was meas-
ured in the hippocampus using the Image] (NIH) pro-
gram. AP plaques stained by Wo-2 antibody were counted
in the same brain area on the adjacent sections that were
stained with Congo red using digital images with overlays
of defined measurement areas. These measurements were
in triplicate per section (that had been stained simultane-
ously.
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Figure S1| Non-proteinogenic amino acids. To increase the variability of D3 derivatives, 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 Sz2| Size distribution of FITC-AB(1-42) monomers (A) and oligomers (B) after size exclusion chromatography and
additional 1 h incubation at room temperature. AR species were verified by density gradient centrifugation (DGC),

fractionated within 14 fractions, visualized by SDS-PAGE and detecting the FITC tag by fluorescence.
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Figure S3| Steady state fit curves of one representative interaction study using biolayer interferometry (BLI). Apparent
equilibration dissociation constants of peptide-Af(1-42) interactions were determined applying Langmuir’s 11 binding
model. A) D3; B) ANK1; C) ANK2; D) ANK3; E) ANK4; F) ANKs; G) ANK6; H) ANK7. Corrected Rz values represent the
goodness of the fit.
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Figure S4| Effects of ANK1 to ANK7 on AB(1-42) assemblies. 8o pM pre-incubated AB(1-42) (4.5 h at 21 °C, 600 rpm) was
co-incubated with 10 pM D3 or ANK1 to ANK7 (40 min, 21 °C, 600 rpm). Afterwards, the different AP(1-42) aggregates
were separated via density gradient centrifugation, fractionated into 15 fractions and quantified via RP-HPLC according
to their AB(1-42) content. Fractions 1 and 2 represented monomeric AB(1-42) and fractions 4 to 6 oligomeric Ap(1-42).

AP(1-42) oligomer concentrations present in fractions 4 to 6 are shown in the inlet.
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Figure Sg| Investigation of the toxicity of D3 and ANK1 to ANK7 on SH-SY5Y cells. As a control for the MTT-based
cytotoxicity assay, the influence of 5 pM D3 and 5 pM ANK1 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.
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Figure S6| Effects of ANK6 on the AP seeding potential. To examine the seeding potential, AB(1-42) fibrils were co-
incubated for 24 h with an equal molar ratio between A monomer units and D3 or ANK6. 3.1 uM of these seeds were
co-incubated with 25 pM monomeric A and AP fibril formation was monitored for 24 h using ThT fluorescence. The
ThT fluorescence decreased after reaching the saturation point, probably due to sedimentation. Thus, curves were cut

after ThT fluorescence reached the saturation point.
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Figure S7| 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 “open” 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.
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Figure S8| Morris water maze performance of non-treated 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. For experimental details,

see the experimental section. The mean values + SEM are shown. For statistical analysis, whether the mice learned

within the training, a Friedman-ANOVA was performed. Both groups significantly learned within this training interval.
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57 Figure Sg| AP plaque loads of saline- and ANK-treated tg-APPSwDI mice. After behavioral studies, the mice were

58 sacrificed and brain slices were analyzed according to the Af plaque load. For statistical analysis, a t-test was performed.
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modulates amyloid beta aggregation and toxicity.
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Abstract

Alzheimer’s disease is the most prominent type of dementia and currently no causative treatment is
availabble. According to recent studies, oligomeric species of the amyloid beta (AB) peptide appear ta
be the most toxic AR assemblies. In contrast, AR monomers may be not toxic per se and may even
have a neuroprotective role. Here we describe a competitive mirror image phage display procedure
that allowed us to identify preferentially AB4>, monomer binding and thereby stabilizing peptides,
which destabilize and thereby eliminate toxic oligomer species. One of the peptides, called Mosd1
(monomer specific d-peptide 1), was characterized in more detail. Mosd1 abolished oligomers from a
mixture of ARi.2 species, reduced ABi4. toxicity in cell culture, and restored the physiological

phenotype in neuronal cells stably transfected with human amyloid precursor protein.

Keywords: Alzheimer’s disease; amyloid beta; mirror image phage display; D-enantiomeric peptides
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Introduction

Dementia counts for more than 30 million patients worldwide. Alzheimer’s disease (AD) is the most
frequent type of dementia and therefore largely contributes to this number [1, 2]. Because age is the

most important risk factor for AD, the number of AD patients is expected to increase further.

AD is a progressive type of dementia with symptoms like memory loss, apathy, depression, anxiety
and behavioral changes as well as neuropathological hallmarks including inflammation, neuronal cell
death and loss of brain mass [2-6]. To date, AD can only be treated palliatively and symptomatically,
although with only limited success. Throughout our life time, AB is constantly produced from the

amyloid precursor protein (APP) by B- and y-secretases [7, 8].

Currently, soluble AB oligomers are assumed to be the major toxic species in AD [9-11]. A oligomers
were shown to account for neuronal atrophy already at nanomolar concentrations, induction of
synaptic dysfunction, formation of pores and thereby disturbance of cellular ion homeostasis and
inhibition of long-term potentiation, altogether leading to impaired neuronal function, reduced cognition
and a decline in memory [12-18]. The conversion between the different AR assembly states is dynamic
and reversible [13, 14, 17-22]. Recent research gave rise to the fact that AD might be a prion-like
disease with misfolded AR molecules acting as nucleation seeds and initiating aggregate formation by
recruiting additional unfolded or oligomeric AR peptides and thereby accelerating amyloid growth [23,

24).

From the current point of view, elimination of AB oligomers may be the most promising therapeutic
intervention to AD. Our approach was to select compounds, which modulate the dynamic equilibrium

of AB,.42 species towards decomposition of toxic oligomers by binding and stabilizing monomeric AB.

Phage display selection is suitable to identify small peptides, which bind to AB. The variation of phage
display using the exact mirror image of the original target is called mirror image phage display. This
method allows the identification of peptides that consist solely of D-enantiomeric amino acid residues.
[25, 26]. Such D-peptides are more protease-resistant than peptides consisting of L-enantiomeric

amino acid residues and have a prolonged half-life in the body [27-30]. Additionally, D-peptides are
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assumed to show lower immunogenicity even though immunogenicity levels may depend on the dose

and frequency of administration [27-29, 31, 32].

Previously, we have shown that the D-peptide D3, which was derived from a mirror image phage
display selection, is able to reduce the amyloid plaque load in transgenic mice and improve cognition
and reduce inflammation after oral application [33, 34]. This has proven the suitability of mirror image

phage display to identify highly active compounds that are stable enough for oral administration.

Here, we set out to repeat this successful strategy, but with an important modification to yield small,
D-enantiomeric peptides that show increased specificity for AR monomers in order to stabilize them.
Based on a previously described combination of selection and counterselection [35] we used D-
enantiomeric ABi42. monomers as bait and added APi4. oligomers and fibrils as counterselective

agents to achieve our goal.

Materials and Methods

Peptides

Mosd1 (ysyltsyhmwvr-NH,, all amino acids are D-enantiomers) with > 98 % purity was purchased from
peptides & elephants (Potsdam, Germany). N-terminally biotinylated and non-biotinylated
D-enantiomeric APi42 was purchased from JPT (Berlin, Germany), N-terminal biotinylated

L-enantiomeric ABy.42 was purchased from AnaSpec (Fremont, CA, USA) and L-enantiomeric AB1.42

was acquired from Bachem (Bubendorf, Switzerland).

Preparation of seedless AB1.42 stock solutions

Generally, all AB,.4, preparations were handled in siliconized reaction tubes with protein low binding

features (Protein LoBind tubes, Eppendorf AG, Hamburg, Germany) and prepared as seedless stock
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solutions as follows. AB.4> was dissolved in PTFE-filtered 1,1,1,3,3,3-Hexafluor-2-propancl (HFIP) and
incubated at room temperature (RT) overnight. The HFIP was evaporated in a vacuum centrifuge at
RT and additionally overnight in the open reaction tube covered with a lint-free wipe. The AB;.4; film
was dissolved in filtered HFIP to 1 mM, aliquoted, sealed with parafiim and frozen at -20 °C. Prior to

use, HFIP was evaporated.

Separation of AB+.42 species via size exclusion
chromatography (SEC)

In order to obtain monomeric and oligomeric APi.4; fractions, size exclusion gel (filtration
chromatography was executed following an optimized protocol of Johansson et al. [36]. Seedless.
ABi42 in HFIP was dried in a vacuum centrifuge and solved in elution buffer (50 mM sodium
phosphate, 150 mM NaCl, pH 7.4) to a concentration of 250 yM. After one minute vortexing, the
sample was sonicated for one minute and centrifuged for 60 seconds at 16,000 x g to precipitate
eventually undissolved remains. The supernatant was transferred in a syringe to a Superdex 75
10/300 GL column connected to an AKTA purifier FPLC chromatography system (both GE Healthcare
Europe GmbH, Freiburg, Germany). Size exclusion was executed at a flow rate of 0.6 ml per minute
and detection took place at 214 nm. The desired fractions were collected and pooled. AB1.4; oligomers.

elute at about 8 ml and AB,.4; monomers at approximately 14 ml.

Preparation of AB4.42 samples with a broad range of
different sized species

In order to gain a solution of AB;.4, which resembles several toxic and nontoxic A species over a

broad size range, 80 pM seedless AB1.4; was incubated in 10 mM sodium phosphate buffer (pH 7.4)

for 4.5 hours at RT and shaking at 600 rpm.
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Preparation of AB,.42 fibrils

In order to gain AR fibrils, seedless APy, was incubated at 80 pM in 10 mM sodium phosphate
buffer (pH 7.4) at RT for at least 24 hours with shaking at 600 rpm. To separate the fibrils from other
species, the sample was loaded onto an iodixanol density gradient as described below. Fractions.
containing fibrils and high molecular weight (HMW) aggregates (fractions 12-14) were used for further

experiments.

Density gradient centrifugation (DGC)

In order to separate differently sized AB;.4; assemblies, 100 pl of the sample were added on the top of
a discontinuous gradient of iodixanol (OptiPrep, AXIS-SHIELD, Oslo, Norway) preformed by layering
260 pl of 50 % iodixanol at the bottom of a 11 x 34 mm polyallomer centrifuge tube, overlaid by 260 pl
of 40 %, 260 pl of 30 %, 780 pl of 20 %, 260 pl of 10 % and 100 pl of 5 % iodixanol. The samples were
spun at 260,000 x g for three hours at 4 °C in an Optima MAX-XP ultracentrifuge with a TLS-55 rotor
(both Beckman Instruments, Brea, USA). After centrifugation, 14 fractions of 140 ul each were

harvested with a pipette from top to bottom.

Competitive mirror image phage display

In order to obtain specifically AB1.42 monomer binding species, a mirror image phage display with six
panning rounds was performed. To reduce binding of phages to larger AB;.4» species, Af1.42 oligomers.
and fibrils were added, starting from round two, as counter-selective agents. Phages binding to ABy.42
oligomers and fibrils were subsequently removed from the solution leading to an enrichment of

phages, which exclusively bind monomeric AR1.42.

The target peptide, SEC-derived monomeric, D-enantiomeric, N-terminally biotinylated ABi.42, was

immobilized to plates with alternating surface properties. In order to avoid selection of plastic binding

5
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phages, different plastic surfaces were used in each subsequent round of panning (Nunc 96-well
Immobilizer Streptavidin microwell plate, polystyrene (Thermo Fisher Scientific Inc., Waltham, MA,
USA), polypropylene and polycarbonate microwell plates 96-well (BioTeZ Berlin Buch GmbH, Berlin,
Germany)). According to the manufacturer, the polystyrene plates were pretreated by washing three
times with 300 pl of 1x TBS containing 0.05 % (v/v) Tween-20 per well. Additionally, in every second
round, the surface was blocked with 150 pl of 1x TBS / 0.1 % (v/v) Tween-20 / 1 % BSA (w/v) per well
with gentle shaking for one hour at RT prior to the addition of the target peptide to reduce unspecific
binding. Thus, no combination of plate surface and blocking was used twice during the six panning

rounds performed.

One-hundred microliters of a 63 nM solution of target peptide diluted in 1x TBS per well was

immobilized to the well for five minutes at RT, followed by three washing steps with 150 pl of 1x TBS.

In the first panning round 90 pl of 1x TBS were mixed with 10 pl of the Ph.D.-12 Phage Display
Peptide Library (New England Biolabs GmbH, Frankfurt/M, Germany) and added to the well for five
minutes of incubation at RT. The solution was removed and 100 pl of 10 uM biotin in 1x TBS /
0.1 % (v/iv) Tween-20 (TBS-T) were added for five minutes incubation at RT to reduce

streptavidin-binding phages. Subsequently, the well was washed four times with TBS-T.

Elution of bound phages was conducted by adding 100 pl of 0.2 M glycine-HCI (pH 2.2) for ten
minutes at RT. The solution was removed and subsequently added to a fresh reaction tube with 25 pl
of 1 M Tris-HCI (pH 9.1) in order to neutralize the solution. Twenty microliters of the solution were then
used for phage titer determination after elution (output titer). The remaining volume was used for

amplification of the eluted phages.

Determination of the output titer and phage amplification was conducted according to the distributor’s
manual. Shortly, 100 pl of phage dilutions ranging from 107 to 107 were mixed with 100 I E. coli K12
ER2738 cells at an optical density of 0.6. The mixture was plated together with 800 pl top agar per
dilution on LB/ Tet/IPTG / XGal Petri dishes (40 x 10 mm) and incubated overnight at 37 °C. The

next day, plaques were counted and the titer was determined.

For phage amplification, 20 ml E. coli K12 ER2738 cell solution were grown to an optical density of 0.1

and incubated with the remaining volume of eluted phages (105 pl) for 4.5 hours at 37 °C and
6
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160 rpm. After incubation, the culture was centrifuged for 20 minutes at 2,300 x g at 4 °C and 1 ml of
the supernatant was removed and stored at 4 °C. The remaining volume was precipitated overnight at
4 °C with 7 ml PEG-8000 / 2.5 M NaCl. Subsequently, the solution was centrifuged for 60 minutes at
3,000 x g and 4 °C whereupon the supernatant was discarded. After dissolving the pellet in 1 ml of
1x TBS, the sample was centrifuged for five minutes at 9,300 x g at 4 °C. The supernatant was mixed
with 200 pl PEG-8000 / 2.5 M NaCl, followed by 60 minutes incubation on ice and a final centrifugation
step for 20 minutes at 16,000 x g and 4 °C. The supernatant was removed and the pellet was
resuspended in 100 pl of 1x TBS. The input titer was measured analogically to the output titration with

dilutions ranging from 10 to 10”2,

While the concentration of the target peptide remained stable, D-enantiomeric AB;.s; cligomers and
high molecular weight (HMW) aggregates / fibrils without an N-terminal biotin tag were added, starting
from panning round two in increasing concentrations (round 2: 1 nM — round 3: 5 nM — round 4: 10 nM
—round 5: 50 nM — round 6: 500 nM) as explained later. AB1.4; oligomers and HMW aggregates and
fibrils were obtained from SEC and DGC, respectively, as described above. In order to obtain AB;.42
HMW aggregates and fibrils fractions 12, 13 and 14 from the DGC were combined. Due to the addition
of the competition step with AB;.4, oligomers and HMW aggregates / fibrils, the protocol was adjusted
starting from the second panning round as follows.

The amplified phages from the previous round were diluted to 1x10" phages in 60 pl of 1x TBS and
added to the well previously coated with SEC-derived, D-enantiomeric, N-terminally biotinylated AR.42
monomers. Twenty microliters of SEC-derived ABy4. oligomers and 20 pl of DGC-separated AB1.s2
HMW / fibrils, each diluted in 1x TBS to the above mentioned concentration (e.g. for the second
panning round 1 nM and 5 nM for panning round 3), were additionally added to the sample. After five
minutes of incubation at RT, the solution was removed and the procedure went on with the
aforementioned biotin competition step. The amount of washing steps increased with every panning

round (4 -6-8-10-12-15).
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Single phage amplification

Single plague forming units, each representing phages grown from one single clone, were picked from
the output titer plates from round three to six and added to 5 ml of a E. coli K12 ER2738 culture at an
optical density of 0.1 grown in LB/ tetracycline medium and were then amplified for 4.5 h hours at
37 °C at 160 rpm. Cultures were centrifuged for 20 minutes at 3,000 x g and 4 °C and the supernatant
was removed. Two milliliters were used for DNA extraction and kept at 4 °C until usage, one milliliter
was aliquoted for single phage ELISA and 0.5 ml were mixed with 0.5 ml 80 % sterile glycerin as

backup and stored at -80 °C.

Single phage ELISA

The specificity and affinity of single phage clones towards the target peptide and the counterselective
agents AR.4; oligomers and HMW aggregates / fibrils was analyzed by ELISA.

320 nM of SEC-derived N-terminally biotinylated D-ABi.4, monomers or 320 nM SEC-derived
N-terminally biotinylated D-AB;.4, oligomers mixed with DGC-derived N-terminally biotinylated AB;.42
HMW aggregates / fibrils were immobilized in duplicates for each single phage clone. Therefore, the
total amount of AR, in each well was 150 ng. Amplified single phage clones from panning rounds.
three to six were analyzed. Additionally, the different species were immobilized to two wells each in
order to check the immobilization efficiency by the AR-specific antibody 6E10 (Beta Amyloid 1-16
(6E10) monoclonal antibody, BioLegend, Dedham, MA, USA). Also tested were non-coated wells for
each phage. Additionally, buffer was analyzed as control for cross reactivity of the anti M13:HRP

conjugated antibody to the well surface and the immobilized target in duplicate.

The microtiter plates (Nunc 96-well Immobilizer Streptavidin microwell plate, Thermo Fisher Scientific:
Inc., Waltham, MA, USA) were pretreated as recommended by the manufacturer. The aforementioned
AP1.42 species were diluted in 1x TBS to 320 nM each and 100 pl per well were incubated for
15 minutes at RT with gentle shaking. After washing the wells twice with 150 pl of 1x TBS and
blocking for one hour at RT with 1 % (w/v) BSA in TBS-T, the plates were washed again three times

with 150 pl of TBS-T. During the blocking step, the amplified phages and the buffer control (LB
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medium) were mixed with 1 % (w/v) BSA in TBS-T in a ratio of 1:1 and incubated on a shaker at RT
for 20 minutes. Afterwards 100 ul of the phage suspensions, the buffer control and the first antibody
solution (6E10 1:1,000 in TBS-T) were given to the wells for one hour with gentle shaking at RT. After
washing the plates for five times with 150 pl of TBS-T, 200 pl of TBS-T were added to each well and
the plates were incubated at RT for another hour.

The supernatant was removed and 100 pl of the antibody dilutions were added to the adequate wells.
for one hour at RT (mouse anti bacteriophage M13 major coat protein (p8) HRP conjugated, GE
Healthcare Europe GmbH, Freiburg, Germany and goat anti mouse IgG (H+L) HRP conjugated,
Thermo Fisher Scientific Inc., Rockford, IL, USA, respectively). The anti-M13 antibody was diluted
1:5,000 in TBS-T and the goat anti mouse IgG antibody was diluted 1:1,000 in the same buffer.
Subsequently, the plates were washed ten times with 150 pl of TBS-T and detection was conducted
by measuring the conversion of the substrate 3,3',5,5'-tetramethylbenzidine (TMB) by HRP
accompanied with a color change. Therefore, 50 pl of a TMB solution (one pill TMB was dissolved in
1 ml DMSO and diluted with 9 ml sterile filtered 0.05 M phosphate citrate buffer) was added to each
well and color change was stopped by adding 50 pl of 2 M H,SO,4 when the solution in the wells
started getting turquoise. The absorption at 4560 nm was measured in a microplate reader. After
subtraction of the buffer control, the absorption at 450 nmfor the wells coated with AR, oligomers.
and fibrils were normalized to the AB;.4> content of the AB,.4>» monomer-coated wells as determined by

6E10.

DNA extraction for sequencing

The single stranded phage DNA was purified as described in the NEB phage display manual
(Instruction manual, version 2.7) with the exception that the iodide buffer was exchanged by a 10:1
mixture of 3 M sodium acetate (pH 5.2) and TE buffer. Sequencing was conducted by GATC Biotech

AG (Konstanz, Germany).
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Transmission electron microscopy (TEM)

In order to analyze which AR, species have formed after incubation with the peptide Mosd1, TEM
images were taken. Ten micromolar seedless AB;.4> was incubated with or without 10 pM Mosd1 for
24 hours at RT. Twenty microliters of each sample were spotted on a formvar/carbon coated copper
grid (Plano GmbH, Wetzlar, Germany) for three minutes. Afterwards the solution was detached with
filter paper and the grids were washed three times with 20 pl of ddH,O and once with 5 pl 1%
aqueous uranyl acetate. Then, 5 ul of the 1 % uranyl acetate solution was applied to the grid for one:
minute for negative staining. The solution was removed and grids were dried overnight. The samples.
were analyzed with a Libra 120 transmission electron microscope (Carl Zeiss AG, Oberkochen,

Germany) operating at 120 kV.

Quantitative determination of interference with AB4.42
aggregate size distribution

The density gradient centrifugation method allows matrix-free separation and fractionation of different
AB1.42 species according to their sedimentation coefficients which depend on size and shape.

AB1.42 was incubated as mentioned above (250 pl 80 pM seedless AB;.; in 10 mM sodium phosphate
buffer at pH7.4, 4.5 hours, 600 rpm, RT) in order to gain a mixture of differently sized species. In order
to analyze the influence of Mosd1, co-incubation for 40 minutes at RT with different concentrations of
the peptide (0 - 10 - 20 - 40 - 80 pM) followed.

One-hundredmicroliters were given on the top of a discontinuous iodixanol gradient and spun in an
ultracentrifuge as described above. Fourteen fractions of 140 ul each were harvested from top to
bottom after centrifugation and the residual pellet (60 pl) was mixed with 60 pl of 6 M guanidine
hydrochloride and boiled for ten minutes. This sample represents the 15" fraction. The samples were
analyzed by RP-HPLC and Tris-tricine SDS-PAGE followed by silver staining.

Peptides were quantified via isocratic reversed-phase high performance liquid chromatography
(RP-HPLC). The column used was a Zorbax SB-300-C8 on a 1260 Infinity system (both Agilent
Technologies Deutschland GmbH, Béblingen, Germany). Twenty microliters of each sample were:
injected and run with 1 ml per minute in an aqueous 30 % (v/v) acetonitrile / 0.1 % (v/v) trifluoric acid

buffer as mobile phase and 80 °C column temperature to denature AB species and separate them
10
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from other components, especially iodixanol. The signal was detected at an absorbance of 214 nm.
The data were recorded and peaks were integrated using the ChemStation software (Agilent
Technologies). In order to calibrate the column, AB,.4; solutions of known concentration were used to
plot peak area versus AB;.:; concentration. The plot equation then allowed calculation of ARz

concentration within the samples.

Seeding assay (ThT)

In order to analyze the influence of Mosd1 on seeded growth of AR, the seeding potential of

fibrillary AB1.42 seeds on seedless AB1.42 was monitored via Thioflavine T (ThT) fluorescence.

Seedless AB1.42 (200 uM in 10 mM sodium phosphate buffer) were incubated at 37 °C and 600 rpm for
three days in order to gain seeding-competent AB;.4; fibrils. The sample was centrifuged at 14,000 x g
for 45 minutes at 4 °C in order to sediment fibrillary AB1.42 content. The supernatant was removed and
the remaining AB+.42 fibrils were diluted in 100 pl 10 mM sodium phosphate buffer. After sonication for
two minutes, concentration was determined by RP-HPLC. AB,..> seeds were incubated with or without
a fivefold molar excess of Mosd1 for additional 24 hours. The final concentrations were 1.88 pM AR .42
seeds and 9.4 pM Mosd1. The mixture of ABs4, seeds and Mosd1 was again sonicated for two
minutes and added to freshly prepared seedless ABi.4z (15 pM) and 20 uM ThT. Each sample was.
added to a 96-well microtiter plate in triplicate and progression of fluorescence values was monitored

over time. The experiment was conducted independently for three times.

For each sample an asymmetric five parameter fit was used in order to determine the amplitude of
relative fluorescence units and ECgy serving as half maximal time ti,. After checking for Gaussian
distribution by D"Agostino-Pearson omnibus normal test, significance was determined by one-way

ANOVA.

Cell viability assay (MTT reduction)

PC-12 cells (DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH,

Braunschweig, Germany) were cultured in DMEM medium supplemented with 10 % fetal calf serum,

11
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1 % antibiotics (Penicillin / Streptomycin) (all Sigma-Aldrich Corp., St.Louis, MO, USA) and 5 % horse
serum (PAA Laboratories GmbH, Pasching, Germany) on collagen A-coated (Biochrom GmbH, Berlin,
Germany) tissue culture flasks (SPL Life Sciences Co., Korea) in a humidified incubator with 5 % CO,
at 37 °C and grown for a maximum of 15 passages. Medium was changed every two days and cells.
were passaged, according to their confluence, every three to five days.

PC-12 cells were seeded in clear, collagen-coated 96-well flat bottom microwell plates (Life
Technologies Inc., Carlsbad, CA, USA) at a density of 1x10* cells in a volume of 100 l per well and
incubated for 24 hours. AB142 / Mosd1 mixtures were incubated as already described in the above
mentioned assay for quantitative determination of interference with ABi.42 aggregate size distribution.
Mosd1 concentrations of 0/40/80 uyM were used. From each well that contained cells 1.25 pl
medium were removed and replaced with 1.25 pl of the preparations in order to gain a final
concentration of 1 pM ABy.4, and 0/ 1/ 0.5 uM Mosd1 in every well, respectively. Every approach was
tested three times at least in quintuplicates. The plates were incubated for 24 hours in the incubator
with & % CO; at 37 °C. Subsequently, 10 pl of the supernatant were taken out of every well and 10 pl
of MTT reagent (Cell proliferation kit 1, Roche Diagnostics GmbH, Mannheim, Germany) were added
for four hours of incubation in the incubator. Afterwards, 100 pl of solubilization reagent (Roche
Diagnostics GmbH, Mannheim, Germany) were added to all wells and the plate was incubated
overnight. The plate was shaken on a table shaker for five minutes to distribute the purple colored
solution equally within each well and absorbance was measured at 660 nm and 570 nm with a
microplate reader (POLARstar OPTIMA, BMG Labtech GmbH, Ortenberg, Germany). Reference
values at 660 nm were subtracted from values for formazan absorbance (570 nm). The mean value of
cell-free wells was subtracted as background. The arithmetic mean of all measurements per approach
was calculated. Results are represented as the percentage of MTT reduction, assuming that the
absorbance of control cells was 100 %. Cells treated with 0.1 % TritonX-100 in 10 mM sodium
phosphate buffer (pH 7.4) served as control for dead cells.
After analysis for Gaussian distribution by Shapiro-Wilk test, the values were tested for significance

using the Mann-Whitney U test.
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Western blot to investigate y-secretase inhibition

Neuro-2a cells (DSMZ, Braunschweig, Germany) and Neuro-2a cells stably transfected with human
APPB95 were cultured in DMEM with 10 % fetal calf serum and 1x non-essential amino acids (both
Sigma-Aldrich Corp., StLouis, MO, USA) in tissue culture flasks in a humidified incubator with
5 % CO; at 37 °C. Fifty thousand cells per well were seeded in 500 pl in a 24 well microwell plate for
24 hours at 37 °C and 5 % CO; to assure attachment to the surface. A stock solution of 1 mM Mosd1
was prepared in sterile water and the y-secretase inhibitor DAPT was diluted to 5 mM in DMSO,
respectively. The dilutions were spun at 1,000 x g for one minute prior to use. Then 0/10/100 pM
Mosd1 and 1 uM DAPT were added to the cell supernatant and DMSO as well as water were tested
as control. The cells were incubated at 37 °C and 5 % CO, for 24 hours. The cells were analyzed with
a laser scanning microscope LSM 710 (Carl Zeiss AG, Oberkochen, Germany). Afterwards, the cells.
were washed three times with 1x PBS and lysed with 60 pl of NP-40 lysis buffer for 15 minutes. The
lysates were resuspended, transferred to reaction tubes and centrifuged for five minutes at 12,000 x g.
Afterwards, the supernatants were transferred to new reaction tubes and protein concentration was
determined via microBCA assay.

For gel electrophoresis the lysates were adjusted to the lowest measured protein concentration. All
samples were mixed with 4x Tris-tricine gel loading buffer (4 % SDS (w/v), 12 % Glycerin (v/v),
50 mM Tris, 2 % B-mercaptoethanol (v/v), 0.01 % SERVA BlueG (w/v); pH 6.8) in a ratio of 1:3 and
boiled for ten minutes. Gel electrophoresis was conducted with 10 % Tris-tricine gels at a constant
voltage of 120 V. The PageRuler prestained protein ladder 10 — 170 kDa (Thermo Fisher Scientific,

Inc., Rockford, IL, USA) served as marker.

After gel electrophoresis, the proteins were transferred via semi-dry blotting to a PVDF membrane.
Protein transfer took place at 1 A and 25 V for 30 minutes. The membrane was blocked with 5 %
non-fat dry milk powder in 1x TBS-T at 4 °C overnight with gentle shaking. Subsequently, the
membrane was washed three times with TBS-T at RT and gentle shaking. The primary antibody for
the detection of C-terminal fragment of APP (anti-amyloid precursor protein, C-terminal (751-770)
rabbit pAb, Merck KGaA, Darmstadt, Germany) was diluted 1:5,000 in TBS-T. Simultaneously, the
anti-B-actin antibody (B-actin (8H10D10) mouse mAb, Cell Signaling Technology, Inc., Danvers, MA,

USA) was diluted 1:1,000 in TBS-T and both antibodies were given to the membrane, which was
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incubated overnight at 4 °C on a roller mixer, subsequently. The membrane was washed three times
with TBS-T and incubated with the secondary antibodies goat anti-rabbit IgG:HRP diluted 1:5,000 in
TBS-T and goat anti-mouse IgG:HRP diluted 1:10,000 in TBS-T (both Santa Cruz Biotechnology, Inc.,
Dallas, Texas, USA) for three hours at RT on a roller mixer. After three washing steps with TBS-T, the
membrane was incubated with the substrate for enhanced chemoluminescence (SuperSignal West
Dura Chemoluminescent Substrate, Thermo Fisher Scientific, Inc., Rockford, IL, USA) for five minutes
at RT in the dark. The signal was detected with the ChemiDoc MP gel documentation system (Bio-Rad

Laboratories, Inc., Hercules, CA, USA).

Results

N-terminally biotinylated, SEC-derived AB;4> monomers were immobilized to streptavidin-coated
microwell plates. To avoid selection of plastic binders, different plastic surfaces were used in each
round. In particular, polystyrene, polypropylene and polycarbonate served as surface, alternating
every round. Additionally, in every second round, the surface was blocked with BSA. Due to this
procedure, six different combinations of blocking and surface type were used during the panning
rounds and not a single combination occurred twice. This step was important, because only very low
concentrations of Afy.4; were immobilized in order to assure its monomeric state. Thus, there was a
substantial risk that uncoated surface may have a strong bias during selection. In the first panning
round, only ABs.42 monomers were offered to the naive library of phages. For the next round, amplified
phages from the previous round were added together with increasing concentrations of
non-biotinylated counterselective AB.y; species (SEC-derived oligomers and DGC-derived HMW
aggregates and fibrils). After panning, a biotin competition step was conducted to remove phages that
compete with biotin. Afterwards the well was washed every round with increasing rigorand still bound

phages were eluted and amplified.

We verified the state of all used A conformers by DGC followed by Tris-tricine-SDS-PAGE and silver
staining. SEC-derived AB;.4>» monomers, SEC-derived oligomers, and fibrillary ABi.4, were analyzed.

As shown in Fig. 1, prepared monomers are indeed free of any aggregates, as only fractions 1 and 2
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contained AB. Oligomers can be found predominantly in fractions 4 to 6, and in smaller amounts also
in neighboring fractions. Fibrils can be found in the extreme high molecular weight fractions, but
obviously, during the DGC run, a substantial fraction of monomers dissociated from them and can be

found in fractions 1 and 2.

Single phage clones from round three to six were amplified and sequenced. Sixteen sequences
occurred more than once and were therefore tested for binding to monomeric ABi.42, ABi.42 oligomers.
and HMW aggregates / fibrils as well as non-coated wells in a single phage ELISA. Additionally,
several clones with uniquely occurring sequences and four clones from a previously conducted mirror
image phage display were tested. This former mirror image phage display was conducted with almost
identical conditions. The experimental setup differed only in two details. Firstly, the counterselective
APB142 HMW aggregates and fibrils were derived from an iodixanol gradient with different iodixanol
concentrations (30 — 24 — 18 — 12 — 6 and 3 % iodixanol instead of 50 — 40 — 30 — 20 — 10 and 5 %).

Secondly, the neutralization of the eluate took place in the same well as the elution step.

Figure 2 shows the immobilization efficiency of different AB,.4> species detected by ARi.4z specific
antibody 6E10. On all plates used for single phage ELISA, AB1.4.2 monomers and oligomers/fibrils were
immobilized in an amount which allowed normalization of the ABi.2 oligomer/fibril content to the
content of ABi.s2 in APi.s monomer-coated wells as determined by 6E10. As shown in Fig. 3, the
competitive mirror image phage display selection indeed yielded phages that display peptides that
specifically bind to AB,.s2 monomers as demonstrated by the strong binding to AB;.4> monomer coated
wells and notably less binding to wells coated with A4, oligomers and HMW aggregates or fibrils.
We picked the clone with the highest signal intensity for monomeric ABi.4;, but also the highest
specificity for monomeric ABy.4; as deduced from the high ratio of binding to AB;.s monomers and
binding to oligomeric and fibrillary AB;.42. The amino acid sequence of the chosen clone 5.60 was
YSYLTSYHMVWR. The corresponding D-enantiomeric peptide, named Mosd1 (monomer specific
d-peptide 1), was synthesized from purely D-amino acids with its C-terminus amidated, and was

further characterized.

In order to obtain information on how Mosd1 changes AB14, aggregation, TEM pictures were taken

after 24 hours incubation of ABy.42 with and without an equimolar ratio of Mosd1. The AB.42 sample
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without Mosd1 contained a mesh of fibrils. Additionally, AB oligomers and large aggregates (dot-like
structures) were present, displaying a broad range of aggregated ABi.42 species. In the sample with
ABi4z and Mosd1 neither fibrils nor oligomers were observed. Instead, amorphous, unstructured

aggregates were the major species found on the grid (Fig. 4).

After incubation of 80 uM AR, followed by coincubation with different concentrations of Mosd1
(0/10/20/40/80 pM), samples were loaded on a discontinuous iodixanol gradient and centrifuged.
Fifteen fractions were harvested from top to bottom, applied to Tris-tricine SDS-PAGE and silver
stained. With this experiment we were able to show that Mosd1 abolishes different AB,..2 species from
the sample, which contains ABi.42 species of different size, ranging from monomers to fibrils and HMW

aggregates.

The distribution of 80 uM AB;.2, incubated for 4.5 hours without addition of Mosd1, showed a broad
range of species distributed from fraction 1 to 12, representing monomers, small and large oligomers,
protofibrils, fibrils and HMW aggregates [37]. The amount of AB,4, as estimated from silver staining
decreased with the fraction number, indicating substantial amounts of A4 in form of monomers and
small oligomers. The most toxic oligomers can be expected in fractions four to six [38]. The addition of
Mosd1 shifted the distribution of AB4.4, towards large aggregates that are non-toxic [39]. The ABi.4z
contents in fractions one to ten were decreased with increasing Mosd1 concentrations. We therefore:
conclude that Mosd1 decreased the amount of toxic ABi.4, oligomers and shifted the distribution

equilibrium towards non-toxic aggregates in a concentration dependent manner (Fig. 5).

Silver staining does not allow a quantitative determination of the detected species. In order to gain
quantitative information about ABy.4> concentrations in every fraction, samples of each fraction were
applied to RP-HPLC chromatography and analyzed for their ABs.42 contents (Fig. 6). The QIAD assay
(quantitative determination of interference with AB,.4; aggregate size distribution) widely confirmed the
above described behavior of Mosd1. Most importantly, Mosd1 is able to almost completely eliminate

AB1.42 oligomers.
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The ability of fibrillar AB;.42 to turn over monomeric AB,.42 into aggregation prone AB assemblies is one
driving force of ABs.4 aggregation. We therefore analyzed the impact of Mosd1 on ABs.4, seeded
growth via Thioflavin T (ThT) assay. Fibrillar AB;.4; seeds were grown and afterwards incubated with
or without Mosd1. ThT was added and the mixture was added to freshly prepared seedless ABi.42. The
progression of ThT fluorescence was monitored over time. Compared to freshly prepared seedless
ABiaz (b2 = 19.69 h), addition of fibrillary AR, seeds significantly reduced the time needed to
increase fibrillar content (ty; = 0.57 h). When fibrillary AB,.4; seeds were coincubated with Mosd1 prior
to addition of freshly prepared seedless ABi.42, the time for the increase of fibrillary content was
significantly reduced as well, yet the time for the increase was significantly longer (t; = 3.36 h)
compared to the sample without Mosd1 (Fig. 7A). Furthermore, the amount of fibrillar AB,.42 content in
the samples, displayed by the amplitude of relative fluorescence units (Fig. 7B), did differ significantly
between seedless A4 (set to 100 % RFU) and seedless AB;.4; incubated with fibrillary ABs.4, seeds.

(83.83 %) and fibrillary AB.4; seeds coincubated with Mosd1 (73.56 %).

In order to confirm that Mosd1 yields AB1.42 species that are not toxic to cells and Mosd1 can indeed
abolish the cytotoxic effect of ABy4, and rescue cell viability, an MTT assay was performed. PC-12
cells were incubated with ARy, with or without different concentrations of Mosd1, derived from the:
same incubation method as mentioned above. Mosd1 without AB;.4; was tested to ensure that Mosd1
itself is not toxic to the cells. TritonX-100 was used as a control for cell death. Untreated cells were set
100 % viable and all other values were normalized to this value. Incubation with 0.1 % TritonX-100
resulted in 1.6 % viable cells. The ABi.42 composition led to a significantly decreased cell viability of
45 % and was therefore proven to be toxic. Mosd1 in a concentration of 1 uM did not alter MTT
reduction in this assay and showed no toxic effect in PC-12 cells. When coincubated with Mosd1, the:
toxic effect of ABi42 was significantly decreased with increasing concentrations of Mosd1. In an
equimolar ratio, 86 % of the cells stayed viable and with half the concentration of Mosd1 still 66 % of
the cells were viable. Mosd1 is therefore able to rescue PC-12 cells from ABi.4z induced toxicity (Fig.

8).
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Neuro-2a cells, stably transfected with human APPE95, develop a pathologic phenotype when
compared with wild type Neuro-2a cells. Wild type Neuro-2a cells accumulate and grow protrusions
between each other and appear polygonal, whereas Neuro-2a cells, which are stably transfected with
human APP, appear isolated, spindle shaped and show less protrusions and cell contacts. Applied to
wild type Neuro-2a cells, Mosd1 did not alter their physiological phenotype. The cells clotted and
developed protrusions and appeared polygonal (Fig. 9). Added to hAPP695-transfected Neuro-2a
cells, Mosd1 compensated the pathological phenotype. The cells developed connections and
protrusions, grew denser and did partially clot, resembling the phenotype of wild type Neuro-2a cells.
This effect is dose dependent, since higher concentrations of Mosd1 (10 and 100 uM) increased the:

development of cellular connections (Fig. 10).

In order to analyze whether Mosd1 influences y-secretase activity, Neuro-2a cells, stably transfected
with human APP695 were incubated with 10 and 100 uM Mosd1, respectively. The cells were lysed,
lysates were separated by SDS-PAGE, blotted and the APP C-terminal fragment B (APP CTFB) was.
detected by enhanced chemoluminescence. Both concentrations of Mosd1 showed no signs of
y-secretase activity inhibition, i.e. the y-secretase substrate APP CTF was not accumulated as it is

the case for the treatment with the y-secretase inhibitor DAPT (Fig. 11) [40, 41].

Discussion

The competitive mirror image phage display yielded AB1.42
monomer specific ligands

Our competitive mirror image phage display led to single phage clones that preferentially bind to
monomeric AB1.42. Sequencing of single phage clones revealed several consensus sequences which
occurred multiply. Additionally, ELISA results showed an overall specificity of most single phage
clones for monomeric AB1.42 compared to AB142 oligomers and fibrils and non-coated wells. Several
single phage clones exhibited a very strong difference in binding affinities between monomeric and
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aggregated ABs4; and also the non-coated surface. We picked the most promising clone and

investigated the respective D-peptide Mosd1 for further analysis.

Mosd1 modulates AB+.42 aggregation

Via TEM and quantitative determination of AB..4; aggregate distribution, we were able to show that
coincubation of AB;.4; with Mosd1 leads to an altered aggregation pathway of ABi.4. While incubation
of AB42 alone for 24 hours led to oligomers and fibrillar structures, coincubation with Mosd1 led to
large amorphous aggregates that were shown to be non-toxic [30, 39] . By combining these results
with the experiment regarding interference of Mosd1 with AB;.4> aggregate size distribution mentioned
above, we suggest the followingmode of action. Mosd1 stabilizes ABi.4; monomers and thereby
modulates the dynamic equilibrium of ABi.42 species. Toxic AB1.42 oligomers are decomposed and the
resulting AB+.42 Species being precipitated and converted into amorphous non-toxic aggregates instead
of fibrils. According to Ladiwala et al., Mosd1 can be sorted into class I molecules, which convert
soluble AP oligomers into large, non-toxic conformers [42]. In addition, Mosd1 with 33 % residues.
being aromatic shares the overall aromatic features of compounds, which belong to this class. Indeed,
also polyphenols like resveratrol and derivatives or polyphenolic flavones like kaempferol-3-O-
rhamnoside are able to cause the development of large, non-toxic, off-pathway AR aggregates as
shown in TEM, AFM and SDS-PAGE studies by several research groups [43, 44]. Additionally, Mosd1
is able to reduce ABi.; seeded growth which seems to be the driving force of AB aggregation.
Therefore, Mosd1 is able to reduce the impact of already formed AB,.4; seeds on monomeric ABy.42

and their conversion into toxic aggregates as shown by Seeding ThT Assay.

According to cell culture experiments, the generated aggregates are not toxic to PC-12 cells, whereas,
the mixture of AB,.4 species not treated with Mosd1 showed significant cellular toxicity. Other
compounds, which consist of aromates or include aromatic side chains, were also reported to reduce:
AP induced cell toxicity [42, 44, 45]. This might be contributed to the binding to ABy.4; monomers and
prevention of their aggregation as well as to the conversion of toxic oligomeric AB;.42 species into large

non-toxic species as shown in the latter experiments.
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Additionally, we were able to show that human APP695 transfected Neuro-2a cells, treated with
Mosd1, appear healthier compared to untreated cells, which develop a pathological phenotype. Mosd1
is able to reverse the effects of human APP695 expression and its cleavage products like reduced cell

contacts and a lack of cellular protrusions.

Despite the fact that Mosd1 reduces AR, toxicity by modulating the equilibrium of AB..4» species, it
needs to be assured, that the compound is safe and does not interfere with related but physiological
relevant pathways. For example, y-secretases are involved in the cleavage of APP, leading
subsequently to AB. Moreover, y-secretases are also involved in cleavage of transmembrane Notch
and therefore interfere with Notch signaling pathways. Alterations within the Notch pathway can lead

to severe side effects [46, 47]. According to our results Mosd1 has no effect on y-secretase activity.

Conclusion

Taken together, we have established a novel competitive mirror image phage display for the selection
of D-enantiomeric peptides, which bind specifically to monomeric AB1.42. Using non-biotinylated SEC-
derived oligomers and DGC-derived HMW aggregates and fibrils of ABi.4z as counterselective agents,
we were able to enrich phages, which bind specifically to the immobilized biotinylated monomeric

AB1az.

One of our selected D-enantiomeric peptides, Mosd1, shows promising characteristics in several in
vitro experiments. This leads to the assumption that Mosd1 is able to stabilize ABi.42 monomers,
interferes with seeded growth and modulates AB.4; aggregation towards non-toxic, amorphous
aggregates and therefore rescues cells from Ap;.4, derived toxicity and reverses pathological

phenotypes from hAPP-transfected neuronal cells.

Mosd1 also does not affect y-secretase function which makes it safer and more precise than
y-secretase modulating compounds. Its small size should facilitate blood-brain-barrier transfer and the

D-enantiomeric conformation enables high proteolytic stability. Further investigations including affinity
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studies and epitope mapping should provide more information about the mechanism how Mosd1

modulates AB1.42.

We were able to show that a competitive mirror image phage display is a straightforward method to
select compounds, which are ABs4; monomer specific and able to modulate ABi.4; aggregation

towards non-toxic species and therefore exhibit high therapeutic potential.
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Fig 1. Silver stained Tris-Tricine-SDS-PAGE of different AB,.,; species.

The ABi.42 species used for panning and counter selection during mirror image phage display were:
analyzed via DGC followed by Tris-Tricine-SDS-PAGE and silver staining. The SEC peak
corresponding with ABi.4; monomers (A) presents ABi.42 content only in fractions 1 to 2 of a DGC
gradient and therefore represents exclusively monomeric ABi.4z. The SEC peak corresponding with
APBi.42 oligomers (B) presents mainly AB;.4 in fractions 4 to 6, which is in accordance with oligomeric
ABi.42 species. The preparation of fibrillary AB;.4z resulted in monomeric and fibrillary AB;.4z content as
seen in fractions 1 to 2 and 13 to 14 (C). Using only the pooled fractions 12 to 14 ensured that no

monomeric AB1.42 species were used as counterselective agent.
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Fig 2. Single phage ELISA - immobilization control.

The immobilization efficiency of different ARy, species was analyzed by the binding affinity of ARy
specific antibody 6E10 to immobilized AB,.4> on each plate used for single phage ELISA. The AR
specific antibody 6E10 was added to wells coated with 150 ng AB;.4 monomers (red) or 150 ng AB.42
oligomers and fibrils (1:1; green) or to wells only coated with streptavidin (blue). Transformation of

substrate by the secondary antibody-conjugated HRP was measured at 450 nm.

23

96



Ergebnisse

602

603

604
605
606
607
608
609
610
611
612
613

614

615

1.4
m AR monomers

E 12 ] B3 AR oligomers & fibrils
] ° [ ] =
O, (-) no AR
8
o 1.0 A
©
=
8 081
[
<]
3 061
[v]
®
N 0.4 1
(]
E
202

0.0 -

ODNBPHROOINOONYIOIA DA OAADIODNVLD DA DOA VA DO N
FEISEELESTLEE R P TN NG e P LSS

clone number

Fig 3. Single phage ELISA.

The relative binding affinity of single phage clones from mirror image phage display (clone numbers.
6.xx) and a previously conducted mirror image phage display (clone numbers 5.xx) to SEC-derived
biotinylated AB4.s2 monomers, oligomers and fibrils as well as the non-coated wells was analyzed. The
M13 phage-specific antibody was used for detection. Transformation of substrate by the antibody-
conjugated HRP was measured at 450 nm. Amplified single phage clones were added to wells coated
with 150 ng AB+.42 monomers (red) or 150 ng ABy.s2 oligomers and fibrils (1:1; green) or to wells only
coated with streptavidin (blue). Cross reactivity of the M13 phage-specific antibody was tested in an
approach without addition of phages. After background subtraction of the anti M13 antibody values,
the values for phage to ABi.42 oligomer/fibril binding were normalized to the values of phage to AR1.42
monomer binding according to the outcome of coating efficiency controls with the AB specific antibody

6E10.
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617  Fig 4. Transmission electron microscopy.

618  After incubation of 10 uM pretreated AB1.4. without (left picture) and with 10 pM Mosd1 (right picture)
619  for 24 hours at room temperature, samples were spotted onto a formvar/carbon coated copper grid
620  and stained with 1 % aqueous urany| acetate. Samples were analyzed with a Libra 120 TEM operating

621  at 120 kV. Scale bar presents 0.25 um.
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Fig 5. Qualitative AR, distribution alteration.

Silver staining of SDS gels after incubation of 80 uM ABs.4. for 4.5 hours at RT and 600 rpm and
additional coincubation for 40 minutes with 0 (A) / 10 (B) / 20 (C) / 40 (D) / 80 pM (E) Mosd1 followed
by density gradient centrifugation for three hours at 4 °C at 259,000 x g. The bands display the signal
for AB1.42 (4.5 kDa).
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Fig 6. Quantitative concentration determination (RP-HPLC) of AB,.4> distribution.

Concentrations of AB1.42 in each DGC fraction were determined quantitatively via RP-HPLC. Samples.
were loaded to a Zorbax 300SB-C8 column connected to a 1260 Infinity HPLC system. Separation of
the samples was achieved by elevated column temperature (80 °C) and an isocratic mobile phase of
30 % acetonitrile / 0.1 % TFA in water. The averaged concentration of AB;.4; from three independent
experiments (with standard deviation) is plotted against the obtained fractions F1 to F15 of different
incubation approaches of A4, without or with Mosd1. Shown in red are the concentrations of
fractions from 80 uM ABi4; incubated without Mosd1. The following columns represent the ARz
concentrations in the fractions from 80 pM AR,z samples coincubated with increasing concentrations.

of Mosd1 (10 pM = light blue; 20 pM = dark blue; 40 uM = light green; 80 uM = dark green).
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Fig 7. Reduction of seeded AB4.42 growth and fibrillar AB,.s2 content .

Seedless ABi42 was incubated alone (black) or together with fibrillary ABi... seeds previously
incubated with (green) or without (red) a fivefold molar excess of Mosd1. ThT (20 pM) was added to
each sample in order to measure fibrillar content. The data were fitted with an asymmetric five
parameter fit. The (A) amplitude of relative fluorescence (RFU) of fibrillated seedless AB.42 served as.
100 % to which the other values were normalized. The (B) ECs; served as ty;, displaying the point in
time, when half of the maximum ThT signal (i.e. fibrillary content) was reached. Statistical significance:
was determined by one-way ANOVA. Error bars display SEM. ns: p = 0.05; * p = 0.05; **: p = 0.01;

*** p<0.001.
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Fig 8. Effect of ABs4, and Mosd1 on cell viability.

ABy.42 and Mosd1 were tested for their influence on PC-12 cell viability by MTT reduction assay. Cell
viability (in percent) is plotted against different treatment conditions. Adherently grown PC-12 cells.
were incubated 24 hours with medium (black) or 0.1 % TritonX-100 (yellow) as controls for viable cells
and cytotoxicity, respectively. Additionally, cells incubated for 24 hours with 1 uM AR, (red), ARy +
Mosd1 1:1 (light blue) and 1:0.5 (dark blue), respectively. The green bar corresponds to cells
incubated with 1 uM Mosd1 for 24 hours. Viability was analyzed by subsequent incubation with MTT
substrate for four hours. After solubilization, absorbance was measured at 570 nm. The averages and
standard deviations of absorbance values from five independently performed experiments were
calculated and normalized to untreated cells (medium). Statistical significance was tested with Mann-

Whitney U test. ***: p = 0.001.
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Fig 9. Effect of Mosd1 on Neuro-2a cells.

Overview and detailed pictures of wild type Neuro-2a cells are shown. Neuro-2a cells were treated
with 0, 10 and 100 pM of Mosd1, respectively. The left panel shows untreated wild type Neuro-2a
cells. In the middle and right panel, incubation of wild type Neuro-2a cells with 10 pM Mosd1 and
100 pM Mosd1 are shown. Cell viability and morphology were analyzed with a LSM 710 laser

scanning microscope. Scale bars equate 50 um.
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Fig 10. Effect of Mosd1 on Neuro-2a cells stably transfected with human APP695.

Overview and detailed pictures of Neuro-2a cells, stably transfected with human APPE95, are shown.
Cells were treated with 0, 10 and 100 pM of Mosd1, respectively. The left panel shows untreated
hAPP695-transfected Neuro-2a cells. In the middle and right panel, incubation of hAPP895-
transfected Neuro-2a cells with 10 uM Mosd1 and 100 pM Mosd1 are shown. Cell viability and

morphology were analyzed with a LSM 710 laser scanning microscope. Scale bars equate 50 pm.
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686  Fig 11. Analysis of potential y-secretase activity alterations by Mosd1.

687 Detection of CTFB and B-actin by enhanced chemoluminescence on a Western blot of lysed human
688  APP695-transfected Neuro-2a cells. Human APP695-transfected Neuro-2a cells were grown in
689  24-well plates for 24 hours. Cells were incubated with DMSO (lane 1), DAPT (lane 2), 10 uM Mosd1
690 (lane 3) or 100 uM Mosd1 (lane 4) for additional 24 hours. The cells were harvested, lysed and
691 proteins were separated by Tris-tricine SDS-PAGE. Proteins were blotted on a PVDF membrane and
692  detected with an anti-APP-CTF antibody as well as an anti-B-actin antibody. Binding of HRP

693  conjugated secondary antibodies was detected by transformation of enhanced chemoluminescence

694  (ECL) substrate by HRP.
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Abstract

of HIV-1.

HIV patients for HIV associated neurological disorders.

Oligomers

Background: Amyloid fibrils such as Semen-Derived Enhancer of Viral Infection (SEVI) or amyloid-B-peptide (Ap)
enhance HIV-1 attachment and entry. Inhibitors destroying or converting those fibrils into non-amyloidogenic
aggregates effectively reduce viral infectivity. Thus, they seem to be suitable as therapeutic drugs expanding the
current HIV-intervening repertoire of antiretroviral compounds.

Findings: In this study, we demonstrate that the small D-amino acid peptide D3, which was investigated for
therapeutic studies on Alzheimer's disease (AD), significantly reduces both SEVI and AR fibril boosted infectivity

Conclusions: Since amyloids could play an important role in the progression of AIDS dementia complex (ADC), the
treatment of HIV-1 infected individuals with D3, that inhibits AB fibril formation and converts preformed AR fibrils
into non-amyloidogenic and non-fibrillar aggregates, may reduce the vulnerability of the central nervous system of

Keywords: HIV-1 infection, SEVI, D3, Amyloid-beta, Alzheimer's disease, D-enantiomeric peptide, Drugs, Monamers,

Findings

Amyloid fibrils exhibiting a cationic surface [1], for ex-
ample those of the Alzheimer’s disease (AD) related
amyloid- peptide (Ap) and the Semen derived Enhancer
of Viral Infection (SEVI), promote HIV infection by fa-
cilitating viral attachment through neutralization of the
electrostatic repulsion between the negatively charged
surface of virions and target cells [2-4]. Experimental ap-
proaches to reduce SEVI-mediated enhancement of HIV-
1 infection by amyloid binding agents have already been
described [5-9]. However, except for epigallocatechin-3-
gallate, the major active constituent of green tea, most of
these compounds were shown to bind, but not to elim-
inate amyloids. Recently, it was demonstrated that the
small D-amino acid peptide D3 converts AB oligomers
and fibrils into non-amyloidogenic, non-fibrillar and
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Germany
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non-toxic aggregates and reduces the cognitive deficits
of the central nervous system in transgenic AD model
mice [10]. Because many amyloid fibrils, despite their
composition of different peptides or proteins, show sig-
nificant structural similarities like a typical cross-beta
sheet quaternary structure, we intended to analyze the
inhibitory capacity of D3 to reduce other amyloid caused
pathologic effects.

In order to utilize amyloidogenic inhibitors to reduce
fibril boosted viral infectivity, we firstly wanted to un-
ravel whether fibrils or even monomers or oligomers of
AP are the causative agents for the infectivity enhancing
effect. To achieve this, synthetic human AB(1-42) pep-
tide (purity > 95%) was purchased from Bachem (Buben-
dorf, Switzerland). Lyophilizated AB(1-42) was dissolved
to 1 mM with hexafluoroisopropanol (HFIP) overnight
at room temperature (RT). Prior to use, HFIP was evap-
orated using a SpeedVac Concentrator 5301 (Eppendorf;
Hamburg, Germany) at RT. For preparation of Ap(1-42)
fibrils, the AP pellet was dissolved in PBS (phosphate
buffered saline: 140 mM NaCl, 2.7 mM KCI, 10 mM
Na,HPQO,, and 1.8 mM KH,PO, pH 7.4) to 1 mM

© 2014 Widera et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative
Commeons Attribution License (http://creativecommons.org/licenses/by/2.0}, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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and incubated four days at 37°C without shaking. To
remove all soluble AP, the samples were washed by
centrifugation and redissolved in PBS. For preparation
of AB(1-42) mono- and oligomers, the AR pellet was

Page 2 of 7

dissolved in SEC buffer (size exclusion chromatography
buffer: 50 mM NaPi pH 7.4, 150 mM NaCl) and puri-
fied using size exclusion chromatography (Figure 1D).
To test the different AR conformers for their infectivity
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Figure 1 AB(1-42) fibrils but not mono- and oligomers enhance HIV-1 infection of TZM-bl cells. (A) Equal amounts (500 TCIDsq as
determined with TZM-bl cells using supernatant of transfected HEK 293T cells) of the dual-tropic HIV-1 lab strain NL4-3 Pl 952 [11] were

x-fold change Luciferase RLU

Oligomers [ug/ml]

pre-incubated for 5 min at RT with AB(1-42) fibrils. Subsequently, the pretreated viruses were used to infect TZM-bl reporter cells and infection-
induced luciferase activity was assayed 48 h post infection. (*** p < 0.001, * p < 0.05 referred to PBS treated and infected cells). (B) X-fold change
of luciferase enhancement was quantified relative to cells infected in the absence of AB(1-42) fibrils (PBS). (C) Luciferase RLUs of non-infected
cells, which were treated with the indicated concentrations of AR(1-42). (D) Chromatogram of a size exclusion chromatography (SEC) showing
the absorption profile of AB(1-42) monomers (M) and oligomers (O), which were used In the following analysis. (E and F) The same experiments
as in (A) but viruses were pre-incubated with AB(1-42) mono- and oligomers obtained by SEC shown in (D). milli-absorbance-units (mAu); non-
infected (n.i); relative light units (RLU); size exclusion chromatography buffer (SB).
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enhancement potential, we used TZM-bl reporter cells
that harbor a luciferase and a B-galactosidase expression
cassette under the control of the HIV-1 LTR promoter,
which are activated in infected cells due to expression
of the HIV-1 trans-activator of transcription (Tat). These
reporter cells were infected with equal amounts of the
dual-tropic (R4 and R5) HIV-1 PI 952 [11] either in
presence or absence of AB(1-42) monomers, oligomers
or fibrils. For luciferase measurements, cells were rinsed
in PBS and dispensed in passive lysis buffer (PLB) and
shaken for 15 min at RT. Luciferase activity of cell
lysates was measured by adding Beetle-Juice (p.j.k;
Kleinblittersdorf, Germany) using an Infinite 200 PRO
multimode reader (Tecan; Minnedorf, Switzerland). We
observed that AP(1-42) fibrils (Figure 1A and B) but
not mono- or oligomers (Figure 1E and F) were able to
enhance HIV-1 infection of TZM-bl cells. The enhan-
cing effect of AB(1-42) fibrils on HIV-1 infectivity was
observed at a concentration of 2 pg/ml and augments
with increasing AP(1-42) fibril concentrations, whereas
AP(1-42) fibrils alone had no effect on luciferase ex-
pression of TZM-bl cells (Figure 1C). In agreement with
Miinch et al. [3], but in contrast to Wojtowicz et al. [2],
we did not observe any enhancing effect on HIV-1 in-
fection when using AB(1-40) fibrils (Innovagen; Lund,
Sweden) irrespective of whether these were incubated
for four or six days of oligomerization under the same
conditions as described above (Figure 2). The reason
for this discrepancy was already discussed by Miinch
et al. arguing that amyloid fibrils composed of the
same protein can show different conformations with
distinct phenotypes [12].

Page 3 of 7

To analyze whether the infectivity boosting effect of
AB(1-42) but not AB(1-40) fibrils was cell type specific,
we applied our approach also to the HIV-1 susceptible
Molt-4 T cells [13,14]. Equal amounts of an R4 tropic
HIV-1 NL4-3 derivate, which expresses a NEF-GFP fu-
sion protein, were pre-incubated for 5 min at RT with
AB(1-42) or AB(1-40) fibrils (10 pg/ml) and PBS as a
control, respectively. Subsequently, the pre-treated vi-
ruses were used to infect Molt-4 T cells and the percent-
age of infected (GFP positive) cells was assayed by FACS
analysis by using FACSCalibur (BD; Franklin Lakes,
USA) 48 h post infection. As expected, treatment with
AB(1-42) but not with AB(1-40) fibrils resulted in ~ six-
fold higher percentage of GFP positive T cells when
compared to PBS treated cells indicating that Ap(1-42)
specifically enhances viral infectivity also in T cells
(Figure 3).

We further addressed the question of whether the
boosted viral infectivity was also dependent on the
membrane fusion activity of the gp4l N-terminus.
Therefore, we transfected HEK 293T cells with pNL4-3
or the protease cleavage site mutant pNL Prot.Xa that
prevents the Env glycoprotein mediated membrane fusion
(kindly provided by Valerie Bosch) and performed immu-
noblot analysis of cellular as well as virion associated
gpl60/gp41 by using Chessie 8 antibody [15]. Virions
were pelleted by using sucrose centrifugation as described
before [16]. Next, we incubated TZM-bl cells with wild-
type and mutant virus. By adding AB(1-42) fibrils, the
defect in viral entry could not be restored indicating that
the fibril-mediated enhancement was also dependent on
the membrane fusion activity of gp41 (Figure 4).
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Figure 2 AB(1-42) but not AB(1-40) fibrils enhance HIV-1 infection of TZM-bl cells. Equal amounts of the dual-tropic HIV-1 lab strain NL4-3
P1 952 [11] were pre-incubated for 5 min at RT with the indicated concentrations of AB(1-42) or AB(1-40) fibrils, which were incubated for four
and six days, respectively of oligomerization. Subsequently, the pretreated viruses were used to infect TZM-bl reporter cells and infection-induced
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Figure 3 AB(1-42) peptide boosted infectivity of Molt-4 T cells. (A) Equal amounts of the R4 tropic HIV-1 NL4-3 [ab strain expressing a
NEF-GFP fusion protein were pre-incubated for 5 min at RT with PBS anly, AR(1-40) or AB(1-42) fibrils [10 pg/ml]. Subsequently, Molt-4 T cells
were infected with the pre-treated viruses and the percentage of HIV-1 infected (GFP positive) cells was assayed by FACS analysis 48 h post
infection, (B) The percentage of HIV-1 infected (GFP positive) cells
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centrifugation as described before [16].

We next examined whether the peptide boosted en-
hancement can be reduced by pre-treatment with the non-
cytotoxic AP fibril inhibitor D3 [17] (JPT; Berlin, Germany),
which is a D-enantiomeric peptide (RPRTRLHTHRNR).
SEVI and AP(1-42) fibrils (10 pg/ml) were pre-treated
with D3 and the mixture was used to boost the infection
of TZM-bl cells as described above. Following an incuba-
tion time of 48 h, the infectivity was determined by lucif-
erase measurement and X-Gal staining (Figure 5). While
SEVI and AP(1-42) fibrils were able to boost viral infec-
tion at similar amounts, already equimolar doses of D3
(10 pg/ml) were sufficient to significantly reduce the
enhancing effect of SEVI (Figure 5A and 5C). By adding
higher amounts of D3 (100 pg/ml), luciferase expression
was further reduced to levels comparable with PBS
treated control samples (Figure 5A, 5C and 5F). Similarly,
the AB(1-42) boosted infection could be reduced. By add-
ing ten-fold higher concentration of the inhibitor D3
(100 pg/ml), the infection rate of AP(1-42) boosted vi-
rions was significantly reduced to levels of PBS treated
viruses (Figure 5B, 5D and 5F). To further control
whether the reducing effect of D3 on fibril boosted infect-
ivity was indeed due to the fibril-D3 interaction, we also
pre-incubated virus containing supernatants with D3 in
the absence of fibrils and then infected TZM-bl cells. As
shown in Figure 5E, when infected in the absence of
fibrils the cellular luciferase activity was not affected.

HIV-1 entry in female mucosa is restricted and re-
quires overcoming at least three hurdles. These are
to breach the mucosal barrier and get through the

Figure 4 The fibril-mediated enhancement of HIV-1 infectivity is dependent on the membrane fusion activity of gp41. (A) TZM-bl cells
were infected with R4 tropic HIV-1 strain NL4-3 (wt) or protease cleavage site mutant derivate (Prot.Xa), which were pre-incubated for 5 min at RT
with AR(1-42) fibrils (50 pg/ml). Infection-induced luciferase activity was assayed 48 h post infection, (B) Immunoblot analysis of HEK 293T cells
transfected with pNL4-3 or the protease cleavage site mutant pNL Prot.Xa by using Chessie 8 antibody (NIH) for gp160/gp41 analysis [15] and the
p24 specific antibody (D7320, Aalto Bioreagents Ltd. Dublin, Ireland) for capsid protein detection. Virions were pelleted by using sucrose
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epithelium, infection and replication in sub-epithelial
mononuclear cells and the initiation of a systemic infec-
tion in the lymph nodes [18]. Since genital mononuclear
cells, including dendritic cells (DCs), macrophages and
lymphocytes are susceptible to HIV-1 in vivo [18], amyl-
oid fibrils might help HIV-1 to penetrate the mucosa
and to reach these cells. Thus, treatment with D3 could
inhibit the first sub-epithelial contact and prevent viral
spreading.

In addition to its activity to enhance the infectivity
of HIV-1 in semen, amyloids could play an important
role in the progression of AIDS dementia complex
(ADC) also known as HIV encephalopathy, which de-
velops in between 20% and 30% of HIV patients in
the course of infection. Interestingly, the formation of
AP aggregates and fibrils is thought to precede the
clinical symptoms of AD by three to four decades, and
such fibrils may therefore be present in many mid-
aged people. Since, the D-amino acid peptide D3 dras-
tically reduces plaque load [17] and cognitive deficits
even in orally D3 treated AD transgenic mice [10], it
might be suitable to additionally reduce the fibril boosted
HIV-1 infectivity in vivo.

In conclusion, the application of D3 may reduce
SEVI-induced enhancement of viral infectivity of HIV-
1 and the vulnerability of the central nervous system
of HIV infected individuals. Thus, D3 seems to be suit-
able as therapeutic and prophylactic drug expanding
the current HIV-intervening repertoire of antiretroviral
compounds.
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Figure 5 Amyloidogenic inhibitor D3 reduces peptide boosted infectivity. (A and B) TZM-bl reporter cells were infected with equal
amounts of the dual-tropic HIV-1 lab strain NL4-3 PI 952 [11] in the presence of 10 pg/ml SEVI (A) or AB(1-42) fibrils (B). As indicated, the fibrils
were preincubated with D3 (0, 1, 10 or 100 pg/ml) prior to infection. Luciferase activity of infected cells was assayed 48 h post infection.
(C and D) ¥-fold change Luciferase RLUs from (A and B). (E) X-fold change Luciferase RLUs of infected TZM-bl cells, which were infected with
viruses that were treated with D3 in the absence of fibrils at the indicated concentrations. {F) X-Gal staining of TZM-bl reporter cells that were
infected as described above (A and B). (*** p < 0001, ** p < 001 referred to fibril treated and infected cells).
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Diskussion und Zusammenfassung

4. Diskussion und Zusammenfassung

Inhalt der hier vorgelegten Arbeit ist die Entwicklung und Optimierung potentiell
therapeutisch aktiver D-Peptide fur die Behandlung der Alzheimerschen Demenz
(AD).

In Kapitel 1 wurde ein genereller Uberblick tber die Alzheimersche Demenz
(AD) und die therapeutischen Strategien gegeben. Laut Prognosen wird die
Anzahl der an Demenz erkrankten Personen von Uber 36 Mio. im Jahr 2010 auf
Uber 115 Mio. bis 2050 ansteigen. Zurzeit gibt es weder eine zweifelsfreie
Diagnose noch eine kausale Therapie flr die AD. Der Ausloser der AD ist eine
Mutation oder ein bisher unbekannter Ausléser, in Folge dessen es zu
Fehlfaltungen und zur Selbstaggregation des Amyloid-B3-Peptides (AB) kommt.
AB-Oligomere haben pathologische Effekte auf den menschlichen Organismus,
die schlussendlich zur AD flhren. Bereits vor Beginn dieser Arbeit wurde an der
Entwicklung eines Wirkstoff-Kandidaten, der toxische AB-Oligomere eliminiert,
geforscht. Hierbei wurde mittels Spiegelbild-Phagendisplay das D-enantiomere
Peptid D3 entdeckt. D3 (rprtrihthrnr-NH;) und einige D3-Derivate entfernen AB-
Oligomere in vitro ohne den Anteil an physiologisch relevanten AB-Monomeren
zu beeinflussen, reduzieren die ApB-induzierte Zytotoxizitdt und wandeln
vorgeformte AB-Aggregate in amorphe Aggregate um. In verschiedenen AD
Mausmodellen konnte ein positiver Effekt auf die Kognition und die

inflammatorische Zellantwort durch D3 erzielt werden.

Das Hauptziel dieser Arbeit war es systematisch die Aminosauresequenz von D3
hinsichtlich seiner in vitro Effektivitat zu optimieren. Es wurden Optimierungen
zum einen beziglich der Affinitat der D3-Derivate an HFIP-vorbehandeltes A,
bestehend aus AB-Monomeren und -Oligomeren (Kapitel 3.1.1), und zum
anderen bezugliche der Affinitdt und Spezifitdt gegen AB-Monomere (Kapitel
3.1.2) durchgefuhrt. Diese neu selektierten D3-Derivate sollen AB-Monomere
binden, sie dadurch stabilisieren und somit die Selbstaggregation von AR
verhindern. Fur die Selektion der optimierten D3-Derivate wurde eine Zwei-

Schritt-Prozedur unter Verwendung von Peptid-Mikroarrays etabliert.

Als erster Schritt wurde die Interaktion zwischen verschiedenen D3-Derivaten

und HFIP-vorbehandeltem AR mit Hilfe von Peptid-Mikroarrays untersucht
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(Kapitel 3.1.1). Jedes der verwendeten D3-Derivate entstand durch Austausch
einer Aminosaure an einer Position der Aminosauresequenz von D3 gegen alle
anderen 19 Aminosauren. In Kapitel 3.1.1 wurde die Optimierung von D3
bezogen auf die Affinitat an HFIP-vorbehandeltem AB mit Hilfe eines Peptid-
Mikroarrays untersucht. Die Messung der AB-Peptid-Interaktion erfolgte bei
diesem Peptid-Mikroarray Uber einen AR spezifischen Antikdrper und einen
sekundaren Meerrettichperoxidase-konjugierten Antikorper. Vielversprechende
Aminosaureaustausche wurden in einem zweiten Schritt miteinander kombiniert
und die entstandenen D3-Derivate hinsichtlich ihrer Affinitat zu HFIP-
vorbehandelten und mit Fluoresceinisothiocyanat (FITC) markiertem AR
untersucht. Die Messung der FITC-AB-Peptid-Interaktion erfolgte in diesem
zweiten Schritt Uber das Fluorochrom FITC. Finf Peptide, genannt DB1 bis DBS5,
wurden aufgrund ihrer gemessenen hohen Affinitdt zu den eingesetzten Ap-
Spezies selektiert. Innerhalb der Aminosauresequenz von den D3-Derivaten DB1
bis DB5 wurden zwei bis vier Aminosauren im Vergleich zum Ursprungspeptid D3
ausgetauscht. Folgende Aminosauren wurden in verschiedenen Kombinationen
ausgetauscht: Arg3lle, Arg5Thr, His7GIn, His7Arg His9Asp, Arg10GIn und
Arg10Glu. Die DB-Peptide mit Ausnahme von DB4 besitzen im Vergleich zu D3
eine bis drei positiven Ladungen weniger. DB2 bis DB5 besitzen mindestens eine

aromatische Aminosaure.

DB3 (rpitrirthgnr-NH,) und ein C- an N-terminal (head-to-tail) verknlpftes
Tandempeptid DB3DB3 (rpitrirthgnrrpitrlrthgnr-NH,) wurden detailliert in vitro
charakterisiert. Dabei wurden folgende Methoden verwendet: Thioflavin T (ThT)-
Assay, Oberflachenplasmonenresonanzspekiroskopie  (SPR), ein  Ap-
Aggregationsinhibierungs- und ein  Ap-Disassemblierungs-enzyme-linked
immunosorbent assay (ELISA), ein Assay zur quantitativen Bestimmung des
Einflusses der D-Peptide auf die Groflkenverteilung von AR Aggregaten (QIAD), 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid (MTT) Zytotoxizitats-
assay und Transmissionenelektronenmikroskopie (TEM). Mittels SPR wurde
einer Affinitdt von DB3 an monomeres AB mit einem Kp von 422 uM und an
oligomeres AB mit einem Kp von 375 yM gemessen. DB3DB3 bindet dagegen mit
einem Kpvon 10 yM an monomeres A und einem Kp von 11 uyM an oligomeres

AB. Die AB-Fibrillenaggregation wird mit einer mittleren effektiven Konzentration
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(ECs0) von 6 pyM durch DB3 bzw. 7 nM durch DB3DB3 inhibiert. Bei der
Koinkubation von 80 uM AR mit 20 uM DB3 bzw. 10 uM DB3DB3 werden 28 %
bzw. 82 % der AB-Oligomere durch DB3 bzw. DB3DB3 eliminiert. Des Weiteren
wird die Ap-induzierte Zytotoxizitdt um 3 % bzw. 36 % bei funffachem
Peptidiberschuss im Vergleich zu AR reduziert. Mittels Ap-Aggregat
Dissassemblierungs-ELISA konnte gezeigt werden, dass vorgeformte AB-
Aggregate durch DB3 und DB3DB3 zerstort werden. Fur DB3 konnte hierfur eine
ECso von 2.5 uM bestimmt werden, fir DB3DB3 war hier keine Bestimmung
mogliche (s. Kapitel 3.1.1). Es wird deutlich, dass die therapeutische Effektivitat
mit dem Tandempeptid DB3DB3 im Vergleich zu DB3 um ein vielfaches verstarkt
werden konnte, z. B. bei einer 40 x erhohten Affinitdt gegen monomeres und
oligomeres AR und einer 750 x niedrigeren ECs, der AB-Aggregationsinhibierung.
Der héhere Wirkungsgrad von DB3DB3 im Vergleich zu DB3 kommt vermutlich

durch Aviditatseffekte zustande.

In einer weiteren Optimierung wurde die Aminosauresequenz von D3-Derivaten
hinsichtlich ihrer spezifischen Bindung an AB-Monomere verandert (Kapitel
3.1.2). Dafur wurde die etablierte Peptid-Mikroarray-Prozedur modifiziert. Die
Aminosaureaustausche wurden, um die Sequenzvariabilitdit zu steigern,
zusatzlich zu den 18 naturlichen Aminosauren (alle mit Ausnahme von Cys) mit
13 nichtnaturlich vorkommenden Aminosduren durchgefiihrt. Des Weiteren
wurden Ap-Monomere durch Groflenausschlusschromatographie von Ap-
Oligomeren und groferen AB-Aggregaten getrennt, um somit, im Gegensatz zur
Selektierung der DB-Peptide, definierte AB-Spezies zu verwenden. Peptid-
Mikroarrays wurden mit AB-Monomeren, -Oligomeren, -Fibrillen und, da FITC
markiertes AR verwendet wurde, mit freiem FITC als Kontrolle inkubiert. Die
Bindungssignale wurden normiert, um mehrere Slides miteinander vergleichen zu
kénnen. Um D3-Derivate nicht zu berlcksichtigen, die nur mit FITC, jedoch nicht
an AP interagieren, wurde das Bindungssignal der FITC-Kontrolle von den
detektierten Fluoreszenzsignalen der D3-Derivate nach Inkubation der Peptid-
Mikroarrays mit den verschiedenen FITC-markierten AB-Spezies subtrahiert. Um
nur D3-Derivate zu selektieren, die eine hohe Affinitat an AB-Monomere, aber
nicht an AB-Oligomere und -Fibrillen besitzen, wurde aulerdem das gemessene

Bindungssignal von AB-Monomeren durch Subtrahieren der Signale von AB-
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Oligomeren und AB-Fibrillen reduziert. Es wurden sieben verschiedene Peptide,
genannt ANK1 bis ANKY7, selektiert. Im Vergleich zu D3 wurden bei den ANK-
Peptiden funf oder sechs Aminosauren ausgetauscht, wobei bei allen ANK-
Peptiden Arg2 gegen Lys, Thr4 gegen lle oder Val und His7 gegen Val, 4-Fluoro-
D-Phenylalanin oder D-Phenylglycin ausgetauscht wurde. Weitere Austausche in
einzelnen ANK-Peptiden sind: Thr8 gegen Tyr, His9 gegen Lys, Arg10 gegen lle,
Trp oder Lys und Asn11 gegen Lys. ANK1 bis ANK7 wurden in vitro
charakterisiert und ihre méglicherweise therapeutische Effektivitat mit der von D3

verglichen.

Im Vergleich zu D3 besitzen die D3-Derivate ANK1 bis ANK7 mit einem Kp von
8 bis 13 uM eine sechsfach hohere Affinitdt zu AB-Monomeren, inhibieren
effizienter die AB-Aggregation im ThT-Assay und reduzieren effizienter die AB-
induzierte Zytotoxizitat, wie mittels MTT-Zytotoxizitatsassay gezeigt wurde. ANK1
bis ANK3 entfernen den toxischen Effekt von AR auf neuronale Zellen vollstandig
wenn sie im funffachen Peptidiberschuss verglichen mit AB-Monomeren
eingesetzt werden. Das dynamische Gleichgewicht von AB wird durch die D-
Peptide ANK1 bis ANK7 und D3 weg von AB-Oligomeren hin zu AB-Monomeren
und grofderen Aggregaten verschoben. ANKS bis ANK7 eliminieren 22 bis 31 %
effizienter AB-Oligomere als D3 bei Koinkubation von 80 uM AR mit 10 uyM D-
Peptid, wie mittels QIAD-Assay gezeigt wurde. Durch TEM-Aufnahmen konnte
gezeigt werden, dass die grofleren AB-Aggregate, die bei einer Koinkubation von
AB-Aggregaten mit ANK6 entstehen, eine geringere amyloide Struktur aufweisen.
Des Weiteren konnte gezeigt werden, dass vorhandene AB-Aggregate nach einer
Koinkubation mit ANK6 einen reduzierten Prion-ahnlichen Seedingmechanismus
im Vergleich zu AR alleine besitzen. Der vielversprechendste therapeutische
Wirkstoff ANKG6 (rkrirlvtkkkr-NH;) wurde in vivo untersucht. Durch intraperitoneale
Verabreichung von ANK6 konnten die kognitiven Fahigkeiten von tg-APPSwDI

Mausen im Object recognition-Test gesteigert werden.

Innerhalb dieser Arbeit wurden flnf D3-Derivate, genannt DB1 bis DB5, aufgrund
ihrer hoheren Affinitat an HFIP-vorbehandeltes AR identifiziert. Sieben weitere
D3-Derivate, genannt ANK1 bis ANK7, wurden nicht nur aufgrund einer hdheren
Affinitat, sondern auch einer héheren Spezifitat an monomeres AB mit Hilfe von

Peptid-Mikroarrays identifiziert. All diese D3-Derivate zeigen eine therapeutische
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Effektivitat gegenuber AB, wobei die ANK-Peptide eine hdhere Effizienz als die
DB-Peptide besitzen. Eine mdgliche Ursache hierflr ist, dass bei der Selektion
der DB-Peptide nur die Affinitdt der Bindung an HFIP-vorbehandeltes AR,
bestehend aus AB-Monomere und -Oligomere, gemessen wurde. Bei der
Selektion der ANK-Peptide wurde nicht nur die Affinitdt der Bindung an AB-
Monomere berlcksichtigt, sondern auch eine spezifische Bindung an AB-
Monomere. Des Weiteren wurden bei den DB-Peptiden zwei verschiedene
Peptid-Mikroarraysysteme mit unterschiedlichen Detektionssystemen verwendet.
Auffallend ist auch, dass die veranderte Aminosauresequenz der DB-Peptide mit
Ausnahme von DB4 im Vergleich zu sechs positiven Ladungen bei D3 eine
Reduktion der positiven Ladungen auf drei bis flinf positiven Ladungen bewirkt.
Die Aminosauresequenzen der ANK-Peptide dagegen beinhalten sechs bis neun
positive Ladungen. In silico Studien haben gezeigt, dass das Ursprungspeptid D3
Uber elektrostatische Wechselwirkungen an AR bindet. Die héhere Anzahl der
positiven Ladungen in der Sequenz der ANK-Peptide kann somit die hdhere
Affinitat dieser Peptide zu AB im Vergleich zu den DB-Peptiden erklaren.
Allerdings ist die Steigerung der Affinitdt der ANK-Peptide im Vergleich zu D3
nicht nur Uber die grélkere Anzahl an positiven Ladungen zu erklaren, da ANK1
bis ANK4 genauso viele Ladungen wie D3 besitzt, aber eine hoéhere Affinitat an
AB-Monomere besitzen und z. B. im MTT-Zytotoxizitatsassay und ThT-Assay

einen hohere in vitro Effektivitat zeigen.

Den starksten in vitro Effekt zur Verringerung der AB-Oligomer-Konzentration
zeigt ANKG6. Dieses D3-Derivat konnte bereits im AD-Tiermodel eine
therapeutische Wirkung zeigen und stellt somit einen guten Ausgangspunkt fir

die Entwicklung eines Medikaments gegen AD dar (s. Kapitel 5).

Ein weiterer Ansatz flr die Entwicklung eines effizienten therapeutischen
Wirkstoffs gegen die AD wurde in Kapitel 3.1.3 durch die Entwicklung des
kompetitiven Spiegelbild-Phagendisplays und die Selektion von spezifischen AR
Monomer-bindenden Peptiden durchgeflihrt. Die Selektion von Peptiden erfolgte
gegen immobilisierte AB-Monomere. Die Kompetition in diesem Spiegelbild-
Phagendisplay wurde durch Zugabe von freien AB-Oligomeren und groReren AB-
Aggregaten ab der zweiten Amplifizierungsrunde erzielt. Das durch dieses

Verfahren selektierte, moglicherweise AB-Monomer spezifische D-Peptid Mosd1
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Diskussion und Zusammenfassung

(ysyltsyhmwvr-NH,) wurde in vitro hinsichtlich seines Einflusses auf Ap-
Oligomere und der Zytotoxizitdat untersucht. Durch einen ELISA wurde
nachgewiesen, das Mosd1 bevorzugt an AB-Monomere im Vergleich zu anderen
AB-Aggregaten bindet. A, das mit Mosd1 Uber 24 h koinkubiert wurde, bildet
unstrukturierte, amorphe Aggregate. Mosd1 eliminiert AB-Oligomere bei einer
Koinkubation von 80 uM AB mit 10 bis 40 yM Mosd1, reduziert die AB-induzierte
Zytotoxizitat bei equimolaren Konzentrationen, sowie bei 0,5 x Unterschuss von
Mosd1 im Vergleich zu monomerem AB. Es hat keinen Einfluss auf die y-
Sekretase. Der Phanotyp stabil mit APP transfizierter neuronaler Zellen konnte

durch Verabreichung von Mosd1 verbessert werden.

In einem Nebenprojekt wurde D3 hinsichtlich seines Einflusses auf SEVI-Fibrillen
bei der Ubertragung von HIV untersucht. Die Ergebnisse zu diesem Projekt sind
in Kapitel 3.1.4 dargestellt. Teile der prostataspezifische saure Phosphatase
(PAP) bilden amyloide Strukturen (semen-derived enhancer of viral infection,
SEVI) und steigert dadurch die sexuelle Ubertragungseffizienz. Durch D3 kann

die Amyloid-vermittelte Steigerung der Infektiositat inhibiert werden.
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Ausblick

5. Ausblick

In dieser Arbeit wurden funf an HFIP-vorbehandeltem AR bindende (DB1 bis
DB5) und sieben spezifisch an monomeres AR bindende D3-Derivate (ANK1 bis
ANK7) selektiert. Daflr wurden drei Sets an Peptid-Mikroarrays verwendet. Ein
Set beinhaltete 228 verschiedene D3-Derivate mit mehr als einem
Aminosaureaustausch, basierend auf vorherigen Ergebnissen der Arbeitsgruppe.
Aus diesem Set wurden 5 Peptide, genannt DB1 bis DB5, selektiert. Ein zweites
Set beinhaltete D3-Derivate mit einem kompletten Austausch von allen
Aminosauren gegen 18 natirliche Aminosauren und 13 nicht-natirlich
vorkommende Aminosauren. Dem zu Folge wurden mit diesem Set 384
verschiedene D3-Derivate untersucht. Anhand der Ergebnisse dieser Peptid-
Mikroarray-Sets wurde ein drittes Set mit mehr als 1.000 verschiedenen D3-
Derivaten erstellt, davon sieben D3-Derivate selektiert, genannt ANK1 bis ANK7,
und naher in vitro charakterisiert. Insgesamt sind also Uber 1.500 verschiedene
D3-Derivate hinsichtlich ihrer Affinitdt zu verschiedenen AB-Spezies gescreent
worden. Die Auswahl der D3-Derivate, die naher untersucht wurden, war
aufgrund des hohen Arbeitsaufwands nur limitiert moglich. Aus diesem Grund
kénnen evtl. noch andere der auf den Mikroarrays vorhandenen D3-Derivate von
Interesse sein. Diese D3-Derivate konnen noch naher untersucht werden. Auch
kénnen durch andere Auswertemethoden der Peptid-Mikroarray-Daten weitere
D3-Derivate ermittelt werden, die mdglicherweise interessante Eigenschaften flr

die Modulation der AB-Aggregation zeigen.

Die Charakterisierung der bereits selektierten D3-Derivate ist noch nicht
abgeschlossen. Eine offene Frage ist der Wirkmechanismus der D3-Derivate. An
welche Aminosauresequenz von AB binden die D3-Derivate? Dies kann zum
Beispiel durch ein Epitopmapping untersucht werden. Wie wird die
Sekundarstruktur von AB durch die D3-Derivate verandert? Diese Frage kann
durch Fourier-Transformations-Infrarotspektroskopie (FTIR) untersucht werden.
Auch die exakte Tertiarstruktur des Ap-Peptid-Komplexes ist von Interesse und
kann zum Beispiel mit Kernspinresonanzspektroskophie (engl. Nuclear magnetic

resonance, NMR) untersucht werden.
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Ausblick

Auch interessant ist die Wirkung der D3-Derivate auf andere Komponenten, die
in der Pathologie von AD involviert sind. Wie wirken die D3-Derivate auf die
Sekretasen? Haben die D3-Derivate einen Einfluss auf inflammatorische

Komponenten, wie z. B. IL-107?

In 3.1.4 konnte gezeigt werden, das das Ursprungspeptid D3 einen Einfluss auf
die SEVI-Fibrillen bei der sexuellen Ubertragung von HIV-1 hat. Daraufhin ist es
naheliegend zu untersuchen, ob die D3-Derivate ebenfalls einen Einfluss auf die
SEVI-Fibrillen oder andere amyloide Fibrillen haben. Ein Einfluss von den
Peptiden auf Tau ware wiinschenswert und kdnnte ebenfalls untersucht werden.
In der Fachwelt wird eine Kombinationstherapie von AD mit Wirkmechanismen
gegen AB und Tau stark diskutiert (Wisniewski et al., 2015). Evtl. wird durch eine
Wirkung der D3-Derivate auf andere amyloide Fibrillen eine Therapie von

anderen amyloiden Erkrankungen, zum Beispiel PD oder ALS, mdglich.

Des Weiteren kdnnen die bereits selektierten D3-Derivate noch weiter optimiert
werden, zum Beispiel durch die Synthese von Tandempeptiden (zweimal
dieselbe Peptidsequenz hintereinander), um die Aviditat zu steigern oder von
zyklisierten Peptiden (z. B. C- an N-terminale-Zyklisierung), um die
Freiheitsgerade und die Entropie zu verringern. Des Weiteren sind auch
Kombinationen von verschiedenen Peptiden/ D3-Derivate denkbar (z. B. vom

bereits in vitro getesteten RD2 mit einem der ANK-Peptide).

Die in dieser Arbeit identifizierten und selektierten D3-Derivate ANK1 bis ANK7
stellen vielversprechende Wirkstoffe fur die Behandlung der AD dar, deren

Wirkmechanismus noch weiter identifiziert werden muss.
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Abklrzungsverzeichnis

Abkurzungsverzeichnis

Alle Einheiten entsprechen dem internationalen Einheitssystem (SI) und werden

hier nicht gesondert aufgelistet.

4HNE
AB
AD
ADDL

AICD

ALS

ANK

APP

ApoE
ATP
BACE
BBB
ChAT
CJK
CSF
CT

D3

DB

ECso

4-hyroxynonenal
Amyloid-3-Peptid
Alzheimersche Demenz

AB bestehende diffuse Liganden

APP intrazellulare Domaine (APP intracellular

domain)
Amyotrophe Lateralsklerose

D3-Derivate selektiert mit Hilfe von Peptid-

Mikroarrays

Amyloid-Vorlaufer-Protein (amyloid precursor

protein)

Apolipoprotein E

Adenosintriphosphat

beta-site APP cleaving enzyme
Blut-Hirn-Schranke (blood brain barrier)
Cholineacetyltransferase
Creutzfeld-Jakob-Krankheit
Zerebrospinalflissigkeit (cerebrospinal fluid)
Computertomografie

D-enantiomeres Peptid selektiert mit Hilfe von

Spiegelbild-Phagendisplay

D3-Derivate selektiert mit Hilfe von Peptid-

Mikroarrays

mittlere effektive Konzentration
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EGCG Epigallocatechingallate

ELISA enzyme-linked immunosorbent assay

fAD familidre Alzheimersche Demenz

FITC Fluoresceinisothiocyanat

FTIR Fourier-Transformations-Infrarotspektroskopie
GTP Guanosintriphosphat

HD Chorea Huntington

HFIP 1,1,1,3,3,3-Hexafluor-2-propanol

HIV humanes Immundefizienz-Virus

IDE Insulin degenerierendes Enzym

IgG Immunglobulin G

LRP1 low-density lipoprotein receptor related protein
LTP Langzeit-Potential (long time potential)

LTD Langzeit-Depression (long time depression)
MRT Magnetresonanztomografie

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromid

NFT neurofibrillare Bundel (neurdfibrillary tangles)

NMDAR N-Methyl-D-Aspartat-Rezeptor

NMR Kernspinresonanzspektroskopie (nuclear magnetic
resonance)

NRG1 Neuregulin 1

PAP prostataspezifische saure Phosphatase (prostatic
acidic phosphatase)

PD Parkinsonkrankheit

PET Positronen-Elektronen-Tomografie
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PHF
polyQ
QIAD

RAGE

RD2

sAD
SEVI
tg-APPSwDI

ThT

paired helical fibrils
Polyglutamat

Assay zur quantitativen Bestimmung des Einflusses
von Substanzen auf die GroRenverteilung von AB-
Aggregaten (engl. quantitative determination of

interference with AB aggregate size distribution)
receptor for advanced glycation endproducts

D-enantiomeres Peptid selektiert durch rationales

Design

sporadische Alzheimersche Demenz
semen-derived enhancer of viral infection
transgene APP Swedish Dutch lowa Mause

Thioflavin T

Naturlich vorkommende Aminosauren (Drei- und Ein-Buchstabencode):

Ala
Cys
Asp
Glu
Phe
Gly
His
lle
Lys
Leu

CFXTIOTMMOO>

Alanin M Met  Methionin
Cystein N Asn  Asparagin
Asparaginsaure P Pro Prolin
Glutaminsaure Q GIn  Glutamin
Phenylalanin R Arg Arginin
Glycin S Ser Serin
Histidin T Thr  Threonin
Isoleucin V Val Valin

Lysin W Trp  Tryptophan
Leucin Y Tyr  Tyrosin
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