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Abstract

Protein misfolding and self-assembly in amyloid fibrils have been documented for numerous
proteins and polypeptides. Circa 40 of them are associated with devastating cell-degenerative
diseases, such as A peptides (AB40(42)) and islet amyloid polypeptide (IAPP), which are
involved in the development of Alzheimer’s disease and type 2 diabetes (T2D), respectively.

Increasing evidence suggests similarities and links between AD and T2D. Moreover, several
studies suggest the colocalization of IAPP and AB42 peptides in the brain and the pancreas
of AD and T2D patients. IAPP and AP40(42) sequences share 25% identity and 50%
similarity. Furthermore, earlier in vitro studies of our group revealed that AB40(42) and IAPP
interact with each other with high affinity. We also showed that their interaction is mediated
by specific short “hot segments” of A} and IAPP and that the same segments are also crucial
for the self-assembly of the two peptides. In addition to the above findings, various in vitro
and in vivo studies have suggested that cross-seeding interactions between IAPP and
AB40(42) might accelerate amyloid formation in both AD and T2D.

Molecules that prevent amyloid self-assembly and cross-seeding interactions of IAPP and
AB40(42) might thus be promising anti-amyloid drug candidates for both diseases. In
previous studies of our group, the IAPP “hot segments” were used to design peptides termed
“interaction surface mimics” (ISMs). ISMs consisted of TAPP segments [APP(8-18) and
IAPP(22-28) covalently linked to each other by different tripeptide units. The nature of the
linker dictated the conformation of the ISMs and their ability to inhibit the amyloid self-
assembly of [APP or A40(42). Thereafter, several rounds of optimization of one of the ISMs,
including shortening, cyclisation, and substitutions of L- with D-amino acids, yielded 17-
residue long macrocyclic peptides termed “macrocyclic inhibitory peptides” or MCIPs.
MCIP 2e was a potent inhibitor of AB40(42) and, in addition, it exhibited high proteolytic
stability in human plasma in vitro and BBB permeability in a human cerebral endothelial cell
model.

In this work, the sequence of MCIP 2e and related analogs was further shortened. “Head-to-
tail” cyclization and D-amino acids were used for optimizing conformational rigidity,
proteolytic stability and BBB permeability. In total, four cyclic hexapeptides termed
“minimized IAPP mimics” or MIMs (2f, 2g, 2h and 2i) and four linear control peptides (2f
linear, 2g linear, 2h linear and 2i linear) were synthesized and studied.

Biophysical and functional studies indicated that cyclisation stabilized a conformation which
confers potent inhibitory activity towards both IAPP and AP42. In fact, MIMs were found to
bind with high affinity both IAPP and A42 and were potent inhibitors of their amyloid self-
assembly and cytotoxicity whereas linear control peptides showed very weak binding and no
anti-amyloidogenic activity. Furthermore, 2i effectively suppressed self- and cross-seeding
events of both IAPP and Ap42.



Various methods were used to characterize the interactions of MIMs and their linear controls
with IAPP and APB42 and the sequence parts of IAPP and AP42 which were involved in their
interactions were identified. In addition, an experimental approach in which different
methods were combined to follow the formation of cytotoxic amyloid oligomers was
developed. This approach was used to study inhibitory effects of both MIMs and of the so-
called “amyloid core mimics” (ACMs), another class of amyloid inhibitors recently
developed in our laboratory. The results of the biophysical and biochemical studies showed
that despite their minimum size and their minimal IAPP-derived elements, MIMs are able to
interact with various species of the amyloidogenic pathways of IAPP and AB42 and suggested
that their interactions might interfere with the structural organization of amyloid core regions
of IAPP and AB42 and contribute to their potent anti-amyloid effects.

Importantly, ex vivo electrophysiological studies in mouse brains (in collaboration) showed
that MIMs 2i and 2g ameliorated the inhibition of hippocampal synaptic long-term
potentiation (LTP) caused by APB42 aggregates. Furthermore, 2i and 2g were found to have
strongly improved proteolytic stabilities in human plasma in vitro in comparison to their
template peptide 2e, and 2i exhibited a good BBB permeability in a human cerebral
endothelial cell model (in collaboration) as well. These two cyclic hexapeptides could thus
be promising leads for the development of novel anti-amyloid drugs in AD, T2D or both
diseases.



Zusammenfassung

Die Proteinfehlfaltung und -selbstassoziation in Amyloidfibrillen ist fiir zahlreiche Proteine und
Polypeptide dokumentiert worden. Etwa 40 von ihnen werden mit verheerenden zelldegenerativen
Krankheiten in Verbindung gebracht, wie zum Beispiel das B-Amyloidpeptid (Ap40(42)) und das
Insel-Amyloid-Polypeptid (IAPP), die an der Entstehung der Alzheimer-Krankheit (AD) bzw. am
Typ-2-Diabetes (T2D) beteiligt sind.

Zugleich gibt es immer mehr Hinweise auf Gemeinsamkeiten und Zusammenhéinge zwischen AD und
T2D. Dariiber hinaus deuten mehrere Untersuchungen darauf hin, dass IAPP und AB42 im Gehirn
und in der Bauchspeicheldriise von AD- und T2D-Patienten kolokalisieren. Die Sequenzen von IAPP
und AP40(42) sind zu 25 % identisch und zu 50 % dhnlich und frithere Untersuchungen unserer
Gruppe haben gezeigt, dass AB40(42) und [APP mit hoher Affinitit miteinander interagieren. Wir
haben auch gezeigt, dass ihre Interaktion durch spezifische kurze "hot-spot“‘-Peptidregionen
vermittelt wird, und dass dieselben Segmente auch fiir die Selbstassoziation der beiden Peptide
entscheidend sind. Zusitzlich zu den oben genannten Erkenntnissen haben verschiedene in-vitro- und
in-vivo-Studien nahegelegt, dass Kreuznukleations- Wechselwirkungen zwischen [APP und AB40(42)
die Amyloidbildung sowohl bei AD als auch bei T2D beschleunigen kénnten.

Daher konnten Molekiile, welche die Amyloidogenese und die Kreuznukleations-Wechselwirkungen
von [APP und AB40(42) verhindern, vielversprechende Leitstrukturen fiir die Entwicklung von Anti-
Amyloid-Medikamenten bei beiden Krankheiten sein. In diesem Zusammenhang wurden in fritheren
Arbeiten unserer Gruppe die ,,hot-spot“-Regionen von IAPP verwendet, um Peptide, die "interaction
surface mimics" (ISMs) genannt wurden, zu entwerfen. Die ISMs bestehen aus den IAPP-Segmenten
IAPP(8-18) und IAPP(22-28), die durch verschiedene Tripeptideinheiten kovalent miteinander
verbunden sind. Dabei bestimmt die Art des Tripeptid-Linkers die Konformation der ISMs und ihre
Féhigkeit, die amyloide Aggregation von IAPP oder AP40(42) zu hemmen. Mehrere
Optimierungsrunden an einem der ISMs, einschlieBlich der Verkiirzung, der Zyklisierung und des
Ersetzens von L- durch D-Aminoséuren, fithrten anschlieBend zu makrozyklischen Peptiden, welche
aus 17 Aminosduren bestehen und "macrocyclic inhibitory peptides" oder MCIPs genannt wurden.
Das MCIP 2e erwies sich dabei als ein potenter Inhibitor der Amyloidogenese von AB40(42), der sich
dariiber hinaus aus einer hohen proteolytischen Stabilitit in menschlichem Plasma in vitro und eine
gute Blut-Hirn-Schranke-Permeabilitit in einem humanen zerebralen Endothelzellmodell
auszeichnet.

In dieser Arbeit wurde die Sequenz von MCIP 2e und verwandten Analoga weiter gekiirzt. "Head-to-
tail"-Zyklisierungen und D-Aminosduren wurden zur Optimierung der Konformationseinschriankung,
der proteolytischen Stabilitdt und der Blut-Hirn-Schranke-Permeabilitit eingesetzt. Insgesamt
wurden vier zyklische Hexapeptide (2f, 2g, 2h und 2i), die "minimized IAPP-mimics" oder MIMs
genannt wurden, und vier lineare Kontrollpeptide (2f linear, 2g linear, 2h linear und 2i linear)
synthetisiert und untersucht.

Biophysikalische und funktionelle Studien weisen darauf hin, dass die Zyklisierung eine
Konformation stabilisiert, die sowohl gegeniiber IAPP als auch gegeniiber AB42 eine starke
hemmende Wirkung entfaltet. Tatséchlich stellte sich heraus, dass die MIMs mit hoher Affinitéit
sowohl an IAPP als auch an AP42 binden und deren Amyloidogenese und Zytotoxizitdt stark
hemmen. Im Gegensatz dazu zeichnen sich die linearen Kontrollpeptide durch eine sehr schwache
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Bindung und keine anti-amyloidogene Aktivitit aus. Das MIM 2i ist dariiber hinaus in der Lage,
sowohl die Selbst- als auch die Kreuznukleation von IAPP und AB42 effektiv zu unterdriicken.

Verschiedene Methoden wurden verwendet, um die Wechselwirkungen von MIMs bzw. ihrer linearen
Kontroll-Peptide mit IAPP und AB42 zu charakterisieren. Die Sequenzteile von IAPP und AB42, die
sich an ihren Wechselwirkungen mit den MIMs beteiligen, wurden identifiziert. Dariiber hinaus
wurde ein experimenteller Ansatz entwickelt, bei dem verschiedene Methoden kombiniert wurden,
um die Bildung von zytotoxischen Amyloid-Oligomeren zu verfolgen. Mit diesem Ansatz wurde die
hemmende Wirkung sowohl der MIMs, als auch der sogenannten "amyloid core mimics" (ACMs),
einer anderen Klasse von Amyloid-Inhibitoren, die kiirzlich in unserem Labor entwickelt wurden,
untersucht. Die Ergebnisse der biophysikalischen und biochemischen Studien zeigen, dass MIMs
trotz ihrer geringen Grofe und ihrer minimalen von IAPP abgeleiteten Elemente in der Lage sind, mit
verschiedenen strukturellen Spezies des amyloidogenen Selbstassemblierungsprozesses von IAPP
und AB42 zu interagieren. Die Befunde stiitzen die Hypothese, dass diese Wechselwirkungen die
strukturelle Organisation von Amyloidkernregionen von IAPP und AB42 stéren und zur starken anti-
amyloidogenen Funktion der MIMs beitragen kdnnten.

Elektrophysiologische Untersuchungen in Maushirnschnitten ex-vivo (in Zusammenarbeit mit einem
kooperierenden Labor) zeigten, dass MIMs 2i und 2g die durch AB42-Aggregate verursachte
Beeintrachtigung der hippocampalen synaptischen Langzeitpotenzierung (LTP) unterbinden kénnen.
Dariiber hinaus wurde festgestellt, dass 2i und 2g im Vergleich zu ihrem Templatpeptid 2e eine stark
verbesserte proteolytische Stabilitdt in humanem Plasma in vitro aufweisen. Weiterhin zeichnete sich
2i auch durch eine gute Durchléssigkeit in einem menschlichen zerebralen Endothelzellmodell der
Blut-Hirn-Schranke aus (Arbeiten in Zusammenarbeit mit einem kooperierenden Labor).
Zusammenfassend konnten diese beiden zyklischen Hexapeptide vielversprechende Ansatzpunkte fiir
die Entwicklung neuer Anti-Amyloid-Medikamente gegen Alzheimer, T2D oder beider Krankheiten
sein.
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Introduction

1 Introduction

1.1 Protein misfolding and human diseases

To ensure the normal functioning of cells and organisms in physiological conditions, the
correct activity of a network of proteins is essential. The function of a protein depends on its
three-dimensional structure, which is determined by its amino-acid sequence. Protein folding
is regulated by chaperones, which remove malfunctioning proteins. However, increasing
evidence indicates that protein misfolding and aggregation is the most likely cause of various

1531 The hallmark feature of conformational disorders is

neurological and systemic diseases
that a particular protein can fold into a stable alternative conformation, which in most cases
results in its aggregation and accumulation in tissues as fibrillar deposits. Eventually, these
fibrils form deposits known as “plaques” and display pathogenic effects by misbalancing the
physiological conditions of the tissues in which they form (Figure 1). These deposits are
mainly extracellular, although more rarely also intracellular, and consist of the largest part of
the specific protein subjected to the folding failure. Histological studies have shown that the
plaques also contain other biological components, including metal ions, glycosaminoglycans,

serum amyloid P component, apolipoprotein and E, and collagen >/,
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Figure 1. Cerebral aggregates in neurodegenerative diseases. Extracellular amyloid plaques
(white arrows) and intracytoplasmic neurofibrillary tangles (yellow arrows) are pathological features of
Alzheimer’s disease. Intracytoplasmic aggregates are typically present in neuronal cells of patients affected
by Parkinson’s disease and amyotrophic lateral sclerosis. Intranuclear deposits of huntingtin are observed in
Huntington’s disease patients. Extracellular prion amyloid plaques that form in different brain regions are
present in some cases of transmissible spongiform encephalopathy. Figure taken from reference!'l.

More than 37 diseases are associated with the formation of amyloid plaques (Table 1). It is
also generally accepted that the pathogenic effect of amyloids is not mediated exclusively by
the fibrils but also by toxic oligomeric intermediates 1), especially in the case of central
nervous system (CNS)-related diseases. The diseases can be broadly grouped into a)

neurodegenerative conditions, in which the amyloid deposition is localised in the CNS, as in
13
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Alzheimer's disease or Parkinson's disease b) neuropathic localised amyloidoses, as in Type
2 diabetes, in which amyloid plaques form in the pancreas, and c) non-neuropathic systemic
amyloidoses, involving several compartments of the organism, as in senile systemic
amyloidosis®!. Misfolding diseases can be further classified as sporadic (85%), like
Alzheimer’s and Parkinson's disease; hereditary (10%), such as lysozyme and fibrinogen
amyloid; or transmissible (5%) in humans as well as in other mammals, as spongiform

encephalopathies!.
Table 1. Amyloid proteins and some clinically relevant diseases. Table modified from reference 12!,
Clinical syndrome Amyloid protein Number of residues Native structure
Alzheimer's Disease Amyloid-f peptides 40 or 42 Natively unfolded
Inclusion body (1-40, 1-42)
myositis (orphan)
Type 2 diabetes Amylin or Islet 37 Natively unfolded
amyloid
polypeptide (IAPP)
Dialysis-related >-Microglobulin 99 All-B, Ig like
amyloidosis
Parkinson's disease o-Synuclein 140 Natively unfolded
Transmissible Prion protein 253 Natively unfolded
spongiform (residues 1-120)
encephalopathies and a-helical
(CJD) (residues 121-230)
Fronto-temporal Tau 352-441 Natively unfolded
dementias
Huntington disease Huntingtin  (polyQ 3144 Largely natively
expansion) unfolded
Amyotrophic lateral Superoxide 153 All-B, Ig like
sclerosis dismutase
Senile systemic Transthyretin 127 All-B, prealbumin
amyloidosis like
Familial amyloidotic
polyneuropathy
Cataract v-Crystallin Variable All-B, y-crystallin
like
Primary systemic Ig light chains ~90 All-B, Ig like
amyloidosis
Secondary systemic Serum amyloid A 76104 All-0, unknown fold
amyloidosis

1.2 Amyloidogenesis in Alzheimer’s disease

Alzheimer's disease (AD) is the primary cause of dementia in the developed world and it is
ranked as the fifth most common cause of death worldwide[?!. The last 30 years of research
14
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identified the brain accumulation of amyloid plaques as the leading cause of AD
development. These deposits consist mainly of AB40(42) peptides, and their formation is
usually followed by the spreading of tau, neuronal degeneration, and ultimately clinical
manifestation, taking up to 20-30 years!*!.

Neuropathological studies and quantitative neuroimaging investigation indicate a spatial-
temporal evolution of AB40(42) accumulation that initiates in neuronal clusters with high
metabolic activity (such as association cortices) and propagates to the allocortex and the brain
stream, eventually reaching the cerebellum (Figure 2) [1.

Experimental pathomechanistic and proof-of-concept studies indicate that AB40(42)
misfolding, aggregation and increasing accumulation in plaques are caused by the imbalance
between neuronal production and extracellular clearance [,

Preclinical Stages

Cortical regions (Neocortex) Allocortical regions

CACA

Phase 1 Phase 2 Phase 3

Diencephalic nuclei

Brainstem nuclei

W ¢y Cerebellum and
additional brainstem
nuclei

Phase 4 Phase 5

Clinical Stages

Figure 2. Traditional neuropathological phases of amyloid-p deposition in Alzheimer’s
Disease. Red areas indicate the regions of CNS affected by AB40(42) deposit during the different stages of
the pathogenesis. During phase 1, early AP accumulation occurs in the neocortical and the association
cortices. Additional accumulation is observed in allocortices regions and midbrain (phases 2 and 3), with the
cerebellum and brain stem affected by the formation of AB40(42) plaques in the late phase of clinical stages.

The change to darker shading indicates the continuous accumulation of AB. Figure modified from references
[4.5]

1.3 Physiological functions of Amyloid

APA40 is a 40-residues in length enzymatic product of the amyloid precursor protein (APP).
APP is widely produced by neurons, vascular and blood cells, and, in astrocytes by smaller
amounts. In addition to the brain, the precursor and enzymatic complex involved in
synthesizing AB40(42) are co-expressed in the pancreas, appendix, gastrointestinal tract, and
both male and female reproductive organs!”\. The physiological role of APP family members
is still emerging, however, they were found to modulate a wide range of functions, such as
dendritic spine remodelling, molecular pathways of neurotransmission, and synaptic
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homeostasist®l. Two-steps proteolytic cleavages of APP by B-secretase (B-APP-cleaving
enzyme-1 (BACEI)) at the ectodomain and y-secretase at intra-membranous sites generate
AP40. 60-70% of the vertebrates share the human sequence of AB40, and this is an evidence
for its physiological relevancel’!. Noteworthy, the presence of additional Ile*!' and Ala*? at the
C-terminus dramatically increases the aggregation propensity of the sequence compared to
the 40-residues in length peptide. Increased AB42 production is a common feature of familial
and sporadic AD!I.

Despite its physiological role is still unclear, AB40(42) has been proposed to regulate memory
formation”]. Studies on long-term potentiation (LTP), an indicator of synaptic strengthening,
revealed that picomolar concentrations of AP might enhance LTP, whereas nanomolar
concentrations might suppress it!!?l. Furthermore, it has been observed that the extracellular
concentration of AB40(42) rises after neuronal stimulation, whereas both APP knockout and
BACEI! knockout in vivo induce cognitive deficits and impair LTP 7!, Early studies have
shown that AB40(42) peptides may impart a neurogenic effect, as at low concentrations,
APB40(42) promotes the survival of primary neurons and stimulates neural progenitor cells!'!!.
However, despite showing neurogenic properties, AP40(42) is generally considered an
antagonist to the formation of new synapses, as nanomolar concentrations of oligomeric
APB40(42) induce synapse loss!”!. Furthermore, in vitro studies have also shown that low
concentrations of AB40(42) promote endothelial cell proliferation, induce the formation of
capillary-like structures and increased vessel density in brain slice cultures!?. In contrast, at
nanomolar concentrations, AB40(42) promotes pathological angiogenesis, resulting in
hypervascularisation and anomalies in the blood flow. Further studies showed that AB40(42)
plays another role in the vascular system and is involved in repairing leaks in the Blood-Brain
Barrier (BBB) ",

Together, this evidence suggests that the concentration of AB40(42) is a crucial factor
between physiological functions and pathological effects. In this sense, AB40(42) peptides
may act in a “hormonetic fashion” ], meaning that low concentrations of AB40(42) are
involved in a pool of functions of physiological relevance. In contrast, a concentration
increase is linked to peptide misfolding and the development of pathology.

Three main proteases a-, B- and y-secretases—are responsible for APP cleavage, and their
activity leads to “amyloidogenic” and “non-amyloidogenic” pathways!*. Outside the CNS,
APP is preferentially cleaved by a-secretase, which is responsible for the amyloidogenic
pathway!'3l as it cleaves APP in positions 16 and 17 of the AP42 sequence. The final
enzymatic products, upon lysosomal degradation or y-secretases activity, are short and
hydrophobic peptides, collectively called p3 fragments. APP processing by a-secretases is
believed to be protective in AD because this enzymatic pathway competes with production
of full length AB40(42) 131,
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Figure 3. The effects of AB40(42) are concentration dependent. AB40(42) monomers are
involved in a wide range of functions, including learning and memory, angiogenesis, neurogenesis, and repair
leaks in the blood—brain barrier. Pathogenic increase in AB40(42) concentration leads to peptide misfolding,
resulting in neuronal death, hypervascularization, neuronal loss, confusion and loss of memory!).

B- and 7y-Secretases were found to be the main enzymes responsible for forming
amyloidogenic species. The B-secretase enzyme (BACEIL) cleaves the extracellular juxta
membrane region of APP (B-cleavage)™, thus producing the soluble N-terminus of APP
(sAPPp), while the C-terminal fragment (CTF-$ or C99) remains bound to the membrane.
The CTF-B fragment is cleaved again by B-secretase, releasing AP40(42) into the
extracellular space!'*. Of note, BACE1 is involved in metabolism of several other proteins
in addition to APP; therefore, it cannot be used as a ,,druggable* target!!*].

v-Secretase complex is heterogeneous with respect to its protein composition and expression
and exhibits a wide range of enzymatic activity involving a pool of different substrates. The
catalytic elements of y-secretase are presenilins 1 and 2. These intramembrane-cleaving
proteases generate the AP carboxyl terminus from APP through sequential substrate cleavage.
Mutations in presenilins genes have been shown to increase the rate of AP40(42)
production!!3]. In cognitively healthy adults, the average fraction of AB40(42) production and
clearance rates are estimated to be around 8% per hour!!®); thus, AB40(42) is unlikely to reach
the concentration necessary to trigger its amyloid formation under physiological conditions.
Notably, previous studies suggested that at the CNS level, an impairment of A clearance
has an higher impact in amyloid formation rather than increased AB40(42) synthesis [!7],
Clearance of AB40(42) peptides occurs through enzymatic and non-enzymatic pathways,
involving several mechanisms, including the enzyme neprilysin (NEP), uptake by microglial
or astrocytic phagocytosis.
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Figure 4. APP processing and generation of AB40(42). At first, APP is first cleaved by pB-secretase
(B) in its ectodomain close to the extracellular/luminal membrane border, thus generating a 99 amino acid
C-terminal APP fragment (C99). Next, the cleavages of C99 by y-secretase at e-, -, and y-sites release the
APP intracellular domain (AICD) into the cytosol, together with several AP species, which are between 37
and 42 residues in length. Alternative cleavage of APP by a-secretase (o) in the AR domain prevents
formation of AP. Pathogenic APP FAD mutations that have been shown or are likely to cause relative
increases in the generation of AB42 species are located in the y-secretase cleavage region of the APP TMD
and the AICD. Figure modified from reference!'”.

1.4 Amyloidogenesis in type 2 diabetes (T2D)

Type 2 diabetes is a metabolic disease associated with progressive B-cell failure, resulting in
decreased insulin secretion, and increasing hyperglycaemia. T2D currently affects over 400
million people worldwide, and is estimated to grow to over 700 million by the year 2045

Amyloid deposits in the pancreatic islets of Langerhans were observed in most individuals
with T2D and are correlated with a reduction in B-cell mass and as well al the failure of graft

and islet cell transplants!!-1°],
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Figure 5. Islet B-cells in a type-2 diabetic patient. In their study, Westermak G.T. and Westermark
P.2% found that all diabetic individuals had very pronounced islet amyloidosis, showing some islets with
little remaining endocrine cells. The islet amyloid had typical staining properties with Congo red and was
strongly labelled with antiserum against IAPP; Congo red, bar 20 um. Figure taken from reference 291,

The main protein component of such deposits is islet amyloid polypeptide (IAPP), and a

possible strategy to reduce T2D onset is to inhibit amyloid formation and the induced toxicity.

As T2D is a multifactorial disease, the cytotoxicity mediated by IAPP aggregation on S cells

cannot be considered the only cause of this pathology. However, IAPP aggregation has been
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linked to f cell dysfunction and death; thus, any potential mechanisms to prevent human
IAPP (IAPP) misfolding into amyloid fibrils and its depositions into plaques are of great
interest to the T2D field®”.

The initiation site for islet amyloid formation in vivo still needs to be clarified, and there is
conflicting evidence in the literature. Amyloid deposits detected in T2D appear to be
extracellular, and initial studies with transgenic mice were consistent with extracellular
deposition. However, other studies with rodent models in which IAPP is overexpressed are
more consistent with an intracellular originl®!.

1.5 Biological function of IAPP

hIAPP has been found to modulate several physiological functions, mainly regarding the
regulation of glucose homeostasis!®). This function is fulfilled by inhibiting insulin secretion,
controlling gastric emptying, and suppressing glucagon release 2?21, Furthermore, IAPP is
also involved in central functions, such as controlling satiety at the area postrema of the CNS
and acting as an adiposity signal.

* Insulin ‘

secretion
* Glucagon
secretion
+ Gastric
Emptying :
Body Weight l
/ « Renin activity
|IAPP
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Figure 6.The physiological role of IAPP. IAPP is a polypeptide, 37-residues in length and has
endocrine and auto-/paracrine functions. It is involved in slowing down gastric emptying and reducing food
intake by acting in the brain and likely at the gastric level, consequently decreasing body weight. For this
aspect, amylin also works synergistically with other hormones, such as leptin!?*. Due to its similarity to
calcitonin-gene-related peptide, it also affects bone metabolism by decreasing osteoclast activity.
Additionally, amylin influences vasodilation and the renin-angiotensin system. Figure modified from
reference (231,

IAPP effects are not fully understood, but it has been shown that they are mediated by
interaction with six different subtypes of IAPP receptors; consisting of complexes formed
between two Calcitonin (CT) receptors and three receptor activity-modifying proteins
(RAMS). However, the receptor subtypes active in the peripheral tissue or the CNS[®! are
unknown, and no approved small molecule agonists exist.

IAPP is synthesized as an 89-residue long preproform, consisting of a 22-residue long signal
sequence and by pro-IAPP. Pro-IAPP is cleaved by the prohormone convertases PC2 and
PC1/3 and further processed in the Golgi and the insulin secretory granules to the 37-residue

19



Introduction

mature peptide?>?*]. The sequence undergoes subsequent post-translational modifications,
including the amidation of the C-terminus through a multi-step process and the formation of
an intramolecular disulphide bridge between residues 2 and 7 %1, IAPP is stored in the insulin
secretory granules and represents 1-2% of insulin concentration. Of note, in these conditions,
IAPP concentration is higher than that promoting aggregation in vitro, and the low pH of the
granules could explain why IAPP does not aggregate under these conditions!®),

1.6 Molecular link between Alzheimer's disease and Type 2
diabetes

AD and T2D share similar features. Both diseases are multifactorial and characterised by
tissue degeneration and neuronal or. in the case of T2D, pancreatic B-cell death®*). In both
diseases, the pathogenesis is linked to the accumulation of insoluble amyloid deposits, mainly
formed by misfolded AB40(42) peptides or IAPP. Protein aggregation is believed to start
years before disease onset and worsens with their progression. Furthermore, both diseases
are characterized by hyperglycaemia and insulin resistance, to the extent that some authors
call AD as “type 3 diabetes”>].

Several studies also revealed the deposition of IAPP in the brains of patients with AD and
brain vessels of T2D patients. In contrast, high levels of AB40(42) were observed in the

25261 - Furthermore, inoculation of pancreatic IAPP

pancreas of type 2 diabetic patients!
aggregates into the brains of transgenic mice with AD resulted in memory deficits *). Studies
demonstrated that IAPP and APB40(42) oligomers share a similar cytotoxic mechanism, as
they both induce -cell and neuronal apoptosis. Additionally, IAPP oligomers were found to
damage the membrane permeability in neurons, induce ROS production, and alter calcium

homeostasis!*!.

IAPP and AB40(42) sequences are 25% identical and 50% similar, and the degree of identity
and similarity increases in the hydrophobic regions that drive the fibril assembly!®”). In vitro
studies revealed that AP42 and IAPP bind each other with high affinity and that their
interaction is mediated by the “hot segments” AB(19-22), AB(27-32), AB(35-40) and
IAPP(8-18) and IAPP(22-28)?81. These binding regions include residues that are important
for self-assembly. Based on this evidence, several studies have suggested that, at the
molecular level, the co-localization and cross-interaction between IAPP and AP peptides
contribute to, or accelerates, the onset of AD and T2D 27321,

1.7 Mechanism of amyloid formation

It is widely accepted that amyloids form through a process made of different energetic states.
These states include low molecular weight assemblies, such as dimers and trimers, soluble
oligomers and protofibrils, and, eventually, fibrils that accumulate in plaques'*}]. Obtaining a
mechanistic understanding of protein aggregation is crucial for blocking, redirecting, or
modifying this pathogenic process. However, elucidating the critical phases of amyloidogenesis
is complicated by the complex nature of the aggregation steps. Furthermore, the factors
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triggering the misfolding of amyloidogenic peptides, such as IAPP and AB40(42), remain

unknown.
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Figure 7. Schematic illustration of an aggregation reaction network. The kinetics of
aggregation can be described through a series of microscopic steps in equilibrium with each other. In this
scheme, the steps of the aggregation mechanism of an amyloidogenic protein (pink) are shown. Figure
modified from reference®*.

The kinetics of amyloid formation can be divided into four micro steps: The first step is
primary nucleation, which consists of the self-assembly process into nuclei through
spontaneous associations of monomers without the contribution of preformed

aggregates[33 341

. This way, monomers, aggregation-competent units, assemble into
increasingly stable nuclei, defined as aggregates that grow faster by monomer addition than

they dissociate.

The second step is known as secondary nucleation. This step consists of the association of
monomers on a preformed fibril surface, which is composed of the same monomeric building
blocks (homologous)®*¥ or by monomers of other amyloidogenic proteins (heterologous). In
this step, the fibril, or seed, acts as a catalyser of the aggregation process. Finally, the
secondary nucleation rate depends on two parameters: the concentration of monomers and

the concentration of seeds!**.

After the nucleation steps, fibrils elongate through a dock-lock mechanism called “fibril
elongation”, in which, at first, monomers dock quickly to fibril tips; then in a locking step,
they undergo a structural conversion to adopt fibril morphology and structural characteristics,

likely with preformed fibrils acting as templates!®*],

Finally, fibril growth drastically accelerates by generating new reactive surfaces enabling a
further elongation step upon fragmentation(*®!. This effect, which alters the fibrils" size and
their amyloid-competent surface, modifies their ability to interact with biological surfaces,
such as cellular membranes and other fibril particles. The combined effects of decreasing
length of individual fibrils and increasing number of fibrillar particles caused by fibril
fragmentation could enhance the cytotoxic potential of fibrillar material.
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1.8 Structural properties of different amyloid species

Identifying the target's structure is a significant challenge for developing inhibitors of
amyloid assembly. The transient nature of the species involved complicates this task. Here, |
will briefly report some evidence regarding the structures and properties of amyloid
monomers, oligomers, and fibrils.

1.8.1 Properties of amyloid monomers

Soluble and unordered monomers are the physiological and native forms of various
amyloidogenic peptides. Due to the lack of a stable secondary structure, monomers are
generally classified as “intrinsically disordered”, and the transition from an unfolded state
into secondary structures rich in -hairpins is considered important for oligomerisation of

amyloidogenic peptides and proteins®”!.

B-Hairpins consist of two [-strands adjacent
in primary structure, oriented in an antiparallel direction, and linked by a short loop of two
to five amino acids. The importance of B-hairpin structures in the amyloidogenic process is
due to their propensity to form bulky and compact assemblies, their twisted shapes and their
highly hydrophobic surfaces*”!. The role of these structures has been elucidated in the work
of Hard and Hoyer, who reported solution-phase NMR spectroscopy studies of monomeric
IAPP and AP42 in complex with affibodies to stabilise the B-hairpin structures®73%l.
Furthermore, Kayed et al. and Dupuis et al. showed that IAPP monomers could adopt an 3-

hairpin-rich structure on-pathway to the amyloid formation!*4°],

1.8.2 Properties of amyloid oligomers

Special attention has been dedicated to the properties of amyloid oligomers, which are
generally defined as such based on their size (e.g. 2 to 20-mers or other), growth rate (lower

than fibrils), structure (less organised than amyloid fibrils) and toxicity!**l.

Characterization via NMR, FTIR and EPR spectroscopies revealed additional biophysical
and biochemical properties, such as the presence of [3-sheet-rich structures, a transient and
polymorphic nature, and structural features shared by oligomers of proteins with a different

primary sequencel*!l.

The secondary nucleation step is thought to generate the most significant amount of
oligomeric species, which can be described as smaller than the mature fibrils, with a less
organised structure and a lower growth rate. Once generated, the oligomers undergo a
structural reorganisation into grow-competent species. However, due to their transient nature,
solving their structure remains challenging.

Strong evidence underlines the toxic potential of soluble amyloid oligomers and their
generation process [***), Studies on the neurotoxicity of AB peptides showed that soluble,
low-number oligomers, such as dimers-dodecamers of naturally secreted human A injected
in the rodent hippocampus, could impair both synaptic strength and long-term depression.

Furthermore, A} oligomers can inhibit critical mechanisms of synaptic plasticity which result
into synaptic loss, as assessed by the decrease of dendritic spine density .
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The biophysical and biological properties of amyloid oligomers do not depend on their
primary sequences. Low-order, partially structured and soluble oligomeric species of h-IAPP
were found to be toxic and to upregulate oxidative stress, inflammation and apoptosis in rat
INS-1 B-cells and murine pancreatic islets!*’). The proposed mechanism of their cytotoxicity
involves disruption or formation of pores in cell membranes by forming ion-leaking pores“®-
81 leading to increased membrane fluidity, calcium dysregulation, and decreased cell
viability 241 TAPP oligomers have also been found within disturbed mitochondrial
membranes in transgenic hIAPP mice and T2D patients, which was linked to the

overproduction of oxygen-reactive oxygen species (ROS)!1.

Soluble oligomers that adopt an elongated morphology are called protofibrils. Protofibrils are
transient species formed during the lag phase of spontaneous amyloid growth when the
amyloidogenic peptide or protein is at a relatively high concentration®®!. Contrary to mature
fibrils, AP protofibrils incubated in buffer tend to dissociate and do not bind ThT!, Kayed
and coworkers reported that soluble protofibrils are immunoreactive towards All, an

oligomers-specific antibody!*?,

AB40(42) protofibrils were found to inhibit LTP-mediated synaptic plasticity in mouse
hippocampus and accumulate in glial cells!*¥l. Protofibrils of both AB40(42) and IAPP have
also been reported to disturb membrane integrity by inducing reactive oxygen species
(ROS)PP4, resulting in decreased membrane fluidity, intracellular calcium dysregulation,
depolarisation, and impaired long-term potentiation (LTP)!*3. In addition, the damaging
effects of protofibrils were significantly greater than those of low molecular weight oligomers
of AB4215%],
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Figure 8: Schematic representation of the amyloidogenic pathway. At first, species formed
during the aggregation are clusters of a small number of molecules, which retain a structural memory of their
monomeric state. These early oligomers are unstable and can be unfolded, partially ordered, or ordered
depending on the structure of their initial monomeric species. When aggregation proceeds, such aggregates
reorganise into more structured species, rich in -sheet content, and usually grow in compactness and size.
The B-sheet oligomers can grow further via self-association or by adding monomers to form well-defined
fibrils with a highly organised cross-B structure. This figure is taken from referencel™l.

1.8.3 Properties of amyloid fibrils

Amyloid fibrils are typically 7-13 nm in diameter, organised in 2-8 protofilaments that often
twist around each other or associate in lateral ribbons 2-7 nm high and up to 30 nm widel*!.
A characteristic feature of the amyloid assemblies is the morphological and structural
similarity of fibrils formed by different peptides. This phenomenon might be explained by
similar structural elements, such as the formation of -strands, the low degree of twist in the
B-sheets, and the fact that short peptides can assemble into three-dimensional crystals!?!
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In in vitro systems, amyloid fibril formation is generally quantified by binding dyes, such as
thioflavin-T (ThT) and Congo red (CR) 7],

Fluorescence enhancement upon binding to fibrils is the most defining and thoroughly
studied property of ThT. It is widely believed that the increase in ThT fluorescence results
from selective immobilisation of a subset of ThT conformers®®?!. Several experimental data
and quantum mechanical predictions suggest that ThT behaves as a “molecular rotor” 5851,
A low energy barrier allows the benzylamine and benzathiole rings of ThT to rotate freely
about their shared carbon-carbon bond. This rotation rapidly quenches excited states
generated by photon excitation, causing low fluorescence emission for free ThT. In contrast,
rotational immobilisation of ThT preserves the excited state, resulting in a high quantum yield
of fluorescence®®]. By extension, amyloid fibrils are likely to present a ThT-binding site that

sterically “locks” the bound dye, thus leading to an enhancement of ThT fluorescencel*®.

The fibrillar morphology, B-sheet content, and reactivity to binding dyes are the three
characteristics that are generally accepted to define protein aggregates as amyloid structures.

Structural analysis performed via X-ray fiber diffraction, Fourier transform infrared
spectroscopy, solid-state magnetic resonance (ssNMR), X-ray crystallography and Cryo-
EMI6%-64] revealed that fibrils fold into a cross-p structures, in which B-strands are positioned
perpendicularly to the axis of the fibrils and are organised into B-sheets that run through the
length of the fibrils.

AB40 fibrils

Tycko and co-workers established methods for producing two types of homogeneous fibrils
from chemically synthesised AB40, which have been characterised via ssNMR (Figure 10)%-
%71 One fibril structure consists of 3-fold symmetrical fibrils with twisted morphology and
arranged triangularly; the other contains 2-fold symmetrical fibrils with a striated ribbon
morphology which stack on top of each other to create four layered B-sheets [°¢%%] The
structures of the protofilaments of both fibril types are very similar and consist of extended
networks of layered, in-register parallel B-sheets. The N-terminal region AP(1-10) is
unstructured, whereas the central segment AP(11-22) and the C-terminal residues
AB(30—39) are organised in two PB-strands connected by a loop consisting of AB(23—-29)
(Figure 9). In 2019, Fiindrick and coworkers [*” solved the Cryo-EM structure of AP40 fibrils
isolated from the meninges of AD patients, containing low levels of AB42 fibrils!*®!. Overall,
these fibrils revealed a twisted morphology that resembles that observed in in vitro
experiments, with the remarkable difference that fibrils obtained ex vivo were right twisted.
The Cryo-EM structure revealed that each AB40 peptide stack contains four cross-f sheets,
termed B1-P4, comprising residues 2-8, 10-13, 15-19 and 32-34. Remarkably, the
organisation of the regions 10-19 and 30-37 into B-strands was supported by the Cryo-EM
model proposed by Murzin, Peak-Chew, Goedert and coworkers!®!,
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Figure 9: ssNMR structures of AB40 fibrils. Tycko and coworkers resolved the structures of two
types of AP40 fibrils via ssNMR.[03%) The first type (a) is formed by 3-fold symmetrical fibrils with twisted
morphology and arranged triangularly; the second one (b-c) contains 2-fold symmetrical fibrils characterised
by a striated ribbon morphology stacking on top of one another to create four layered B-sheets. In both
models, segments AB(11-22) and AB(30-39) are structurally organised into -strands (highlighted in blue).
This second model sees an additional variable, the “staggering” of the internal quaternary contacts®®],
consisting of the organisation of the -sheets along the direction of the long fibril axis. The staggering can
be negative (b) or positive (c). The structures were downloaded from the PDB, (2LMP(a)!®], 2LMPO(b) and
2LMN(c)%®1Y and the Figures were generated with Chimeral’" software package.

The B-sheets run parallelly to the orientation of the hydrogen-bonded B-strands relative to
one another. In contrast to what was found in the ssNMR model, the peptide fold is C-shaped
and not U-shaped. The central contact site, which occurs close to the main fibril axis, is

formed by residues 24-26.

AB42 fibrils

The ssNMR structure of the same AB42 fibril polymorph was solved independently by the
research groups of Riek!”!) Ishiil’?| and Griffin’?!. Their studies showed that the
protofilaments composing AB42 fibrils fold into a convoluted S-shape, which differs from
the shape of the protofilament subunits in the AB40 fibrils solved via ssNMR 3], The fibril
identified by Riek and Griffin consists of two protofilament subunits, which are 2-fold
symmetrical (Figure 10). The inner part of each protofilament is formed by packed
hydrophobic residues organised in two cores, one containing residues Ile*!, Val*¢, Val*°, and
Ile*!, and the other having Leu'”, Phe!®, Phe?®, Val**, Ala*’, and I1e*?7*]. The surface exposed
to the solvent contains mainly charged and polar residues, including Lysl6, Glu?, Asp23,
Ser?, and Lys?®, and forms the main turn/loop between the three main B-strands, spanning
between AP(10-40) [*). Additional structural stability is given by a salt bridge formed
between the side chain of Lys®® and the Ala*? carboxylic group.

In 2017, Schroder, Willbold, and co-workers determined the structure of a different AB42
fibril polymorph using cryo-EM®. Although the C-terminus resembles the ssNMR
structure, the cryo-EM structure indicates that the N-terminus is ordered and part of the
fibril’s cross-f structure.
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Figure 10: ssNMR structures of AB42 fibrils. Colvin et al. [¥ solved the structure of a dimer
formed from two S-shaped monomers, with most hydrophobic residues buried in the fibril core. The
hydrophilic residues are solvent-exposed and include the main turn/loop between the three main B-strands
(in green). The structure was downloaded from the PDB (5KK3(a)) [*], and the figure was generated with
Chimera™ software package.

IAPP fibrils

Studies revealed that while human IAPP (hIAPP) is strongly amyloidogenic, rat IAPP
(rIAPP) is not!’*"], The primary sequences of the two peptides differ only in six positions,
five of which are located in regions 20 to 29. This evidence suggested that IAPP(20-29) is
the amyloidogenic core of hIAPP!74); moreover, in rIAPP, three of these AA residues (Ala®’,
Ser?® and Ser?’) are substituted by proline, a well-known B-sheet breaker %71, Studies on
short peptide fragments covering hIAPP(20-33) revealed that pentapeptides and longer
segments form amyloid fibrils in vitro. High-resolution X-ray crystallography studies of short
peptides hIAPP(22-27) and hIAPP(28-33) 477l revealed that while the segment hIAPP(28-
33) forms an extended B-strand, the segment hIAPP(22-27) folds into a backbone turn!.
Tycko and coworkers!’®! reported the solid-state NMR structure of full-length IAPP fibrils,
revealing the presence of parallel, in-register alignment of B-strands, which suggested a
hairpin structure of two B-sheets, not including the central region IAPP(18-27). In 2016,
Weirich et al.[”®! reported the ssNMR structure of recombinant and non-amidated IAPP fibrils.
This study revealed the presence of up to four B-strands per monomer present in fibrillar
IAPPcoon that were in the segments IAPP(8-20), IAPP(23-28), IAPP(30-32), and IAPP(35-
36).

In 2020, Schrdeder'®?!, Eisenberg!®], and Radford and Ranson groups'®! reported cryo-EM
structures of IAPP amyloid fibrils within 4.2 A and 3.6 A resolution. The IAPP fibril
polymorphs studied by all three groups comprise two helically twisted protofilaments, each
consisting of a stack of monomers arranged in the cross-f-sheet structure typical for
amyloids. Both Réder et all®¥l, and Gallardo et al.®”) reported an S-shaped protofilament
composed of three short B-strands, formed by segments IAPP(14-19(20)), IAPP(26-31(32))
and IAPP(35-36(37)) and linked by short loops. By contrast, Cao et al. [**] reported an I-
shaped fold containing short B-strands formed by similar segments to those in the S-shaped

folds suggested by the other authors 811,
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Figure 11: Cryo-EM Structures of IAPP fibrils. Eisenberg's (a) [ and Schroder's (b)[ groups
solved the cryo-EM structures of two different polymorphs of IAPP fibrils. Both fibrils consist of two
helically twisted protofilaments, each formed by a stack of monomers arranged in a cross-3-sheet structure.
In both polymorphs, the segments IAPP(14—-19)(20)), IAPP(26-31(32)) and IAPP(35-36(37) form short -
strands (in blue). The structure of the fibril resolved by Cao et al'® is “I” shaped (a), whereas the cryo-EM
mapping of the structures identified by Roder et al.[®?! is “S” shaped (b), by what is also reported by the
groups of Radford and Ranson %, The structures were downloaded from the PDB (6VW2 (a)[%], and
6Y1A(b) %)), and the figure was generated with Chimera’"l software package.

1.9 Peptide inhibitors of amyloid formation

Until now, only very few anti-amyloid drugs have reached the market!'?). The development
of amyloid inhibitors faces significant challenges, like the transient kinetics of the amyloid
assembling and the necessity of high-affinity interaction between the inhibitor and the target,

(19, On top, drug

as toxic self-assembly often occurs at low nanomolar protein concentration
candidates must fulfil other pharmacological properties like target specificity, solubility in

body fluids, and permeability of physiological membranes, especially if targeting the CNS.

In the last two decades, the three most exploited approaches to develop anti-amyloid
inhibitors were: antibodies/proteins, small organic molecules, and peptides and

(191 each presenting unique advantages and disadvantages. The main

peptidomimetics
drawbacks of monoclonal antibodies concern four crucial points: a) their effectiveness at
slowing cognitive decline is mixed, b) the higher risk of developing vasogenic cerebral
oedema and cerebral micro-haemorrhages, also known as amyloid-related imaging
abnormalities (ARIA)®? ¢) their low membrane permeability, requiring intravenous
administration which limits patient compliance and d) the limited coverage due to their high

production costs.

Small molecules may have the advantage of higher stability in biological fluids and tissues,
the potential to cross physiological barriers, including the brain-blood and gastrointestinal

barriers, and immunological tolerance!®*!.
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Figure 12: Schematic representation of the molecular strategies to interfere with
amyloid formation. An anti-amyloid candidate should target one or more steps of the amyloid formation,
such as the generation of the amyloidogenic proteins (i.e., inhibitors of y- and [-secretases), blocking the
nucleation mechanisms and/or remodel, disassemble or degrade preformed fibrils. Figure based on
references!!%33],

On the other hand, small molecules lack specificity, leading to off-pathway side effects, long
half-life, and low efficacy of interfering with protein-protein interactions due to their small
surfaces. Up to now, only the small molecule “Tafamidis” among anti-amyloid drug
candidates has reached the clinic for treatment of transthyretin (TTR micro-haemorrhages

(familial amyloid polyneuropathy (FAP) treatment)®>!.

Peptides may show optimal pharmacodynamic properties, such as high efficacy, selectivity,
and potency!'”. Nevertheless, the main disadvantages of peptide drug candidates concern
their limited pharmacokinetics, especially low proteolytic stability, rapid clearance, and poor
bioavailability/oral availability. In the last years, development and optimisation of
macrocyclic peptides have overcome some of these significant drawbacks. Macrocyclic
peptides often combine enhanced proteolytic stability and membrane permeability with
increased surface areas, which is critical in modulating the protein-protein interactions
involved in amyloid formation 747 The development of peptide amyloid inhibitors is
obtained in several steps, which can be summarised in Figure 13. Head-to-tail cyclised, and
N-methylated hexapeptides are an appealing scaffold for designing bioactive compounds. In
fact, several cyclic hexapeptides from natural sources are marketed for medicinal and

nt%831 " the antifungal

veterinary applications. This includes the antibacterial vancomyci
caspofungin, the immunosuppressant cyclosporine, the anticancer agent FK228 and the
anthelmintic emodepside!®®. Head-to-tail cyclised, and N-methylated hexapeptides are an
appealing scaffold for designing bioactive compounds. Multiple chemical tools have been
developed to circumvent peptide degradation by plasma proteins and their low membrane
permeability, including cyclisation, the introduction of D-amino acids, unnatural amino acid
substitution and the use of peptidomimetics such as peptide bond isosteres and peptoid
formation®”). Of these, peptide backbone cyclisation is by far the most straightforward
technique, as it may provide better metabolic stability and introduce conformational
constraints to the peptide backbone, thus dictating spatial arrangement of the

pharmacophores!®¢,
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Figure 13: Schematic representation of anti-amyloid peptide drug design, optimisation,
and discovery based on hierarchical strategies. Scheme adapted from references ['%%3],

Cyclic peptides with a ring size of 3-7 present some appealing characteristics for drug
development. They fold into preferred conformations, and their structural constraint can be
further modulated by the insertion of N-methylations in specific positions’”). Furthermore,
they usually present optimal characteristics to act as cell-penetrating peptides (CPPs), such
as a molecular weight below one kilodalton, five hydrogen bond donor groups, and a polar
surface area smaller than 250 A®®). Such characteristics make them potential candidates for
cytosolic delivery through the blood-brain or the gastrointestinal barrier!8] (8],

Kanai and Sohma groups reported a novel class of small cyclic peptides showing anti-
amyloidogenic properties against AB42 self-assembly. The head-to-tail cyclised inhibitors
were designed using the amyloidogenic core of AB(15-20) as a template!®” and were further
optimised by applying enantio- and retro-enantio approaches and decorated with fluorescent
probes. This class of peptides class was further found to inhibit A42 fibrillogenesis.

Gadhiri and coworkers reported the design, synthesis and characterization of organic
nanotubes based on rationally designed cyclic octapeptides®!! alternating D-and L- amino
acids. When protonated, these compounds crystallise into tubular structures hundreds of
nanometres long, with internal diameters of 7-8 A. The similarities between the structural

and biochemical characteristics of the nanotubes and amyloids®!*?!

were used as a basis by
Rahimipour and coworkers for synthesising a library of hexacyclic peptides, also alternating
D-and L- amino acids®*). This class displayed anti-amyloidogenic properties, and the lead
compound, CP-2, suppressed amyloidogenesis of AB40(42), a—syn, and the tau amyloid core
hexapeptide AcPHF6”#. Inhibition was likely mediated by the ability of CP-2 aggregates to

bind amyloidogenic oligomers and penetrate cell membranes.
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Figure 14. Schematic representation of a nanotube assembly from cyclic D, L-a-
peptides. Cyclic peptides with an even number of alternating d- and I- a-amino acids form flat ring-shaped
conformations that stack on top of each other through an intermolecular hydrogen-bonding network to form
hollow and cross B-sheet-like tubular structures. Figure taken from referencel®l.

1.10 Peptide inhibitors designed based on the IAPP-Af cross-
interaction

Increasing evidence supports the hypothesis that AD and T2D might be linked, as clinical
studies suggest that patients suffering from T2D might be at risk of AD and vice versa. On
the pathophysiological level, both diseases are characterised by localised deposition of
amyloid material extracellularly. Thus, the high affinity and structural similarity between
IAPP and AP has been suggested as a possible molecular link between the two misfolding
diseases?’ 23! Indeed, in both AD and T2D, two short, linear, and conformationally flexible
polypeptides can be subjected to folding failure and become amyloidogenic. Notably, both
polypeptides self-assemble into cytotoxic aggregates at nanomolar concentrations.

At the molecular level, the sequences of AB40 and IAPP are 25% identical and 50% similar.
At the same time, high degrees of identity and similarity are shared between the short
sequences AB(15-21) and IAPP(10-16) or AB(26-32) and IAPP(21-27), which were found
to participate in AP40 or IAPP self-assembly (Figure 15)°). Our group has successfully
designed and developed IAPP/AP amyloid inhibitors by identifying the “hot segments” of
the IAPP/AP cross-interaction?®!. The design strategy’s molecular basis was that selectively
N-methylated IAPP analogues, inhibiting IAPP amyloid self-assembly by impairing the H-
bonding between the B-strands formed during the amyloid formation, were found to be
nanomolar inhibitors of the cytotoxic self-assembly of AP401233890.961 n addition, IAPP-
GIL, ([(N -Me)G24, (N -Me)I126] -IAPP) was the first reported nonfibrillar/nontoxic cross-
amyloid inhibitor redirecting AB40 amyloid assembly to form non-toxic and non-fibrillar
hetero-oligomers. IAPP-GI and related analogues %! were also found to remodel preformed
AP40 fibrilsP®!,
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p-strands

Ap40(42)  DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMYGGVV(IA)

IAPP KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY

Figure 15. Primary structures of ABp and IAPP. The identical amino acids shared by both
AB40(42) and IAPP sequences are highlighted in yellow, and similar amino acids are marked in red. The
blue bars indicate the region of both sequences arranged in -strand, based on the ssNMR models. Figure
based on reference 2%,

The next round of optimisation consisted of the design of (cross)amyloid inhibitors called
“interaction surface mimics” or ISMs®”. ISMs were 21-residue long peptides that mimic
putative IAPP self-and/or A} cross-interaction surfaces. Notably, some of them were found
to also block cross-seeding of IAPP by AB40 fibrils, which has been suggested as a possible
link between the two diseases?’2%*1],

IAPP-GI  KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY IAPP + AB inhibitor
[ ]
N-Me N-Me
R3-Gl (ISM) ATQRLANFLVH-RRR-NFGAILS AB inhibitor
[ ]
N-Me N-Me

Figure 16. Primary structures of IAPP-GI and R3-GI. The N-methylations in positions 24 and 26 of the
IAPP sequence are highlighted in yellow. In contrast, the segments of the IAPP sequence conserved in the
R3-GI design are marked in blue (IAPP(8-18)) and purple (IAPP(22-28)). The linker inserted in the R3-GI
sequence to stabilise preferred conformations is highlighted in green. Figure based on reference P31,

The design of inhibitors was based on the finding that IAPP self-assembly is mediated by the
same two hot segments involved in cross-assembly with AB40(42)?8!. ISMs were generated
by connecting “hot spots” (in the native or N-methylated form) through tripeptide linkers that
could influence the secondary structures of peptides, thus modulating their potency and
selectivity®®!. The high-affinity binding of ISMs mainly mediated binding affinity and
inhibitory potential to prefibrillar AB40(42) or IAPP species, which were sequestered into
amorphous/nontoxic hetero-aggregates. In the next round of optimisation, the ISM R3-GI
was used as a template to design novel macrocyclic peptides as potent amyloid inhibitors.
These macrocyclic inhibitory peptides (MCIPs) mimic functional (inhibitory) IAPP
interaction surfaces while maintaining only four IAPP-derived recognition elements®’!,
alternated with glycines. Spanopoulou and coworkers®”! reported that the 17-residue 2b was
a nanomolar inhibitor of the cytotoxic self-assembly of both AB40(42) and IAPP but was
readily degraded by serum proteases. Therefore, a systematic L-/D-residue exchange was
used to achieve crucial drug-like properties, such as plasma stability and BBB permeability.
This approach led to the design of analogue 2e, a selective nanomolar inhibitor of AB40(42)
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with high proteolytic stability in human plasma. As 2e also crossed the BBB in a human
cerebral cell model, it is a promising candidate for AD anti-amyloid drugs.

R3-Gl (ISM) ATQRLANFLVH-RRR-NF?A‘ILS AB inhibitor
N-Me N-Me
I | . o

2b C-GLGG-RRR-GREGIGC-C IAPP + AB inhibitor

N-Me N-Me
MCIPs —

2e rc-GﬂGG-rrr-Gf|GG|IGG-tl AB inhibitor

N-Me N-Me

——

Figure 17. Primary structures of the MCIPs. The first step of the MCIPs design was an N-terminal
truncation of the primary sequence of R3-GI, which was used as a template. The N-terminal shortening was
applied based on the hypothesis that IAPP(14-18) dictates IAPP self- and cross-interactions 1231001011 The
sequences were cyclised by forming a disulphide bridge between the Cys introduced at the N- and C- termini
(2a). Aiming to minimise IAPP-derived AA even further, all the residues, except for Phe'>, Leu'¢, Phe? and
(NMe)lle?®, were substituted with glycines (2b). Finally, substituting the critical residues with D-amino acids
was applied to enhance the proteolytic stability and the membrane permeability of the sequences. Scheme based
on reference™.
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Aims of the thesis

2 Aims of the thesis

As mentioned in the previous chapter, earlier studies of our group showed that the “hot
segments” of the IAPP and AP42 interaction can be used as templates to design potent
inhibitors of amyloid assembly of AB42 or IAPP!?%%3], In this context, the previously designed
17-residue long MCIPs containing four IAPP-derived amino acids Phe!®, Leu'®, Phe** and
11e?® (in its N-methylated form) were found to be potent inhibitors of IAPP or AB42 amyloid
formation!®?l. Notably, MCIP 2e strongly suppressed AB40(42) amyloid self-assembly and,
in addition, it exhibited a high proteolytic stability in human plasma in vitro and was able to

cross the BBB in a human cerebral endothelial cell model®°!.

In my thesis, I addressed the questions a) whether designed cyclic hexapeptides termed
minimized IAPP mimics (MIMs) and consisting of the four above mentioned IAPP-derived
key residues, an Arg residue, and a Gly residue would still be able to inhibit amyloid
formation and cytotoxicity of IAPP and/or AB42, and if yes b) whether MIMs might have
favourable properties with respect to proteolytic stability in human plasma and BBB
permeability in a human cerebral cell model as found for the MCIP 2e.

On this basis, my thesis had these specific aims:

1. Design and synthesis of cyclic hexapeptides (MIMs) acting as potent inhibitors of [APP
and/or AB42 amyloid self-assembly.

2. Biophysical characterization of MIMs and their linear precursors, including secondary
structure and self-association propensity, to determine their structure-activity
relationships and learn more about the structural basis of their activity.

3. Characterization of the effects of MIMs on unseeded, self-seeded, and cross-seeded
amyloid self-assembly and cytotoxicity of [APP and/or AB42.

4. Characterization of the effects of MIMs on the amyloidogenic character and
cytotoxicity of different species of the amyloidogenesis pathway of IAPP and Ap42,
1.e., monomers, oligomers, and fibrils.

5. Development of an experimental approach to follow formation of transient IAPP and
AP42 oligomeric species based on their intrinsic characteristics (structure, cytotoxicity,
morphology, and immunoreactivity).

6. Characterization of the interactions occurring between MIMs and their target
polypeptides via CD spectroscopy, cross-linking, peptide arrays, and fluorescence
spectroscopic titrations.

7. Characterization of the proteolytic stabilities of selected MIMs and linear precursors in
human plasma in vitro.

8. Characterization of the BBB-crossing potential of a selected MIM (lead peptide) in a
human cerebral endothelial cell model (in collaboration)

9. Studying the effects of selected MIMs on the impairment of the hippocampal synaptic
LTP caused by AB42 aggregates (in collaboration).
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3. Materials and Methods

3.1 Materials
3.1.1 Chemicals

Materials and Methods

Table 2. Chemicals

Chemicals

Acetic Anhydride

Acetonitrile (ACN)
2-(7-Aza-1H-benzotriazole-1yl)-1,1,3,3-
tetramethyluronium) (HATU)

BSA (Albumin Fraction)

(2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium-

hexafluorophosphat) (HBTU)
5(6)-carboxyfluorescein (Fluos)
5(6)carboxytetramethylrhodamine (TAMRA)
Chloranil

Dichloromethan (DCM)

2CTC resin

Dimethylsulfoxide (DMSO)
N,N-Diisopropylethylamine (DIEA
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT)

N,N-Dimethylformamide (DMF)

Diethyl ether (Et.0)

1,2-Ethanedithiol (EDT)

Dithiothreitol (DTT)

Glycin

Glutaraldehyde solution

Hellmanex

Hydrochloric acid (HCI)
1,1,1,3,3,3-hexafluor-2-propanol (HFIP)
1-Hydroxybenzotriazol (HOBt)
Isopropanol

Methanol (MeOH)

Milk powder (not fat-dried)

Ninhydrin

NupAGE 4-12% BT Gel

Peptide Calibration Standard

Phenol

Piperidine

Polylysin

Proteinmarker-Multimark TM

Protected amino acids (AA)

NP Mes SDS Buffer BMF (20x)

SDS page

Sodium chloride (NaCl)

Sodium dihydrogen phosphate (NaH2PO4)
Sodium dodecyl sulfate (SDS)

Sodium hydrogen phosphate dihydrate (NaH>PO4 x 2
H-0)

Sodium hydroxide (NaOH)

Super signal duration ECL staining solution
NP Transfer Buffer BMF (20x)
3-[Bis(dimethylamino)methyliumyl]-3H-benzotriazol-
1-oxide hexafluorophosphate

Thioflavin T (ThT)

Company (city or country)
Sigma-Aldrich (St. Louis, USA)
VWR (Radnor, USA)

Bachem (Bubendorf, CH)

Roth (Karlsruhe, DE)
Iris Biotech (Marktredwitz, DE)

Sigma-Aldrich (St. Louis, USA)
(Novabiochem/ Merck) ((Darmstadt, DE)
Fluka (Seelze, DE)

Roth (Karlsruhe, DE)

Iris Biotech (Marktredwitz, DE)
Sigma-Aldrich (St. Louis, USA)

Roth (Karlsruhe, DE)

Sigma-Aldrich (St. Louis, USA)

CLN (Niederhummer, DE)
CLN (Niederhummer, DE)
Fluka (Seelze, DE)
Sigma-Aldrich (St. Louis, USA)
Fluka (Seelze, DE)
Sigma-Aldrich (St. Louis, USA)
Hellma Analytics (Millheim, DE)
Roth (Karlsruhe, DE)

Roth (Karlsruhe, DE)
Sigma-Aldrich (St. Louis, USA)
CLN (Niederhummer, DE)
VWR (Radnor, USA)

VWR (Radnor, USA)
Sigma-Aldrich (St. Louis, USA)
Invitrogen (DE)

Bruker (Billerica USA)

Iris Biotech (Marktredwitz, DE)
Roth (Karlsruhe, DE)
Sigma-Aldrich (St. Louis, USA)
Fisher Scientific (Hampton, USA)
Iris Biotech (Marktredwitz, DE)
Invitrogen (DE)

Invitrogen (DE)

Roth (Karlsruhe, DE)

Merck (Darmstadt, DE

Roth (Karlsruhe, DE)

Roth (Karlsruhe, DE)

Roth (Karlsruhe, DE)
Sigma-Aldrich (St. Louis, USA)
Invitrogen (DE)

Iris Biotech (Marktredwitz, DE)
Sigma-Aldrich (St. Louis, USA)
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Triisopropylsilane (TIS) 99%

Trichloracetic acid (TCA)

Trifluoracetic acid (>99.5%) (TFA for synthesis)
Trifluoracetic acid (>99.5%) (TFA for HPLC)
Trifluoroethanol (TFE)

Triton X-100

Uranyl acetate

Materials and Methods

Sigma-Aldrich (St. Louis, USA)
Roth (Karlsruhe, DE)

Iris Biotech (Marktredwitz, DE)
Sigma-Aldrich (St. Louis, USA)
Roth (Karlsruhe, DE)

Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)

3.1.2 Synthetic peptides (purchased or provided by others)

Table 3. Peptides

Peptides
TAMRA-ABR42
AB(1-42)

FITC-BAla-Amyloid-p-protein (1-42) (Ammonium
salt) (abbr. FITC-AB42)

Company (city or country)

Bachem (Bubendorf, CH)

Synthesis by the group of Prof. Dr. Aphrodite
Kapurniotu, purification by Peptide Specialty
Laboratories

Bachem (Bubendorf, CH)

hIAPP Synthesis by K. Hille (group of Prof. Dt
Kapurniotu)

Fluos-1APP Synthesis by K. Hille (group of Prof. Dr. Aphrodite
Kapurniotu)

3.1.3 Assay Kkits

Table 4. Assay kits

Assay Kits
Micro Bicinchoninic acid (BCA) protein assay kit
SuperSignal West Dura extended duration substrate

Company (city or country)
Fischer Scientific Pierce (DE)
Fischer Scientific (DE)

3.1.4 Materials and devices

Table 5. Materials

Material

96 well plate, Cellstar, sterile, F-bottom (cell culture)
96 well plate, CellGradeTM plus, sterile (cell culture)
Cellstar® Tubes, 15 mL

Cellstar® Tubes, 50 mL

Cuvette, quartz

Disposable hypodermic needles, 100 Sterican Gr.18
Filter, Millex-FG, 0.2 um

Glass reaction vessel

Microtiter plate, 96 well, F-bottom, black
Nitrocellulose membrane

Pasteur pipette

Pipette tips, 2-200pl, yellow

Pipette tips, 100-1000pl, blue

Pipette tips, 0.5-10ul

Pasteur pipettes, glass, 145mm

Reaction vessel, 1.5m

Syringe, BD Discardit 11, sterile, 10 mL

Syringe, BD Discardit 11, sterile, 20 mL

Syringe, BD Discardit 11, sterile, 2 mL

TEM grids, FCF300-Cu, 300 mesh

Company (city or country)

Greiner Bio-One (Frickenhausen, DE),
B. Braun (Melsungen, DE)

Greiner Bio-One (Frickenhausen, DE)
Greiner Bio-One (Frickenhausen, DE)
Hellma Analytics (Millheim, DE)
BRAND (Wertheim, DE)

Filter, Millex-FG, 0.2 um Merck (Darmstadt, DE)
CS-Bio Inc (California, USA)
FluoroNunc/Thermo Fisher Scientific
XCell Il BlotModule, Thermo Fisher Scientific
BRAND (Wertheim, DE)

BRAND (Wertheim, DE)

BRAND (Wertheim, DE)

Axygen (Union City, USA)

BRAND (Wertheim, DE)

Sarstedt (Niimbrecht, DE)

Becton Dickinson (Franklin Lakes, USA)
Becton Dickinson (Franklin Lakes, USA)
Becton Dickinson (Franklin Lakes, USA)
Electron Microscopy Science
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Table 6. Devices

Devices

Analytical balance

Centrifuge Labofuge AE

CO2 Incubator MCO-17AIC

Eppendorf centrifuge 5417C

Jasco FP-6500 fluorescence spectrophotometer
Heating block neo Block 1

HPLC degassing unit DG-2080-53

HPLC low-pressure gradient unit LG-2080-02S
HPLC pump PU-2080 Plus

HPLC UV/Vis detector UV-2077 Plus
LAS-4000 mini Fujifilm

Magnetic stirrer Topolino

Microscope model CKX41

Multichannel pipette

2030 Multilabel Reader VictorX3 instrument
pH-Meter

Shaker CAT S20

Jasco 715 spectropolarimeter

SDS X cell sure Lock BIO-RAD

Ultrapure water unit TKA MikroPure
Ultrasonic bath SONOREX

UV-Vis spectrophotometer V630

Vortex Mixer Vortex Genie 2

Company (city or country)

Denver Instrument Sartorius (Géttingen, DE)
Heraeus Sepatech (Osterode, DE)
Sanyo Electric Co

Netheler-Hinz GmbH (Hamburg, DE)
Jasco (Gross-Umstadt, DE)

NeoLab (Heidelberg, DE)

Jasco (Gross-Umstadt, DE)

Jasco (Gross-Umstadt, DE)

Jasco (Gross-Umstadt, DE)

Jasco (Gross-Umstadt, DE)

Fujifilm Europe GmbH (Dusseldorf, DE)
Carl Roth (DE)

Olympus

BRAND (Wertheim, DE)
(PerkinElmer Life Sciences)

Mettler Toledo (Greifensee, CH)

CAT (Staufen, DE)

Jasco (Gross-Umstadt, DE)

Invitrogen (Carlsbad, USA)

TKA (Niederelbert, DE)

Bandelin (Berlin, DE)

Jasco (Gross-Umstadt, DE)

Scientific Industries (New York, USA)

3.1.5 HPLC-columns and precolumns

Table 7. HPLC-columns and precolumns

Instrument
SEC column: Superdex 75 10/300 GL column

Column: Nucleosil 100 C18, 250 mm length, ID 8 mm,

7 um particle size
Precolumn: Nucleosil 100 C18, 33 mm length, ID 8
mm, 7 um particle size

Company
(GE Healthcare)
Grace/Alltech

Grace/Alltech

3.1.6 Cell culture material

Table 8. Cell culture reagents

Reagent

D-Glucose

Fetal Calf Serum (FCS)
L-Glutamine

Horse serum

Non-essential amino acids (NEAA)
Penicillin/Streptomycin
RPMI-1640

Trypsin-EDTA (0.05%)

Company (city or country)
Sigma-Aldrich (St. Louis, USA)
Fisher Scientific (Hampton, USA)
Fisher Scientific (Hampton, USA)
Fisher Scientific (Hampton, USA)
Fisher Scientific (Hampton, USA)
Fisher Scientific (Hampton, USA)
Fisher Scientific (Hampton, USA)
Fisher Scientific (Hampton, USA)
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Table 9. Antibodies

Antibodies

Polyclonal Rabbit-Anti-Amylin (Human)
Polyclonal (anti-)oligomer A1l antibody
Polyclonal Donkey anti-rabbit-POD

Company

Peninsula Laboratories

Fisher Scientific (Hampton, USA)
GE-Healthcare

3.1.8 Buffers

Table 10. Buffers

Buffer Composition

HPLC buffer A 0.058% (v/v) TFA in water

HPLC buffer B 0.05% (v/v) TFA in 90% ACN/water

1xb (pH 7.4) 10 mM phosphate buffer (pH 7.4)

IAPP ThT buffer aqueous 50 mM sodium phosphate buffer, pH 7.4,
containing 100 mM NaCl

APB42 ThT buffer aqueous 45 mM ammonium acetate buffer pH 8.5

TBS-T 20 mM Tris/HCI, 150 mM NaCl, and
0.05% Tween-20

3.2 Methods

3.2.1 Synthesis of minimized IAPP mimics and linear precursors

a)
2-chlorotrityl
resin

SPPS

oo oy 3

) Fmoc deprotection

Head-to-tail cyclization Deprotection of the
side chain

Scheme 1. Steps of the synthesis of MIMs and linear analogues. (a) MIMs and the linear precursors were
synthesised on 2-chlorotrityl resin using the Fmoc/tBu strategy. (b) After coupling the last amino acid, the
N-terminal Fmoc protecting group was removed, and the peptide was cleaved from the resin while keeping
the protecting group for Arg/Lys side chain in situ. (¢) The head-to-tail cyclisation was performed in solution.
(d) Once the cyclisation was accomplished, the protecting group for the side chain was removed.

3.2.1.1 Fmoc/tBu approach of solid phase peptide synthesis (SPPS)

The linear peptide sequences were synthesised by manual SPPS following the Fmoc/tBu

strategy!!927 191 (Scheme 1). Accordingly, couplings steps of N-terminally and sidechain-

protected amino acids (Table 11) were performed by incubating the pre-treated resin in DMF
with a mixture of 3-fold-excess of Fmoc-AA-OH, 3-fold-excess of activator (HBTU or
HATU) and 4.5-fold-excess of DIEA, as described in Table 12. The substitution level
obtained after coupling the first amino acid was used to calculate the excess of activators,

amino acids, and DIEA used for assembling the peptide chain. The yield of the couplings was

qualitatively ensured via the Kaiser or chloranil tests to monitor the introduction and

deprotection of amino acids and N-methylated amino acids, respectively!!?®!. The N-terminal
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Fmoc protecting group was cleaved in a solution of 25% piperidine in DMF by applying the

deprotection cycles described in Table 12.

Table 11. Sidechain-protecting groups of the amino acids used in this work

Amino acid
Arg or (D)-Arg

Lys or (D)-Lys

Protecting group

Pbf

(2_,2,4,6,7-Pentamethyldihydrobenzofuran-S-suIfonyl)
Boc (tert-butyloxycarbonyl)
Mtt (4-Methyltrityl)

Table 12. Steps of 2g synthesis by applying the Fmoc/tBu strategy

N. Amino acid Coupling* Number of  Capping* Fmoc-

couplings deprotection**

6 Fmoc-(D)-Leu-OH AA (1.25¢q.) 2 DCM/MeOH/DIEA 1 x 5 minutes
DIEA (3 eq.) in (16/3/1) (10 min) 1 x 10 minutes
DCM (1 h)

5 Fmoc-(D)-Phe-OH AA (3eq.) 2 Ac;0 (10 eq.) DIEA 1 x 1 minute
HBTU (3 eq.) (10 eq) 1 x 5 minutes
DIEA (45¢eq.) (10 min)

(40 min)

4 Fmoc-Gly- OH AA (3eq.) 2 AC0 (10 eq.) 1 x 5 minutes
HBTU (3 eq.) DIEA (10 eq.) 1 x 10 minutes
DIEA (45¢eq.) (10 min)

(40 min)

3 Fmoc-lle-(N-Me)-OH AA (3eq.) 3 AC,0 (10 eq.) 1 x 1 minute
HBTU/HATU (3 DIEA (10 eq.) 1 x 5 minutes
eq.) (10 min) (Chloranil Test)
DIEA (4.5¢eq.)

(40 min)

2 Fmoc-(D)-Phe-OH AA (3eq.) 2 Ac,0 (10 eq.) DIEA 1 x 1 minute
HBTU (3 eq.) (10eq.) 1 x 5 minutes
DIEA (45¢eq.) (10 min)

(40 min)
(Chloranil test)

1 Fmoc-(D)-Arg(Pbf)-OH  AA (3eq.) 2 -- 1 x 1 minute
HBTU (3 eq.) 1 x 5 minutes
DIEA (4.5¢eq.)

(40 min)

*The solvent used for the reactions was DMF, if not otherwise specified. Couplings were confirmed via Kaiser
test if not otherwise specified.

**The Fmoc-deprotection was performed in 25% piperidine in DMF and monitored via Kaiser test, if not otherwise
stated.

3.3.1.2 Substitution level determination

The amount of reagents used for synthesising the peptide was optimised by calculating the
substitution level of the resin after coupling the first amino acid. For MIMs syntheses, a low
substitution level was desirable to avoid steric hindrance and side reactions, such as

diketopiperazine formation ['''"115],

3 mg of resin bearing the C-terminal Fmoc-protected amino acid were weighed into a
volumetric flask and incubated for 10 min with 10 mL of 25% v/v piperidine in DMF at RT.
The deprotonation, cleavage, and rearrangement of the Fmoc group lead to the formation of
the dibenzofulvene-piperidine adduct, which exhibits its UV absorbance maximum at 290
nm with £=5800 mol™! -L-cm™ 1%, 1 mL of the piperidine solution was transferred into a 1-
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cm cuvette, and the absorbance was measured at 290 nm (baseline subtracted). This
procedure was repeated three times.

Once the absorbance was obtained, the substitution level was calculated by applying the
Lambert—Beer's law equation:

S L=A*V)/(e*m)

S.L. = substitution level (mmol/g)

A = absorbance

V= volume (mL)

¢ = molar coefficient at 290 nm (=5800 L mol™! cm™)
m = (g)

The substitution level was obtained as a mean of three values and is reported in Table 13.

Table 13. Representative substitution levels of MIMs and
linear analogue-resin

Peptide S.L. (mmol/g)
2f 0.28
29 0.32
2h 0.51
2i 0.34
2f linear 0.28
29 linear 0.32
2h linear 0.51
2i linear 0.34

3.2.1.3 Coupling of N-methylated amino acids

N-methylated amino acids were coupled by applying the standard coupling method described
in Table 12. Due to steric hindrance, coupling the following amino acid usually required a 3™
step performed with a 3-fold molar excess of HATU. The coupling efficiency was

116

qualitatively ensured by the chloranil test!!'), which is suitable for assessing the reactivity of

secondary amines.

3.2.1.4 Capping Steps

The capping step (Ac2O/DIEA in DMF, 10-fold molar excess) consisted of an acetylation
performed after each coupling confirmed via Kaiser or chloranil tests. This reaction was
necessary to avoid the elongation of shorter peptide sequences, which could decrease the yields
of the synthesis and the purity of the final products.

3.2.1.5 Kaiser test

The Kaiser test is a colourimetric assay used to monitor the coupling of amino acids, as it can
detect the presence of free and primary amino groups!®!71. A characteristic and intensive
blue colour is generated by the reaction of ninhydrin with free primary amines, and it can be
considered a positive result 1901921 Conversely, the presence of colourless and yellow
solutions confirms the absence of NH> and the completeness of the coupling. This qualitative
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assay was performed by incubating few beads of peptide resin in a test tube with three drops

of the following solutions:

e Ninhydrin in ethanol (5 g in 100 mL ethanol)
e Phenol in ethanol (40 g in 10 mL ethanol)
e An aqueous solution of potassium cyanide in pyridine (2 mL of aqueous 0.001M KCN
in 100 mL pyridine)
The sample tubes were incubated for 5 minutes at 100°C.

3.2.1.6 Acetaldehyde/Chloranil test

The chloranil test is the standard qualitative method used to monitor the presence of
secondary amines, such as Pro or N-methylated amino acids. chloranil reacts with secondary
amines in the presence of acetaldehyde, resulting in a green-blue benzoquinone
derivativel1%%:195:106] " Tertiary amines (Fmoc-protected N-methylated amino acid) or amide
groups (peptide bond) are not nucleophilic enough to generate the reactive intermediate.
Therefore the solution and the beads remain colourless 191051061 The test is performed at RT
by incubating for a few seconds a small amount of peptide resin in a sample tube with the
following solution:

e 2% acetaldehyde in DMF (v/v) (few drops)
e 2% chloranil in DMF (a few drops)

Remarkably, the sensitivity of both the Kaiser and the Chloranil tests decreases while
elongating the peptide chain, and their results can eventually be misleading. This was not
observed while synthesising Minimized IAPP Mimics due to their small size.

3.2.1.7 Peptide cleavage from 2-chlorotrityl chloride resin

After performing the last Fmoc-deprotection of the N-terminal AA (AA 1) as described
previously, the peptides synthesized on 2-chlorotrityl resin were cleaved from the resin in
mildly acidic conditions!!!8). This way, the protecting groups of the side chains were kept in
situ. This strategy was necessary to avoid the formation of side products, involving the C-
terminus of the peptide and the side chains of the N-terminal Arg or Lys, during the following
head-to-tail cyclization performed in solution.

To cleave the peptide from the 2-chlorotrityl resin, 40 mg of peptide-resin were treated in
TFE:DCM (20:80) (1 mL) under agitation for 1 h, and this procedure was repeated 3 times.
Thereafter, the collected cleavage solution was evaporated by using a rotary evaporator;. The
peptide was redissolved in a solution of 80% B in A and lyophilized.

To obtain the linear sequences, the peptides were cleaved in one step by treating 40 mg of
peptide resin in a mixture of TFA/ddH>O (95/5). The reaction was performed for 3 h and
under agitation, to achieve a full cleavage of the peptide sequences from the resin and to
remove the side protecting groups from the sequence. Thereafter the cleavage solution was
diluted (1/10) in 80% B in A, frozen down and lyophilized.
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3.2.1.8 Head-to-tail cyclization

The head-to-tail cyclisation was performed in highly diluted conditions to promote the
formation of an intramolecular bond rather than an intermolecular one!!'). The peptides were
diluted to 0.8 mM!'!®! in DMF in the presence of 1.5 eq. of activators (BOP and HOBT,
equimolar) and 2.25 eq. of DIEA.

For the head-to-tail cyclisation, 6 mg of crude peptide powder, after cleavage from the resin
and lyophilisation, was weighted into a vial together with BOP and HOBT. After that, the
peptide powder was dissolved in 2 mL of DMF. The vial containing this solution was placed
on ice before adding the DIEA to avoid racemisation ', Subsequently, the solution was
transferred into the round bottom flask, diluted to the final volume of DMF, and left under
vigorous agitation for 12 h at RT.

The kinetics of the cyclisation was followed via analytical RP-HPLC combined with
MALDI-TOF. The HPLC analysis was performed with 50 uL of peptide solution (0.8 mM)
per time point, including O h, 2 h, 4 h, 6 h and 24 h. In all cases, the retention time of the
cyclised peptides increased by circa 2 minutes compared to the linear sequences, indicating
an increase in hydrophobicity upon cyclisation. Remarkably, the peak assigned to the linear
precursor was not observed by the end of the reaction, indicating that the reaction was
complete and achieved in quantitative yield. After achieving the cyclisation, the DMF was
evaporated entirely using a rotary evaporator. The dried product was redissolved in 80% B
in A and lyophilised.

The head-to-tail cyclisation could also be performed in DMSO without variation in the
kinetics. Thus, DMF was the solvent of choice due to its lower boiling temperature (153 °C
vs 189 °C)H120],

3.2.1.9 Side chain deprotection of MIMs

The side chain deprotection was performed by treating the cyclised peptide in solution of
95% TFA in ddH20 (1 mg/mL) for 120 minutes under vigorous agitation. In these acidic
conditions, Boc and Pbf are easily removed !1%1% After that, the peptide solution in TFA
was diluted in 80% B and lyophilised or directly purified via HPLC.

3.2.2 Synthesis of fluorescently labelled 2i (Fluos-2i)

For the fluorescence spectroscopy titrations, the DB studies, and the BBB permeability
studies, the sequence of 2i was labelled with 5(6)carboxyfluorescein (Fluos) on the N¢ of the
N-terminal (D)-Lysine. Before introducing the Fluos moiety, the side protecting group of €
amino group had to be selectively cleaved while a) keeping the amino group on the N* Fmoc-
protected to prevent the formation of side products and b) avoiding the full cleavage of the
peptide from the resin. To ensure the orthogonality of the protecting groups, Fmoc-(D)-
Lys(Mtt)-OH!"7) was used to replace Fmoc-(D)-Lys(Boc)-OH. The synthesis was carried out
on Wang resin that withstands conditions used for the -Mtt deprotection (Table 14), contrary
to the 2-chlorotrityl chloride resin.
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a) b) c)
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Scheme 2. Synthesis of Fluos-2i. (a) The synthesis of the linear sequence was accomplished by applying
the Fmoc/tBu strategy, as described in Table 12. (b) The side protecting group on the on N¢ of Fmoc-(D)-
Lys(MTT)-OH' was selectively removed to avoid side reactions in the solution. (¢) After introducing the
5(6)carboxyfluorescein (Fluos) in N¢ of (D)-Lys', the N* was Fmoc deprotected, and the peptide sequence
was cleaved from the resin. (d) after that, the head-to-tail cyclisation was performed in solution.

3.2.2.1 Coupling of the C-terminal amino acid on WANG resin

A mixture of 3 eq. of Fmoc-protected amino acid and 3 eq. of activators (HBTU and HOBT)
was dissolved in a small volume of DMF and added to the resin. After that, 4.5 eq. of DIEA
were added to the solution, and the mixture was shaken vigorously for 2 h. After determining
the substitution level, a capping step was performed by incubating the resin with 10 eq. of
Ac20 and 10 eq. of DIEA in the minimum volume of DMF for 40 min. The substitution level
of the resin was 0.24 mmol/g.

3.2.2.2 Mtt deprotection of Fmoc-(D)- Lys(Mtt)-OH

For the synthesis of the fluorescently labelled analogue Fluos-2i, Fmoc-D-Lys(Mtt)-OH was

1171 (Scheme 2). The introduction of the Fluos moiety was usually

used as a building block!
performed on 30 mg of peptide resin. After the last coupling step and while maintaining the
Fmoc protecting group in situ, 30 mg of peptide resin were Mtt-deprotected by treating the
resin with the deprotection cycles described in Table 14. Of note, the synthesis of the peptides
carrying Mtt- as protecting group could not be performed on 2-chlorotrityl chloride resin due
to the acidity of the conditions used for the deprotection!!!”]. These conditions are sufficient

to cleave the peptide from the 2-chlorotrityl resin.

Table 14. Steps of the Mtt deprotection

Step Conditions Time
Equilibration DCM 3x3min
Deprotection 1% TFA, 5% TIS in DCM 2 X 2min
Deprotection 1% TFA, 5% TIS in DCM 6 x 10 min
Washing DCM 3x3min
Kaiser test
Neutralisation 1% DIEA in DMF 2 x2min
Washing DMF 3x1min
% =v/v

3.2.2.3 Coupling of fluorescein

After washing the resin extensively, 5(6)-carboxyfluorescein (Fluos) was introduced on the
g-amino group of (D)-Lys! by adding 3 eq. of Fluos, 3 eq. of HBTU and 4.5 eq. of DIEA as
described in Table 15. The coupling was performed two times for 2 h;. Notably, the resin was
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washed extensively between the two coupling steps to avoid forming a side product carrying
two Fluos moieties, as identified via MALDI.

Table 15. Steps of the labelling with Fluos

Step of the labelling Conditions Time

Equilibration DMF 2 x5 min

Fluos-coupling Fluos/ HBTU/DIEA 1x2h
(3 eq., 3¢eq.,4.5¢eq.) in DMF

Washing DMF 6 X 2 min

Fluos-coupling Fluos/ HBTU/DIEA 1x2h
(3 eq., 3¢eq.,4.5¢eq.) in DMF

Washing DMF 3x2min

3.2.2.4 Peptide cleavage from WANG resin and head-to-tail cyclisation

After introducing 5(6)carboxyfluorescein (Fluos) on the g-amino group of (D)-Lys' (30 mg
of peptide-resin), the a—amino group of (D)-Lys! was Fmoc deprotected in 25% piperidine
in DMF. After washing extensively in DMF, the resin was dried with Et2O (1 mL, 10 min)
and by employing the desiccator for 30 min. The cleavage mixture consisted of 95% TFA and
5% ddH>0O (1 mL), and the resin was treated with it for 3 h under strong agitation and light
protection. The collected cleavage solution was then diluted (1/10) in 80% HPLC buffer B in
HPLC buffer A (% v/v) and lyophilised. The head-to-tail cyclisation was performed in the
conditions described in paragraph 3.2.2.7, and the solution was protected from the light
during the reaction.

3.2.3 Purification of synthesised peptides

Reversed-phase high-performance liquid chromatography (RP-HPLC) is the most applied
method for analytical and preparative separations of compounds of interest in chemical,
biological, pharmaceutical, food and biomedical applications ['?!!. This method consists of a
stationary phase packed with a non-polar hydrophobic octyl or octadecyl functional group
bonded to silica gel 2. The mobile phase is a polar solvent. The retention time (tr) of the
analyte, peptides, in the case of this work, depends on the affinity for the two phases!!?!l. The
polar compound gets eluted first in this mode, and hydrophobic compounds are retained for
longer. The columns used are C18, C8, and C4 (in the order of increasing polarity of the
stationary phase). The purification of MIMs, their linear precursors and Fluos-2i was
performed via RP-HPLC on a NucleoSil 100 C18 column with a length of 25 c¢m, internal
diameter of 8 mm and 7 um particle size (Grace/Alltech) and a pre-column Nucleosil 100
C18 with a length of 33 mm and 7 um particle size (Grace/Alltech).

The flow rate was 2 mL/min, and eluting buffers were:

e HPLC buffer A: 0.058% (v/v) TFA in water
e HPLC buffer B: 0.05% (v/v) TFA in 90% ACN/water

Peptides were detected at 214 nm or 214 nm paired with 433 nm if fluorescently labelled.
The gradient programs that were used are shown in Tables 16 and 17. The eluted peptide
solution was immediately frozen in dry ice and lyophilised.
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Noteworthy, one round of purification was sufficient to achieve over 95% yield of purity for
the small cyclic peptides, except for Fluos-2i, for which a second round of purification was
necessary, as described in Table 17.

Table 16. HPLC-gradient applied to purify the synthetic peptides

HPLC program Flow Time Buffer A Buffer B
(mL/min) (min)
10-100% B in 30 min 2.0 0 90% 10%
1 90% 10%
20 0% 100%
30 0% 100%

Table 17. HPLC-gradient was applied for the second round of purification of Fluos-2i

HPLC program Flow Time Buffer A Buffer B
(mL/min) (min)
Langsam AP 2.0 0 70% 30%
7 70% 30%
37 30% 30%

3.2.4 Matrix-assisted laser desorption/ionisation

Matrix-assisted laser desorption/ionisation (MALDI) mass spectrometry (MS) is one of the
most widely used techniques in proteomics to achieve structural identification and
characterization of proteins and peptides!'?>1241. Matrix-assisted laser desorption/ionisation
(MALDI) is an ionisation technique that exploits a laser energy-absorbing crystallised
molecule (matrix) to create ions from the embedded analytes while ensuring minimal
fragmentation!'?*. MALDI is a “soft ionisation” technique that produces rapid and effective
ionisation of a wide range of biomolecules using a matrix to absorb laser energy to produce
ions with minimal fragmentation!'>¥, The charged analytes/ions generated by the MALDI
source are then detected and measured using different types of mass analysers, such as time-
of-flight (ToF), quadrupole (Q), ion trap (IT), quadrupole ion trap (Q-IT), FT-ICR analysers,
etc. Coupling a quadrupole and ToF produced high-resolution hybrid mass spectrometers,
i.e., Q-TOF tandem mass spectrometric instrument!'>>!24]. For peptide and protein analysis,
a MALDI source is commonly coupled with a ToF detector (MALDI-ToF)!'?4),

In this thesis, the samples were prepared by dissolving a small amount of the lyophilised
peptide into an aqueous solution consisting of aqueous 97% acetone and 0.1% TFA and then
mixed (1:1) with a saturated solution of a-cyano-4-hydroxycinnamic acid (HCCA) (matrix)
prepared in the same solvent. 0.5 pl of this mixture were spotted on the target. Subsequently,
the spots were dried and washed with an aqueous solution consisting of 10 mM NH4H>PO4
containing 0.1% TFA to quench the signal of adduct ions. The mass was recorded on positive
ion mode, and monoisotopic mass was determined as [M+H]" or [M+Na]* or [M+K]" (M is
monoisotopic mass).

3.2.5 Preparation of peptide stocks

Preparation of IAPP stock solution
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IAPP was synthesised on RINK amide resin!!?*! by Kathleen Hille (group of Prof. Dr.
Aphrodite Kapurniotu) by applying Fmoc based SPPS. The crude product was subjected to
air oxidation, purified via RP-HPLC by members of the Peptide Biochemistry group, and
stored at -20°C. IAPP stocks were prepared by dissolving IAPP powder in HFIP (1 mg/mL)
and incubating the solution on ice for three h at RT to obtain a homogeneous solution. After
that, the stock was filtered through 0.2 pum filters, and the absorbance of Tyr*’ (274 nm) was
measured via UV detection according to previously published protocols[?8:9°-96.98-100,126.127]
The exact concentration was calculated by applying Lambert-Beer's!'?8] law (extinction
coefficient (274 nm) = 1440 M'ecm™).

A=cx*xexd

¢ : concentration (M)

A: absorbance

&: molar absorbance coefficient (L mol ~! cm ~1)
d: optical path length (cm)

Preparation of APB42 stock solution
AP42 was synthesised on Tentagel Resin 4-Hydroxybenzyl Alcohol (R PHB) resin by
applying Fmoc-based SPPS by Kathleen Hille, member of the group of Prof. Dr. Aphrodite

Kapurniotu. The crude product was purified via RP-HPLC by PSL (Germany), and peptide
aliquots were stored at -60 °C. AB42 Stocks were prepared by dissolving 500 ng of HPLC-
purified AB42 (1 mg/mL) in a solution of aqueous 5 M Gdn/HCl in 10 mM TRIS/HCI pH 6.0
and by loading the solutions onto a Superdex 75 10/300 GL column (eluent: 50 mM

1271 The monomeric AP42 elution peak was

ammonium acetate pH 8.5, 0.5 mL/min)!
collected on ice, stored at 4°C and used within ten days. The exact concentration was
determined by measuring the absorbance at 274 nm (Tyr'’) and by applying the Lambert-

Beer law (extinction coefficient & (274 nm) = 1440 M-'ecm™).

Preparation of stock solutions of Fluos-peptides and Fluos-IAPP by using UV spectroscopy

HPLC-purified peptides were dissolved in HFIP and filtered through 0.2 um pores filters.
The concentration was obtained by measuring the UV absorbance at the wavelengths at 432
nm by applying the Lambert-Beer law (extinction coefficients: £(432 nm) = 22770 M'cm™),

according to previously published protocols®®126:127:129]

Preparation of stock solutions of FITC- AlaB—A[42. TAMRA-AB42 using UV spectroscopy
The peptides were dissolved in HFIP, and no filtration was applied. The concentration was
obtained by measuring via UV the absorbance at 432 nm (FITC)®!?7l and at 547 nm
(TAMRA)!'?7} and by applying the Lambert-Beer law (extinction coefficients: £(432 nm) =
22770 M tem1100:126.129] "¢ (547 nm) = 71391 M lem™1127)),

3.2.6 Determination of MIMs concentration via bicinchoninic acid (BCA)

protein assay

Bicinchoninic acid (BCA) assay is a copper-based colorimetric assay for protein and peptide
quantification. The assay relies on forming a Cu2 +—protein complex in a basic environment,
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followed by the reduction of Cu?*to Cu' 3%, The bicinchoninic-Cu" complex formation
triggers a colour shift from green to purple, with strong absorbance at 562 nm, proportional
to the peptide amount. The assay is performed at 37°C to increase the amino acids exposure
and minimise the differences in amino acid composition in different protein samples.
Parameters that might influence the assay are the number of peptide bonds and the presence
of amino acids such as cysteine, tyrosine, and tryptophan side!'*"]. This assay determined
amounts of MIMs and linear precursors lower than 1 mg. Due to the short peptide sequences,
the incubation at 37°C was performed for c.a 12 h.

3.2.7 ThT binding assay

Thioflavin-T (ThT) fluorescencel*®>*131:1321 is commonly used in in vitro systems to follow
the kinetics of amyloid formation and to monitor fibril formation in the presence of potential
anti-amyloid candidates. Upon binding to the fibril surfaces, ThT gives an intense signal at
486-490 nm when excited at 450 nm.

IAPP self-assembly-related studies
Freshly made IAPP (6 uM) alone and in a mixture with different fold-excess of inhibitors

were prepared in IAPP ThT buffer, consisting of aqueous 50 mM sodium phosphate bufter,
pH 7.4, containing 100 mM NaCl and 0.5% HFIP. The mixtures of IAPP/inhibitor were made
by mixing the IAPP solution in HFIP with the HFIP stock of the peptides (1 mM) and
evaporating this solution to obtain an HFIP film. Of note, ThT assays were also performed
by mixing IAPP and lyophilised peptide powder, and no difference in the inhibitory effect
was observed.

The incubations were prepared in Eppendorf tubes, kept at 20°Cover the time of the
experiment, and the kinetics of IAPP fibrillogenesis was followed for seven days. At the
indicated time points, 30 uL aliquots of the incubations were mixed with 170 pL of Thioflavin
T solution (20 uM ThT in 0.05 M aqueous glycine/NaOH, pH 8.5) in a black microtiter plate.
The ThT binding was determined by measuring the fluorescence emission at 486 nm upon
excitation at 450 nm using a 2030 Multilabel Reader VictorX3H10:93:98.99.127]

Oligomeric IAPP-related studies

1 h system. IAPP (12 uM) was prepared in IAPP ThT buffer, consisting of aqueous 50 mM
sodium phosphate buffer, pH 7.4, containing 100 mM NaCl and 0.5% HFIP. After 1 h of
aging, the solution of olAPP (as shown via DB in Figure 38) was mixed with the HFIP film

of the inhibitor, suitable for having 10-fold excess. The incubations were kept at 20°C, and
kinetics of IAPP fibrillogenesis was followed for 24 h by mixing 30 uL aliquots of the
incubations with 170 pL of Thioflavin T solution (20 uM ThT in 0.05 M aqueous
glycine/NaOH, pH 8.5) in a microtiter plate. The signal was measured by using a 2030
Multilabel Reader VictorX3.

3 h system. [APP (12 uM) was prepared in [APP ThT buffer, consisting of aqueous 50 mM
sodium phosphate buffer, pH 7.4, 100 mM NaCl and 0.5% HFIP, and aged for 3 h. After that,
the solution was mixed with the HFIP film of the inhibitor in 10-fold excess. The solutions
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were aged at 20°C, and kinetics of IAPP fibrillogenesis was followed for 24 h by mixing 30
uL aliquots of the incubations with 170 puL of Thioflavin T solution (20 uM ThT in 0.05 M
aqueous glycine/NaOH, pH 8.5) in a microtiter plate. The signal was measured by using a
2030 Multilabel Reader VictorX3.

Fibrillar IAPP disaggregation-related studies

7-day aged IAPP (6 uM) was prepared in IAPP ThT buffer, consisting of aqueous 50 mM
sodium phosphate buffer, pH 7.4, containing 100 mM NaCl and 0.5% HFIP. The incubations
were prepared in Eppendorf tubes, kept at 20°C, and the kinetics of IAPP fibrillogenesis was
followed for 7 days. After that, the IAPP fibrils were transferred into an Eppendorf tube
containing the HFIP film of the inhibitor (20-fold excess), and the solution was mixed. The
ThT fluorescence was measured every 24 h for seven days by vortexing vigorously the

solution and mixing 30 pL of the peptide solutions with 170 uL of Thioflavin T solution (20
uM ThT in 0.05 M aqueous glycine/NaOH, pH 8.5) in a microtiter plate!2],

IAPP self-seeding-related studies

Preformed IAPP seeds (10%) (confirmed via TEM) were prepared by aging IAPP (128 uM)
in IAPP ThT buffer consisting of aqueous 50 mM sodium phosphate buffer, pH 7.4,
containing 100 mM NaCl and 0.5% HFIP. 2.34 uL of the incubation-containing seeds were
added to 20 250 pL of freshly made IAPP (12 uM) or IAPP/2i (1/10) in IAPP ThT buffer.
The incubations were kept at 20°C, and the ThT binding was measured at 0 h, 1 h, 3 h, 6 h,
24 h and 48 h, by mixing 30 uL of the peptide solutions with 170 pL of Thioflavin T solution
(20 uM ThT in 0.05 M aqueous glycine/NaOH, pH 8.5) in a microtiter plate!!?6]. ThT
fluorescence was measured by using a 2030 Multilabel Reader VictorX3.

IAPP/AB42 cross-seeding related studies

Preformed AB42 seeds (10%), ThT and TEM confirmed were prepared by aging AB42 (88
uM) in IAPP ThT buffer consisting of aqueous 50 mM sodium phosphate buffer, pH 7.4,
containing 100 mM NaCl and 1 % HFIP. 3.4 puL of the solution containing the seeds were
added to a freshly made solution containing IAPP (12 uM) or IAPP/2i (1/10) in IAPP ThT
buffer containing 0.5% HFIP"?7]. The incubations were kept at 20°C, and the kinetics of the
seeding effect was followed at the indicated time points by mixing aliquots of the samples
with Thioflavin T solution (20 uM ThT in 0.05 M glycine/NaOH, pH 8.5). The ThT binding
was measured by using a 2030 Multilabel Reader VictorX3. The ThT binding of the seeds
and the buffer signal were subtracted from the data of the assays.

AP42 self-assembly related studies

SEC-disaggregated AB42 (5 uM), alone and in mixture with the HFIP film of inhibitors
(prepared from 1 mM stock solutions), was ready in 180 pL of aqueous ammonium acetate
buffer, 45 mM, pH 8.5, in 96-wells MTP plates. The mixtures were incubated with 20 pL of
aqueous 100 uM ThT and shaken for the first five h (500 rpm; orbital shaker (CAT S20)) at
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37°C, according to previously reported protocols!'?”133]. The incubations were kept at the
same temperature but without shaking for the rest of the experiment—the ThT binding of the
seeds and the buffer signal were subtracted from the date of the assays. The binding was
measured at the indicated time points by using the 2030 Multilabel Reader VictorX3.
Oligomeric AP42 related studies

SEC-disaggregated AB42 (5 uM) was prepared in 180 pL of aqueous ammonium acetate
buffer, 45 mM, pH 8.5, and mixed with 20 uL of aqueous ThT 100 uM in a 96-wells MTP
plate. The solution was aged 5 h at 37°C and under shaking conditions (500 rpm, orbital
shaker (CAT S20)). After that, a solution containing oligomeric AB42 (confirmed via TEM
and DB)!"?"] was mixed with the HFIP film of the inhibitor in 5-, 10- or 20-fold excess,
according to previously published protocols!'?”!. The ThT binding of AB42/2i mixtures was
measured every 30 minutes for the first 5 h and after 24 h, 48 h, 144 h and 168 h using a 2030
Multilabel Reader VictorX3.

Fibrillar AB42 disaggregation studies

SEC-disaggregate AB42 (5 uM) was prepared in 180 pL of aqueous ammonium acetate
buffer, 45 mM, pH 8.5, and mixed with 20 uL of aqueous ThT 100 uM in a 96-wells MTP
plate. The solution was aged for 5fiveh at 37°C and under shaking conditions (500 rpm,
orbital shaker (CAT S20)), and without shaking but at the same temperature for 6 days. The
presence of fAB42 was confirmed via ThT binding assay and TEM. After 6 days of aging,
the solution containing fibrillar AB42 was mixed with the HFIP film of the inhibitor (20-fold
excess) and prepared from a 1 mM stock. The plate was kept in steady conditions throughout
the experiment and the binding was measured at the indicated time points by a 2030
Multilabel Reader VictorX3.

AB42 self-seeding related studies
Preformed APB42 seeds (10%), which presence was confirmed via TEM and ThT
fluorescence, were prepared in Eppendorf tubes by aging solutions (88 uM) in IAPP ThT

buffer consisting of aqueous 50 mM sodium phosphate buffer, pH 7.4, containing 100 mM
NaCl and 1% HFIP for 7 days at 20°C. Afterwards, AB42 seeds were mixed with monomeric
AB42 (5 uM) or AB42/inhibitor mixtures prepared in 180 pL of aqueous ammonium acetate
buffer, 50 mM, pH 8.5, containing 20 uL of aqueous ThT 100 uM in a 96-wells MTP plate.
The incubations were kept at 37°C under shaking conditions (500 rpm, orbital shaker (CAT
S20)) for the first 5 h. The incubations were held at the same temperature but without shaking
for the rest of the experiment. The kinetics of the seeding were followed for 48 h by
measuring the ThT binding using a 2030 Multilabel Reader VictorX3. The ThT binding of
the seeds and the buffer signal were subtracted from the data of the assays.

AB42/TAPP cross-seeding-related studies
Preformed IAPP seeds (30%) were prepared in Eppendorf tubes by aging IAPP (128 puM) in

IAPP ThT buffer consisting of aqueous 50 mM sodium phosphate buffer, pH 7.4, containing
100 mM NacCl and 0.5% HFIP. Incubations were aged for 24 h at 20°C. 2.34 mL of IAPP

seeds solution were added to the incubations containing AB42 (5 uM) or APB42/peptide-
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mixtures (1/10) prepared in 180 pL of aqueous ammonium acetate buffer, 50 mM, pH 8.5,
containing 20 puL of aqueous ThT 100 uM in a 96-wells MTP plate!'?”). The incubations were
kept at 37°C and under shaking conditions (500 rpm orbital shaker (CAT S20)) for the first
five h of the experiment. In contrast, they were incubated without shaking but at the same
temperature for the rest of the experiment. The kinetics of the seeding effect was followed
for 48 h, and the ThT fluorescence was measured using a 2030 Multilabel Reader VictorX3.
The ThT binding of the seeds and the buffer signal were subtracted from the data of the
assays.

3.2.8 MTT reduction assay

The MTT reduction assay is widely applied to quantify cell viability P1-#495116.118] Reduction
of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2h-tetrazolium) occurs at the
mitochondrial level and results in a redox chemical reaction which yields the formation of
formazan, a violet-blue water-insoluble molecule!'*#!. The absorbance of the homogenised
formazan solution can be measured at 570 nm. In this work, the MTT reduction assay is
combined with the ThT binding assay and TEM to characterise the effect of the peptide
inhibitors on the cytotoxicity mediated by IAPP and AB42 different species.

IAPP related studies
IAPP cytotoxicity studies were performed on RIN-m5F cells using previously established

protocols!!*]. Cells were cultured in RPMI 1640 medium containing 10% (v/v) heat-
inactivated calf serum, L-glutamine (2 mM), penicillin/streptomycin (25 U/mL), not essential
amino-acid (NEAA) (0.1 mM), glucose (Img/ImL) and sodium pyruvate (1 mM). RINm5f
cells were trypsinated, plated at a 7x105 cells/mL density in 96-well plates and cultured for
24 h. Aliquots of the peptide incubations prepared for the ThT assays and aged 24 h or 7 days,
were diluted with cell culture medium and added to the cells at the indicated final
concentrations.[*®*127:1291 A fter 20 h of incubation (37°C, humidified atmosphere, 5% CO»),
the cells were treated with MTT (0.5 mg/mL) and incubated for 120 minutes in the same
conditions. Afterwards, the entire solution was removed, and 100 pl of HCI (0.04 M) in
isopropanol were added. After 10 min of shaking, 100 pl of ddH20 was added and mixed.
The absorbance of the formazan was measured at 570 nm with a 2030 Multilabel Reader
VictorX3.

AB42 related studies
AP42 cytotoxicity studies were performed on PC-12 cells, a cell line derived from rat

pheochromocytoma ®®, PC-12 cells were cultured in RPMI 1640 medium containing 10%
(v/v) heat-inactivated horse serum, 5% (v/v) fetal calf serum and penicillin/streptomycin (25
U/mL). 24 h before the experiment, the cells were detached from the flask and plated at a
1x105 cells/mL density in 96-well plates. The flask and the plates were coated with
polylisine!®®**1271 Stepwise dilution of the peptide incubation prepared as described for the
ThT studies, without ThT!?7! and aged for six days, was prepared in cell medium and added
to the cells at the indicated final concentrations. After that, cells were lysed by adding (10%
SDS (w/v) in ddH2O, pH 4.5) and incubated for 12 h under shaking conditions (300 rpm,
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orbital shaker (CAT S20)) at RT. The absorbance of formazan was measured at 570 nm with
a 2030 Multilabel Reader VictorX3.

To normalise the data, the absorbance value of cells treated with 0.1% Triton X-100 in H,O
was set as a standard for complete inhibition of metabolic ability (0% cell viability), whereas
100% MTT reduction was defined as the absorbance value obtained in wells containing
untreated cells?®9%-126:127.129.135.136] ‘The effect of the buffer was also tested but not used for
normalisation. To analyse the results of the assay, the absorbance values were normalised
according to the following formula:

(Abs(sample) — Abs(0.1% Triton))

%MTTreduction=
% readuction (Abs(medium) — Abs(0.1% Triton)) )

Abs: absorbance at 570 nm

To determine ICso values, IAPP (100 nM) or AB42 (500 nM) were titrated with mixtures of
various amounts of peptides under the conditions of the ThT assays (without ThT in the case
of the AB42 related studies)®®'?"). Cell-damaging effects were determined using 7 d-aged
solutions (IAPP-related products) or 6 d-aged solutions (AP42 related results) by the MTT
assay as described above.

3.2.9 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was performed to verify fibril formation and its
inhibition. 10 pl aliquots of solutions of the ThT binding and MTT assays were applied on
carbon-coated grids at indicated time points, washed with distilled water and stained with
aqueous 2% (w/v) uranyl acetate as described!'?%!27:136:137] " Grids were examined using a

JEOL JEM 100CX (at 100kV) or a JEOL 1400 Plus electron microscope (at 120kV).

3.2.10 Spectroscopic methods of analysis

UV/Vis spectroscopy

Peptide absorbance was determined by UV spectroscopy with a Jasco V630
spectrophotometer, as described in paragraph 3.2.6. Peptide concentrations were calculated
according to the Lambert-Beer law.

Fluorescence spectroscopy studies

Fluorescence spectroscopic titrations were performed using a JASCO FP-6500 fluorescence
spectrophotometer based on previously established protocols!®>*%19%1291 For the titrations of
Fluos- and FITC-labelled peptides, the excitation wavelength was set at 492 nm, whereas the
fluorescence emission spectra were recorded between 500 and 600 nm. App. Kps of
interactions were obtained by titrating freshly prepared solutions of Fluos-IAPP, FITC-Ap42
or Fluos-2i (5 nM), which were found to be mostly monomeric at this

n[98,99,1 29,137

concentratio I with an increasing amount of peptides, as previously described

(98.99.129.137] " Briefly, stepwise dilutions of peptide titrants were prepared in HFIP. 2.5 pL of
each dilution were transferred into a 1 cm quartz cuvette containing 495 pL of 1xb, covering
a final range of concentrations between 0.5 nM and 5 uM (Fluos-1APP/titrant: 1/0.1-1/1000).
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2.5 uL of a freshly prepared HFIP stock of Fluos-IAPP (1 uM) were mixed with the titrant
solution in 1xb. The final concentration of HFIP in the solution was 1% (v/v). Measurements
were performed at room temperature within 2-5 min after the preparation of the solutions.
App. Kps were estimated using 1/1 binding models as previously described [*>°%!271 Of note,
due to the high self-assembly propensity of the peptides, more complex binding models may
also apply!'3®!. The obtained app. Kps are means (+SD) from three binding curves and were
estimated using 1/1 binding models. Sigmoidal curve fittings and estimation of affinities of
interactions (app. Kp) were done with the Origin software package by applying the formula:

(Fmax - FO)
1+ 10[(ogK_D—L)+m]

F:F0+

F: fluorescence intensity

Fo: fluorescence intensity of the fluorescently labelled specie
Fmax: maximal fluorescence intensity

Log Kb: logarithm of the dissociation constant

L: ligand concentration

m: the slope of the curve

3.2.11 CD-spectroscopy studies

Circular dichroism (CD) is an analytical spectroscopy technique widely used to assign
peptide secondary structures through their optical activity!'**42. This method is based on
the differential absorption of optically active molecules' left and right circularly polarised
light (%1, The result is that different structural elements have characteristic CD spectra, as
summarised in Table 18.

Table 18. Characteristic CD spectra of different secondary structures!!*?!
secondary structure maximum (nm) negative bands (nm)
o-helix 193 208 and 222
[-sheet 195 216
B-turn 195 230
random coil 210 (weak) 195

CD measurements were performed with a Jasco 715 spectropolarimeter. Spectra were
measured at room temperature, in a range between 195 and 250 nm, at 0.1 nm intervals and
with a response time of 1 sec. Each spectrum was obtained from the average of three
consecutive measurements. The baseline of the buffer was subtracted.

The secondary structures of MIMs were characterised via CD spectroscopy. Notably,
establishing robust conditions for recording the spectra was challenging, likely due to the
strong self-assembling propensity of the peptides, as confirmed later. Applying standard

(98.129.137] "such as peptide stocks preparation in HFIP (peptide concentration, 1 mM

protocols
or 0.5 mM) followed by dilution in aqueous buffer (1xb (pH 7.4)) to the final concentrations
(5-100 puM) resulted in strong signal scattering which could be due to peptide
oligomerisation. Eventually, the spectra were successfully recorded by preparing the peptides

as a lyophilised powder, readily dissolving them in the HFIP amount necessary for having
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1% in the final volume, and then adding 1xb (pH 7.4). Of note, the assay buffer consisting of
1xb (pH 7.4) and 1% HFIP has been previously used for the far-UV CD characterization of
peptide inhibitors of IAPP and AB40(42) [28.98:129.137],

The raw data, expressed as ellipticity, was converted to mean residue ellipticity (MRE) by
applying the formula:

deg * cm? 100 x 0
MRE[ g l_( )

dmol | (c*d=*n)

MRE: mean residue ellipticity (deg-cm? -dmol")
q: ellipticity

¢: concentration

d: optical path length

n: number of amino acids

CD concentration studies on MIMs and linear precursors

Concentration dependence studies were performed by preparing increasing amounts of
peptide powder and dissolving them in the HFIP necessary for a final 1% in the total volume
of 1xb (pH 7.4). The incubations were kept on ice for 10 minutes to allow complete
dissolution and measured afterwards. Measurements were performed in 1 cm cuvettes, or 0.5
cm cuvettes for the 50 uM concentration. The concentrations range was between 5 uM and
50 uM.

TFE studies of 2f and 2¢g
Amounts of 2f and 2g peptide powders, suitable for having a final concentration of 20 uM,

were dissolved in 1xb (pH 7.4) and mixed with increasing amounts of TFE, indicated as %
(v/v) of the final volume. The CD spectra were recorded in 1 cm cuvettes.

pH studies of 2g and 2i
Studies on the secondary structure of 2g (100 uM) in the presence of aqueous HCl 5 (mM,

pH 2.5) or NaOH (5 mM, pH 9.8) were performed to characterise the oligomerisation state
of the peptides at different pH than the native one. Briefly, the samples were prepared by
dissolving the peptide powder suitable for having a concentration of 100 uM. in the amount
of HFIP corresponding to 1% of the final volume of 1xb buffer (pH 7.4). Amounts of aqueous
HCI (5§ mM) or NaOH (5 mM) were added at the indicated % (v/v). The CD measurements
were performed in a 0.2 cm cuvette.

CD characterization of the interaction between IAPP, 2g. 2i and 2g linear

To characterise the effects of 2g, 2i and 2g linear on monomeric IAPP misfolding, far-UV
CD spectra of IAPP (5 uM), inhibitor (25 uM), and the TAPP/inhibitor mixture (1/5) were
measured at various time points, according to previously established methods!?7:12%136] To
test the effect of equimolar 2i, the peptide alone and in a mixture with IAPP was prepared at
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5 uM. Incubations containing IAPP were prepared by diluting IAPP (1 mM, HFIP) in 1xb
(pH 7.4) containing 1% HFIP to the final concentration (5 uM).

The inhibitors’ incubation was prepared with lyophilised powder, as described for the CD
concentration studies. For the IAPP/peptide mixtures, the peptide powder was mixed with
the IAPP stock in HFIP and diluted in 1xb (pH 7.4). All incubations were prepared on ice,
and the spectra were recorded in 1 cm cuvettes. The baseline was subtracted.

3.2.12 Dot Blot studies (DB)

DB assays to assess the binding of MIMs to IAPP monomers, oligomers, and fibrils
IAPP (12 uM) was prepared in IAPP ThT buffer, consisting of aqueous 50 mM sodium
phosphate buffer, pH 7.4, 100 mM NaCl and 0.5% HFIP, and incubated at 20°C. At the

indicated time, 10 uL (0.5 pg) of the solution was spotted on a DB membrane. After two h

of incubation with 5% milk in TBS-T (blocking step) and three washing steps (5 min each)
in TBS-T, the membrane was incubated for 12 h at 10°C with a solution of Fluos-2i (2 uM,
for monomers and oligomers, 1 uM for fibrils). This solution was prepared by dissolving a
suitable amount of peptide powder in IAPP ThT buffer containing 0.5% HFIP. Membranes
containing identical amounts of incubations were incubated in parallel with buffer only to
control for fibril autofluorescence. Bound peptides were visualised using a LAS-400mini
instrument equipped with a fluorescence filter.

DB assays to assess the binding of MIMs to A342 monomers (mA[342), oligomers (0Af42)
and fibrils (fAB42)

According to previously published protocols!'?”), monomeric AB42 (11 uM) was prepared
with SEC-disaggregated A42 as described for the ThT binding conditions (w/o ThT) and
deposited onto nitrocellulose membranes (APB42: 1 pg). The deposition was performed either
directly following their preparation (for mA42) or after 2 h and 4 h (for 0AP2) or 2 days of
aging (for fAPB42; confirmed by ThT binding and TEM). After blocking (5 % milk in TBS-T
w/v, 2 h, RT), the membrane was washed three times for 5 minutes with TBS-T and IAPP
ThT buffer, consisting of 50 mM sodium phosphate buffer, pH 7.4, with 100 mM NaCl
containing 1% HFIP. After that, the membranes were incubated with Fluos-2i at 2 uM for 12
h (10°C) in TAPP ThT buffer containing 1% HFIP. To control for fibril autofluorescence,
membranes containing m-, o- or fA42 were incubated in parallel with buffer only. Bound

peptides were visualised using a LAS-400mini instrument with a suitable fluorescence filter.

DB assays reveal the formation of oligomeric IAPP species and the effects of the inhibitors
IAPP (12 uM) was prepared in IAPP ThT buffer (pH 7.4, 0.5% HFIP) and incubated at 20°C.
At the indicated time, 10 pL (0.5 pg) of the solution were spotted on a DB membrane. To

characterise the effect of 2i on the formation of the oligomers, aliquots of IAPP aged O h, 1 h
or 3 h were mixed with the HFIP film of the inhibitor and spotted after 0 h, 3 h, 6 h or 24 h
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of incubation. After blocking it for 2 h in 5% BSA in ddH>O, the membrane was incubated
for 12 h with the (anti-)oligomer A1l polyclonal antibody in 5% BSA in ddH2O (1:1000).
Membrane spotted with the same peptide incubations, in the same amount, were tested with
anti-IAPP antibody (1:1000) in 5% milk in TBS-T, to confirm the presence of IAPP. After
three washing steps in TBS-T (5 min each), the DB membrane was incubated for 2 h with the
secondary antibody donkey anti-rabbit Ig-POD in 5% BSA in ddH20O (1:5000). Finally, the
membrane was developed with ECL SuperSignal West Dura Extended Duration Substrate,
and the signal was measured via LAS mini.

DB assays to reveal the formation of oligomeric AB42 and TAMRA-AB42 species.
The presence of oligomers of AB42 or TAMRA-AB42 (5 uM) in solutions at various time
points of incubations were performed as reported by Tas et al.'?”!. Briefly, AB42 incubations

were prepared for the ThT binding assay but without ThT or as for the MTT reduction assay,
and the presence of oligomeric species was studied by DB. At the indicated time points, A42
(4.5 pg) or TAMRA-AB42 (4.9 ng) was spotted onto a nitrocellulose membrane. After
blocking (5% BSA in ddH2O, 2 h, RT) and three washing steps with TBS-T (5 min each),
membranes were incubated overnight (10 °C) with (anti-)oligomer A11 polyclonal antibody
(1:1000 in 5% BSA in ddH20). The primary antibody was combined with donkey anti-rabbit-
POD (1:5000). The membrane was developed with ECL SuperSignal West Dura Extended
Duration Substrate, and the signal was measured via LAS mini.

3.2.13 Cross-linking studies

Hetero-complex cross-linking studies combined with NuPAGE and WB were performed
using a previously developed assay system to characterise IAPP homo- and hetero-
assemblies. Briefly, IAPP (30 uM) and IAPP/2i mixtures (1/1, 1/5 and 1/10) were incubated
in 1xb (pH 7.4). After 30 minutes, aliquots were cross-linked for 2 min with 25% aqueous
glutaraldehyde and treated with a 2 M NaBH4 solution (in 0.1 M NaOH) for 20 min.
Following precipitation with aqueous trichloroacetic acid (10% v/v) on ice and centrifugation
(12000 g) for 10 minutes ). The pellets were dissolved in 20 pL of NuPAGE sample buffer,
boiled (95°C) for 5 min and subjected to NuPAGE gel electrophoresis as described!!?],
Peptides were transferred onto nitrocellulose membranes. The membranes were blocked for
12 h (10°C) with 5 % milk in TBS-T (20 mM Tris/HCI, 150 mM NaCl and 0.05 % Tween-
20). Finally, the membranes were washed thrice in TBS-T, each for 5 minutes.

To reveal the presence of homo-/hetero-assemblies, membranes were incubated (2 h) with
rabbit polyclonal anti-IAPP antibody (Peninsula; 1:1000) for IAPP-containing assemblies,
combined with suitable peroxidase (POD)-coupled secondary antibodies (donkey anti-rabbit-
POD (1:5000). Homo-/hetero-assemblies were detected with SuperSignal West Dura
Extended Duration Substrate. Prestained protein size markers ranging from 3.5 to 260 kDa
(Fisher Scientific) were electrophoresed in the same gels.
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3.2.14 Peptide arrays

Peptide array n.5 contains IAPP and AB42 decamers between the N- and the C- terminus of
the peptide’s full sequences. Decamers are positionally shifted by one residue and were
synthesised on a modified cellulose membrane support. The synthesis was performed by
Kathleen Hille, Dr. Christos Kontos, Dr. Valentina Armiento and Dr. Karin Tas (Peptide
Biochemistry Group, Prof. Dr. Aphrodite Kapurniotu) using stepwise SPOT synthesis
protocols and a MultiPep Rsi peptide synthesiser [*!l. According to the manufacturer's
instructions, the decamers were immobilised on a glass slide by Dr. Christine Krammer (ISD,
Prof. Dr. Jiirgen Bernhagen). After that, the membrane was blocked by using 1% BSA in
TBS-T for 4 h at RT. The arrays were incubated for circa 12 h at 10°C with Fluos-2i (1 uM
in TBS-T containing 1% BSA), followed by washing with TBS-T. Visualisation of bound
Fluos-2i was performed with a LAS-4000mini instrument.

3.2.15 Human plasma peptide stability studies

Proteolytic stability in human plasma is essential for peptide leads for drug development.
Thus, the resistance of 2i, 2g and their linear precursors towards plasmatic proteases was
analysed in vitro by reversed-phase (RP) HPLC combined with MALDI-TOF MS.

20 pg of lyophilised peptide powder were dissolved in 44 puL of human blood plasma
(obtained from voluntarily healthy patients) and incubated at 37°C for different time points.
After quenching with aqueous trichloroacetic acid (10%) in ddH20 (1/1)"", the incubations
were kept on ice for 10 minutes, and the plasmatic proteins were precipitated through
centrifugation (20200 g; 4 min). The supernatants were separated and mixed (1/2) with a
solution of 80% HPLC buffer B and 20% HPLC buffer A (v/v). Supernatants were analysed
via RP-HPLC (detection at 214 nm) by using a Nucleosil 100 C18 column (Grace/Alltech)
(Iength 33 mm length, ID 8mm, 7 um particle size) with a flow rate of 2.0 mL/min and eluting
buffers A, 0.058% (v/v) TFA in water, and B, 0.05% (v/v) TFA in 90% (v/v) ACN in water.

The elution gradient is described in Table 19.

Table 19. HPLC-gradient applied for the proteolytic stability studies!®!

HPLC program Flow Time Buffer A Buffer B
(mL/min) (min)
Schnell Schnell Ap 2.0 0 90% 10%
1 10 % 90%
8 10% 10%

The peaks were collected, frozen down, lyophilised and analysed via MALDI-TOF. MALDI
samples were prepared using 97% acetone in ddH>O + 0.1% TFA as a solvent and a-Cyano-

4-hydroxycinnamic acid (HCCA) as a matrix!*”),

The % of intact amounts of 2g and 2i was calculated by taking as reference a calibration
curve obtained by the HPLC analysis of aliquots of lyophilised peptide powder without

plasma (20 pg, 10 pg and 5 pg).
56



Materials and Methods

The % intact amount of 2e was calculated by taking the area of the peak of the 2e's plasma

incubation at 0 h as 100% intact peptide [,

3.2.16 Blood-Brain Barrier (BBB) crossing studies

These studies were performed by Dr. Yuan Tian from the group of Prof. Dr Jiirgen Bernhagen,
ISD (LMU), as described below. The text is adapted from reference!:

Human cerebral microvascular endothelial (hCMEC/D3) cells were grown in coated dishes
coated with rat tail collagen type I in EndoGro-MV complete culture media kit. The Transwell

permeability assay was performed based on a previously established assay™!

using 24-well
plates containing 6.5 mm Transwell inserts (0.4 pm pore polycarbonate membrane %),
hCMEC/D3 cells were cultured on the membranes of the Transwell inserts (2x10°
cells/insert) (37°C and 5% CO2) until full confluency. The medium was removed from the
upper and lower chambers and then reconstituted with 200 pl (180 ul and 20 pl 100 uM
peptides) and 800 pl of the medium, respectively. As a positive control, the N-terminal
fluorescein-labelled 12 amino acid-long peptide THRPPMWSPVWP-amide (Transferring
receptor binder, Fluos-Tfrb), known to readily cross the BBB via binding to the transferrin

receptor143144]

, was included in the experimental design. Similarly, LY (Lucifer yellow),
which does not cross the BBB, was included in the experiments to ensure the tightness of the
cell monolayer. Fluos-2e (10 uM), Fluos-2i (10 uM), Fluos-Tfrb (10 uM), or Lucifer yellow
(20 uM) were added to the upper (donor) chamber of the Transwell device. For quantification
of fluorescently labelled peptides present in the acceptor chamber, 100 pl of medium (3
replicates) were transferred from the lower chamber to the wells of a 96-well black
polystyrene plate, and the fluorescence at 519 nm (excitation at 495 nm) was measured with
a fluorescence microplate reader (Perkin Elmer Enspire). Lucifer yellow in the lower
chamber was quantified by measuring the fluorescence at 530 nm (excitation at 485 nm)!'*>~

1481 To calculate the relative permeability, the following equation was applied:

Papp (cm/s) = (dQ/dt)(1/A)(1/C0)(cm/s)

(dQ/dt): the number of peptides or LY in the lower chamber after 2 h of incubation (nmol/s)
A: membrane area of the upper chamber (0.33 cm?)
CO: initial concentration in the upper chamber (nmol/mL)

Of note, studies on the transport rate of Lucifer yellow were performed in parallel to the
studies on peptide transport. They were consistent with a good tightness or integrity of the
hCMEC monolayer, confirming the TEER measurements. Of note, confluent hCMEC
monolayers in Transwell filters represent a suitable model of the human blood-brain-barrier
(BBB) with good transendothelial electrical resistance (TEER) values of 30-100 Qcm? [,
Briefly, this cell model has been extensively characterised and found to maintain a brain
endothelial phenotype; despite lower complexity due to lack of co-cultured
astrocytes/pericytes or application of flow-based shear stress, hCMEC monolayers have
suitable barrier characteristics with high junctional integrity, restricted permeability to
paracellular tracers, and good transendothelial electrical resistance (TEER) values of 30-100
Q cm? P9,
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3.2.17 Studies on Long Term Potentiation (LTP)

These studies were performed by Markus Ballmann, group of Prof. Dr. Gerhard Rammes, at
the Department of Anaesthesiology and Intensive Care at TUM Klinikum Rechts der Isar, as
previously described in ref. 539891271 Text adapted from references ).

Sagittal hippocampal slices (350 um) were obtained from C57BL/6N mice (6—8 weeks of
age, male (Charles River Laboratories)) in ice-cold Ringer solution bubbled with a mixture
of 95% O and 5% CO». The animals were treated according to protocols approved by the
ethical committee on animal care and use of the government of Bayern. (Regierung von
Oberbayern, ROB), Germany. The extracellular recordings were performed using artificial
cerebrospinal fluid (ACSF)-filled glass microelectrodes (2-3 MQ) at room temperature.
ACSF consisted of 125mM NaCl, 2.5 mM KCI, 25mM NaHCOs, 2mM CaCl,, 1 mM
MgCl,, 25 mM D-glucose, and 1.25 mM NaH;PO4 (pH 7.3) and was bubbled with 95%
Oz and 5% COs. Field excitatory postsynaptic potentials (fEPSPs) were evoked in the
hippocampal CA1 dendritic region using two independent inputs that stimulated the Schaffer
collateral commissural pathway (Sccp). For LTP induction, high-frequency stimulation (HFS,
100 Hz/100 pulses) conditioning pulses were delivered to the same Sccp inputs. Both
stimulating electrodes were used to gain the input specificity of LTP. AB42 (50 nM),
AP42/MIMs mixtures (1/10) or MIMs alone (500 nM) were freshly dissolved in ACSF and
applied 60-90 min before high-frequency stimulation, and the responses were measured for
60 minutes after HFS27),
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4 Results
4.1 Design of the Minimized IAPP Mimics (MIMs)

For the minimized IAPP mimics (MIMs) design, the previously reported macrocyclic
inhibitor peptides (MCIPs)!”! were used as templates. Briefly, the MCIPs are 17-residue-
long peptide inhibitors of IAPP and/or AP40(42) self-assembly, designed to mimic IAPP
interaction surfaces while maintaining only minimal IAPP-derived self-/cross-recognition
elements®. The molecular basis for their “cross-amyloid” inhibitory function was the
interaction between IAPP and AB40(42); in fact, our group and others 2595191 showed that
prefibrillar AB40(42) and IAPP species interact with nanomolar affinity and that IAPP
suppresses AB42 amyloidogenesis in vitrol'?81. Also, seed amounts of AB40(42) fibrils can
cross-seed IAPP amyloidogenesis in vitro and in animal models in vivo>'%°l. Furthermore,
we have previously shown that the same IAPP regions act as binding sites for its self- and
hetero assemblies with AB40(42)2%190.137] The “hot spots” of the IAPP sequence were used
to design interaction surface mimics (ISM), in which IAPP(8-18) and IAPP(22-28) were
linked by different tripeptides units and were found to sequester IAPP and or AB42 from the
amyloid assembly (Scheme 3). A deeper insight onto the role of the single IAPP-residues
involved in the IAPP/AP cross-interaction was given by Bakou et al.l'%] that reported the
pivotal role of Phe'’, Ile'é, Phe?® and Leu®® in the self- and cross-assembly of the two
amyloidogenic peptides. The MCIPs were optimized analogues of the ISM R3-GI, whose
sequence was modified by truncation, multiple amino acids substitution with Gly or D-AA,
and conformationally constrained by disulphide bridge cyclization®®. Notably, the selectivity
of the MCIPs towards IAPP or AP40(42) was modulated by the stereochemistry of the [APP-
derived residues. The lead compound 2e selectively inhibited AB40(42) peptides, had a good
stability in human plasma in vitro, and displayed an apparent permeability that is in the same
range as other BBB-crossing peptides in a human cerebral microvascular endothelial cells
model ¥°1.

For the design of the next generation of inhibitors and linear controls, the sequences of the
MCIPs 2b and 2e and their linear control peptides were shortened to maintain the four key-
IAPP residues Phe!®, Leu'®, Phe?® and Ile?%, one N-methylation (on Ile?®), one Gly, and one
Arg from the tripeptide linker of the ISM R3-GI”7%81 (2f linear and 2g linear). In the analogs
2h linear and 2i linear, the Arg was replaced with a Lys to incorporate a fluorescence moiety
on Né-amino group of Lys, enabling determination of binding affinity and BBB crossing
ability.

To confer structural rigidity, the linear sequences were cyclized via head-to-tail lactam bond
formation, yielding the cyclic hexapeptide inhibitors MIMs 2f, 2g, 2h and 2i. As for the
MCIPs, the introduction of D-AA was used to increase the proteolytic stability and the BBB
permeability of the peptides (2g and 2i).
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IAPP-GI KCNTATCATQRLANFLVHSSNNFPAILSSTNVGSNTY IAPP + AB inhibitor
N-Me N-Me
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Scheme 3. Design of Minimized IAPP Mimics. The structural determinants of MIMs were identified through
several rounds of optimization. The inhibitor IAPP-GI was designed by introducing N-methylations in
positions 24 and 26 of the IAPP sequence, which enhanced the solubility and conferred inhibitory potential
towards both IAPP and AB40P8. In the next round of optimization, IAPP(8-18) (blue) and IAPP(22-28)
(purple) were connected through a tripeptide linker stabilising B-sheet structures of the sequence. This class
of inhibitors was named interaction surface mimics (ISMs), and the nature of the linker dictated the selectivity
towards IAPP or AB40. The ISM R3-GI was used as a template to design macrocyclic inhibitory peptides
(MCIPs), optimised by Gly substitution, cyclisation and introduction of D-amino acids?®®’. The MCIPs 2b and
2e, were used as templates to design the linear precursors of minimised IAPP mimics (MIMs) (red-coloured
residues: IAPP-derived; D-residues: lower-case (highlighted in blue, green and purple); amide-bond N-
methylations: “N-Me” (highlighted in yellow). To confer structural rigidity, the linear sequences were cyclized
via head-to-tail lactam bond formation, yielding the cyclic hexapeptide inhibitors MIMs. Scheme modified
from ref. 31,
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4.2 Peptide Synthesis

The assembling of MIMs was carried out by applying the Fmoc/tBu solid phase peptide
synthesis (SPPS)!'%2-1%4 on 2-chlorotrityl resin. The synthetic strategy included cycles of
coupling steps and N-terminal Fmoc deprotections as described in Scheme 4. Briefly, the
major challenge of the MIMs® synthesis is the presence of an N-methylation on the Ile? in the
proximity of Gly* which might increase the rate of diketopiperazine formation!'**!3!. Due
to the bulky structure of its linker, the 2-chlorotrityl resin[!?7-1%118:152] was the resin of choice
for reducing the occurrence of side reactions while synthesising these short and sterically

hindered peptides!!!>133],
Fmoc-D-Leu-OH or Fmoc-L-Leu-OH
(1.25 eq.)
DIEA (3 eq.) 25% piperidine
DCM in DMF N
al (1h) o O/O (5 min, 10 min) -
N - . HN._O
O ’ Q\\fg I [}
aa(3eq.) gt R
2-CTC resin NH HBTU(3 eq.) o N‘)KL\@
Fmoc DIEA (4.5 eq.) N NH
- €4 Ay A
(40 min) Ph‘f‘N N i 3
moc
\( H HOBT (1 5 eq.) NHNHﬁ%r j/j/HNHZ
N BOP (1.5 eq.) /r 95% TFA
25% piperidine e o o . o -
 DMF e CE))IBEA(I\i%Der\j F) YHL o 50/900ddH20 h Hk/\(
(1 min, 5 min) BYSS (0.8 mMin g min) I
> o) N)kl;"‘ —
20% TFE i ‘ \Q (overnight) ©\ TNH j\\© ©\ T N o\©
N NH ¢}
in DCM I PN W ‘KY\
(3X1 h) Pbf H NH3 ¢]

Scheme 4. Synthesis of MIMs. The linear precursors were synthesised on 2-chlorotrityl resin('%’! by
applying the Fmoc/tBu method. For the coupling steps, double couplings performed with the indicated
molecular equivalents of amino acids, DIEA and activators were used, as previously reported(?%°%136:154] The
Fmoc deprotection was achieved by treating the peptide resin with 25% piperidine in DMF. For coupling
(NMe)lle® on Gly*, a third coupling step was performed by using 3 eq. of HATU instead of HBTU, and
shorter Fmoc-deprotection steps were used to avoid diketopiperazine formation!"!131151 After the last
Fmoc-deprotection step, the peptide chain was cleaved in a mixture of TFE/DCM (20/80) to keep the side-
protecting groups in situ. The head-to-tail lactam bond formation was performed in highly diluted conditions
to avoid the formation of intermolecular bonds!!!°l. Once the cyclisation was accomplished, the protecting
groups on the side chains were removed in a mixture of TFA/ddH»O (95/5).

For the same reason, shorter Fmoc deprotection steps were applied after introducing the N-

methylated amino acid, as described in Table 12.

After synthesising the linear sequences, the side chains-protected peptides were cleaved from
the resin in a mixture of TFE/DCM (20/80, 3h). The intramolecular head-to-tail lactam bond
formation was performed in highly diluted conditions to avoid intermolecular side
reactions!!'). With this purpose, the lyophilised and crude peptides (6-10 mg) were dissolved
in DMF (0.8 mM) in the presence of DIEA (2.5 eq.) and HOBT/BOP (1.25 eq. each) (Scheme
4). The kinetics of the cyclisation was monitored via RP-HPLC and confirmed by MALDI-
TOF analysis. After accomplishing the reaction, the solvent was removed with a rotary
evaporator, and the side-protecting groups were cleaved in a mixture of TFA/ddH20 (95/5)
(Table 20).
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The linear analogues of MIMs were obtained by cleaving fully assembled peptides from the
resin in a mixture of TFA/ddH20 (95/5). This way, the side-protecting groups were readily
cleaved from the peptide sequences (Scheme 5, Table 20).

Fmoc-D-Leu-OH or Fmoc-L-Leu-OH

(1.25eq.)
DIEA (3 eq.) 25% piperidine
DCM in DMF \r
cl (1h) o O/O (5 min, 10 min) -
o, " . HN._.O
A Q\Tzz I o
aa(3eq.) P .
2.CTC resin NH DIEA (4.5 eq.) ° W‘*L A
Fmoc HBTU(3 eq.) N NH
. by .
(40 min) HN N/\/m‘(%

in DMF FN. 0
(1 min, 5 min) @\TEI o
A

95% TFA SN
in ddH20 Al B
(3h)

Scheme 5. The synthetic strategy of the linear sequences. The synthesis of the peptide chains was
accomplished on 2-chlorotrityl resin by applying the Fmoc/tBu strategy. Coupling steps were performed with
the indicated molecular equivalents of amino acids, base, and activators. Each coupling step was repeated
twice. The Fmoc deprotection was achieved by treating the peptide resin in a mixture of 25% piperidine in
DMF. After the last Fmoc-deprotection, the peptide and the side-protecting groups were cleaved in a mixture
containing 95% TFA in ddHO.

Different conditions were applied to synthesise the fluorescently labelled analogue of 2i
(Fluos-2i) (Scheme 6). The peptide sequence of 2i was synthesised by performing the same
steps of the Fmoc/tBu strategy as described before but with two significant differences: the
use of WANG resin and the introduction of Fmoc-D-Lys(Mtt)-OH as N-terminal amino acid.
Thus, the side protecting group on the e~amino group of (D)-Lys' could be removed by
applying mild acidic conditions [!*%!3] avoiding a) the deprotection of the Fmoc- a-amino
group, which was necessary to exclude the formation of side products during the cyclisation
in solution and b) the cleavage of the peptide from the resin.

For these reasons, the WANG resin %1% was used, as the 2-chlorotrityl resin could not
withstand the acidic conditions used for the Mtt-cleavage!'*!197118] due to its high pH
sensitivity. After cleaving the Mtt protecting group, the Fluos moiety was introduced in two

coupling steps, performed accordingly to previously published protocols!28:100:127:129.136]
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Scheme 6. Synthesis of fluorescently labelled 2i (Fluos-2i). The peptide sequence of 2i was synthesised on
WANG resin to introduce 5(6)carboxyfluorescein on the g-amino group of (D)-Lys'. The synthesis was
accomplished by applying the Fmoc/tBu strategy, as described above, and by incorporating Fmoc-(D)-Lys(Mtt)-
OH as N-terminal amino acid, ensuring an orthogonal protection of the two amino groups. The Mtt-group was
removed in a mixture of 1% TFA and 5% triisopropylsilane (TIS) in DCMI!!"], Of note, these conditions were
not sufficiently acidic to cleave the peptide from the resin. The fluorescent dye was introduced in two coupling
steps, performed with a mixture of Fluos (3 eq.), HBTU (3 eq.) and DIEA (4.5 eq.)?%10012%.136.137 ' The N-
terminal Fmoc deprotection was performed in 25% piperidine in DMF. The cleavage of the peptide from the
resin was performed with a mixture of 95% TFA with 5% ddH,O. The head-to-tail cyclisation was performed
for 12 h in solution, in a mixture of peptide (0.8 mM), activators (1.5 eq.) and DIEA (2.25 eq.) in DMF!],

Table 20. Sequences and abbreviations of synthesised and tested MIMs and linear controls. The sequence
of the inhibitors (MIMs, grey background) and linear sequences (green background) are shown. The presence
of the D-amino acids is indicated with small letters, whereas the N-methylated residues are shown in bold. All
linear peptides have a free N-terminal amino group (NH»-) and are C-terminal carboxylic acids (-COOH),
whereas the cyclic analogues are constrained via head-to-tail lactam bond formation.

Peptide Sequence Abbreviation
cyclo-[RF(N-Me)lleGFL] 2f
cyclo-[rf(N-Me)lleGfl] 2g
cyclo-[KF(N-Me)lleGFL] 2h
cyclo-[kf(N-Me)lleGfl] 2i
RF(N-Me)lleGFL 2f linear
rf(N-Me)lleGfl 2g linear
KF(N-Me)IlleGFL 2h linear
kf(N-Me)lleGfl 2i linear

The cyclised and deprotected peptides and their linear precursors were purified via RP-HPLC
using the gradient described in Table 21. Overall, the head-to-tail lactam bond formation
increased the retention time of all the cyclised peptide sequences by circa 2 min. Noteworthy,
one round of purification was sufficient to achieve over 95% purity yield for the peptides,
except for Fluos-2i, for which a second round of purification and a different gradient was

necessary. The degree of purity of the peptide products was confirmed via MALDI-TOF
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(Table 21). As reported in Table 21, the yield of the peptide purification spanned between
24% and 30% (Table 22).

Table 21. Molecular weights (M) of synthetic peptides used in this study as determined by MALDI-TOF-

MS.

Peptide [M+H]* ([M+Na]") [M+H]"™ or [M+Na] !
calculated (g/mol) found (g/mol)

2f 748.44 (770.65) 748.54[8 and 770.51)
28 748.44 (770.65) 748.4814) and 770.620)
2h 720.44 (742.65)* 742.511)
2i 720.44 (742.65) 7201 and 742.57
2f linear 766.44 (788.52) 766.46[% and 788.78!°!
2g linear 766.44 (788.52) 766.488 and 788.52°]
2h linear 738.44 (760.52) 738.50[ and 760.57
2i linear 738.44 (760.52) 738.59[# and 760.57 !
Fluos-2i 1078.23 (1100.76) 1100.71[1
Fluos-2e 2053.20 (2075.65) 2076.310
Fluos-Tfrb 1847.75 (1869.93) 1848.88l4
Fluos-IAPP 4260.16 (4282.14) 4260.48[
AB42 4512.28 (4534.26) 4512.12[
IAPP 3901.86 (3923.84) 3902.411
2e 1694.88 (1716.88) 1694.7841

M., monoisotopic mass; [M+H]" [:; [M+Na]" [P
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| Table 22. Yields, HPLC-chromatograms and MALDI spectra of MIMs and linear precursors |

Peptide
abbreviation

2f

2g

2h

2i

2f linear

2g linear

2h linear

2i linear

Yield of
synthesis
(Yo)*

63

58

58

64

64

63

64

Yield of
purification
(OA) ) %%

24

25

24

26

26

28

29

29

Expected Chromatograms  MALDI-MS  of
Mass of HPLC HPLC purified
[M+H]* purified peptide  peptide
+
(IM+NaJ") = 17.83 xio 148.540 [M+H] *
3 17.83
3 z
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§ 0 ——
L T S
time (min)
) 17.68
L)
=)
< 2
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(750.65) 3
L B S S e
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- v, 142.509
%: 17.55 512 [M+Na]*
Za 5 100
720.44 Sy g 075
(742.65) 3 £ o
E o 025
s 0
80l e B TR T T
RN miz
time (min} ¥ 742 574
ET) 17.36 . | 22
E - [M+Na] *
Em : 4
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(742.65) i, - :
H o Ll
L T S T e 50 '°,g?, 100
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zs‘] X104 766.464
E® 3 125 .
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766.44 : 1528 5o
. 8 2 o
o s
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'§ . ,_J 0.25
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738.44 3 z
a 1 24
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.e 0
o
LR e S I
time (min)
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£ ;1.15‘ [M+H] *
I 15.74 ALY
738.44 ;. gus
2 £ 050
(760.52) i goo
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The HPLC injections were performed by dissolving 500 pg of peptide powder in 20% TFA and 80% B. Solutions
compositions are described in 3.1.8. Peptide were eluted in the gradient described in Table 16.

* Calculated as Ygynenesis = (Wp/Yeneor ) X 100 (W= weight of lyophilized peptide, Ymeor= theoretical yield,
obtained as Mg x R x MW of peptide (Mg= mass of the resin, Ri= resin loading)!'*7.**Calculated as

%

urification = (Wp/Weruae ) X 100 (W= weight of HPLC-purified peptide, Wernae= weight of crude peptide).
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4.3 Biophysical characterization of CD structures and self-
assembly of MIMs and linear precursors

4.3.1 CD spectroscopy studies
4.3.1.1 CD characterization of MIMs

Circular dichroism is the unequal absorption of left-handed and right-handed circularly
polarised light, and it is a straightforward method for determining the secondary structure of
peptides and proteins®%!3813%1921  This is because diverse structural elements have
characteristic far-UV CD spectra, therefore, CD spectroscopy studies, performed in
physiological conditions, can be a valid technique to elucidate the conformation of a protein

or a peptide in the biological environment!!40-142],

The secondary structures of MIMs were characterised by this method. Notably, establishing
robust conditions for recording the spectra was not a straightforward process, likely due to
the peptides’ strong self-assembling propensity, as confirmed in later studies (4.3.1.6 and
4.3.2). Applying standard protocols®®12>1371 such as peptide stocks preparation in HFIP
(peptide concentration, 1 uM or 0.5 uM) followed by dilution 1xb (pH 7.4) to the final
concentrations (5-100 pM) resulted in strong signal scattering which could be due to peptide
oligomerisation’?!. The conditions tested to overcome this problem include the addition of
different cosolvents, such as aqueous solution HCI (1 mM) and trifluoroethanol (TFE), and
trying different cuvette path lengths.

Eventually, the spectra were successfully recorded by preparing the peptides as lyophilised
powder and dissolving them in the necessary amount of HFIP to reach a final concentration
of 1% in 1xb (pH 7.4).

CD spectroscopy studies of MIMs (10 uM) performed in these conditions revealed a negative
band with a minimum at 228 nm and a positive band with a maximum at 195 nm, indicating
the presence of B-sheet/B-turn structures (Figure 18). Of note, the spectrum of 2f showed a
blue shift of the minimum to 225 nm and a red shift of the maximum to 205 nm. (Figure 18a).

3 8000 .
a) ,...15000 ot b) P ——2g in1xb, pH 7.4
- 6000
'73 12000 gﬁ s
! £ 4000
_E —2i o
o 8000+ o 2000
= £
G 4000 ; 0
oD
4 ® 2000
g . g \/
= = 4000
= v -
=" -4000 = 000/
200 210 220 230 240 250 200 210 220 230 240 250
wavelength (nm) wavelength (nm)

Figure 18. CD studies on MIMs conformations. (a) CD studies of 2g, 2h and 2i (10 uM) prepared
as peptide powder and dissolved in 1xb (pH 7.4) containing 1% HFIP revealed a minimum at 228 nm and a
maximum at 198 nm. The spectrum of 2f, prepared in the same condition, showed a minimum at 225 nm and
a maximum at 205 nm. (b) The far-UV CD profile of 2g prepared in 1xb (pH 7.4) without HFIP showed the
same structure. Baselines were subtracted from the spectra.
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Next, the effect of HFIP on 2g secondary structure was studied (Figure 18b). HFIP is widely

used to disaggregate amyloidogenic peptides and proteins due to its remarkable solvent

135,136.138,159] "However, fluorinated alcohol can strongly influence the secondary

S [160-162

properties!
structure of peptides and protein 1. Thus, CD studies on 2g were performed in 1xb
without HFIP to understand whether its presence influenced the peptide conformation (Figure
18b). The results revealed that the spectra recorded with or without HFIP are very similar,

suggesting that the cosolvent does not affect the secondary structure.

4.3.1.2 CD characterization of the linear precursors

The secondary structure adopted by a peptide is a crucial feature for determining its biological
activity?39%13%:163] The head-to-tail cyclisation is a widely exploited approach to modulate
and stabilise the conformation of short peptides #1941, Thus, CD studies were performed on
the linear precursors to understand the cyclisation's effect on the conformation of the primary
sequences. CD studies were performed in the same conditions described in paragraph 4.3.1.2.
The spectra of 2g linear, 2h linear and 2i linear showed a minimum at 224 nm and a
maximum at ~205 nm. In contrast, the 2f linear spectrum revealed a minimum at ~230 nm
and a maximum at ~200 nm. When compared to the structures of MIMs, the spectra of the
linear analogues revealed a blue shift of the minimum observed at 230 nm for the cyclic
peptides and a red shift of the maximum observed at 198 nm (Figure 19). Taken together, the
results indicate the presence of an ordered structure containing -sheet/pB-turn features and a
clear difference between the conformation of MIMs and linear analogues, except for 2f

linear.
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— 2hlinear
4000 —2i linear
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Figure 19. CD studies on linear precursors. Solutions of linear analogues (10 uM) were prepared
in 1xb (pH 7.4) containing 1% HFIP and analysed via CD spectroscopy. The CD spectra of 2g linear, 2h
linear and 2i linear showed a minimum at 224 nm and a maximum at 205 nm, whereas the spectrum of 2f
linear showed a red shift of the minimum to 230 nm and a positive signal at 198 nm. Baselines were
subtracted from the spectra.

4.3.1.3 CD concentration dependence studies of MIMs

CD concentration dependence studies were performed to investigate the self-assembly
propensity of MIMs. Previous studies showed that this property is essential for the mode of
action of the peptide templates ISMs!®”?®], as this process might contribute to sequestering Af3
or IAPP into non-fibrillar/non-toxic hetero assemblies’’*?). CD spectra were recorded with
peptide solutions of concentrations ranging between 5 and 100 uM. Peptide solutions were
prepared by dissolving the lyophilised powder in 1% HFIP in 1xb (pH 7.4), and the cuvette path
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length was either 1 cm (5-20 uM) or 0.5 cm (50-100 uM). Spectra measurements revealed no
variation of the mean residue ellipticity of 2f in response to the increased peptide concentration
(Figure 20a). Conversely, a strong self-assembly propensity was observed for 2g (Figure 20b),
as the signal intensity of the negative band with a minimum at 230 nm diminished in response
to the increased peptide concentration. Similarly, a decrease of the mean residue ellipticity of
the maximum at 198 nm was observed for peptide concentrations higher than 20 uM. The
correlation between self-assembly propensity and reduction in signal intensity was supported
by TEM analysis of 2g solution (Figure 20e¢), indicating that the assemblies' structural
organisation and size increased with the peptide concentration. CD spectra of 2h (Figure 20c)
revealed similar characteristics as 2f, as the signal intensity did not change in response to the
concentration. Finally, CD studies on 2i (Figure 20d) showed that the peptide oligomerises, as
indicated by the decrease of mean residue ellipticity observed at 198 nm in response to the
increased concentration.
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Figure 20. CD concentration dependence studies of MIMs. Spectra of peptide concentrations
ranging 5 and 50 pM for 2f (a), 2g (b), 2h, (c) and 2i (d) are shown. Measurements were performed in 1xb
(pH 7.4) containing 1% HFIP. The signal of the buffer was subtracted from the spectra. (¢) TEM analysis of
solutions containing increasing concentrations of 2g was performed by depositing aliquots of the incubations
used for the CD measurements on TEM grids (bars, 100 nm).

4.3.14 CD concentration dependence studies of the linear analogues

To understand whether the head-to-tail cyclisation might influence the self-assembly
propensity of MIMs, CD concentration dependence studies were performed on the linear
precursors in concentrations between 5 and 50 uM. The peptide solutions were prepared by
dissolving the peptide powder into the HFIP amount necessary for having 1% in the final
volume of 1xb (pH 7.4), as described in 4.3.1.1.
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CD spectroscopy studies revealed that all the linear precursors form oligomers at low
concentrations (Figure 21). The signal intensity of the characteristic minima observed at 230
nm for 2f linear (Figure 21a) and at 224 nm for the other precursors (Figure 21b-d) decreased

at concentrations higher than 10 uM.

Taken together, the results indicate that the primary sequences of the peptides are highly
prone to aggregation, independently of the head-to-tail cyclisation. HPLC characterization
suggested that the linear sequences are less hydrophobic than their cyclised version, as shown
by the shorter retention time in the HPLC gradient (Tables 22). This result was expected, as
the formation of a lactam bond between the N- and the C- termini decreased the net charge
of the sequences. However, the higher degree of hydrophilicity did not result in a weaker
aggregation tendency.
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Figure 21. CD concentration dependence studies of the linear precursors. CD spectra of
(a) 2f linear, (b) 2g linear, (c) 2h linear and (d) 2i linear were recorded. Peptide solutions were prepared
in 1xb (pH 7.4) containing 1% HFIP, concentrations as shown. The signal of the buffer was subtracted from

the measurements.

4.3.1.5 TFE studies of 2f and 2g

The solvent trifluoroethanol (TFE) induces the formation of a-helical and B-hairpin structures
in peptides, depending on the specific amino acid sequences"'>. Among several mechanisms,
this fluorinated alcohol acts through the enhancement of polypeptide internal hydrogen
bonding, by the perturbation of water structure, by decreasing the hydrophobic effect, and by
solvating certain groups of the polypeptide chain 11651 TFE titration is a useful tool to
determine the helical propensity of a peptide sequence, as for helical-prone peptides, a

smaller amount of TFE induces the transition and stabilization of their structure!'®!,
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For the TFE titrations, the amounts of 2f and 2g peptide powders, suitable for having a final
concentration of 20 uM, were dissolved in the indicated amount of TFE, corresponding to
the % (v/v) of the final volume and diluted in 1xb (pH 7.4). The CD spectra were recorded
in 1 cm cuvettes.

Mixing the peptide solutions with increasing amounts of TFE did not lead to a conformational
transition of the B-turn structures of 2f and 2g to a-helices (Figure 22). In fact, the same
secondary structure was observed for all CD measurements, and no shift of the minimum at
230 was detected. Even for peptide solutions containing 80% TFE (v/v), the typical structural
elements of a-helices, including the two characteristic minima at 208 and 222 nm were not
observed.

Together with the results shown in Figure 18b, the findings indicate that the presence of
fluorinate alcohols does not influence the structure of MIMs. Thus, the results suggest that
the head-to-tail cyclisation increases structural rigidity of the conformation of the peptides.
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Figure 22. TFE studies of 2f and 2g. CD spectra were recorded by analysing (a) 2f and (b) 2g (20 uM
each) prepared in 1xb (pH 7.4) with increasing amounts of TFE (%,v/v). The signal of the buffer was subtracted
from the spectra.

4.3.1.6 CD spectra of 2g and 2i at different pH

Oligomerisation states are highly influenced by the H-bond networking between a solute

¢ [166-168].

molecule and the solven thus, pH dependence studies were performed to characterise

further the oligomeric structures formed by MIMs in aqueous conditions.

CD spectra were recorded with peptide solutions of 2g and 2i (100 uM each) prepared by
dissolving the peptide powder in 1xb (pH 7.4) containing 1% of HFIP and mixed with
amounts of aqueous protic cosolvents HCI (5 mM in ddH>0), and NaOH (5 mM in ddH20).

CD spectroscopy studies of 2g (100 uM) in 1xb (pH 7.4) containing more than 40% HCI (v/v,
pH 6) revealed an enhancement of the B-turn structure compared to the spectrum recorded at
neutral pH (Figure 23a), as indicated by the increase in signal intensity at 230 nm and 198
nm. Figure 23b shows that the maximum value of the mean residue ellipticity at 195 nm and
228 nm was observed for peptide solution containing 80% HCI (v/v, pH 3). TEM analysis of
the peptide solutions used for the far-UV CD studies revealed the presence of aggregates with
different morphologies at different pH: spherical aggregates were observed for the peptide
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prepared at native pH, whereas unordered structures were detected in acidic conditions

(Figure 23c).
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Figure 23. CD spectroscopy studies of 2g in the presence of aqueous HCI (5§ mM). (a) CD
studies were performed by treating 2g (100 uM) in 1xb (pH 7.4) with increasing amounts of aqueous HCI (5
mM) (v/v). The signal of the buffer was subtracted from each spectrum. (b) Mean residue ellipticity of
incubations of 2g from (a) at 195 nm and 228 nm. The maximum signal increase is highlighted in purple (c)
TEM imaging of 2g solutions at 0% HCI (v/v) (pH 7.4), and 80% HCI (v/v) (pH 3) revealed the presence of
spherical aggregates (scale bar, 100 nm).
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Figure 24. CD spectroscopy studies of 2g in the presence of amounts of aqueous NaOH
(5 mM). (a) CD studies of 2g solutions (100 uM) in 1xb (pH 7.4) mixed with aqueous NaOH (5 mM) are
shown. The signal of the buffer is subtracted from the spectra. (b) Mean residue ellipticity of incubations of
2g from (a) at 195 nm and 228 nm. The maximum increase is highlighted in blue. (c) TEM imaging revealed
the presence of diverse morphologies at different pH: roundish structures were observed at neutral pH and
unordered morphologies at acidic pH (scale bar, 100 nm).
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CD spectroscopy studies of 2g solutions (100 uM) prepared in the same conditions and
titrated with NaOH (5 mM) showed similar behaviour. An increase in signal intensity was
observed for peptide solutions containing either 20% or 40% of NaOH (v/v) (Figure 24a).
The mean residue ellipticity at the characteristic minimum (228 nm) and maximum (195 nm)
was circa three times higher than that observed at neutral pH. TEM analysis of peptide
solution at basic pH (Figure 23c) revealed the presence of different structures than the
roundish ones observed at pH 7.4.

These observations confirm that 2g assemblies undergo a pH-dependent structural
rearrangement in the presence of protic cosolvents, possibly shifting from oligomeric
structures to their monomeric form.
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Figure 25. CD studies of 2i at acidic pH. (a) CD studies performed by treating 2i (100 uM) in 1xb
(pH 7.4) with increasing amounts of aqueous HCI (5 mM) (v/v) are shown. Baselines are subtracted from
the CD spectra. (b) Mean residue ellipticity of incubations of 2i from (a) at 195 nm and 228 nm. The
maximum value is highlighted in blue. (¢) TEM characterization of 2i solutions containing 0% HCI (v/v)
(pH 7.4) or 40% HCI (v/v) (pH 6) (scale bar, 100 nm).

4.3.2 Determination of 2i self-assembly propensity via fluorescence
spectroscopy

Fluorescence spectroscopy was used to quantify the affinity of self-association, as done
previously for other amyloid inhibitors showing strong self-assembly propensity 289597981,
Fluorescence spectroscopy titrations were performed by incubating HFIP stocks of Né-amino-
terminal fluorescein-labelled 2i (Fluos-2i) at 5 nM with increasing amounts of 2i, in 1xb (pH
7.4) containing 1% HFIP. The binding of a 100-fold molar excess resulted in a fluorescence
enhancement of 44 % (Figure 26a). The obtained sigmoidal titration curve was consistent with

cooperative self-assembly, and the determined apparent affinity (app. Kp) was 34.43 (+ 10.28)
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nM. Results were in agreement with the self-assembly propensity observed via CD

concentration dependence studies (Figure 20d) and previous results on ISMs and MCIPsP%%1,
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Figure 26. Self-assembly of 2i as studied via fluorescence spectroscopy titrations.
Fluorescence emission spectra of N°-terminal fluorescein-labelled 2i (Fluos-2i; 5 nM) alone and after
titration with 2i at the indicated molar ratios. Peptide incubations were prepared in 1xb (pH 7.4) containing
1% HFIP. On the right, the binding curve is shown. The estimated app. Kp value for 2i self-association is
34.43 (£ 10.28) nM. Data are means (£SD) from three binding curves.

4.4 Effect of MIMs and linear precursors on IAPP fibrillogenesis
and cytotoxicity

One of the first questions assessed in this work was whether MIMs maintain the inhibitory
function of the template R3-GI. It was answered by testing the activity of 2f, 2g, 2h, and 2i
on [APP amyloid formation via ThT binding assay and TEM imaging. Furthermore, the MTT
reduction assay was used to characterise the cytotoxicity of the heterocomplexes formed
between IAPP and MIMs after 24 h and 7 days of aging.

These methods are widely applied to characterise the formation and the cytotoxic effects of

93.94.98.99.127.129] THT is a small molecule commonly used to monitor the

amyloid assemblies*”
formation of amyloid in vitro. Its fluorescence enhancement and shift upon binding to fibrils
is its most defining and thorough property 3!, In fact, it is widely accepted that the increase
in ThT fluorescence results from the selective immobilisation of a subset of ThT

conformers!!3%170

! and that amyloid fibrils are likely to present a ThT-binding site that
sterically “locks” the bound dyel*®!. ThT emits at 482-490 nm upon binding to amyloid fibrils
when excited at 450 nm 311,

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2h-tetrazolium bromide) reduction
assay is widely used to test cellular metabolic activity. This molecule can cross the cell and
mitochondrial membranes and is reduced to formazan by metabolically active cells 134,
ThT studies performed by titrating amyloidogenic IAPP with increasing concentrations of 2f,
2g, 2h and 2i revealed that MIMs could effectively inhibit IAPP fibrillation in a
concentration-dependent fashion (Figure 27). Full suppression of IAPP fibril formation was
observed when the inhibitors were added in 5 and 10-fold excess, as shown by the lack of
fluorescence increase compared to the control (Figure 27a-d, left panels and Figure 28a). Of
note, 2i was the only analogue that showed full inhibition of IAPP in 2-fold excess (Figure
27d). Conversely, incubating IAPP with lower folds of inhibitors did not significantly change

its kinetics.
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Titrations of cytotoxic IAPP with MIMs at 24 h and 7 days showed full amyloid-mediated
cytotoxicity suppression (Figure 27a-d, right panels, and 28b). The MTT studies supported
the ThT finding, confirming that the inhibition of the cytotoxicity occurs in a concentration-
dependent manner. The cytotoxicity studies yielded the ICsos in the nanomolar range (Figure
28d-g, Table 24), indicating that MIMs are potent inhibitors of IAPP amyloid formation.
TEM analysis of incubations of IAPP/MIMs in 5-fold excess and aged for 7 days (Figure
28c¢) revealed the presence of amorphous aggregates. In contrast, typical elongated amyloid
fibrils were observed for samples containing IAPP alone. These findings suggested that
IAPP/MIMs hetero complexes are non-amyloidogenic and non-cytotoxic.
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Figure 27. Effects of MIMs on IAPP amyloidogenesis and cytotoxicity. (a-d, left panels) The
effects of MIMs on IAPP self-assembly as determined by the ThT binding assay (IAPP/MIMs, 1/0.1-1/10)
(means (£SD) 3 assays)) re shown. For the single assays, see Appendix Figures A4, A10, A16, and A22. (a-
d, right panels) 2f, 2g, 2h and 2i suppress IAPP cytotoxicity (7-day-aged solutions) on RIN-5mf cells as
determined by the MTT reduction assay (IAPP/MIMs, 1/0.1-1/10) (means (£SD) 3 assays) (n=3 each). For
the single assays, see Appendix Figures AS, Al1, A17, and A23. Peptide solutions were prepared in IAPP
ThT buffer containing 0.5% HFIP (IAPP, 6 uM) and incubated at 20°C.
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Figure 28. MIMs inhibit IAPP amyloidogenesis and cytotoxicity in 5-fold excess. (a) Effects
of MIMs on IAPP amyloid self-assembly as determined by the ThT binding assay (IAPP/peptide, 1/5) (means
(+SD), 3 assays). Peptide solutions were prepared in IAPP ThT buffer containing 1% HFIP (IAPP, 6 uM) and
kept at 20°C. (b) 2f, 2g, 2h and 2i suppress IAPP cytotoxicity on RIN-5mf cells (7-day-aged solutions) as
determined by the MTT reduction assay (IAPP/MIMs (1/5)) (means (+£SD) 3 assays (n=3 each)). The MTT assays
were performed with peptide aliquots from (a). (c) Incubations from (a) were morphologically characterised via
TEM (scale bars, 100 nm). (d-g) ICso curves of inhibitory effects of MIMs on cell damaging IAPP fibrils
formation. Aged solutions (7 d) of IAPP alone (100 nM) or its mixtures with different amounts of MIMs were
added to RIN5-fm cells. Cell damage was determined by the MTT reduction assay for mixtures of IAPP with 2f
(d), 2g (e), 2h (f), and 2i (g), as indicated. Cytotoxicity of IAPP alone is included in each graph for comparison
(red symbol). Data and determined ICsg values are means (=SD) from 3 independent assays (n=3) (Table 23). For
the single assays, see Appendix Figures A6, A12, and A24.

Next, the effect of the head-to-tail cyclisation was investigated by testing the inhibitory
potential of the linear precursors. ThT studies performed by incubating IAPP with linear
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precursors up to 50-fold excess revealed that IAPP fibril formation was not influenced by their
presence (Figure 29). Mixtures of IAPP/linear precursors assembled into ThT-binding fibrils
after 24 h, as observed for IAPP alone (Figure 29a-c). Notably, it was excluded that the
increase of the ThT was due to the high concentration of the peptides by incubating 2i linear
alone in the corresponding concentration (Fig. 29¢).

Table 23. ICso values of inhibitory effects of MIMs on IAPP-mediated damage. Effect of 24 h or 7 days
aged IAPP/MIMs mixtures on cultured RIN-5fm cells [

MIMs ICso (£SD) (nM) (aged 24 h) ! ICso (xSD) (nM) (aged 7 d)
2f 240.44 (+46.76) 300.65 (+67.87)

2g 178.54 (+57.35) 307.76 (+24.18)

2h 608.58 (+525.43) 287.55 (+143.43)

2i 65.54 (£17.45) 95.33 (+£25.66)

(a1 ICs0s, means (£SD) from 3 titration assays (n=3 each; IAPP, 100 nM) (Figure 28).

1 For the single assays, see Appendix Figures A1-3 (2f), A7-9 (2g), A13-15 (2h), A19-21 (2i).

TEM analysis of the samples containing IAPP and 2g linear in 50-fold excess revealed the
presence of typical amyloid fibrils, to the same extent and morphology as in controls

containing TAPP alone (Figure 29d).
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Figure 29. Inhibitory potential of 2f linear, 2g linear, and 2i linear towards IAPP
amyloid formation. Effect of (a) 2f linear, (b) 2g linear and (c) 2i linear on IAPP self-assembly as
determined by the ThT binding assay (IAPP/MIMs, 1/5-1/50) (means (£SD) 3 assays). Incubations were
prepared in IAPP ThT buffer containing 0.5% HFIP (IAPP, 6 uM) and kept at 20°C. (d) TEM images of
incubations of (b) revealed the presence of amyloid fibrils (scale bar, 100 nm).

The results suggest that the cyclic peptide compounds are at least ten times more potent than
their linear precursors. This confirms the hypothesis that head-to-tail cyclisation is critical
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for stabilising specific conformations enabling high-affinity amyloid inhibitory interactions
with IAPP amyloidogenic species.

4.5 Determination of IAPP binding affinities of MIMs and linear
precursors

According to previously established protocols, the apparent affinities of the interaction
between MIMs for monomeric TAPP were quantified by fluorescence spectroscopy
(28,100,127.129.136] " Titrations of synthetic N%terminal fluorescein-labelled IAPP (Fluos-IAPP)
(5 nM) with MIMs revealed high-affinity interactions, as most of the app. Kps fell in the low
nM range (Fig. 30a-d, Table 24). Our group previously reported that freshly made solutions
of Fluos-IAPP at 5 nM consisted mainly of monomers!?31%%13¢] Titrating Fluos-IAPP with 2g
amounts higher than 125 nM resulted in a decreased signal that could be explained by the
aggregation of the complexes (fig. 30b). Sigmoidal titrations curves were obtained and were
consistent with a cooperative self-assembly process!?5136],

To investigate the effect of the head-to-tail cyclization, the affinities of the interaction
between the linear precursors and monomeric IAPP were also quantified (Figure 31).
Fluorescence spectroscopy studies were performed in the same conditions described above.

Titrations of synthetic Fluos-IAPP (5 nM) in 1xb (pH 7.4), containing 1% HFIP, with
increasing amounts of the linear sequences revealed no binding affinity, or weak binding in
the case of 2i linear (Figure 31c). These results are in accordance with the ThT findings
(Figure 29), that revealed that the linear precursors are at least 10-times weaker than their
cyclized analogues.
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Figure 30. Determination of app. Kps of interaction of MIMs with IAPP by fluorescence
titrations. Left panels (a-d) show fluorescence emission spectra of Fluos-IAPP (5 nM) alone or with various
amounts of (a) 2f, (b) 2g, (c) 2h, and (d) 2i. The molar excess of Fluos-IAPP/MIMs are indicated. Right panels
(a-d) show the binding curves of (a) 2f, (b) 2g, (c) 2h and (d) 2i. App. Kps are means (£SD) from 3 binding
curves. Measurements were performed in 1xb (pH 7.4) containing 1% HFIP.
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Table 24. ICso values of inhibitory effects of MIMs on IAPP-mediated cell damage after 7 days of co-

incubation!® app. Kps of MIMs/IAPP interactions®! and % of fluorescence increase!!

MIMs ICso (£SD) (nM)!al app. Ko(=SD) (nM)Pllcl - Fluorescence increase (%)
2f 300.13 (+67.32) 33.2 (+8.44) 52
28 307.47 (+24.33) 107.8 (£12.43) 52
2h 287.12 (+143.76) 52.65 (+15.18) 53
. 95.82 (+24.84) 197.75 (£16.55) 75

[al ICs¢s, means (=SD) from 3 titration assays (n=3 each; IAPP, 100 nM).
(] Determined by titrations of N-terminal fluorescein-labeled IAPP (5 nM; pH 7.4) with MIMs (Figure 30).
[l App. Kps are means (+SD) from 3 binding curves.
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Figure 31. Determination of app. Kps of the interaction of linear precursors with IAPP
via fluorescence titrations. Left panels (a-c) show fluorescence emission spectra of Fluos-IAPP (5 nM)
alone or with various amounts of (a) 2f linear, (b) 2g linear and (c) 2i linear in 1xb (pH 7.4) containing 1%
HFIP. The molar excess of Fluos-IAPP/linear precursors is indicated. Right panels (a-c) show representative
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4.6 Effects of MIMs on IAPP conformational transition followed via
CD spectroscopy

4.6.1 Effect of 2g in 5-fold excess to IAPP

To study the effects of 2g on the conformational transition of IAPP misfolding, far-UV CD
spectra of [APP (5 uM), 2g (25 uM), and the TAPP/2g mixture (1/5) were measured at various
time points (Figure 32). As previously reported®®!27:12} the spectrum of monomeric IAPP at
time 0 h consisted of large amounts of unordered structures (Figure 32a). In contrast, the
spectrum of 2g in 5-fold excess indicated significant quantities of B-turn structure, with a
minimum at 228 nm and a maximum at 195 nm (Figure 32a).
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Figure 32. Characterization of IAPP/2g interaction via CD spectroscopy. CD spectra of
IAPP (5 uM), IAPP + 2g (1:5; 5 uM and 25 pM) and 2g alone (25 uM) are shown at (a) 0 h, (b) 30 minutes,
(c) 1h,(d)3 h,(e) 6 h, and (f) 24 h of incubation. Peptide solutions were prepared in 1xb (pH 7.4), containing
1% HFIP. The sums of the spectra of 2g and IAPP are also shown in dashed lines. A difference between the
measurement and the sum of the spectra was observed after 30 minutes of incubation, as shown by the
presence of two minima at 202 and 222 nm. After 24 h of aging, the solution containing the mixture was
clear, whereas precipitation into insoluble aggregates was observed for IAPP alone. After 24 h, the incubation
containing IAPP was measured after mixing to redissolve the precipitate. The signal of the buffer was
subtracted from the spectra.

After 30 min of incubation and for each time point, the CD spectrum of the mixture revealed
the presence of minima at 202 and 222 nm (Figure 32b). Of note, the difference in
wavelengths between the two minima decreased over time and indicated significant amounts
of B-sheet/turn structures(Figure 32c-f). This profile differed from the sum of the spectra of
IAPP and 2g alone, confirming that IAPP interacts with 2g. After 24 h (Figure 32f), the far-
UV CD spectrum of IAPP indicated a conformational change into B-sheet-rich assemblies,
resulting in aggregation into insoluble species due to the fibril formation process. Notably,

the precipitated aggregates were resuspended by vigorously mixing, allowing the far-UV CD
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measurements. By contrast, no precipitation was observed in the mixture, suggesting that the

interaction between 2g and IAPP in the inhibitory 5-fold-excess yielded soluble hetero-

assemblies that suppressed IAPP fibrillogenesis.

4.6.2 Effect of 2i in 5-fold excess to IAPP

The interaction between 2i and monomeric IAPP was characterised via CD spectroscopy,
as previously described for 2g.CD spectra of IAPP (5 uM), IAPP/2i (1/5), and 2i (25 uM)
were recorded at different time points (Figure 33). CD spectroscopy studies of 2i alone
revealed the presence of well-defined B-sheet/B-turn structures, with a minimum at 228
nm and a maximum at 200 nm (Figure 33a). The mean residue ellipticity remained stable
over the experiment, indicating that the peptide stayed in solution. In contrast, time-
dependence studies of IAPP alone showed a conformational shift from a largely unordered
structure to B-sheet-rich and insoluble species, which were resuspended to allow the
measurement at 24 h (Figure 33f). The mixture of IAPP and 2i showed one minimum at
circa 202 nm until 3 h (Figure 33d) and red-shifted to 222 nm after 24 h of incubation
(Figure 33f).
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Figure 33. CD characterization of the interaction between IAPP and 2i followed over
time. CD spectra of IAPP (5§ uM), IAPP + 2i (1:5; 5 uM and 25 uM) and 2i alone (25 uM) prepared in 1xb
(pH 7.4) containing 1% HFIP) were measured at (a) 0 h, (b) 30 min, (c) 1 h, (d) 3 h, () 6 h, (f) 24 h. (g)
TEM analysis of peptide solutions aged 24 h confirmed that the IAPP/2i co-assemblies are non-fibrillar but
amorphous (scale bar, 100 nm).
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This result is consistent with a structural transition to higher amounts of B-sheet structures.
However, the solution remained transparent and homogeneous for 24 h, and the peptide
mixture differed from the sum of the spectra at each time point of incubation. Such findings
confirmed the occurrence of the interaction between IAPP and 2i. As observed for the
2g/IAPP mixture, the sum of the spectra of the single peptides differed at each time point
from the spectra of the IAPP mixture.

4.6.3 Effect of an equimolar amount of 2i on IAPP misfolding

The effect of equimolar amounts of 2i on the conformational transition of IAPP misfolding
was characterised via CD (Figure 34) to compare the results with the ThT and MTT findings
showing no inhibitory properties in these conditions (Figure 27). As described above, far-UV
CD spectra of IAPP (5 uM), IAPP/2i (1/1), and 2i (5 uM) were recorded at different time
points. Spectra of the mixture of IAPP and 2i revealed the characteristic minimum at 202 nm
observed for the 5-fold excess incubation only at time 0 h (Figure 34a). At later time points,
the mixture showed a minimum at 228 nm, which indicates an increase of B-turn structures
(Figure 34b-d). Overall, the structure of the mixture resembles that of the peptide alone. After
6 h (Figure 34e), the signal intensity of the mixture decreased, indicating the development of
aggregates. After 24 h of aging (Figure 34f), the formation of insoluble species was observed
in the TAPP solution, as expected, and in the mixture, indicating that 2i in equimolar amount
could not suppress IAPP misfolding. After resuspension, the signal of the mixture was the
same as the sum of the spectra of the single peptides. These results suggest that the equimolar
complex formed between 2i and IAPP at 1/1 was not stable enough to block IAPP misfolding
into fibrils.
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Figure 34. Far-UV CD characterization of the interaction between IAPP and equimolar
2i followed over time. CD spectra of IAPP (5 uM), IAPP + 2i (1:1; 5 uM) and 2i alone (5 uM) were
recorded on solution prepared in 1xb (pH 7.4) containing 1% HFIP at (a) 0 h, (b) 30 min, (c) 1 h, (d) 3 h, (e)
6 h and (f) 24 h. The sums of the spectra of 2i and IAPP are also shown in dashed lines. After 24 h of aging,
both the solutions containing IAPP and IAPP/2i were turbid, indicating the formation of insoluble aggregates
and far-UV CD measurements were performed after vigorous resuspension.
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4.6.4 Effect of 2g linear on IAPP misfolding

As a proof of concept, the effects of 2g and 2i on IAPP misfolding were compared to that of
2g linear in 5-fold excess. Based on the design concept of the class, an interaction between
the linear precursors and IAPP was expected. However, studies on the inhibitory potential
(Figure 29) and binding affinity (Figure 30) of the linear sequences revealed that neither
inhibit TAPP fibrillation nor bind it in the nanomolar range.

The incubations containing IAPP (5 uM), 2g linear (25 uM), and the IAPP/ 2g linear mixture
(1/5) were prepared as described above, and far-UV CD spectra were recorded at various

time points (Figure 35a—f).

Of note, higher peptide concentrations were not tested, as it was observed that the linear
analogues, such as MIMs, readily assembled into oligomers at low concentrations (Figure
19). The results indicate that a transient interaction between IAPP and the linear precursor
occurs within 1 and 6 h of incubation (Figure 35c-e). This result is shown by the signal
intensity difference but not the structure observed between the sum and the mixture within
this time frame. After 24 h of aging (Figure 35f), the spectra of the mathematical sum and the
mixture were the same in profile and intensity. These results support the hypothesis that head-
to-tail cyclisation is a critical feature in conferring affinity and inhibitory potential to the

sequences of MIMs.
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Figure 35. Characterization of IAPP/2g linear interaction via CD studies. Spectra of IAPP
(5 uM), IAPP + 2g linear (1:5; 5 uM and 25 uM), and 2g linear (25 uM) were recorded at (a) 0 h, (b) 30
min, (c) 1 h, (d) 3 h, (e) 6 h, (f) 24 h. Peptide solutions were prepared in 1xb (pH 7.4) containing 1% HFIP.
In dashed lines, I show the sums of the spectra of 2g linear and IAPP at the corresponding incubation time.
After 24 h of aging, precipitation was observed in both solutions containing IAPP and IAPP/2g linear, and
the insoluble aggregates were resuspended to allow the CD measurements.
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4.7 Interaction between 2i and IAPP followed via crosslinking

The characterization of hetero-complex formed between IAPP and 2i was performed via
cross-linking studies in combination with NuPAGE and WB by following a previously
developed assay system to detect IAPP homo- and hetero-assemblies®®!?7-12%1. Briefly, for
characterising IAPP homo-/hetero-assemblies, IAPP and IAPP/2i mixtures (1/1, 1/5 and
1/10) were incubated for 30 minutes, cross-linked via glutaraldehyde, and analysed via the
SDS page.

At this time point, IAPP alone contained monomers and low MW oligomers (dimers,
hexamers), as indicated by the bands observed at c.a 3 and 6 kDa®®! (Figure 36). In contrast,
multiple hetero bands corresponding to low MW co-assemblies were observed for the excess
IAPP/2i mixtures in the inhibiting folds. Analysis of the IAPP/2i mixture in 1/5 and 1/10
revealed the presence of bands between 3.5 and 10 kDa that could correspond to a hetero-
dimer[127,129
was detected at circa 12 kDa, which could correspond to a heterotetramer, possibly formed
by an IAPP dimeric structure stabilised by two inhibitor molecules. Bands at higher MW (15

kDa and 20 kDa) might indicate the presence of diverse multimers.

1 or a hetero-trimer formed by one molecule of IAPP and two of 2i. A second band

The results support the hypothesis that the interaction of 2i with monomeric IAPP, might

redirect IAPP misfolding to the formation of soluble and non-toxic heteroaggregates®®:127-1291,
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Figure 36. Characterization of hetero-assemblies of IAPP with 2i via cross-linking with
glutaraldehyde, NuPAGE, and Western blot (WB) with anti-IAPP antibody.
Characterization of 30 minutes aged IAPP with various molar ratios of 2i was characterised via cross-linking,
NuPAGE and Western blot with anti-IAPP antibody. Incubations of IAPP (30 uM) and IAPP/2i (1/1; 1/5,
1/10) were prepared in 1xb (pH 7.4) containing 1% HFIP. A representative gel (n=3) is shown, see Appendix
Figure A25.
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4.8 Identification of IAPP regions that mediate its interaction with
2i

To identify the IAPP regions involved in its interaction with Fluos-2i, peptide arrays
consisting of glass slides containing 10-residue IAPP peptide sequences were used. The
decamers covered full-length IAPP and were positionally shifted by one residue, as
previously done by Andreetto et al. ®9.

Incubation with Fluos-2i revealed one cluster of 5 consecutive IAPP binding segments,
corresponding to IAPP(7-20) (Figure 37). The “binding core”, corresponding to the common
sequence of all five binding segments, was IAPP(11-16) or RLANFL, which is one of the
regions suggested to be involved in IAPP self-assembly and cross-talking with
ABAO(42)[28:98.100.137)

1 8 15 23 28 37
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Figure 37. Identification of IAPP segments that bind Fluos-2i using peptide
microarrays. Glass slides with synthetic IAPP decamers (bold) consisting of overlapping IAPP sequences
(bold) incubated for 12 h at 8° C with Fluos-2i (1 uM) prepared in 1% BSA in TBS-T (w/v) are shown; the
visualisation was performed by fluorescence. Dashed blue line frames underline identified Fluos-2i binding
clusters; IAPP “binding cores”, or common residues between consecutive binding regions, are indicated as
blue letters (results representative from 3 membranes, see Appendix Figure A26).
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4.9 Interactions and effects of 2i on IAPP oligomers (0IAPP) and
fibrils (fIAPP)

4.9.1 Identification of olAPP

The amyloid formation process, also in the case of IAPP, can be described as a sequence of
transitions through different conformational states in equilibrium with each other®71, At
first, a relatively small number of monomers form highly disordered, unstable clusters that
may easily dissociate, as only weak intermolecular interactions are involved in their
formation. However, when the association and the growing phase continue, these aggregates
can form more bulky, compact, and stable species that reorganise in B-sheet structures,

eventually developing into mature, well-defined, and highly structured fibrils>3+171-173],

Notably, several recent studies underlined how early-stage amyloid oligomers could mediate
a higher cytotoxic effect when compared to already-formed fibrils, indicating these species
as an essential target for inhibiting amyloid pathogenic development [46:47:33.174-177],

In this work, the facts that IAPP oligomers do not bind ThT! 8} are immunoreactive towards
the specific antibody A 115521, are cytotoxic and non-amyloid-like!'””! were used to establish a
method to detect their presence through a combination of different techniques, including dot
blot (DB) analysis with (anti-)oligomer A11 polyclonal antibody, MTT reduction assay, ThT
binding assay and TEM imaging!'?7!.

ThT studies confirmed that IAPP species bind only weakly ThT in the first 6 h of aging
(Figure 38a). This result suggests that IAPP aggregates formed within these time points lack
the typical B-sheet structure characteristic of amyloid fibrils, which binds ThT®%131:132] The
development into amyloid fibrils occurs after 24 h of aging, as indicated by the increase of
ThT fluorescence at this time point (Figure 38a). MTT studies revealed that the species
formed during the IAPP lag phase are more cytotoxic than IAPP monomers (Figure 38b),
even though the fibrils displayed the highest cell-damaging effect.

DB studies revealed that the IAPP population changes over time. Strong All
immunoreactivity was observed in IAPP incubations aged for 1 h and 3 h (Fig.38c), whereas
only a weak signal was observed in incubations of IAPP at 0 h or later time points. The results
suggest that monomeric IAPP (0 h) contains only tiny amounts of Al1-reactive IAPP species,
at their maximum between 1 and 3 h. The lack of signal observed for the following time of
incubations suggests that at later time points, the A11 reactive IAPP oligomers develop into
insoluble amyloid fibrils, which are not recognised by the antibody.

TEM analysis (Figure 38d) confirmed that IAPP monomers (0 h) and A1l reactive IAPP
aggregates identified within 1 and 3 h are structurally unordered. In contrast, the presence of
typical amyloid fibrils was confirmed at later time points.
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Figure 38. Identification of oligomeric IAPP species based on their amyloidogenicity,

cytotoxicity and A11 immunoreactivity.IAPP (12 uM) incubations were prepared in IAPP ThT buffer
containing 0.5% HFIP and aged at 20°C. (a) The kinetics of the amyloid assembly was followed via ThT assay,
and no or limited binding was detected in the first 3 h (means (£SD) 3 assays). (b) MTT reduction assays
performed with aliquots from (a) on RIN-5mf (1 uM on the cells, (means (£SD) 3 assays n=3 each)) revealed
increased cytotoxicity over time. (c) DB analysis of IAPP solutions aged for different time points (oIAPP, 0.5
pg) with (anti-)oligomer A11 polyclonal antibody confirmed the presence of immunoreactive species between
1 and 3 h of aging. A representative membrane (n=4, see Appendix Figure A27) is shown. The presence of
IAPP on the membrane was confirmed by anti-IAPP antibody detection (n=3, see Appendix Figure A28). (d)
The IAPP assemblies were morphologically characterised via TEM imaging (scale bars, 100 nm).

4.9.2 Comparison of the affinity of 2i for mIAPP, oIAPP and fIAPP

DB studies were used to characterise the binding affinities of Fluos-2i to monomeric
(mIAPP), oligomeric (oIAPP), or fibrillar IAPP (fIAPP). Of note, evidence of the binding
affinity of Fluos-2i for monomeric IAPP was previously given by the fluorescence

spectroscopy studies, as shown in Figure 29.

a) Fluos-2i b) Fluos-2i
PP Oh | & fIAF,F,- 24h
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3h | @

Figure 39. DB analysis shows that Fluos-2i binds to different aggregate states of IAPP.
(a) IAPP incubations (12 pM) were prepared in IAPP ThT buffer containing 0.5% HFIP and aged at 20°C.
At the indicated time points, peptide aliquots were spotted on a DB membrane (1 pg). Fluos-2i solution was
prepared in IAPP ThT buffer containing 0.5% HFIP (2 pM). Membranes were incubated in Fluos-2i
solutions for 12 h at 8°C. Flues-2i binds monomeric (0 h), oligomeric (1 and 3 h) and fibrillar IAPP (24 h).
A representative membrane is shown ((a) n=2, see Appendix Figure A29, (b) n=3, see Appendix Figure A30).
The autofluorescence of fIAPP was controlled before incubation with Flues-2i (see Appendix Figure A31).

The experiments were performed by aging IAPP solutions for the indicated time points,
allowing the formation of monomers (0 h), oligomers (1 and 3 h) and fibrils (24 h). Aliquots
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of the incubations were spotted on cellulose membranes and then incubated with a solution
of Fluos-2i.

As shown in Figure 39, the results indicate that Fluos-2i binds IAPP monomers, oligomers,
and fibrils with increasing affinity. Noteworthy, the affinity for IAPP fibrils was stronger than
for the other species; thus, the analysis was performed on two different membranes
(Appendix Figure A33).

4.9.3 Effects of 2i on the formation of oIAPP

To answer the question of whether 2i inhibits the formation of oligomeric IAPP, the presence
of olAPP in mixtures of IAPP and 2i in 10-fold excess was investigated by DB analysis with
(anti-)oligomer A 11 polyclonal antibody detection, MTT reduction assay, ThT binding assay
and TEM imaging (Figure 40).
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Figure 40. Effect of 2i on olAPP formation. IAPP (12 uM) was prepared in IAPP ThT buffer
containing 0.5% HFIP and aged at 20°C. (a) The kinetics of IAPP self-assembly in the presence of 2i
(IAPP/2i, 1/10) was followed via ThT binding (means (+SD) 3 assays). (b) Cytotoxicity studies on RIN-5mf
cells revealed that 2i effectively suppresses the cell damage mediated by olAPP (1 uM on the cells (means
(£SD) 3 assays, n=3 each). (c) Dot blot analysis of peptide aliquots from (a) shows that 2i suppresses the
immunoreactivity of olAPP. A membrane showing olAPP reactivity in the same conditions is shown for
comparison. Representative membranes (2i/IAPP n=3, see Appendix Figure A32, IAPP n=4, see Appendix
Figure A27) are shown. The presence of IAPP in membranes containing IAPP/2i mixtures was assessed via
DB with anti-IAPP detection (n=3, see Appendix Figure A33). (d) TEM pictures of peptide aliquots from (a)
aged 24 h are shown (scale bar, 100 nm).

As expected from the studies on the effect of 2i on mIAPP amyloid formation and
cytotoxicity (Figure 27d and Figure 28b,c), the ThT binding assay confirmed that the mixture
of mIAPP and 2i is not amyloidogenic (Figure 40a). Cytotoxicity studies performed with
mIAPP/2i mixtures aged between 0 h and 6 h showed that cell damage was significantly
reduced in the presence of the inhibitor (Figure 40b). The DB studies indicated that 2i in 10-
fold excess either inhibits the formation of oIAPP or shields the antibody’s binding site, as
no immunoreactivity was detected (Figure 40c). Finally, TEM imaging of IAPP/2i mixtures
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aged 24 h revealed the presence of highly structured aggregates, which do not resemble IAPP
fibrils (Figure 40d).

4.9.4 Effects of 2i on preformed oIAPP

A combination of ThT, MTT, DB and TEM studies revealed the presence of cytotoxic and
All-immunoreactive olAPP within 1 and 3 h of aging (chapter 4.9.1, Figure 38). Further
studies on the development of olAPP upon incubation of monomeric IAPP with 2i revealed
that the MIM effectively suppresses olAPP formation and cytotoxic effect (Chapter 4.9.3,
Figure 40). These observations raised two questions: a) Does 2i block the development of
preformed olAPP? And if so, b) is there any difference in its inhibitory potential depending
on the oligomerisation state of IJAPP?

Effect of 2i on olAPP formed after 1 h of aging.

To study whether 2i influences the growth of IAPP oligomers, 1 h aged IAPP was incubated
with 2i in 10-fold excess. The effects of 2i on oI[APP cytotoxicity and development into fibrils
were characterised by ThT binding assay combined with DB with (anti-)oligomer All
polyclonal antibody detection, MTT reduction assay and TEM (Figure 41).
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Figure 41. Effect of 2i on oIAPP species formed at early steps of the nucleation process.
IAPP (12 uM) was prepared in IAPP ThT buffer containing 0.5% HFIP and aged at 20°C. (a) The effect of
2i (10-fold) on IAPP fibrillation when added to preformed olAPP (1 h) as determined by ThT binding assay
(means (£SD) 3 assays) is shown. (b) Cytotoxicity studies performed with incubations from (a) revealed that
2i effectively suppresses the cytotoxicity mediated by olAPP aged 1 h (1 uM on the cells, (means (xSD) 3
assays, n=3 each)). (c) DB analysis with (anti-)oligomer A11 polyclonal antibody of peptide aliquots from
(a) shows that 2i reduces the immunoreactivity of olAPP. A representative membrane (n=2, see Appendix
Figure A34) is shown. The presence of IAPP in IAPP/2i mixtures was confirmed via anti-IAPP detection
(n=2, see Appendix Figure A35). (d) TEM pictures of aliquots from (a) show the complex's morphology
formed at different incubation times (scale bar, 100 nm).

ThT binding studies revealed that the heterocomplexes formed between ol APP solution aged
for 1 h and 2i do not bind ThT. In contrast, the increase in ThT fluorescence confirmed that
olAPP alone self-assembled into amyloid fibrils within 24 h (Figure 41a). This result suggests
that 2i might dissolve preformed olAPP or redirects its amyloid assembly to off-pathway
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species Cytotoxicity studies showed that olAPP/2i mixtures were non-cytotoxic (Figure 41b),
indicating that the interactions between the two peptides suppressed the cell damage mediated
by olAPP. DB studies revealed that hetero-complexes formed between olAPP (1 h) and 2i
(10-fold) were less All-immunoreactive than olAPP alone (Figure 41c¢).

Effect of 2i on 3 h-aged IAPP
To confirm the previous findings, the effect of 2i was tested on o[APP formed in a later

aggregation stage. In this case, IAPP oligomers aged for 3 h were mixed with 2i in 10-fold
excess. The effect on IAPP amyloid self-assembly and cytotoxicity were monitored via ThT
binding assay, MTT reduction assay and TEM (Figure 42).
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Figure 42. Effects of 2i on oIAPP species aged for 3 h. IAPP (12 uM) was prepared in IAPP
ThT buffer containing 0.5% HFIP and aged at 20°C. (a) The effect of 2i (10-fold) on IAPP fibrillation when
added to preformed olAPP (3 h) as determined by ThT binding assay (means (£SD) 3 assays) is shown. (b)
Cytotoxicity studies performed on RIN-5mf with incubations from (a) revealed that 2i effectively blocks the
cytotoxicity mediated by oIlAPP aged 3 h (1 uM on the cells, (means (+SD) 3 assays, n=3 each)). (¢) TEM
pictures of peptide aliquots from (a) imaged after different time points of incubation (scale bar, 100 nm).

ThT studies revealed that mixtures of olAPP (3 h) with 2i do not bind ThT until 24 h (Figure
42a). This result suggests that adding 2i, even at a late stage of IAPP oligomerisation,
interferes with its development into amyloid fibrils. In good accordance, MTT studies
revealed that mixtures of olAPP (3h) with 2i are significantly less toxic than olAPP (Figure
42b). Of note, DB studies were not performed, as the All-immunoreactivity of IAPP
decreased after 3 h of aging. Surprisingly, TEM studies on incubations containing mixtures
of 3 h aged ol APP and 2i aged for 24 h, revealed the presence of a network of highly organised
fibrillar structures (Figure 42c); interestingly, these hetero-fibrils, or “needles-like
structures”, did not bind ThT and were not cytotoxic (Figure 42 a,b).
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4.9.5 Effects of 2i on preformed IAPP fibrils (fIAPP)

To answer whether 2i dissolves preformed IAPP fibrils, as observed for other peptides!!*¢!,

IAPP fibrils (6 days aged IAPP) were incubated with 2i in 10-fold excess. The possible effects
of 2i were followed via the ThT assay, the MTT reduction assay and TEM (Figure 43).

Figure 43a shows that the ThT binding of fIAPP after co-incubation with 2i decreases steadily
within 7 days of incubation. However, an unexpected increase of ThT binding was observed
in incubations containing IAPP alone, and this might be due to the vigorous agitation that
was applied to collect the fibrils. For this reason, the ThT results can be considered only
preliminary. MTT reduction assays performed 7 days after co-incubating fIAPP and 2i
revealed that the cytotoxicity observed in cells treated with IAPP fibrils was significantly
reduced in the presence of the inhibitor (Figure 43b). Finally, the analysis of TEM grids
prepared at the end of the experiment confirmed the presence of typical amyloid fibrils for
the sample containing IAPP alone and showed amorphous aggregates mixed with fibrils for
the IAPP/2i mixture.

These findings support the hypothesis that 2i might effectively interact with different [APP
species and remodel or disaggregate preformed IAPP fibrils and cytotoxic oligomers. These
results indicate that 2i might disaggregate, remodel, or coat preformed IAPP fibrils,
diminishing their cytotoxic potential!*¢],
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Figure 43. Effect of 2i on preformed IAPP fibrils. IAPP (12 uM) was prepared in IAPP ThT buffer
containing 0.5% HFIP, aged at 20°C for 6 days and mixed with 2i. (a) Effect of 2i (20-fold) when added to
preformed fIAPP (6 d) as determined by ThT binding assay (means (£SD) 3 assays). (b) Cytotoxicity studies
performed on RIN-5mf with incubations from (a) after 7 days of aging (means (£SD) 3 assays, n=3 each)).
(c) TEM pictures of peptide aliquots from (a) after 7 days of incubation (scale bar, 100 nm).
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4.10 Activity of MIMs and linear precursors on A 42 fibrillogenesis
and cytotoxicity

After studying the effects of MIMs on IAPP fibrillation and cytotoxicity, their possible effects
on AB42 amyloid formation and cell damage were investigated. These studies aimed to
understand whether the minimal IAPP elements, included in self- and cross-interaction regions
of IAPP full sequence, are sufficient to suppress AP42 amyloid formation. This effect was

previously observed for other classes of amyloid inhibitors based on this concept design®®*°1.

The first question addressed in this part was whether MIMs could inhibit the amylogenesis of
APB42 monomers (mAfB42). As done for IAPP-related studies (Chapter 4.4), the formation of
amyloid fibrils in incubations prepared with mA[42 alone and in a mixture with the inhibitors
was followed via ThT binding assay (Figure 44a-d, left panels)!'>”). The formation of
AB42 amyloid was detected after a lag phase of 90 minutes, as indicated by the strong increase
in fluorescence observed after this time point!'?”. Similarly, ThT studies on incubations
containing AP42/MIMs mixture (1/0.1-1/2) revealed an increase of ThT fluorescence
comparable to that of AB42 alone and no effects on its lag phase (Figure 44a-d, left panels).
Conversely, ThT studies on incubations of AB42 and MIMs in 5- and 10-fold excess revealed
suppression of AB42 fibrillation until 6 days (Figure 44a-d, left panels, and Figure 45a). The
results indicate that MIMs inhibit AB42 fibril formation in a concentration-dependent fashion,
as observed for IAPP.

Cytotoxicity studies were pursued by performing the MTT reduction assay, carried out by
administering stepwise dilutions of peptide incubations to PC-12 cells (Figure 44a-d, right
panel). To the ThT findings, the cell-viability studies confirmed the concentration-dependent
inhibitory effect of MIMs. In fact, incubations of mixtures of AB42/MIMs (1/5 and 1/10)
entirely suppressed AB42 cytotoxicity. In contrast, no or weak effect was observed for mixtures
of AB42/MIMs at lower molar ratios (Figure 44a-d, right panels, and Figure 45d-g). To
determine 1Cso values, AB42 (500 nM) was titrated with various amounts of peptides and the
cell-damaging effects were determined using 6 d-aged solutions (Figure 45d-e). The
cytotoxicity studies yielded ICso values in the sub-micromolar range (Table 25). The results
suggest that even if their inhibitory activity towards IAPP is stronger, MIMs are potent
suppressors of AB42 amyloid formation and cytotoxicity.
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Figure 44. Concentration-dependent effect of MIMs on the amyloid self-assembly and
mediated cytotoxicity of AB42. Left panels (a-d) effects of (a) 2f, (b) 2g, (c) 2h, and (d) 2i on AB42 self-
assembly as determined by ThT binding assay (AB42/MIMs 1/0.1-1/10) (means (xSD) 3 assays (n=3 each), see
Appendix Figures A36, A39, A42, A45). Incubations were prepared using SEC-disaggregated AB42 (5 uM) in
AB42 ThT buffer and aged at 37°C under shaking conditions for the first 5 h. The incubations were kept at the
same temperature and without shaking for the rest of the experiment. Right panels (a-d) show the effect of MIMs
on AP42 mediated cytotoxicity on PC-12 cells after 6-days of incubation, as determined via MTT reduction assay
(AP42/MIMs (1/.01-1/10)) (means (+SD), 3 assays (n=3 each); for single assays see Appendix Figures A37, A40,
A43, A46).
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Figure 45. MIMs suppress AB42 amyloid self-assembly and cytotoxicity. (a) AB42 fibrillation
was followed by ThT binding assay (AP42/peptide 1/5) (means (£SD), 3 assays). Peptide mixtures were
prepared using SEC-disaggregated AB42 (5 uM) in AB42 ThT buffer and aged at 37°C under shaking conditions
for the first 5 h. (b) 2f, 2g, 2h and 2i blocked the cell-damage of AB42 fibrils (6-day-aged solutions) on PC-12
cells as determined by the MTT reduction assay (AP42/ MIMs (1/5)) (means ((£S D), 3 assays (n=3 each)). (c)
Incubations from (b) were morphologically characterised via TEM (scale bars, 100 nm). (d-f) ICso values of
inhibitory effects of MIMs on the formation of cell-damaging AB42 amyloid assemblies were obtained by
administering to PC12 cells aged solutions (6 d) of AB42 alone (500 nM) or in mixtures with different amounts
of MIMs. Cell damage was determined by the MTT reduction assay for mixtures of AB42 with 2f (c), 2g (d),
2h (e), and 2i (f), as indicated; cytotoxicity of AB42 alone is included in each graph for comparison (red symbol).
Data and determined ICsy values (Table 25) are means (£SD) from 3 independent assays (n=3). For the single
assays, see Appendix Figures A38, A41, A44, and A4o6.

Next, the linear precursors' possible activity on AB42 amyloid self-assembly was
investigated. These studies were pursued to understand the contribution of the head-to-tail
cyclisation and whether the primary sequences of MIMs, containing the four [APP-residues
critical for its self- and cross-interaction, was sufficient to display an inhibitory effect towards
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AP amyloid assembly. ThT results revealed that the precursors 2f linear, 2g linear and 2i
linear did not suppress AB42 amyloidogenesis up to 50-fold excess (Figure 46a,c,d).

Table 25. ICso values of inhibitory effects of
MIMs on AP42-mediated cell damage after
6 days of co-incubation!

MIMs
2f 1060 (+208)
2g 998 (£119)
2h 1361 (£347)
2i 678 (£157)

ICso (£SD) (nM)!#!

(a1 ICsps, means (+SD) from 3 titration assays
(n=3 each, AB42, 500 nM).
For the single experiments, see Appendix
Figures A38 (2f), A4l (2g), A44 (2h), A47
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Figure 46. Inhibitory potential of 2f linear, 2g linear, and 2i linear towards AB42 fibrils
formation 50-fold excess. Effect of (a) 2f linear, (c) 2g linear and (d) 2i linear on AB42 amyloid
assembly, as determined by ThT binding assay (AP42/peptide 1/50) (means (£SD), 3 assays (n=3 each)).
Peptide incubations were prepared using SEC-disaggregated AB42 (5 uM) in AB42 ThT buffer and aged at
37°C under shaking conditions for the first 5 h. (b) Cell viability studies were performed with A42/2f linear
incubations on PC-12 cells after 6 days of incubation (means (+ SD), 3 assays (n=3 each)).

By these findings, MTT reduction assays performed after 6 days of incubation showed that
2f linear in 50-fold excess did not interfere with AB42 cell damage (Figure 46b). Taken
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together, the results confirmed that the cyclisation confers to the class 10 times more potency,
possibly stabilising a specific conformation able to interfere with AB42 amyloid assembly.

4.11 Determination of binding affinities towards monomeric AL42
(mAp42)

Fluorescence spectroscopy studies were performed to understand whether MIMs may display
their potent anti-amyloidogenic activity towards AB42 by interacting with A342 monomers.
Such a hypothesis was supported by the findings obtained from characterising the
mIAPP/MIMs interaction (Figure 30).

According to previously established protocols?®], monomeric N*-FITC-labelled AP42 (5
uM) was titrated with increasing MIMs amounts (Figure 47). Increased amounts of titrants
resulted in enhanced fluorescence intensity at 522 nm (Figure 30a-d, left panels) triggered by
the binding interaction. The fluorescence increased between 59% and 85% of FITC-AB42,
as reported in Table 26. Sigmoidal titration curves were obtained and were consistent with

§[28.136

the cooperative self-assembly proces 1. However, due to the strong self-assembly

propensity of the peptides, other models than a monomer-monomer interaction might be

28,98

applicable as welll??1. As reported in Table 26, the app. Kp values fell in the mid- to the

low-nanomolar range, indicating that MIMs bind monomeric FITC-AB42 with high affinity.

As a proof of concept, the binding affinities of the linear precursors to FITC-AB42 were also
quantified. Based on the ThT studies (Figure 46) showing a lack of inhibitor potential, lower
binding affinities were expected. Figure 48 shows titrations of synthetic FITC-AB42 (5 nM)
with increasing amounts of 2g linear and 2i linear. As expected, the study revealed weak
binding, as no upper plateau of the titration curve was reached. This result indicates that the
app. Kps of AB42/linear precursors interaction might fall within 1 and 5 uM. The increase in
fluorescence observed when the titrants were added in 250- or 500-fold excess indicates that
the linear precursors are between 25- and 50- times weaker ligands than their cyclised
analogues.
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Figure 47. Determination of app. Kps of the interaction of MIMs with AB42 by fluorescence
titrations. Left panels (a-d) show fluorescence emission spectra of FITC-AB42 (5 nM) alone or with various
amounts of (a) 2f, (b) 2g, (c) 2h, and (d) 2i. The molar excess of FITC-AB42/MIMs is indicated. Right panels (a-
d) show the binding curves of (a) 2f, (b) 2g, (c) 2h and (d) 2i. App. Kps are means (+SD) from 3 binding curves
(FITC-AP42, 5nM). Measurements were performed in 1xb (pH 7.4) containing 1% HFIP.
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Table 26. ICso values of inhibitory effects of MIMs on AP42-mediated cell damage!® after 6 days of co-

incubation, app. Kps of MIMs/AB42 interactions and % of Fluorescence increase!™!*! 1141,

MIMs ICso (SD)(nM)! app. Ko (£SD) (nM) "1l Fluorescence increase (%)
of 1060 (£208) 39.64 (£6.33) 85
28 998 (+120) 49.01 (+16.54) 66
2h 1361 (+347) 53.34 (+3.12) 54
2i 678.14 (+£157) 103.07 (+4.13) 59

a1 ICsos, means (=SD) from 3 titration assays (n=3 each, AB42, 500 nM)

] Determined by titrations of N-terminal FITC-labelled AB42 (5 nM; pH 7.4) with MIMs (Figure 47).
[] App. Kps are means (+SD) from three binding curves

[ compared to the values of FITC-AB42 alone
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Figure 48. Determination of app. Kps of the interaction of linear precursors with FITC-
APB42 via fluorescence titrations. Left panels (a-b) show fluorescence emission spectra of FITC-AB42
(5 nM) alone or with various amounts of (a) 2g linear and (b) 2i linear in 1xb (pH 7.4) containing 1% HFIP.
The molar excess of FITC-AB42/linear precursors is indicated. Right panels (a-b) show the binding curves of
(a) 2g linear and (b) 2i linear (mean of 3 binding curves).

4.12 Identification of AP42 regions that mediate its interaction with
MIMs

To address which regions AB42 bind Fluos-2i, membrane-bound peptide arrays consisting of

[28

AB42 decamers were used 2. The synthetic decamers covered full-length AB42 and were
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positionally shifted by one residue (Figure 49). Incubations with Fluos-2i revealed two
clusters of AB42/MIMs binding regions. The first included 3 consecutive Af} binding segments
covering AB(11-21). The cluster comprises a “binding core” including the segments AB(12-
19), or VHHQKLVF. The second cluster consisted of 4 consecutive AP} binding segments,
including AB(25-36). The “binding core” consisted of the commonly shared sequence among
the four segments APB(28-34) or KGAIIGL. Of note, unspecific binding due to the self-
assembly of Fluos-2i, might have induced the strong background signal, possibly hindering
additional binding regions (i.e., AB(35-40)). Therefore, the assay was performed with a lower

peptide concentration (0.5 uM vs 1 uM) (see Appendix Figure A48b) that did not reveal
significant differences.

5 12 17 23 27 3 4042 15 .12 AT __ 23 _27_ 31 __ 4042
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Figure 49. Identification of the regions of AB40(42) interacting with Fluos-2i using peptide
microarrays. Glass slides with decamers consisting of overlapping AB42 sequences (bold) were incubated for
12 h at 8°C with Fluos-2i (1 pM), prepared 1% BSA in TBS-T (w/v). Dashed blue line frames underline the
identified Fluos-2i binding cluster, whereas the AB42 “binding cores” are indicated as red letters and correspond
to the shared residues between binding segments (results representative from 3 assays, see Appendix Figure A48).

4.13 Interaction between MIMs and AP42 oligomers(oAp42) and
fibrils (fAp42)
4.13.1 Characterization of 0AB42 and TAMRA-0A[342

Soluble oligomers are common to most amyloids and may represent the primary neurotoxic
species of AB40(42) in ADP233:5336177.111 'K aved et al.5?! previously suggested that soluble
amyloid oligomers from different proteins have a similar structure, which became recognized
by the developed antibody Al11.
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In fact, AB42 and IAPP oligomers share some important properties, as they are mainly

unordered, immunoreactive towards A11 and highly cytotoxicl*!-:127:180],

On this basis, the development of monomeric AB42 into cytotoxic oligomers was followed
by applying the same concept and method described in 4.9.11!27]. The characterization of
0APB42 was pursued via DB analysis, TEM characterization, ThT binding and MTT reduction

assays!?7],

Additionally, the aggregation of N?%terminal-5-carboxytetramethylrhodamine-Ap42
(TAMRA-AB42) into cytotoxic oligomers was characterised to study whether the dye affects
the amyloidogenesis of AB42. These experiments were carried out to understand the effect
of another class of peptide inhibitors, the so-called AB core mimics (ACMs), on 0A342
cytotoxicity, oAP42-mediated impairment of hippocampal LTP, and on phagocytosis of
0AB42127],

ThT binding studies revealed that the lag time of Af42 amyloid assembly is circa 90 minutes
(Figure 50a), suggesting that after this time point, AB42 is at least partially fibrillar. The
Identification of A1l immunoreactive oligomers was pursued via DB analysis (Figure 50b)
and revealed the presence of oligomers in solutions containing Af42 or TAMRA-labelled
AB42 within 2 and 6 h of incubation. Due to the transient nature of the species involved in
the amyloidogenic process, the results of the ThT and DB studies are not in contrast(**-+171],
MTT results confirmed that the oligomers identified via A1l detection were cytotoxic, and
the cell damage mediated by AB42 increased with its amyloid self-assembly (Figure 50c).
The cytotoxic effect of TAMRA-APB42 was comparable to that of unlabelled AP42 (Figure
50d), confirming that the label does not influence AP42 mediated cell damage. Finally, TEM
analysis of solutions containing oligomers of TAMRA-APB42 and unlabelled AB42 (Figure
50e) confirmed the presence of largely amorphous structures after 2h and 6 h of incubation.
As expected, incubations of AB42 and TAMRA-AP42 aged for 24 h contained branched and
tangled fibrillar structures.
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Figure 50. Identification of AB42 and TAMRA-AB42 oligomeric species through ThT
binding assay, MTT reduction assay, A1l immunoreactivity, and TEM imaging. (a) The
kinetics of AB42 amyloid assembly was followed via ThT assay, and no or limited binding was detected in
the first 2 h of incubation (means (£SD), 3 assays, n=3 each) of note, monitoring the ThT binding of
TAMRA-APB42 was not possible due to a quenching effect occurring between the dies. SEC-disaggregated
APB42 (5 uM) was prepared in AB42 ThT buffer and incubated at 37°C under shaking conditions for the first
5 h of incubation. (b) DB analysis of AB42 with (anti-)oligomer A1l polyclonal antibody confirmed the
presence of immunoreactive species between 2 and 6 h of aging, independently of the presence of the
TAMRA label. One membrane per assay (n=3 for TAMRA-AB42, see Appendix Figure A49 n=2 for Ap42,
see Appendix Figure AS50) is shown. AB42 Incubations were prepared as described above, whereas solutions
containing TAMRA-AB42 were prepared in IAPP ThT buffer containing 1% HFIP and aged at 37°C under
shaking conditions for the first 5 h. (c-d) MTT studies performed on PC-12 cells (means (+SD) n=3 each)
revealed increased cytotoxicity of the oligomers and no effect mediated by the TAMRA label (c-d). (d) Effect
of the TAMRA label on the cytotoxic effect of AB42 (1 uM on the cells, (means (£SD) 3 assays, n=3 each)).
(d) TEM analysis shows an increased organisation of the species, shifting from amorphous assemblies to
typical amyloid fibrils (scale bar, 100 nm). Part of this Figure is included in Tas et al.[?7),
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4.13.2 Binding of Fluos-2i to mAB42, 0AB42, and fAB42, as detected by DB

As the binding of MIMs to mA42 was confirmed via fluorescence spectroscopy titrations
(Figure 47), the binding affinity of 2i for other AB42 species was also assessed (Figure 51).
Similarly, as for the IAPP corresponding studies (Figure 39), DB analysis was the method of
choice to determine this question.

Incubations containing monomeric APB42 were aged for the indicated time points, allowing
the development of monomers (mAP42), oligomers AP42 (0AP42) and fibrils
AB42 (fAB42). Aliquots of the solutions were spotted on the DB membrane at the indicated
time points (Figure 51) and probed with Fluos-2i. The results suggest that 2i binds Ap42
oligomers and fibrils with increasing affinity, as observed in the case of IAPP (Figure 39).

Fluos-2i
2| 0h
Ap42 |[®] 2h
®| 4nh
®| 24h

Figure 51. DB analysis shows that Fluos-2i binds to mAfB42, 0AB42 and fAP42. SEC-
disaggregated AB42 (11 uM), was prepared in AB42 ThT buffer and aged at 37°C under shaking conditions
for the first 5 h. At the indicated time points, aliquots of the incubations were spotted on a DB membrane (1
ng) and probed with Fluos-2i (5 uM), prepared in IAPP ThT buffer containing 1% HFIP (incubation for 12
h, 8°C). The visualisation was performed by fluorescence, and one representative membrane (n=3 each, see
Appendix Figure A51) is shown.

4.13.3 Effect of 2i on preformed o0Ap42

Once the affinity of MIMs for oligomeric AB42 was confirmed, the effect of 2i on 0AB42
cytotoxicity and fibrillation was studied. ThT binding, MTT reduction assays and TEM were
used to follow AB42 fibrillogenesis and cell damage in the presence of 2i.

The ThT findings indicated that 2i (10-fold) strongly suppressed the development of
preformed AB42 oligomers into fibril, as revealed by the lack of fluorescence increase upon
2i addiction (Figure 52a). Interestingly, a decrease of ThT signal was observed when oA 342
was incubated with 2i in 20-fold excess. These results, and the lack of effect of 2i in 5-fold
effect, suggest that the inhibition occurs in a concentration-dependent fashion.

MTT studies revealed that the cytotoxicity mediated by 0 AB42 after 6 days upon incubation
with 2i were entirely suppressed (Figure 52b).

Two possible scenarios can explain these findings: a) 2i interacts with oligomeric AB42 and
redirects it to forming off-pathway hetero-assemblies, which are non-cytotoxic and non-
amyloidogenic or b) the interaction reverses the conformational transition of 0A42, shifting
the equilibrium to its monomeric state.

TEM imaging of the incubations prepared at the end of the experiment revealed the presence

of highly organised structures that do not resemble either fAPB42 or mAp42 (Figure 52c).
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Such results suggest that 2i interacts with 0APB42 and redirects its aggregation to forming
non-toxic and off-pathway heteroassemblies.
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Figure 52. Effect of 2i on the amyloid assembly of AB42 oligomers followed via ThT
binding assay, MTT reduction assay and TEM imaging. (a) Effect of 2i addition in 5-, 10- and
20-fold excess on 0AP42 as determined via ThT binding assay ((means (£SD), 3 assays, n=3 each). SEC-
disaggregated AB42 (11 uM) was prepared in AB42 ThT buffer and aged at 37°C under shaking conditions
for the first 5 h. (b) Cell viability studies were performed on PC-12 cells with solutions from (a) (6-days-
aged-solutions) (means (£SD)), 3 assays, n=3 each). (¢) TEM images of incubations aged 6 days revealed
that the hetero-complex formed between 0AB42 and 2i in 20-fold excess is amorphous (scale bar, 100 nm).

4.13.4 Effect of 2i on preformed fA42

The effect of 2i on preformed AP42 fibrillar species was investigated via the ThT binding
assay, the MTT reduction assay, and TEM.

AP42 Fibrils were prepared according to the ThT protocol, and the kinetics of their formation
was followed by ThT binding assay. After 6 days of aging, the fibrils were mixed with 2i, and
the possible fibril disaggregation effect was monitored via ThT. In fact, a decrease in ThT
binding could correlate with a reduced fibril amount mediated by the incubation with 2i and
its disaggregation/remodelling properties. Furthermore, the effect of 2i on fAP42 cytotoxicity
was characterised via MTT assay at different time points of incubation, whereas the effect on
fAPB42 morphology was characterised via TEM.

Incubation of preformed AB42 fibrils with 2i resulted in a significant decrease of ThT signal
until 6 days (Figure 53a). However, the suppression of fAB42 cell damage was observed only
after 24 h of incubation and not at later time points (Fig. 53b)), as shown by the increase in
cytotoxicity of fAPB42/2i mixtures aged for 48 h and 6 d. Taken together, this result suggests
that the cytotoxic effect was possibly mediated a) by the releases of cytotoxic AB42 oligomers
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due to the disaggregation of fA342 upon interaction with 2i or b) by a further fibril elongation
process, occurring after a transient interaction between fA42 and 2i.
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Figure 53. Effects of 2i on preformed fAB42 as revealed via ThT and MTT assays. SEC-
disaggregated APB42 (5 uM) was prepared in AB42 ThT buffer and aged for 6 days at 37°C (shaking
conditions for the first 5 h, without shaking afterwards) and mixed with 2i (20-fold). (a) Effect of 2i on
preformed fAB42 revealed by ThT assay (means (=SD), 3 assays, n=3 each). (b) MTT assays performed on
PC-12 cells at the indicated time points with incubations from (a) (means (£SD), 3 assays, n=3 each)). (c)
TEM images of incubations from (a) at the indicated time points (scale bar, 100 nm), including the
magnification of the sample aged for 24 h.

Figure 53¢ shows TEM pictures of the fAB42 alone and fAP42/2i mixtures prepared at
different time points. The imaging revealed the presence of morphologically diverse species.
In fact, as expected, directly after mixing fAB42 and the inhibitor, the samples exhibited
mainly the typical AP42 branched and highly structured fibrils in a mixture with the
amorphous structures observed for 2i alone in 100 uM (Figure 25). Circa 10% of the
incubations showed a complex morphology that could not be assigned to either species (see
the magnification of the sample aged for 24 h), indicating that this organised network might
result from the interaction between 2i and fA342. After 24 h of co-incubation, these structures
increased to approximately 30% of the total analysed population, suggesting that the
formation of these species is linked to decreased cytotoxicity.
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4.14 Effect of MIMs on IAPP/AB42 self- and cross-seeding events

The interaction occurring between amyloid monomers and a fibrillar surface is a process
known as secondary nucleation. This process depends a) on the presence of fibrils, which
provide a catalytic template enhancing the nucleation rate, and b) on the concentration of
monomers in the system, forming the nuclei on the surface of an already existing
aggregatel®>. Secondary nucleation is a process responsible for a large generation of
oligomers**>¢!"11 In simplified in vitro mechanistic studies, this phenomenon can be
partially reproduced in seeding systems, in which preformed seeds catalyse the aggregation
of the monomers. This event reduces the amyloid-formation process's lag phase 1711,

After observing and characterising the high-affinity interactions of MIMs with diverse
amyloid species, the possible effects of 2i and 2g on the nucleation of monomeric IAPP and
AP42 fibrillogenesis mediated by the addition of preformed seeds was investigated. This
inhibitory effect could occur through two possible mechanisms that do not exclude each
other: by sequestrating the monomers, redirecting them to soluble and non-toxic
heterocomplexes, and/or interacting with the preformed seeds, hence making them
incompetent to act as a catalytic template.

Figures 43 and 53 showed that 2i effectively interacts with preformed amyloid fibrils and
suppresses their amyloidogenicity and cytotoxicity. These results suggested that 2i can
effectively coat or partially disaggregate preformed fibrillar species. Thus, the work to
understand the effect of 2g and 2i on the seeding events concerned the formation of a complex
formed by amyloidogenic monomeric species and inhibitor seeded by preformed amyloid
fibrils.

Effect of 2i on IAPP self-seeding

The effect of 2i on IAPP self-seeding was investigated by seeding IAPP with preformed IAPP
seeds (fIAPP) and followed via ThT binding assay and TEM!'?"-136]. Adding preformed fibrils
to IAPP monomers decreased the lag phase, as shown by the increase of ThT fluorescence
observed after 6 h of coincubation (Figure 54) as ThT binding is proportional to the fibril
amount in the system, a decreased lag phase accelerates the fibrillogenesis. In contrast,
incubations of IAPP alone showed an enhancement of the ThT fluorescence only after 24 h
of aging.

Samples prepared by seeding the complex formed between IAPP and 2i did not bind ThT.
This result suggests that 2i suppresses the nucleation event. TEM analysis confirmed the
presence of amorphous and unstructured aggregates at the end of the incubation time. The
results indicate that 2i in 10-fold excess effectively inhibits the acceleration of IAPP self-
assembly catalysed by its preformed seeds. Additionally, preliminary results suggest that the
peptide in 5-fold excess does not display the same effect, supporting the concentration
dependency of its action.
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Figure 54. Effects of 2i on IAPP self-seeding. Incubations were prepared in IAPP ThT buffer
containing 0.5% HFIP (pH 7.4). IAPP (12 uM) and IAPP/2i mixture (1/10) were seeded by adding 24 h-aged
IAPP seeds (1.2 uM), prepared in the same buffer. The kinetics of IAPP aggregation was monitored via ThT
binding assay (means (+SD), 3 assays). Seeds and buffers, indicated with dotted lines, were subtracted from the
incubations to ensure the occurrence of the seeding event.

Effect of 2i on AB42 self-seeding

It has been previously reported that AB40(42) aggregates through a nucleation-and growth
pathway, in which the formation of new aggregates occurs in part through the autocatalytic
secondary nucleation on the surface of existing fibrils '8!, This study mimicked the self-seeding
event by seeding monomeric AB42 (mAPB42) with preformed AB42 seeds (fAB42). The effect
of 2i was studied by forming the mAB42/2i complex and adding the seeds. The kinetics of the
amyloid formation was followed via ThT binding assay. The ThT fluorescence of incubations
containing monomeric APB42 increased after 90 minutes (Figure 55), whereas the lag-phase of
samples containing seeded AB42 was reduced to one hour. The results indicated that 2i in 10-
fold excess completely suppresses the seeding effect mediated by fAB42, as the ThT
fluorescence was the same as that of the unseeded AP42/2i mixture. Such an effect was
observed until 6 days of incubation, as shown in Figure 55. TEM analysis of incubations aged
for 6 days revealed the presence of amorphous and unstructured species.
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Figure 55. 2i suppresses the seeding of AB42 by AB42 fibrils. Fibrillogenesis of AB42 (5 uM) without or with
Figure 55. 2i suppresses the seeding of AB42 by fAB42. Fibrillogenesis of AB42 (5 uM) without or
with fAB42 seeds (10%) and of fAP42-seeded AB42/2i (1/10) was followed by ThT binding (means (+SD), 3
assays). Monomeric AB42 (5 uM) was prepared via SEC-disaggregation in AB42 ThT buffer, whereas fAp42
was prepared by aging 80 uM AP42 in IAPP ThT buffer containing 1% HFIP. Seeds and buffers, indicated with
dotted lines, were subtracted from the incubations to ensure the occurrence of the seeding event.
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Effect of 2i on IAPP cross-seeded by fAp42

Cross-seeding events have been indicated as the molecular link between the onset of AD and
T2D 29321 Therefore, identifying inhibitors of these pathogenic processes is essential in anti-
amyloid drug development against both diseases.

The effect of 2i on IAPP cross-seeding of fAB42 was investigated by seeding IAPP with
fAPB42 and followed via ThT binding assay and TE microscopy. The ThT binding of
incubations containing seeded IAPP rapidly increased within three h of aging, indicating an
earlier onset of the fibril formation than IAPP alone (Figure 56). In contrast, the complex
formed by IAPP/2i could not be seeded by fA42, as shown by the lack of increase in ThT
fluorescence until 48 h.
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Figure 56. 2i suppresses the seeding of monomeric IAPP mediated by fAp42.
Fibrillogenesis of [APP (12 uM) without or with fAB42 seeds (1.2 uM) and of fA42-seeded IAPP/2i (1/10)
was followed by ThT binding (means £SD, 3 assays). All the incubations containing IAPP were prepared in
IAPP ThT buffer (0.5% HFIP), whereas fAP42 was prepared in IAPP ThT buffer (1% HFIP) at a
concentration of 88 uM aged for one week. Seeds and buffers, indicated with dotted lines, were subtracted
from the incubations to ensure the occurrence of the seeding event.

Effect of 2g and 2i on AB42 cross-seeded by fIAPP

The effect of 2g and 2i on monomeric AP42 cross-seeded by fIAPP seeds was investigated
by incubating APB42 (5 uM) with fIAPP and followed via ThT binding assay. The 2g/Ap42
seeded complex was imaged via TEM (Figure 57). As expected, adding preformed fibrils to
AP42 monomers decreased the lag phase, as shown by the increase of ThT reactivity
observed after 30 min of co-incubation (Figures 57a (2g) and d (2i)). In contrast, incubation
of monomeric AB42 alone showed an increase in ThT binding only after 1.5 h of aging. MTT
studies performed after six days of incubation revealed that the presence of 2g fully inhibited
the cytotoxicity observed by fIAPP cross-seeded AB42 (Figure 57b).

TEM results were in good accordance with the ThT and MTT findings (Figure 57c), as the
analysis of incubations aged for 48 h revealed a network of fibrils for samples containing
AP42/fTAPP mixture, and unordered species in the presence of 2g.

The results suggest that 2g in 10-fold excess effectively suppresses the cross-interaction
between mAB42 and IAPP fibrils.
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The effect of 2g and 2i on monomeric AP42 cross-seeded by fIAPP seeds was investigated
by incubating APB42 (5 M) with fIAPP and followed via ThT binding assay. The 2g/Ap42
seeded complex was imaged via TE microscopy (Figure 57). As expected, adding preformed
fibrils to AB42 monomers decreased the lag phase, as shown by the increase of ThT reactivity
observed after 30 min of co-incubation (Figure 57a and d). In contrast, incubation of
monomeric AB42 alone showed an increase in ThT binding only after 1.5 h of aging. MTT
studies performed after six days of incubation revealed that the presence of 2g fully inhibited
the cytotoxicity mediated by cross-seeded AP42 (Figure 57b).

TEM results were in good accordance with the ThT and MTT findings (Figure 57¢), as the
analysis of incubations aged for 48 h revealed a network of fibrils for samples containing
AB42/41APP mixture, and unordered species in the presence of 2g.

The results suggest that 2g in 10-fold excess effectively suppresses the cross-interaction
between mAP42 and IAPP fibrils.
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Figure 57. 2g and 2i suppress the fibrillogenesis and cytotoxicity of AB42 with or
without fIAPP seeds. (a) The amyloid formation of AB42 (5 uM) alone or seeded by 30% fIAPP and of
the complex of AB42/2g (1/10) seeded by fIAPP was followed via the ThT binding assay (means (£SD), 3
wells, one representative of 3, see Appendix Figure A52). (b) The effect on the cell-cytotoxicity on PC-12
cells was investigated after six days of aging. (c) TEM pictures of seeded fAP42 and the complex of AB42/2g
after 6 days of incubation (scale bar, 100 nm) are shown. Incubations were prepared with AB42 (10 uM),
fIAPP (20%), AB42/2g (1/10) (means (+SD), 3 assays (n=3 each). (d) Fibrillation of AB42 (5 uM) alone or
seeded by 30% fIAPP and of the complex of AB42/2i (1/10) seeded by fIAPP was followed via the ThT
binding assay (means (+SD), 3 wells, one representative of 3, see Appendix Figure A53). Samples were
prepared by incubating SEC-disaggregated AB42 (5 uM for the ThT assay and 10 uM for the MTT assay)
in AB42 ThT buffer. IAPP seeds were prepared by aging IAPP (128 uM) in IAPP ThT buffer containing
0.5% HFIP for 24 h. Seeds and buffers, indicated with dotted lines, were subtracted from the incubations to
ensure the occurrence of the seeding event.
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4.15 Studies on plasma stability of MIMs and linear controls

Proteolytic stability in human plasma is essential for peptide leads for drug development
[87.119.182] "Spanopoulou et al.”’! have previously shown that introducing D-amino acids and
cyclisation through a disulphide bridge formation conferred proteolytic stability in vitro to
the MCIP 2e. Thus, an essential question of this work was understanding whether the
shortening of 2e sequence would impact the proteolytic stability of the follow-up generation.
Furthermore, it has been reported that cyclisation is one of the most straightforward and
handful tools to enhance peptide pharmacokinetics [!'). Thus, after studying 2g and 2i, the
proteolytic stability in human plasma of the linear precursors 2g linear and 2i linear was

determined.

The proteolytic resistance in vitro of 2g and 2i in human plasma was determined by HPLC
and MALDI-TOF MS (Figures 58, 59 and 60).

Briefly, the peptides were incubated in human blood plasma and in vitro at 37°C at different
intervals. After precipitating the plasma proteins with aqueous trichloroacetic acid (10%)
(1/1), the supernatants containing the peptides were separated by centrifugation, and then
analysed via HPLC.

Both 2g and 2i displayed remarkable resistance toward plasmatic proteases (Figure 58).
HPLC chromatograms of 2g and 2i incubations after precipitation of plasmatic proteins
revealed one peak at tr=5.8 min for both peptides. The MALDI analysis of the collected
fractions, as indicated in Figures 59 and 60, showed the molecular weights (MWs) of the
intact peptides until 48 h of incubation, whereas no products of digestion were observed.
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Figure 58. Human plasma stabilities (in vitro) of 2i and 2g compared to the template
2e and the linear precursors. Peptides were incubated in plasma (37°C) for the indicated time points.
Upon precipitation of plasma proteins, their amounts were quantified by RP-HPLC and MALDI-TOF-MS;
the remaining intact peptide (% of total) was plotted over incubation time. (2e: % of the integrated area of
the peak at time 0 h of the incubation in plasma, 2g and 2i: % of the integrated area of the peak based on the

calibration curve, without plasma). Data are means (£SD) from at least 3 experiments.

To study the linear precursors' proteolytic stability, peptide incubations in human plasma
were prepared and treated as described above. HPLC characterization of the supernatants
after plasma proteins precipitation revealed that the linear precursors are readily degraded
between 30 min and 1 h of incubation (Figure 58). The peak's absorbance and area detected
at circa 5 minutes for both peptides readily decreased over time. MALDI-TOF analysis
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confirmed the findings, as possible degradation products were identified between 30 min and
1 h of digestion. (Figures 61 and 62).
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Figure 59. HPLC chromatograms and MALDI-MS spectra of 2g after incubation in
human plasma in vitro (370C) for 0 h (a), 30 min (b), 1 h (¢), 3 h (d), S h 1, 24 h (f), 36
h (g), 48 h (h), and 72 h (i) for proteolytic stability characterization. The left panels show
HPLC chromatograms of the supernatant of 2g after incubation at 37°C in human plasma (in vitro) for the
indicated time points. After precipitating the plasma proteins with aqueous 10% TCA, the peptide solutions
were analysed via RP-HPLC (214 nm). Right panel show MALDI spectra of the collected peak (*) with
tr~5.8 min with the found [M+H]", [M+Na]" or [M+K]" until 48 h. Chromatograms and MALDI spectra are
representatives of at least three independent sets of experiments (see Appendix Figures A54 and A55).
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Figure 60. HPLC and MALDI-MS characterization of 2i after incubation in human
plasma in vitro (37°C) for the indicated time points. Left panel show HPLC chromatograms of
supernatant of 2i after 0 h (a), 30 min (b), 1 h (c),3h (d), 5h 1, 24 h (f), 36 h (g), 48 h (h) and 72 h (i) as
detected by RP-HPLC (214 nm). Right panels show MALDI spectra of the collected peak (*) with tr=5.8
min with the found [M+H]" or[M+Na]" until 48 h. Chromatogram and MALDI spectra are representatives
of at least three sets of independent experiments (see Appendix Figures A56 and A57).
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Figure 61. Proteolytic stability of 2g linear determined via HPLC and MALDI-MS. Left panels
show RP-HPLC-(214 nm) of 2g linear after incubation in human plasma in vitro (37°C) at the indicated time
points (a-d). Right panels show HPLC MALDI spectra of the collected peak (*) with tr=5 min with the found
[M+H]" or [M+Na]" until 3 h. (MALDI spectra are representatives of at least three sets of independent experiments
(see Appendix Figure A58 and A59).
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Figure 62. Proteolytic digestion of 2i linear characterized via HPLC and MALDI. Left
panels show Incubation of 2i linear in human plasma in vitro (37°C) for 0 h (a), 30 min (b), 1 h (c), 3 h, and
3 h (d) were analysed via HPLC. Right panels show MALDI analysis of the collected peak (*) revealed the
presence of the intact compound until with the found [M+H]* orfM+Na]" until 30 minutes. Chromatograms
and MALDI spectra are representatives of at least three sets of independent experiments (see Appendix
Figures A61 and A62).
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4.16 BBB permeability studies of 2i

Penetration of the blood-brain barrier (BBB) is a challenging but critical property of drug
candidates targeting disorders of the central nervous system (CNS)B7146147] Dye to their
intrinsic properties, such as large surface and high polarity, peptide delivery through the BBB
is often limited!'”). However, MIMs present some characteristics of other cell-penetrating
peptides (CPPs), such as an MW below one kDa and a limited number of hydrogen bond
donor groups!®]. These properties might allow them to cross the blood—brain barrier.

Thus, we next studied whether N-terminally fluorescein-labelled 2i (Fluos-2i ) could cross
the BBB by using a well-established model of human cerebral microvascular endothelial cells

(hCMECs) grown as confluent monolayers on Transwell membranes!!43144:1481,

Dr. Yuan Tian, from the group of Prof. Dr. Jiirgen Bernhagen, ISD (LMU), performed these
studies.

Briefly, the experiment was performed by incubating peptide aliquots in the upper chamber
of the Transwell membrane for the indicated time points. The medium of both upper and
lower chambers was collected and analysed via ELISA to detect the presence of fluorescently
labelled peptides which could cross the hCMECs monolayer. The N-terminally fluorescein-
labelled Transferrin receptor binding peptide (Tfrb) was used as a positive control to ensure
the system's functionality. In contrast, Lucifer Yellow (LY), which does not cross the BBB,
was used as negative control (Figure 63a) ). As shown in Figure 63b, the apparent
permeability (Paap) of Fluos-2i after 2 h of incubation significantly differed from that of LY.
In fact, Fluos-2i crossed the monolayer with an apparent permeability (Papp) at 2 h of 11.99
x 10 (£ 1.41) cms™ (mean (+ SEM), which is close to the Papp value of 2el*”.
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Figure 63. Relative permeabilities of 2i across the BBB cerebral microvascular
endothelial cells model. (a) The plot shows the amount of Fluos-2i (10 uM) in the acceptor chamber
at various time points in comparison to the controls (Fluos-2e (10 uM), Fluos-Tfrb (10 uM) and LY (20
uM). (b) shows the Paap of 2i and controls after 2 h of incubation (means (+SD) from 8 (Fluos-2i, Fluos-
2e, & Fluos-Tfrb) or 11 assays (LY) with each of them performed in 3 technical replicates). Dr. Yuan Tian,
from Prof. Dr. Jiirgen Bernhagen's group, ISD (LMU), generated the data.
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4.17 Effect of 2i and 2g on AB42-mediated inhibition of
hippocampal long-term potentiation

Soluble and neurotoxic AP oligomers are suggested to mediate the impairment in
glutamatergic signalling associated with AD pathology!>>l. Oligomeric AB42 is thought to
affect N-methyl-D-aspartate (NMDA) receptor function and abolish the induction of long-
term potentiation (LTP), which is a crucial phenomenon in memory formation *®. Rammes
et al.’>l showed that AP42 oligomers applied to acute murine hippocampal slices prevented
the development of LTP after tetanic stimulation in a concentration-dependent manner. The
highest concentration of AB42 oligomers (50 nM before oligomerisation) completely blocked
LTP. Previous classes of peptide-based amyloid inhibitors have been shown to block A42-
mediated inhibition of hippocampal LTPP3%:127],

These studies were performed by Markus Ballmann, from the group of Prof. Dr. Gerhard
Rammes, Department of Anaesthesiology and Intensive Care at TUM Klinikum Rechts der
Isar, generated the data.

In this study, we aimed to determine whether the inhibitory activity of 2g and 2i towards
AB42 observed in vitro could have physiological relevance in an ex-vivo system.

Figure 64 shows a significant difference between the normalised fESP slope (field excitatory
postsynaptic potential) of brain slices treated with A42 alone or the mixture of AB42/MIMs.
Altogether, the result indicates that in the presence of 2i and 2g, the AB42-mediated inhibition
of hippocampal long-term potentiation (LTP) was entirely blocked. As inhibition of LTP by
0APB42 is linked to loss of memory and cognitive functions in AD, this data supports the
physiological relevance of the results found in in vitro studies.

g 20 . Ap42
) + AB42+2g guoe ,°
E c =® £ E) 2 o

= S804
& €28 olg
w3 32 | . s

® © =
T © E&
34':-- g 00
= 4=
© ©
g;& Ed«
[=] St oo.g Q.'\"}OCPP& x"bxrfb
: T T T T T T T T \ég ?‘ﬂolﬂ%v‘&ﬁ
0 10 20 30 40 50 60 70 80 M

time (min)

Figure 64. Effect of MIMs of AB42 mediated LTP impairment. Amelioration of AB42 (50 nM)
induced LTP impairment in murine acute hippocampal slices by 2g and 2i (500 nM). Time course of synaptic
transmission (means (£) SEM (n=6-8 for Af42/MIMs (1/10)), n=6-8 (for Ap42 (50 nM) and buffer controls),
and n=6-8 (for MIMs alone (500 nM)). Inset shows LTP values: averages from the last 10 min of recording;
data, (means (= SEM) (n, see above); ***P<0.001 versus AB42 (one-way ANOVA & Bonferroni). Markus
Ballman, group of Prof. Dr. Gerhard Rammes, Department of Anaesthesiology and Intensive Care at TUM
Klinikum Rechts der Isar generated this data.
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5. Discussion

5.1 Design and secondary structure of MIMs and linear analogues

Misfolding and self-assembly into fibrillar structures known as amyloids, have been reported
for numerous proteins and polypeptides!?!. Circa forty of them are associated with devastating
cell-degenerative diseases, such as the AP peptides (AB40(42)), which are the main species
observed in the amyloid deposits of patients affected by Alzheimer’s disease (AD), and IAPP,
involved in the development of type 2 diabetes (T2D) [2]. Molecules that prevent amyloid
formation are thus promising drug candidates 7%,

Rationally designed peptides and peptidomimetics are potential hits for therapeutics in AD
and T2D, and several peptide-based inhibitors have been derived from the targeted
polypeptides®6-98:99:9%:126.127.136.137] " However, designing suppressors of the protein-protein
interactions mediating amyloid self-assembly is a significant challenge due to the dynamic
nature of the involved structures, the large size of their surfaces and their high-affinity
interactions!'%).

In this work, the four key residues of the IAPP interaction surfaces with IAPP and A340(42),
Phe!®, Leu'®, Phe? and Ile*®, previously nailed down by Bakou and al.'%! were used to
design potent inhibitors of amyloid self-assembly of both IAPP and AP40(42). This class of
inhibitors, named minimised IAPP mimics (MIMs), is currently the last round of optimisation
after two generations of inhibitory peptides designed using the surfaces involved in the

IAPP/AB cross-interaction as a templatel*®%%),

The first generation of this class of inhibitors was named interaction surface mimics (ISMs)
and was designed by linking TAPP(8-18) and IAPP(22-28) through different tripeptide units.
The ISMs were found to sequester IAPP and AB42 from the amyloid assembly as non-fibrillar
and non-toxic aggregates (Scheme 7)P%!. In the next round of optimisation, the ISM R3-GI
was optimised by sequence truncation, substitutions with Gly, and conformationally
constrained by disulphide bridge-mediated cyclisation to yield the macrocyclic inhibitory
peptides (MCIPs). While the template R3-GI was a selective inhibitor of A40(42)
amyloidogenesis, the MCIP 2b inhibited both IAPP and AB40(42)P%*1. The MCIP 2e,
designed by switching the stereochemistry of the IAPP-derived residues in the sequence of
2b, displayed a potent and selective inhibitory activity towards AB40(42) fibrillation.
Furthermore, 2e had good drug-like properties, such as good proteolytic stability and BBB
permeability in in vitro systems.
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Scheme 7. MIMs are the last round of optimisation of amyloid inhibitors mimicking the potential
interaction interfaces of IAPP self- and cross-assembly with AB42 (modified from!®*). The first class of
inhibitors (ISMs) was designed by connecting IAPP(8-18) (blue) and IAPP(22-28) (purple) through a
tripeptide linker stabilising 3-sheet structures of the sequence. N-methylation in position 24 and 26 of the
IAPP sequence were introduced to enhance solubility and inhibitory potential®®! The ISM R3-GI was used
as a template to design the MCIPs, optimised by Gly substitution, cyclisation and substitution with D-amino
acids™®. The minimal elements necessary for the interactions between IAPP and AP, which were nailed
down by Bakou et al. ['%! were maintained in the primary sequence of MIMs (red-coloured residues: IAPP-
derived; D-residues: lower-case (highlighted in blue, green and purple); amide-bond N-methylations: “N-
Me” (highlighted in yellow).

The primary sequence of MIMs also contains an N-methylation on the Ile, introduced with a
double function: improving the solubility of the peptide and impairing the hydrogen bonding
involved in the B-strand formation of the amyloids. These properties have been reported also
for the previous generations of inhibitors, designed by applying the same strategy!®>%l,
Additionally, the sequences of MIMs include a Gly to confer conformational flexibility to the
sequence, and an Arg in 2f and 2g, which was derived from the tripeptide linker introduced
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in R3-GI and maintained in 2b. The Arg could be substituted with a Lys to incorporate a
fluorescence moiety on the Né-amino group (2h and 2i).

As for the MCIPs, cyclisation — in this case via head-to-tail lactam bond formation- and the

introduction of D-AA were used to optimize the proteolytic stability and possibly the BBB

permeability of the peptides (2g and 2i) °1.

With the ISMs design, our group™®! previously showed that the introduction of B-sheet-
structure-propagating tripeptides linking the hot spots regions IAPP(8-18) and IAPP(8-28)
could stabilise alternative, amyloid-like-B-sheet folds, relative to the non-inhibitory fold of
IAPP(8-28) (Scheme 8). As folding into B-sheet interaction interfaces was identified as an
early step in the amyloid cross- and self-assembly and other protein—protein interactions,
such property could be effective in developing inhibitors of the early stages of the

amyloidogenic misfolding!!?.
1 ——8 18 22 28 37
IAPP KCNTATCATQRLANFLYHSSNNFGAILSSTNVGSNTY
8 18 22 28
ISM XXX
N-Mcla |N-Me
XXX
GGG
AAA
VWV 1]
LLL FFF Cha3
Nle3 (2A0c)3
KKK Dop3 RRR
(K(Ac))3 SpG
8Aoc 8-Adooc
Ap inhibitor
IAPP inhibitor

Scheme 8. The nature of the tripeptide in interaction surface mimics (ISMs). Design concept and
inhibitory effects of ISMs (2Aoc: 2-Amino-octanoic acid, 8Aoc: 8-Amino-octanoic acid, Cha:
cyclohexylalanine, 8-Adooc: 8-amino-3,6-dioxaoctanoic acid®®]. Scheme modified from ref.['%

The MCIPs 2e and 2b, developed based on the ISM R3-GI and bearing the same RRR linker,
also showed B-sheet/B-turn structural motifs. Interestingly, MD simulations confirmed that
some of their topological and structural features might be similar to these of IAPP fibrils™®’l.

CD studies of 2f, 2g, 2h and 2i performed in this thesis revealed a high content of 3-sheet/[3-
turn structure, as indicated by the presence of a minimum at 228 nm and a maximum at circa
195 nm (Figure 65). The peptides bearing Lys or D-Lys (2h and 2i) showed a similar CD
structure (Figure 65b). In contrast, the spectra of the peptides bearing Arg and D-Arg (2f and

2g) differed in mean residue ellipticity and profile (Figure 65a). In fact, the spectrum of 2f
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showed a maximum at 205 nm, which was blue shifted to 195 nm in 2g structure (Figure
65a).
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Figure 65. CD spectra of 2f, 2g, 2h and 2i revealed high content of B-sheet/B-turn
structures. Comparison between the CD spectra of 2f and 2g (a) and 2h and 2i (b). These spectra were

shown in Figure 20.

The secondary structure of 2g was highly constrained also in the presence of up to 80% (v/v)
of TFE (Figure 66a), a helical-structure inducing cosolvent that acts only within the context
of a pre-existing helix-coil equilibrium 371611, Furthermore, the oligomerisation state of 2g
was strikingly dependent on the pH, as indicated by the increase of mean residue ellipticity
in the presence of amounts of aqueous HCI (5 mM) and NaOH (5 mM) (Figure 66b).
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Figure 66. CD spectra of 2g in the presence of TFE and at different pH. Comparison
between the CD spectra of 2g in aqueous conditions (20 uM, 1xb (pH 7.4), 1%HFIP) and in the presence of

80% TFE (v/v) (a). CD spectra of 2g at different pH (100 uM, 1xb (pH 7.4), 1% HFIP) (b). These spectra
were shown in Figures 29 and 30.

Both CD spectra of 2g and 2i, bearing D-amino acids, revealed a red shift of the minimum at
220 nm observed for the parent peptide 2e (Figure 67a)?. This shift, compatible with an
increase of B-turn structure compared to the precursor, was observed for all MIMs. Overall,
this feature might explain the loss of selectivity towards AB42, as the selectivity of 2e towards
AB40(42), compared to IAPP, was linked to a higher contents of B-sheet structural motifs %),

Like MIMs, the MCIP 2b, which had a higher content of B-turn than 2e, was an inhibitor of
AP42 and IAPPP®?1 (Figure 67b).
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The head-to-tail cyclisation was the most critical feature for dictating the peptide
conformation, as shown by the clear difference between the CD spectra of MIMs and their
linear precursors (Figure 68b).
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Figure 67. CD spectra of MIMs and the MCIPs revealed different amounts of B-sheet
and B-turn structures. (a) CD spectra of peptides bearing D-amino-acids, including 2e, 2g and 2i. (b),
Comparison between the CD spectra of 2f and 2g and the precursors 2b and 2e. Spectra were recorded with

peptide solutions (10 uM in 1xb (pH 7.4), 1% HFIP). These spectra were shown in Figure 20 and ref. (991,

All CD spectra of the linear precursors presented a blue shift of the minima observed at 230
nm, indicating a partial -sheet conformation, possibly due to an aggregated state, which is
likely dictated by the presence of the N-methylation and by the two phenylalanines. Overall,
the profile of 2f linear resembles its cyclised version 2f, and it was characterised by a red
shift of the minimum observed at 225 nm (Figure 68). Furthermore, bioactivity studies
confirmed that the lactam bridge formation between the N- and C-termini caused a 10-fold
increase of inhibitory activity on IAPP and AP42 fibrillation (Figure 28 and Figure 45).

The high flexibility of short peptides sequence, resulting in a vast range of spatial distribution
of functional groups, can affect the peptides’ ability to engage in specific interactions with
the targets 8716618371851 'Tp this study, the primary sequence of the peptides was designed
based on minimal IAPP-derived elements, which were previously found to be essential for
IAPP self- and cross-interaction with AB40(42)28190] Thus, an interaction between the linear
sequences and the targets could be expected; as observed for the linear precursors of the
templates MCIPs®!. In fact, in this work, weak interactions between IAPP or AB42 and linear
precursors were observed 2g linear (Figure 35 and Figure 48) However, due to the small size
of MIMs, binding of the linear precursors to IAPP and AP42 might be hampered by their
structural flexibility.

Conversely, MIMs, have B-sheet/B-turn rich structures as the template MCIPs (Figure 66)
and highly constrained conformation. Furthermore, they inhibited IAPP and AB42 in 5-fold
molar excess, with ICsos in the nanomolar to the sub-micromolar range, as the templates
MCIPs™!. The importance of B-sheet/B-turn structures for the anti-amyloidogenic activity of
cyclic D, L-a-peptides were previously underlined by Rahimipour and coworkers®*!. The
authors reported that under conditions enhancing hydrogen-bond formation, cyclic D- and L-
peptide hexamers could stack on each other to form hollow B-sheet-like tubular structures.
The hydrogen bonds in these structural arrangements run parallel to the axis of the nanotubes
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and separate the cyclic peptides from each other by ~4.8 APB73% A similar intermolecular
distance is also evident in the B-strands of the amyloids, and the authors suggested that the
anti-amyloidogenic activity of the cyclopeptides forming nanotubes might be explained by
the structural similarity between the supermolecular assemblies of the amyloids and the

peptide inhibitorst®!-*394,
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Figure 68. CD spectra of 2f, 2g, 2h and 2i and their linear precursors revealed different
secondary structures. Comparison between the CD spectra of 2f and 2f linear (a), 2g and 2g linear (b),
2h and 2h linear (c), and 2i and 2i linear (d). Spectra were recorded with peptide solutions (10 uM) prepared
in 1xb (pH 7.4), containing 1% HFIP. These spectra are shown in Figures 20 and 21.

However, TEM analysis of high concentrations of MIMs assemblies (100 uM) at
physiological pH revealed the presence of globular structures, which were found to be non-
amyloidogenic and non-reactive to (anti-)oligomer A1l polyclonal antibody. Such structural
differences can be due to a) the higher hydrophobicity of MIMs compared to the sequence of
CP-2 and analogues and b) the different order of D-/L-amino acids within the sequences

(Figure 69).
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Figure 69. Comparison between MIMs and self-assembly nanotubes consisting of CP-
20931 Sequences of 2i and CP-2[1 show hydrophobic residues (yellow), positively charged residues (blue)
and polar residues (green). L-Amino acids are indicated with a capital letter. (b) Proposed model of nanotubes
self-assembly 1. (c-d) TEM images of 2i (100 uM) and CP-2 (100 uM) at neutral pH show amorphous
aggregates and amyloid-like structures, respectively (scale bar, 100 nm). The TEM picture of CP-2, its
sequence and the self-assembly model were taken from reference 3.

5.2 Self-assembly propensity of MIMs and behaviour at different pH

Results by our group and others have suggested that self-assembly is a desirable property to
confer anti-amyloidogenic potential, as it might contribute to sequestering Af or IAPP into
non-fibrillar/non-toxic heteroassemblies®”¥. The mechanism of action of the ISM R3-GI
71 the template for the inhibitor design of the MCIPs and MIMs, was studied in detail by
Niu et al., which reported that R3-GI could adopt a B-like structure, and oligomerises into
colloid-like assemblies®”!.

The CD concentration dependence studies presented in this thesis indicated that also 2i and
2g self-assemble between 10 and 20 uM (Figure 20). In addition, fluorescence spectroscopic
titrations of Fluos-2i with 2i revealed an app. Kp of 34 nM for the self-assembly (Figure 26).
Furthermore, TEM imaging of different concentrations of 2g revealed the presence of
increasingly organised assemblies that showed a spherical morphology at 100 uM (Figure
20). CD studies revealed that the signal intensity of 2g and 2i increased with amounts of
aqueous HCI and NaOH. This observation might suggest that the oligomerised peptides
undergo a structural rearrangement mediated by a different H-bonds networking and that at
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specific pH, 2i and 2g might be in their monomeric form (Figure 23). Novelli et al.l!6®!

reported that the supermolecular assembly of cyclic peptide octamers formed by B- and o-
amino acids can be modulated by different pH. The additional amount of protic cosolvents
necessary for disaggregating the 2g and 2i oligomers might be explained by the different
basicity of the guanidinium group of Arg (in 2g) and the N amino group of the Lys (in 2i).
In their protonated state, these two groups differ regarding the hydration-free energy and the
spatial organisation of the charge!'%’! (Figure 70).
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Figure 70. CD spectra of 2g and 2i at different pH. (a) Comparison between the CD spectra of
2g in aqueous conditions (100 uM in 1xb (pH 7.4), 1% HFIP) and amounts of HCI (5 mM) or NaOH (5
mM). (b) CD spectra of 2i (100 uM in 1xb (pH 7.4), 1% HFIP) titrated with different amounts of HCI (5
mM).

5.3 Identification of the binding sites of Fluos-2i on Ap42 and IAPP
sequences

Peptide arrays were used to identify the binding sites of Fluos-2i on the sequences of IAPP.
The findings indicated that MIMs/IAPP interaction site is the segment IAPP(11-16) or
RLANFVL (Figure 71), whereas the AP “binding cores” of 2i are AB(12-19) or VHHQKLVF,
and AB(28-34) or KGAIIG (Figure 74).

Interaction between Fluos 2i and IAPP(11-16)

In the last decade, many studies have been conducted to elucidate the structure of IAPP
fibrils. Altogether the X-ray diffraction, electron diffraction and cryo-electron microscopy
studies performed on synthetic IAPP fibrils agreed on the presence of a cross-f structure with
intermolecular B-sheets, in which the B-strands are perpendicular to the fibril axis[’¢7%-101.186],
Solid-state NMR studies on full-length fibrils confirmed the parallel, in-register alignment of
the B-strands and suggested a hairpin structure of two B-sheets, not comprising the region
IAPP(18-27)78. Despite all the studies agreeing on a parallel in-register alignment of P-
strands, their number, position, and relative arrangement enormously vary among these
modelst”). In 2020, Schréeder (¥, Eisenberg!®®!, and Radford and Ranson groups!®® reported
cryo-EM structures of IAPP fibrils within 4.2 A and 3.6 A resolution. The IAPP fibril
polymorphs studied by all three groups comprise two helically twisted protofilaments, each

consisting of a stack of monomers arranged in the cross-B-sheet structure typical for
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amyloids. Both Réder et al. (2l and Gallardo et al.® reported an S-shaped protofilament
composed of three short B-strands, formed by segments IAPP(14-19(20)), IAPP(26-31(32))
and IAPP(35-36(37)), linked by short loops (Figure 71b and 73).

a)
IAPP
NS
IAPP
IAPP

Figure 71. Identification of IAPP segments binding to Fluos-2i. (a) The IAPP “hot-segments”
IAPP(8-18) (in blue) and IAPP(22-28) (in red), important for IAPP amyloid self-assembly 2%, are shown.
The IAPP binding core of 2i, including IAPP(11-16), is highlighted in orange. The IAPP-derived elements
included in 2i sequence are highlighted in blue (Phe!> and Leu'S) or red (Phe?® and 1le?°), whereas the N-
methylation on Ile is shown in green. (b) The presence of B-strands in fIAPP is reported based on the cryo-
EM models of Roeder et al. [®?l (upper panel) and Cao et al.[] (lower panel). IAPP segments involved in
IAPP self-assembly or the interaction with 2i are indicated with the same colour code as in (a). The scheme
is modified from ref.[62:63.981,

Of note, “a serpentine fold” was previously reported also by Kajava et al.”!, who
characterised the structure of IAPP amyloid fibrils via electron microscopy and scanning
transmission electron microscopy (STEM). By contrast, the cryo-EM studies of Cao et al.[®*],
revealed that hIAPP amyloid fibrils adopt an I-shaped fold containing short B-strands formed

by the same regions identified in the other cryo-EM structures®!! (Figure 71b and 72).

Taking these models into consideration, the results of the peptide arrays suggest that the 2i
binding site on IAPP(11-16) might interfere with the formation of the B-strand formed by the
segments IAPP(14-19(20)) [®>638% This region is included in IAPP B-hairpin, comprising the
residues IAPP(12-28) ['87] which is primarily adopted by IAPP monomers!'*®!. Of note, this
region contains the residues Phe'>and Leu'®, and previous studies from our group revealed
that these elements are crucial for IAPP self- and cross- interaction with Ap42 128100
Hydrophobic and aromatic-aromatic interactions have been detected in monomeric IAPP!8,

influence the rate of fibril formation!'*?

191

1 and can play a major role for the inhibition of IAPP
aggregation!!®!l. Mirecka et al. have previously reported the structural characterization of a
complex formed between IAPP and the aggregation inhibitor B-wrapin HI18[!'¥"]. The
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structure of the IAPP:HI18 complex was determined by high-resolution liquid-state NMR
spectroscopy and MD simulations. The study revealed that the core of the complex includes
IAPP(10-30) , that Phe'® and Phe? are in contact and located at the core of the complex, and
that H18 is a sub stoichiometric inhibitor of IAPP fibrillation!®7!,

The interaction between inhibitor and IAPP B-hairpin conformation has been suggested for
explaining the mechanism of the MCIPs®land other classes of IAPP and Ap42
inhibitors!*”#1192] The importance of Phe!® for IAPP fibrillogenesis has been underlined also
by Wiltzius et al.['®!), In their studies, the authors chaperoned IAPP fused to a larger protein,
and determined a helical form of IAPP, rarely encountered in vitro due to IAPP strong self-
assembly propensity. This transient helical structure, including TAPP(8-18), might dimerize
through a n—n stacking interaction occurring between the aromatic groups of two Phe!’,
orientating the two a-helices in parallel!'°!l. Of note, the authors reported that mutations at
this helical interface affect the rate of fibrillation, suggesting that this dimer is an intermediate
on the pathway to fibrillation.
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Figure 72. IAPP binding regions of Fluos-2i in the context of the cryo-EM model of Cao

et al. The most consistent of the two cryo-EM models of fIAPP proposed by Cao et al. %], is showed in (a).
The visual representation of the IAPP segments organized in B-strands, as proposed by the Cryo-EM
structure, is compared to the IAPP cross/self-interaction interfaces nailed down by Andreetto et al (bold,
underlined) (b). The Figure was modified from references!®! and 28],

Fluorescence spectroscopy studies indicated that 2i is a high-affinity ligand of IAPP, and
peptide arrays revealed that its binding region is IAPP(11-16). Furthermore, 2i binds Fluos-
IAPP with an app Kp value of 197.75 (£16) nM, that corresponds to a 20-fold weaker binding
than the app. Kp, value of IAPP self-assembly (9.7 nM (£0.9)), and it is approximately 4

times worse than the app. Kp value of IAPP cross-assembly with AB42 (48.5 nM (+4.2)).

These results might be explained by the lack of binding affinity for IAPP(23-27), or FGAIL,
which all three cryo-EM models identified as the ‘core’ of the protofilaments interaction
interface [62:638081],
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Figure 73. IAPP binding regions in the context of the cryo-EM model of Réder et al. (a)
Secondary structure of the fIAPP model according to Rdder et al. [°?], showing the cross-section of three fibril
layers including the three -sheets showed in (b). The IAPP segments organized in [3-sheets are overlayed to
the IAPP cross/self-interaction interfaces nailed down by Andreetto et al (bold, underlined) (b) ?® . The
Figure is modified from references 281621,

Interaction between Fluos 2i and AB(12-19) and AB(28-34)

Peptide arrays revealed two “binding cores” of AP42/2i interaction, consisting of AB(12-19)
and AP(28-34). Interestingly, these regions correspond to three out of five short A} segments
previously identified by our group as core regions of the APB/IAPP cross-interaction
interfaces!?®!,

In addition to these studies, Tycko and coworkers reported models of fIAPP and fAP40
obtained via solid-state NMR I8, Together with the results of our group, Tycko's findings
showed that the AP sites involved in the formation of B-strands and in its amyloid self-
assembly are AP(19-22), AB(27-32) and AB(35-40). Taken together, the results suggested
that nearly the same AP40 regions adopt B-strands conformations and are involved in the
amyloid self-assembly of AB40. More recently, the cryo-EM structure of AB40 fibrils solved
by Kollmer et al. 1°! showed that each fAB40 subunit consists of four cross-p sheets, termed
B1-p4, extending between residues 2—8, 10-13, 15-19 and 32-34 (Figure 73). The B-sheets
are parallel to each other and to the orientation of the hydrogen-bonded B-strands they form
(Figure 73b). Furthermore, the organisation of the regions 10-19 ad 30-37 into B-strands was

supported by the cryo-EM model of AB42 fibrils proposed by Yang et alt!].

Considering these models, the peptide arrays' results suggest that 2i, which is
conformationally constrained, might affect the -sheet formation of AB(15-19) and AB(28-
40), which are essential regions for Af aggregation. This hypothesis is supported by the
observation that 2i binds monomeric FITC-AB42 with an app. Kp value of 103 nM (Table
26), which is in the same range as the app. Kp values of AB42 self-assembly (198 nM)?®) and
cross-assembly with IAPP (48.5 nM) 28], Taken together, these results indicate that MIMs
might behave as competitors for the binding on the same surfaces involved in AP self-
assembly, which is consistent with their design concept. Noteworthy, fluorescence
spectroscopy and CD studies revealed that 2i displays a strong self-association propensity
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(app.Kp: 34.43 (£10.3) nM) (Figure 26), whereas the concentration of Fluos-2i solutions
used for the peptide array studies was 0.5 or 1 uM, suggesting that the peptide is not
monomeric in the conditions of the experiment. Hydrophobic interactions, occurring between
the decamers and aggregated Fluos-2i, could hinder binding segments, and this might explain
why a large amount of unspecific binding was observed in the peptide arrays (Figure 45).
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Figure 74. Identification of AB42 segments which interact with Fluos-2i. (a) The hot regions
AB(19-22) (in blue), AB(27-37) (in red) and AB(35-40) (in green) involved in APB42 self-assembly were
identified by Andreetto et al.l’®! Solid and dashed arrows indicate self-interaction with hot and longer
sequences, respectively. The scheme is adapted from refi?®]. The AB42 “binding cores” of 2i, which comprise
AB(12-19) and AB(28-34), are highlighted in orange. The IAPP residues maintained in the 2i sequence are
highlighted in blue (Phe'® and Leu'®) or red (Phe?, 11e?¢). The N-methylation is indicated in green. (b) The
B-strands in AP40 and AP42 fibrils resolved by Kollmer et al.[®l and Yang et al. [°!], respectively, are
indicated as arrows. AB40(42) segments involved in APB42 self-assembly or the interaction with 2i are
indicated with the same colour code as in (a). The scheme is modified from references!?5:6%611,
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Figure 75. Visual representation of the binding regions of AB40 fibrils, according to the
ssNMR model of Petkova et al.[®®]. (a) Schematic representation of a single molecular cross-p unit of
fAB40, with in-register parallel B-sheets formed by residues 12-24 (orange ribbons) and 30—40 (blue
ribbons). (b) single molecular cross-f unit, structured in a double-layer. (¢) The AB40 binding regions
involved in the self/cross-interaction surfaces identified by Andreetto et al. (28 are shown (bold, underlined).
The residues of a single molecular cross- unit reported by Petkova et al. [®l are displayed. (a) and (b) are
taken from the reference %, (c) is adapted from reference 2%,
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Figure 76. Binding regions in the context of the cryo-EM model of Kollmer et al. (a) the
binding regions involved in AP self/IAPP-cross-interactions identified by Andreetto et al. [®! are indicated
(bold, underlined). The visual representation of the AP segments organised in 3-strands is based on Kollmer
et al. [%1 (b) shows a ribbon diagram of the fibril, indicating the strands according to the colour code used
in (a). The upper panel of (a) and (b) are taken from the reference [¢%],

IAPP and AB42 binding sites of Fluos 2i and cross-association

Colocalisation of IAPP and AP40(42) has been observed in patients with T2D and AD!?8,
The epidemiological link between T2D and dementia might be explained by cross-seeding
of IAPP and AP aggregation® > Noteworthy, Schroeder and coworkers suggest that the
similar S-shaped polymorphism of IAPP and AP fibrils might increase the fibril surface
involved in cross-nucleation events!®?!. The authors reported that the structural similarity of
the backbones of the fibrils is the highest when superimposing the cryo-EM models in an
antiparallel arrangement. The interacting interfaces comprise the Gly-Ala-Ile segment at
positions 24-26 of IAPP and 29-31 of AP40 fibril, solved by Gremer et al. [*. A similar
region was identified by Eisenberg and coworkers [%*! when they performed restricted
superimposing of their IAPP model with other AP structures, including that reported by
Kollmer et al. [®%3], Notably, these segments shared 50% similarity and were identified as
cross-seeding cores in previous studies ?%13¢]. Additionally, Roder et al. [%?! reported a further
segment that can be superimposed in a parallel arrangement, spanning between the N-
terminal strand of the S-fold in IAPP and the LS-shaped ABi-42 polymorph, corresponding to
14-NFLVHSSNN-22 of IAPP and 16-KLVFFAEDV-24 of Ap.

The peptide array showed that 2i is a ligand of close regions of either one -A3(29-31) -or two
—IAPP(14-22) and AB(16-24)- of the segments proposed by the authors in the context of the
surfaces involved in TAPP/AB cross-nucleation. This evidence might explain the potent
inhibitory activity displayed by MIMs against IAPP and A} cross-seeding.
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Figure 77. The segments of IAPP or AB42 which interact with Fluos-2i in the context of
cross-nucleation events. The IAPP and AB42 binding segments of Fluos-2i (orange) overlap with some
of the cross/self-interaction interfaces identified by Andreetto et al. (blue, red and green) 2*). The Figure is
modified from reference!?®,

5.4 Interaction between MIMs and amyloidogenic monomers

5.4.1 Interaction between MIMs and monomeric IAPP

ThT studies performed by mixing monomeric IAPP species and 2f, 2g, 2h and 2i revealed
that the peptides suppressed completely the amyloid misfolding in 5-fold excess, (Figure 28a
and 28b). The results were confirmed by TEM characterization (Figure 28c), which showed
unordered structures, morphologically different from the typically tangled and filamentous
amyloid fibrils. Cytotoxicity studies showed that these co-aggregates are non-toxic up to 7
days of incubations, and titrations of cell-damaging IAPP (100 nM) yielded ICsos in the low
nanomolar range (Figure 28d-g). Interestingly, the ICsos obtained after seven days of aging
were comparable to those obtained after 24 h, indicating that the inhibitory potential of the
class does not decrease over time (Table 23).

The interaction with the mIAPP was further confirmed by fluorescence spectroscopy
titrations, DB, CD interactions and cross-linking studies.

The app. Kp values of the binding affinity of MIMs for mIAPP fell in the same range as the
app. Kp obtained for Fluos-2i self-assembly. This suggests that the cross-interaction is
competing with the self-assembly at the molecular level, and an interaction between MIMs
and the substrate might not be equimolar (Table 24). However, cross-linking studies
performed on monomeric IAPP and various molar ratios of 2i revealed the presence of hetero
assemblies at low MW, thereby suggesting that the stoichiometry of the (IAPP/MIMs)
complex might be 1/1 or 1/2 (Figure 78).
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The CD-interaction studies performed by incubating monomeric IAPP and MIMs in an
inhibitory fold confirmed that 2i and 2g interfered with the misfolding process. Remarkably,
in both cases, the CD characterization of the (IAPP/2g or 2i) mixtures aged for 24 h revealed
the presence of soluble species with more [-sheet content than that observed for IAPP alone.
Contrary to IAPP, no precipitation due to fibrillogenesis was observed, and TEM analysis
revealed the presence of amorphous species (Figure 78).
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Figure 78. 2g and 2i block monomeric IAPP misfolding into B-sheet rich and insoluble
fibrils. (a-b) Far-UV CD spectroscopy studies of incubation of IAPP + 2g/2i after 24 h of aging show
different structural elements than IAPP alone after resuspension. The negative bands are indicated with
arrows. (c¢) TEM analysis of incubations from (b) shows the presence of IAPP fibrils and amorphous
aggregates in the samples containing 2i (scale bar 100 nm). Spectra and TEM pictures are shown in Figures

33 and 34.

Incubations of IAPP with equimolar 2i revealed the occurrence of an interaction until 6 h,
confirming that the interaction is concentration-dependent and can slow down IAPP
misfolding but not suppress it. Finally, only a transient interaction between monomeric IAPP
and 2g linear was observed, confirming a) that minimal IAPP-derived residues are sufficient
for the interaction between IAPP and MIMs sequences and b) that the head-to-tail cyclisation

stabilises structural elements of the peptide sequences promoting high-affinity interaction.

Eisenberg and coworkers suggested that in the first steps of the amyloid assembly, IAPP
monomers can fold into helical structures that dimerise via m—n stacking interaction on the
hydrophobic surfaces of two Phe!°[!°!], This dimer is on-pathway to IAPP fibrillogenesis. The
Phe'® residue is critical for IAPP self-assembly, as confirmed by the single and double Ala
mutation studies performed by Bakou et al.l'®l. Remarkably, this residue is included in the
binding core region of 2i. However, imagining that a small peptide-like 2i could interfere
with the helical intermediate is difficult, due to the large surfaces involved in this process.

A previous study by Kayed et al.’”! suggested a different view of the mIAPP structure. In this
study, the authors followed the thermal denaturing pathway of IAPP with CD. They proposed

133



Discussion

that TAPP monomers adopt two distinct conformers: one non-amyloidogenic and another
amyloidogenic, with the latter having higher contributions of both B-sheet and a-helix. The
study suggested that at room temperature, mIAPP would populate both conformers at
equilibrium.

Dupuis et al.*%l investigated the structural elements of mIAPP via ion mobility mass
spectrometry (IMS/MS) and replica exchange molecular dynamics (REMD) simulations.
Their results revealed the presence of two highly populated species of mIAPP, which could
be identified as B-hairpin and helix-coil. Finally, Gazit and colleagues’ work supported the
hypothesis that m-m stacking interactions may provide energetic contribution, order, and
directionality in the self-assembly of amyloid structures 1931941,

Taken together, the CD and the cross-linking studies suggest that 2i and 2g could stabilise
the B-hairpin structure of monomeric IAPP, thus competing with IAPP amyloid assembly.
n—n stacking between the aromatic side chains of Phe!® of IAPP with either Phe? or Phe’
contained in MIMs sequences might mediate such interaction (Figure 79). Furthermore,
hydrophobic interactions between the hydrophobic residues of MIMs' sequence and
IAPP(11-16) might occur, as reported for other inhibitors!®>!87-192 This observation is
supported by the fact that a similar mechanism was suggested for explaining the inhibitory
activity of the templates MCIPs and ISMs. Altogether, the results suggested that MIMs
contains the minimal IAPP derived elements necessary to display an inhibitory activity
through the stabilization of a structure mimicking the P-hairpin conformation of IAPP,
according to their design.
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an amyloidogenic B-hairpin conformation. MIMs might compete with the self-association of [APP B-hairpin
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100].

5.4.2 Interaction between MIMs and mA 342

2f, 2g, 2 h and 2i strongly suppress AB42 amyloidogenesis and mediated cell damage (Figure
44). ThT studies revealed that all MIMs could inhibit AB42 fibril formation in 5-fold excess,
and titrations of cytotoxic AP42 after six days of aging yielded ICsos (AB42500 nM) in the
submicromolar range (Figure 45a and b). TEM analysis confirmed the presence of
unstructured species, suggesting that MIMs redirect AB42 amyloid assembly to off-pathway
co-assemblies (Figure 45¢).

The app Kp values for cross-interaction between MIMs and AB42 were obtained by
fluorescence titration assays and supported the strong inhibitory potential of MIMs.
(Figure 46, Table 26) . 2f, 2g, 2h and 2i bound monomeric FITC-AB42 with an app. Kp value
that is close to these of AB42 self-assembly and cross-assembly with IAPP[?®), This evidence
supports the hypothesis that MIMs may act as an alternative binding partner in the interaction
between AB42 and other species.

The APB42 binding sites of 2i include the cores AP(12-19) segment, or VHHQKLVF, and
AP(28-34) or KGAIIGL. The results of three peptide arrays revealed that 2i binds with higher
affinity the first segment, suggesting that the interaction might occur between Phe!® and Phe®
or Phe?, as for IAPP. Of note, Cukalevski et al.l'”* reported that Phe!® has a pivotal role in
AP assembly, as Leu substituting this residue readily reduced the aggregation rate.

The second and weaker binding core contains a sequence of apolar amino acids, which might
interact with MIMs through hydrophobic interaction.
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However, previously reported mechanistic studies on the interaction between the parent
peptide R3-GI and AB42 " revealed that the ISMss are active at very low concentrations and
use multivalent interactions, which may dramatically increase their ability to sequestrate
AB42 monomers. R3-GI self-assembly is likely required but not sufficient for its amyloid
inhibitor function. Due to their self-assembly propensity, MIMs and the ISMs might share
similar mechanistic features for inhibiting A40(42) amyloidogenesis.

Altogether, the fact that the inhibitory effect of MIMs towards IAPP and AB42 fibrillation is
alike, suggests that the amyloid targets of MIMs interaction must share some structural
similarities.

Hoyer et al.*® reported that stabilising B-hairpin in monomeric AB40 can inhibit its amyloid
self-assembly. In their studies, NMR spectroscopy was used to determine the complex
structure formed by AB40 B-hairpin and the inhibitor Zap3, a small affibody. The selected
conformation of AB40 complex consisted of four-stranded antiparallel B-sheets and four o-
helices. The characterization revealed that the chosen conformation of AB40 is 3-a hairpin
structure and that the segments AB(17-A23) and AB(30-36) make intramolecular backbone
hydrogen bonds to form the two central strands of the B-sheet. Numerous studies[?7:4!:9%183.195]
have identified AP B-hairpin conformation as the target to block its amylogenesis. The current
results indicate that also MIMs might adopt this mechanism.

5.5 Identification of amyloid oligomeric species

Due to their transient nature, developing a robust methodology to identify cytotoxic amyloid
oligomers in both in vivo and in vitro systems remained challenging for decades!>*!77-180:196],
Several reports have pointed out that simple methods such as SDS-PAGE, Western blotting
or SEC can be misleading when used to reveal the distribution of the size of the oligomers

before electrophoresis or elution 176171,

In 2003, Kayed and coworkers reported an antibody, A11, °?! that specifically recognises
micellar and not soluble, low MW amyloid fibrils and soluble oligomers. To produce it,
Kayed and coworkers synthesised a molecular mimic of soluble oligomers based on a
structural oligomeric model of AB42. TEM analysis determined the morphology of the
immunoreactive species and revealed that the antibody recognised the same structure shared
by both spherical oligomers, formed at early time points, and by elongated “protofibrils” that
predominate in later time points!>3!. Notably, the antibody recognises structural elements
shared by amyloid oligomers of different peptides and proteins.

After characterising the interaction between MIMs and amyloid monomers, and their potent
anti-amyloidogenic effect, one of the questions of this work was whether MIMs could
interact, and possibly interfere, with the cell damage caused by aged amyloidogenic species.

Such property is desirable to develop molecules effective in the late stages of amyloid
42,43,45,52,127]

diseases when preformed oligomers and fibrils display their toxicity!**:
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To answer this question, a method based on three known characteristics of amyloid oligomers
was established: lack of amyloid-like structures!!”’!, cytotoxicity!®®, and immunoreactivity

towards (anti-)oligomer A11 polyclonal antibody 2],

Four techniques were applied in this thesis to study the presence and maturation of the
oligomers:

1) ThT binding to follow the kinetics of amyloidogenesis.

1) Quantification of the cell damage via MTT assay.

1i1) Oligomer-specific immunoreactivity via (anti-)oligomer A11 polyclonal antibody.
1v) Morphological characterization via TEM.

Regarding the ThT reactivity, the unordered and prefibrillar oligomeric species were non-
ThT reactive, as expected by the limited amount of B-sheet in their structure. Cytotoxicity
studies performed at different incubation times and previous fibril formation revealed a
steady increase in cytotoxicity. This effect has been previously explained by the cell
membrane disruption mediated by the oligomers, displayed by forming ion-leaking pores and

by upregulating oxidative stress 43481,

Regarding DB analysis with (anti-)oligomer A11 polyclonal antibody, IAPP species showed
the highest immunoreactivity between 1 and 3 h of incubation, suggesting that low-MW
oligomers and protofibrils are formed within this time point.

AP42 species were reactive within 2 and 6 h of incubation. In agreement with the previous
observation, morphological analysis performed by TEM revealed the presence of unordered
and dispersed structures for all the time points. In contrast, typical amyloid fibrils were
observed for IAPP and AP42 aged for 24 h. Oligomeric AB42 was also found to affect the
LTP in an ex vivo model, as previously reported™>*!27l Additionally, the oligomerisation of
N-terminally labelled TAMRA-AB42 was characterised by studying the effect of the ACMs
inhibitors on the microglia uptake of 0AB42!'27], The results showed that the label does not
affect the amyloid assembly of AP42, and the oligomerisation of TAMRA-AB42 was
comparable to that of immunoreactivity, cytotoxicity, and morphology (Figure 50).

5.6 Effect of MIMs on the amyloid assembly of oIAPP

Developing amyloid inhibitors that interact with preformed cytotoxic and on-pathway
aggregates is crucial for drug development and treatment of misfolding diseases after their
onset.

In this work, after establishing a system for detecting the presence of already formed IAPP
oligomers (0IAPP), three questions were assessed: a) does the inhibitor 2i block the formation
of olAPP? b) does 2i interfere with the amyloid assembly of oIAPP formed early point? And
¢) does 2i block the amyloidogenesis of olAPP formed later (protofibrils)?
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Effect of 2i on olAPP formation

The inhibitory effect of 2i on the formation of oIAPP was followed via ThT assay, MTT
reduction assay, DB studies and TEM characterization.

As expected from the studies performed on the self-assembly of monomeric IAPP in the
presence of MIMs, no ThT binding was detected. DB studies confirmed that in the presence
of 2i, the immunoreactivity towards A1l was suppressed entirely. In contrast, MTT assays
revealed that 2i blocks the cell damage mediated by the formation of cytotoxic olAPP within
the first 6 h of incubations. Evidence of the effect of 2i against the formation of cytotoxic
species after this time point was given by the cytotoxicity assays performed in the context of
the amyloidogenesis of IAPP monomers. Thus, the results confirm that 2i interacts with the
very early steps of the amyloid formation and readily redirects IAPP self-assembly to form
off-pathway aggregates.

Interestingly, while several classes of peptide inhibitors were developed against the formation

of AB40(42) oligomers®®°*1271 mainly small molecules have been tested against oligomeric
IAPP.

An example is epigallocatechin gallate (EGCG)!*7]

, anaturally occurring flavonoid extracted
from green tea that has entered early clinical trials for treating Alzheimer’s, Parkinson's, and
Huntington’s diseases. When tested as an anti-IAPP inhibitor, EGCG showed a partial effect
at substoichiometric molar ratios and full inhibition of the ThT binding in equimolar to excess
amounts'®”l, NMR studies revealed that the decrease in ThT signal might be due to a
competing mechanism between EGCG and ThT for the binding sites on the fibril surface.
However, it was also found that EGCG redirects the aggregation through a fast consumption

1971 Ton

of IAPP monomer to a larger nonfibrillar aggregate, which EGCG may interact with!
mobility mass spectrometry studies were performed to elucidate the possible inhibition
mechanisms. The results revealed that EGCG binds to the monomer (up to 3 molecules of
EGCG), inducing a conformational change inhibiting the fibril formation through
hydrophobic interactions, as confirmed via ThT and TEM studies!'*®]. Interestingly, this small
molecule was found to interact also with preformed IAPP oligomers and fibrils through a
complex mechanism involving n—m stacking interaction, as proposed for MIMs activity!!®7!.
Of note, EGCG and MIMs share some similar structural features. ECGG is just 1/3 smaller
than MIMs (MW= 458,372 g/mol); it includes three aromatic rings (MIMs bear two) and

eight H-donor groups, whereas 2g and 2i contain nine and seven, respectively.

5.7 Effect of 2i on olAPP formed in the early steps of the
amyloidogenic process

ThT binding assay, MTT reduction assay, Dot Blotting and TEM imaging were used to
characterise the effect of 2i on the maturation of oligomers formed at early time points of the
IAPP amyloidogenesis (Figure 20). The studies revealed reduced All-reactivity, which
suggests that ol APP, in complex with 2i, undergoes a conformational transition that interferes
with the antibody recognition. This hetero-complex is non-cytotoxic, non-ThT reactive and
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morphologically amorphous, indicating that 2i redirects the amyloid assembly to forming
off-pathway hetero-complexes.

In detail, ThT studies revealed no increase of the binding within 24 h of incubation and
complete suppression of the cytotoxic effect of the oligomers on RIN-5Smf cells. The DB
analysis performed with (anti-)oligomer All polyclonal antibody revealed decreased
immunoreactivity upon incubation with the inhibitor. TEM imaging showed a structural
transition from IAPP amorphous structures to non-amyloid-like assemblies.

In its activity towards already formed olAPP and fIAPP, 2i shares further similarities with
the small molecule EGCG!"/. The addition of EGCG at various points of the IAPP
fibrillation pathway modifies the morphology of the aggregates, depending on the time point
of EGCG addition!"”]. Interestingly, when EGCG is added to early nuclei, the preformed
oligomers were remodelled to smaller, thinner aggregates with minimal -sheet structure and
were classified as off-pathway species!!®”!. In contrast, when EGCG was added to late-stage
oligomers and fibrils, the morphology of the resulting aggregates maintained an overall

fibrillar shape!!*71.

These observations suggest that the small cyclic peptides 2i share some interesting properties
of small molecules and the small B-breakers described by Gazit and coworkers. The results
suggest that the shortening conferred inhibitory properties towards different targets, which
might be driven by n—r stacking interactions between the hydrophobic surfaces of the Phe

and the amyloidogenic substratel!?1:193-194],

5.8 Effect of 2i on oIAPP formed in the late steps of the
amyloidogenic process

The anti-amyloidogenic effect of 2i on mature olAPP was investigated via ThT binding assay,
MTT reduction assay and TEM characterization. Of note, DB was not used as a method, as
the immunoreactivity of A11 towards IAPP decreases after 3 h. This result suggests that non-
soluble fibrillar species form after this time, as previously reported®*!. The studies revealed
that the amyloidogenesis and cytotoxicity of aged olAPP, and possibly protofibrils, was
suppressed upon incubation with 2i (Figure 41). TEM analysis of incubations at late time
points revealed a highly structured network of needle-like species, which does not resemble
the canonical amyloid morphology.

The morphological difference between these “needles” and the amorphous co-assemblies
formed with monomeric IAPP or early-stage oligomers could be explained by different
populations of A11 reactive species. However, TEM analysis did not show a clear difference
between 1 h aged and 3 h aged olAPP.

The results suggest that the interaction of 2i with unordered oligomers redirects the amyloid
misfolding towards forming amorphous but structured co-assemblies. In contrast, higher
amounts of soluble and structured protofibrils might be a template for developing needle-like

139



Discussion

structures. Despite their different morphologies, all the species are not binding ThT and are
non-cytotoxic.

Interestingly, other peptides, such as the ACM!?7]

assembly of IAPP and A42 to the formation of hetero-fibrillar structures. The hetero-fibrils
formed between the ACM and IAPP present beneficial differences from amyloid assemblies,

, were found to redirect the amyloid self-

such as lack of cytotoxicity, lack of ThT binding, effective cellular clearance and reduced
thermostability. Even though the structure of TAPP/ACM hetero-fibrils has not been
elucidated yet, their proposed formation mechanism may involve lateral co-assembly of two
or more “protofilament”-like stacks of IAPP and ACM molecules!!?7],

Abedini et al.*3] reported that, in contrast to B-sheet rich 0AB40(42), toxic, IAPP lag phase
oligomers revealed an apparent partial helical structure, which is consistent with studies of
truncated h-IAPP analogues fused to maltose binding protein; studies of h-IAPP aromatic
residue mutants, and NMR studies of soluble IAPP variants [1°1-2°]. The authors reported that
Phe'®, Phe? and Tyr’’ are largely solvents exposed in the lag phase of IAPP aggregation!],
allowing them to interact with the reactive groups of the inhibitor. On the other hand, Kayed

et al.’”) and Dupuis et al. [

showed that IAPP monomers could adopt an B-hairpin-rich
structure on-pathway to amylogenesis!!®3l. Mirecka et al. reported the structural
characterization via NMR of IAPP-B-hairpin in a complex with an inhibitor, HI18. The study
revealed that the B-hairpin is formed by the segments IAPP(12-29) and stabilised through
hydrophobic and aromatic interactions between Phe!®> and Phe??, involved in the complex

with H18.

Taken together, this evidence supports the hypothesis that the potent inhibitory effect of
MIMs towards IAPP monomers and oligomers might occur by the same mechanism. The
inhibition might occur through stabilising IAPP B-hairpin by aromatic interactions between
Phe® and Phe? of 2i and Phe'> of IAPP and hydrophobic interactions between 2i and IAPP(11-
16). It has also been reported that structural features of the parent peptides ISMs might
redirect the formation of -amyloid co-assemblies through the generation of alternative
reactive surfaces”’!. The addition of 2i at different steps of the IAPP self-assembly might
generate morphologically distinct intermediates depending on the structure of the substrates
and the transient nature of the species involved in the process.
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Figure 80. Comparison of the morphologies observed via TEM after incubating
different IAPP species and 2i. (a-c, left panel) ThT assays from Figures 40, 41 and 42 respectively,
showing when the time of inhibitor addition. Large amorphous structures were observed after incubating
mIAPP with 2i for 24 h (a). Structured but non-fibrillar morphologies were observed after incubating olAPP
(1 h) and 2i for 24 h (b). A complex network of needles was imaged after incubating mature olAPP (3 h) and
2i for 24 (c) (scale bar, 100 nm).

5.9 Effect of MIMs on oAp42

The inhibitory potential of MIMs towards the highly neurotoxic AB42 oligomers was also
investigated. In this context, the characterization was limited to the study of oligomers
formed in the early stage of the amyloid assembly. The studies used ThT binding assay, MTT
binding assay and TEM imaging as methods.

As observed for olAPP in chapters 4.9.3 and 4.9.4, the incubation of preformed AP42
oligomers (0Af42) with 2i redirected the amyloid self-assembly to form non-toxic and non-
amyloidogenic species. The decrease of the ThT binding when 2i was incubated in higher
fold excess could be explained in two ways: the interaction could reverse 0AB42 by shifting

the transient oligomeric species to their monomeric state, or 2i could interact with oAp42 by
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forming off-pathway hetero-oligomers. These hetero-oligomers are non-cytotoxic and non-
amyloidogenic. However, the morphology of the species observed after six days of
incubation revealed the presence of highly organised structures that do not resemble either
amyloid fibrils or amorphous monomers (Figure 53).

Of note, the property of inhibiting the cytotoxicity mediated by preformed oAPB42 was
previously reported for the Amyloid Core Mimics (ACM). My work on their effect on the
0APB42 cytotoxicity, the inhibition of the LTP mediated by 0AB42, and the phagocytosis of
AP42 oligomeric species were published in “Tas et al.” !?7]. The ACMs did not reverse the
formation of amyloidogenic species after addition to preformed oligomers but instead
blocked it until 5 h of incubation!'?”). Conversely, MIMs were found to reverse or dissolve
0APB42 in a concentration-dependent fashion. A similar result was reported by Richman et
al.”31 when characterising cyclic hexamers self-assembling in nanotubular structures. In fact,
in the presence of CP-2, the amount of All reactive AP42 oligomers significantly
diminished, supporting the evidence that the interaction between CP-2 and AP40(42) may
alter the aggregation of AP from an “on-pathway” to an “off-pathway” mechanism.

Other classes of small cyclic peptides displayed desirable inhibitory properties towards A42
oligomer formation and amyloidogenesis. The work of Tadamasa et al. can give an
example.””, in which head-to-tail cyclised pentapeptides were designed by using the
amyloidogenic region AP(16-20) as a template. The peptide sequences, stable in the human
plasma until 6 h, were further modified by incorporating an additional phenyl group at the
BPhe4 side chain (B-Ph) position. The lead compound 3 was found to induce the production
of an inhibitor-embedded off-pathway oligomeric species that exhibited a lower B-sheet
content, lower seeding ability, and less toxicity than the native oligomers.

5.10 Effects of 2i on preformed fIAPP and fA 42

The effect of 2i on preformed fibrillar IAPP (fIAPP) and AB42 fibrils (fAB42) supports the
hypothesis of an interaction that can interfere with different phases of the amyloid formation.

The ThT results presented in Figure 43, chapter 4.9.5, still need clarification. Although a
decrease of ThT binding in a mixture of fIAPP/2i could be explained with the disaggregation
or remodeling of the fibrils, the increase of ThT fluorescence of fIAPP incubations cannot be
explained. However, the cytotoxic effect of preformed fIAPP coated with an excess of the
inhibitor was significantly suppressed. These results suggest that 2i could either a)
disassemble the preformed IAPP seeds and redirect them to off-pathway species or b)
interfere with the “dock-lock” mechanism of the fibril elongation, which sees monomers
docking the fibril tips and then undergoing structural organisation to fold into the fibrillar

morphology 1,

The results observed by incubating late-stage oligomeric IAPP or protofibrils with 2i
suggested that the inhibitor might compete with monomeric IAPP in the fibril elongation
process, as the species observed via TEM were mainly fibrillar but non-amyloid. However,
TEM characterization of the complex formed by (fLAPP/ 2i) after 6 days of incubation
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revealed the presence of amorphous species. Of note, TEM analysis of the hetero complexes
formed by olAPP and 2i was performed after 24 h of incubation, therefore, a complete
transition of the needle-like structures into into an amorphous species cannot be excluded.

Our group has previously reported that a selectively N-methylated IAPP analogue (IAPP-
GI) could suppress completely TAPP fibrillation, regardless of the stage of its
amyloidogenesis®>. Most importantly, IAPP-GI (1/1) redissolved IAPP fibrils and reversed
already-started fibrillogenesis, as revealed by ThT and MTT studies®™.

Recently, Abyoie et al.[>°!l reported that the tetrapeptide TNGQ and analogues could inhibit
IAPP fibril formation by stabilising its helical intermediate. TEM imaging revealed that
TNGQ could effectively disaggregate 72 h aged fIAPP within a few hours of co-incubation.
Maity and coworkers reported a naphthalimide-appended oligopyridyl amide based a-helical
mimetic, DM 1, added at different points along the IAPP fibrillation curve, completely
perturbed IAPP amyloidogenesis, including the disaggregation of mature IAPP fibrils/2%2!,
Interestingly, both classes of compounds were found to interact with and stabilise the helical
structure of IAPP. Finally, the small molecule EGCG was found to disaggregate preformed
fIAPP through a complex mechanism, including also n—m stacking interaction on the

hydrophobic surfaces of the fibrils!'*7!.

As shown in chapter 4.13.4, incubation of preformed fAB42 with a high excess of 2i resulted
in decreased ThT signal and reduction of fAB42 cytotoxicity within 24 h. Interestingly, TEM
analysis revealed the presence of a complex network of hollow spherical species (Figure 53),
which were observed only when the cytotoxicity of fAB42 was reduced. The results suggest
this morphology is linked to a non-toxic heterocomplex formed by AB42 and 2i. Of note,
based on the current results, it cannot be excluded that the fibril dissolution mediated by 2i

might generate cytotoxic intermediates!®?!.

It is essential to notice that evidence of this mechanism was also given by the ThT studies
performed on 0AP42 in the presence of 2i in 20-fold excess. The ThT signal increase
observed previous 2i addition is proportional to the formation of fAB42 in the system. The
fluorescence decrease upon 2i addition suggests that the peptide might disassemble (or coat)
the preformed fibrils.

Richman et al.”*! reported that cyclic peptide hexamers forming nanotubes could effectively
disassemble preformed AB42 fibrils, as the ThT signal of 4-days aged AP42 was reduced by
the addition of the cyclic peptide CP-2[3!. The disaggregation of fibrillar Ap42 by CP-2 was
also confirmed by TEM analysis which showed the transformation of the fibrillar network to
amorphous structures.
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Figure 81. 2i redirects different amyloid species to off-pathway non-toxic co-assemblies.
The addition of 2i at different stages of the amyloid assembly suppresses amyloidogenesis and cytotoxicity. The
mechanism of MIMs is not elucidated yet, but it could involve aromatic interactions and the capacity to
sequestrate different amyloid species through their strong self-assembly propensity; the interaction between 2i
and different amyloid species has other effects, including redirecting, remodelling, and possibly disaggregating
the preformed amyloidogenic species.

Altogether, the results suggest that 2i effectively remodels preformed fibrillar structures into
hetero-assemblies of diverse morphology, with decreased cytotoxic effect. According to the
current results, this inhibitory potential is stronger in the case of fIAPP, whereas it is only

transient when it comes to fA42 remodelling.

5.11 Effects of 2i and 2g on self- and cross-seeding events

The interaction between amyloid monomers and a preorganised fibrillar surface is a process
known as nucleation. This process is dependent a) on the amount of fibrils, which provide a
catalytic surface enhancing the rate of nucleation, and b) on the concentration of monomers

in the system, forming the nuclei on the surface of an already existing aggregate [33:168-170.177]

The self-seeding experiments revealed that 2i effectively suppresses the monomeric
nucleation of IAPP and AB42 fibrillogenesis mediated by adding their preformed seeds.

It has been previously suggested that cross-seeding of mAPB42 by fIAPP accelerates Ap42
amyloid self-assembly and vice versa. This could be the molecular link between the
pathogenesis of T2D with AD!**3%], In this work, I described how 2i was found to suppress
various cross-seeding events mediated by fAP42 or fIAPP.

This effect can be explained by a mechanism of action involving the interaction with both
monomers and fibrils. I have previously discussed how Fluos-2i is a potent ligand of three
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of the five regions involved in the AB42/IAPP self- and cross-interactions. This is important
in explaining its inhibitory function towards the amyloid assembly of monomeric species.

The results obtained when coating preformed fIAPP or fAB42 with 2i (Chapters 4.9.5 and
4.13.4) revealed that the inhibitor could effectively remodel the fibrils to non-toxic and non-
amyloidogenic assemblies. These results suggest a synergic effect of MIMs towards the
different species involved in the cross-seeding events.

Inhibition of self- and cross-seeding events is a property that was previously observed for the
parent generations of peptides, designed by using IAPP and AB40 interaction surfaces as
templates. In particular, some of the ISMs showed a strong suppression of IAPP cross-seeding
mediated by adding preformed AP42 seeds 7). The presence of N-methylation plays an
essential role in the seeding events, as revealed by the potent inhibitory activity of IAPP-GI
towards IAPP self-seeding!®®!. Furthermore, peptides mimicking AP core regions!'?”! were
found to display a strong inhibitory effect towards the self- and cross-seeding of A342 and
to redirect the fibrillogenesis to the formation of non-toxic or seeding competent heterofibrils.
Remarkably, in the context of inhibiting the cross-seeding events, peptides able to inhibit

IAPP were high-affinity ligands of AP and vice versa, according to their design®®>7:127-137]

5.12 Proteolytic stability, BBB crossing potential and effect of 2g
and 2i on 0A 42 mediated hippocampal LTP impairment

Proteolvtic stability (in vitro) and drug-like properties

Proteolytic stability is a vital requirement in drug development and represents one of the
significant drawbacks of peptide drug candidates. The head-to-tail cyclisation is a powerful
tool to confer proteolytic stability towards both exopeptidases due to the lack of free N- and
C- termini, and endopeptidases, thanks to the increased rigidity of the molecule compared to
the linear precursors®”). Overall, structural rigidity, receptor selectivity and biochemical
stability allow cyclic peptides to be promising therapeutic agents or biochemical

t0018[86,87,119]

Small cyclic peptides may be broadly applicable for bactericidal, immunosuppressive, and
anti-angiogenic uses. Furthermore, they can be used as biochemical tools due to their
properties as receptor ligands, RNA binders and enzyme inhibitors®"],

Examples of bactericidal agents are cyclodecapeptide tyrocidine and analogues from a

2031 This class of cyclic peptides is characterised by high

culture extract of a soil bacillus!
structural rigidity and amphipathic nature, conferred by the presence of two -chains linked
by proline residues and four intramolecular hydrogen bonds. This model was proposed in the

[205] The mode of action of the

1950s 241 and later confirmed by X-ray crystallography
molecule is driven by the interaction between hydrophobic portions of cyclic peptide and
membrane lipid, resulting in the lysis of the bacterial cell membrane. However, tyrocidine A

is limited to topical use, as membrane lysis can happen even in mammalian cells®""
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Cyclosporin A is a cyclic peptide isolated from a natural source, and it is an
immunosuppressant clinically used to prevent graft rejection. Cyclosporin A can freely pass
the cell membrane, probably due to its cyclic structurel®”),

Another therapeutic application of small cyclic peptides involves anti-angiogenic
application. Integrins modulate the signalling regulating the interaction between the cell and
extracellular matrix. A functional integrin unit comprises two subunits, a and b, in various
combinations of isotypes. Many integrins recognise the tripeptide sequence -Arg-Gly-Asp-
(RGD) for interacting with the extracellular ligands. Interestingly, it was found that peptides
containing RGD could inhibit tumour cell growth®. Cyclic peptides with RGD sequence
were more potent than the linear counterparts Cyclo-RGDfV (EMD 66203, f stands for D-
Phe) itself can promote tumour regression by inducing apoptosis of angiogenic blood vessels.
In addition, the cyclo-RGD compound can deliver nanoparticles filled with an anticancer

drug to the area where the tumour is growing®"!.

The first question assessed in this work regarding the drug-like properties of MIMs concerned
their proteolytic stability in human plasma.

The analysis of the resistance of 2g and 2i towards human plasma proteases in vitro was
performed by HPLC and MALDI-TOF MS. Both 2g and 2i were found to be highly stable in
human plasma (ti2 > 48 h). In contrast, their linear precursors were readily degraded within
1 h. The results also indicate that MIMs showed enhanced stability towards plasma proteases
compared to template 2e, as they are circa 4-fold more resistant (ti2 > 11 h).

S U
proteases : /’) %

1 Blood side

Brain side

Figure 82. 2i is proteolytically resistant towards plasma proteases (in vitro) and crosses
a BBB cell model. Proteolytic stability and membrane permeability are critical requirements in drug
development. 2i displayed optimal drug-like properties in vitro system, as it was proteolytically stable for 48 h
and crossed a BBB cell model with a good Papp.

The results suggest two key features conferring enhanced pharmacokinetics properties: a) the
head-to-tail cyclisation, compared to the linear sequences and b) a dramatic shortening of the

parental sequence, compared to 2e.
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Such results are in good agreement with the literature, as cyclisation and N-methylation of

peptides of ring size 3-7 were found to enhance pharmacokinetic properties, such as passive

206

membrane permeability and metabolic stability!?*®! when compared to the linear precursors.

BBB crossing properties (in vitro)

Penetration of the blood-brain barrier (BBB) is a challenging but critical property of drug
candidates targeting central nervous system disorders (CNS). Several approaches have been
developed to confer BBB permeability to peptides, including coupling to molecular
vectors!'*®l, known as shuttles. The BBB shuttle concept includes Trojan horse antibodies and
any other molecule capable of transporting cargo into the brain parenchyma without affecting
the BBB integrity!!*147],

However, MIMs present similar characteristics to other cell-penetrating peptides (CPPs),
such as a molecular weight below one kilodalton, a minimum number of hydrogen bond
donor groups, and a small polar surface, which make them potential candidates for cytosolic

I.[88,1457147]3 without

delivery through blood-brain barrier or the gastrointestinal barrie
structural modifications. In fact, small cyclic peptides are thought to cross physiological

membranes through passive diffusion as small molecules3¢ 88164

Thus, the permeability of N-terminally fluorescein-labelled 2i (Fluos-2i ) through the BBB
was assessed by using a well-established of human cerebral microvascular endothelial cells
(hCMECs) grown as confluent monolayers on Transwell membranes!!*!48]. Fluos-2i crossed
the monolayer with an apparent permeability (Papp) at 2 h of 11.99 x 10 (+ 1.41) cms™
(mean (= SEM), which is comparable to the Papp value of 2e.

Effects of 2g and 2i on 0AB42-mediated impairment of hippocampal LTP.

Evidences for the theory of 0A42 oligomer involvement in the pathology of AD comes from
studies showing that APB42 oligomers negatively affect long-term potentiation (LTP) in the
hippocampus °>!7%], a phenomenon thought to underlie the synaptic plasticity necessary for

[204]

memory formation and learning . Intriguingly, it has also been demonstrated that

picomolar concentrations of AB42 (as in physiological conditions) positively affect synaptic

7,175]

plasticity [ It has been previously reported that the detrimental effects of nM

concentrations of AB42 oligomers on LTP can be reversed by therapeutically-relevant

2071 Thus, soluble and neurotoxic AP oligomers are

concentrations of memantine (1 pM)!
suggested to mediate the impairment in glutamatergic signalling associated with AD
pathology!®®. AB42 is thought to affect N-methyl-d-aspartate (NMDA) receptor function and
abolish the induction of long-term potentiation (LTP), which is a crucial phenomenon in

memory formation 139,

2i and 2g, like previously reported classes of inhibitors derived from IAPP or AB40(42)
sequences, displayed a potent effect against 0AP42 mediated impairment of hippocampal
LTPP#9%127] These findings support the physiological relevance of the in vitro results and
suggest that MIMs are potential anti-amyloid leads for AD and T2D.
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Conclusion and outlook

6 Conclusion and outlook

Elucidating the molecular mechanism of amyloid formation and conferring drug-like properties
to peptides are ambitious but crucial challenges.

In my PhD thesis work, I characterized the properties of peptide inhibitors abbreviated MIMs,
derived from the minimal IAPP elements involved in the amyloid self- and cross- assembly of
IAPP with AB40(42). In fact, my thesis is the final step -for now- of several rounds of
optimization of peptides designed by using the putative IAPP interacting surface with itself and
AP42 as template.

The sequence of MIMs is 2/3 shorter than the template peptide 2e, nevertheless, MIMs are
potent inhibitors of both IAPP and AP42 amyloidogenesis and cytotoxicity. This evidence is
supported by their ICsos, which are in the nanomolar to sub micromolar range. Despite the
minimal TAPP-derived elements, MIMs bind with high affinity different intermediates of the
amyloidogenic pathway, and they seem to interfere with the structural organization of amyloid
core-regions of IAPP and AB42. This suggestion is in accordance with previous studies from
our group®*” and several structural models of fIAPP and fAR42 [2861-631 Importantly, MIMs
were found to interact and suppress amyloid self-assembly of monomers and oligomers, and to
remodel preformed fibrillar aggregates.

Furthermore, in this work, I combined different techniques to follow the formation of IAPP and
APB42 oligomers, considered the most toxic species involved in the amyloidogenesis. Finally,
but not less importantly, MIMs showed high proteolytic stability in human plasma in vitro, BBB
crossing in a cell model and a clear effect on AB42-mediated hippocampal LTP impairments in
an ex-vivo system, which supports the in vitro findings.

Taken together, these results indicate that MIMs are valuable molecular tools to gain a better
understanding of the amyloidogenesis and potential leads for anti-amyloid drugs in AD and
T2D.

The foreseeable steps to continue the studies on MIMs include:

- Understanding the molecular determinants of MIMs activity via selective Ala
mutations and scrambled sequences.

- Elucidating the mechanism of action and the role of the self-assembly propensity via
NMR and DLS characterization.

- Studying the selectivity of MIMs by testing their interaction and activity towards other
amyloidogenic and non-amyloidogenic proteins and polypeptides.

- Characterizing the needles-like structures observed when incubating aged olAPP and
2i, and their putative beneficial properties.

- Obtaining a deeper insight into the property of disaggregating preformed amyloid
fibrils.

- Expanding their pharmacokinetics characterization by studying the permeability of
other physiological membranes (i.e., gastric membrane).

- Studying the effect of MIMs in mouse models of AD and T2D in vivo.
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Figure A1l. Effects of 2f on IAPP fibrillation. (a-c) The effects of 2f on IAPP fibril formation was monitored
via ThT binding assay (IAPP/2f, 1/0.1-1/10) in three independent assays. The time point at which aliquots
of these solutions were administered to RIN-5mf cells is marked with a blue frame (24 h); the results of the
corresponding MTT assays are shown in Figure A2. Incubations were prepared in IAPP ThT buffer
containing 0.5% HFIP (IAPP, 6 pM) and incubated at 20°C for 7 days. These three independent assays were
used to generate Figure 27a, left panel.
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Figure A2. Effect of 2f on IAPP cytotoxicity after 24 h of incubations. (a-c) Effects of IAPP and IAPP/2f
mixtures on IAPP cytotoxicity after 24 h of incubation (IAPP/2f, 1/0.1-1/10) followed via MTT assay (means
(£SD) 3 wells). These three independent experiments were performed by administering aliquots of the
peptide incubations used for the ThT assays shown in Figure A1 to RIN-5mf cells. Incubations were prepared
as described in Figure Al. The mean of the ICsos obtained from these assays (Figure A3) are reported in
Table 23.

=
=
=]

a) = 1APP +2f b)

n |APP +2f

" IAPP+ X C)
& |APP

» 1APP

L]
:
3
5

w
E=3
n
—
w
(=1

-
o
L
=5
=3
@
=1

@

=
-
o

MTT reduction (% control)

MTT reduction (% control)
MTT reduction (% control)
2 =2

0 1C5, = 223.80 (+36.15) nM 0 IC ;5= 204.86 (+43.13) nM o IC;,= 292.90 (173.45) nM
§5 80 15 1.0 65 60 55 50 §5 80 715 -10 65 60 65 -50 85 80 15 70 65 60 55 50
log(2f concentration) (M) log(2f concentration) (M) log(2f concentration) (M)

Figure A3. ICsos curves of inhibitory effects of 2f on the formation of cell damaging IAPP fibrils after 24
h of aging. (a-c) Sigmoidal curves were obtained with the same values of the three independent MTT reduction
assays shown in Figures 2a-c (IAPP 100 nM) (means (£SD) 3 wells). Cell damage was determined by the MTT
reduction assay as described in 3.2.9. The cytotoxicity of IAPP alone is included in each graph for comparison
(red symbol). The mean of the IC50s obtained at this time point is reported in Table 23.
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Figure A4. Effects of 2f on IAPP fibrillation after 7 days of incubation. (a-c) Effects of 2f on IAPP fibril
formation after 7 days of incubation (IAPP/2f, 1/0.1-1/10) as revealed by three independent ThT assays.
Incubations were prepared in IAPP ThT buffer containing 0.5% HFIP (IAPP, 6 uM) and incubated at 20°C.
After 7 days of incubation, aliquots of these solution were used to perform the three independent MTT assays
shown in Figure A5. The ThT binding at the time point of cell-administration is marked with blue frame.
These three independent assays were used to generate Figure 27a, left panel.
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Figure AS. Effect of 2f on IAPP cell-damage after 7 days of incubation. (a-c) The effects of 2f on IAPP
cytotoxicity on RIN-5mf cell after 7 days of incubation was followed via MTT assay (IAPP/2f 1/0.1-1/10)
(means (£SD) 3 wells). These three independent assays were performed with aliquots of peptide incubations
used for the ThT assays shown in Figure A4. Incubations were prepared in IAPP ThT buffer containing 0.5%
HFIP (IAPP, 6 M) and incubated at 20°C. These assays were used to generate Figure 27a, right panel.
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Figure A6. ICso curves of inhibitory effects of 2f on the formation of cell damaging IAPP fibrils after
7 days of incubation. (a-c) Sigmoidal curves were obtained with the values of the three independent MTT
reduction assays shown in Figures 2a-c (IAPP 100 nM) (means (+SD) 3 wells) and used to obtain the ICsos
reported in Table 23. Cell damage was determined by the MTT reduction assay as described in 3.2.9. The
cytotoxicity of IAPP alone is included in each graph for comparison (red symbol). These assays were used
to generate Figure 28d.
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Figure A7. Effects of 2g on IAPP amyloid self-assembly after 24 h of incubation. (a-c) Effects of 2g on
IAPP amyloid self-assembly (IAPP/2g, 1/0.1-1/10) as revealed by three independent ThT assays. Incubations
were prepared in IAPP ThT buffer containing 0.5% HFIP (IAPP, 6 uM) and incubated at 20°C. After 24 h of
aging, aliquots of these solutions were administered to RIN-5mf cells to evaluate the effect of 2g on IAPP
cell damage. Results are shown in Figure A8. These three independent assays were used to generate Figure

27b, left panel.
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Figure A8. Effects of 2g on IAPP cell-damage after 24 h of incubation. (a-c) The effects of 2g on IAPP
cytotoxicity after 24 h of incubation was studied via MTT reduction assay (IAPP/2f, 1/0.1-1/10). These three
independent assays were performed by administering aliquots of the peptide solutions used for the ThT
assays shown in Figure A7 to RIN-5mf cells (means (£SD) 3 wells) as described in 3.2.9. The mean of the
ICsos obtained from these assays (Figure A9) are reported in Table 23.
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Figure A9. ICsos of inhibitory effects of 2g on the formation of cell damaging IAPP fibrils after 24 h of
incubation. (a-c) Sigmoidal curves were obtained with the values of the three independent MTT assays
shown in Figure A8 (IAPP, 100 nM) (means (+SD) 3 wells). The cytotoxicity of IAPP alone is included in
each graph for comparison (red symbol). The mean of the three ICsgs is reported in Table 23.
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Figure A10. Effects of 2g on IAPP fibril formation after 7 days of incubation. (a-c) The effects of 2g on
IAPP fibrillation as determined by three independent ThT binding assays (IAPP/2g, 1/0.1-1/10). Incubations
were prepared in IAPP ThT buffer containing 0.5% HFIP (IAPP, 6 uM) and incubated at 20°C. The time
point at which aliquots of the same incubations were administered to RIN-5Smf cells for the cytotoxicity
studies is indicated with a blue frame. These three independent assays were used to generate Figure 27b, left

panel.
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Figure Al11.Effects of 2g on IAPP cell-damage after 7 days of incubation. (a-c) The effects of 2g on IAPP
cell-damage on RIN-5Smf cells after 7 days of incubation was determined via MTT assay (IAPP/2g, 1/0.1-
1/10). These three independent assays were performed by administering aliquots of the peptide solutions
used for the ThT assays shown in Figure A10 to RIN-5Smf cells (means (£SD) 3 wells). Incubations were
prepared as described in Figure A10. Thes results of three independent assays were used to generate Figure

27b, right panel.
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Figure A12. ICsos values of inhibitory effects of 2g on the formation of cell damaging IAPP fibrils after
7 days of incubation. (a-c) Sigmoidal curves were obtained with the values of the three independent MTT
assays shown in Figure A1l (IAPP, 100 nM) (means (+SD) 3 wells). The cytotoxicity of IAPP alone is
included in each graph for comparison (red symbol). These three independent assays were used to generate
Figure 28e and the mean of their values is reported in_Table 23.

152



Appendix

a)

60000, —=—IAPP —+IAPP + 2h (1/2) b 50000, —=—IAPP —v—IAPP +2h (1/2) 70000, % APP —vIAPP + 2h (112)
3 —s—|APP + 2h (1/0.1) —+—IAPP + 2h (1/5) ) 3 —s—IAPP + 2h (1/0.1) —+—IAPP + 2h (1/5) C) 3 ——IAPP + 2h (1/0.1) —+-IAPP + 2h (1/5)
S 50000{ —&IAPP +2h(1/1) IAPP + 2 (1/10) & a000] ——APP+2h (1) IAPP + 2h (110) 3 B0000{ - IAPP ¢ 20 (117) IAPP + 2h (1/10)
§ 40000 8 @ 50000
g § 30000 § 20000
2 30000 8 8 oo
2 @ 20000 @

S 20000 [} 5]
2 3 3 20000
= = =
10000
k= 10000 E ¥ = 10000
[ 0 = = J
— L T O o S S
0 24 43 72 96 120 144 168 0 24 48 72 9 120 144 168 0 24 48 72 96 120 144 168
time (h) time (h) time (h)

Figure A13. Effects of 2h on IAPP fibril formation after 24 h of incubation. (a-c) The effects of 2h on
IAPP fibrillation as determined by three independent ThT binding assays (IAPP/2h, 1/0.1-1/10).is shown.
Incubations were prepared in IAPP ThT buffer containing 0.5% HFIP (IAPP, 6 pM) and incubated at 20°C.
Aliquots of the peptide solutions aged for 24 h were administered to RIN-5mf cells to perform the
cytotoxicity studies shown in Figure A14. The ThT fluorescence of the time point of cell-administration is
marked with a blue frame. These three independent assays were used to generate Figure 27¢, left panel.
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Figure A14. Effects of 2h on IAPP cell damage after 24 h of incubation. (a-c) The effects of 2h on IAPP
cytotoxicity on RIN-5mf cell after 24 h of incubation was followed via MTT assay (IAPP/2h, 1/0.1-1/10). These
three independent assays were performed by administering aliquots of the incubations used for the ThT assays
shown in Figure A13 to RIN-5mf cells (means (£SD) 3 wells). The mean of the ICsos obtained from these assays
(Figure A15) are reported in Table 23.
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Figure A15. ICsos of inhibitory effects of 2h on the formation of cell damaging IAPP fibrils after 24 h of
aging. (a-c¢) Sigmoidal curves were obtained with the values of the three independent MTT assays shown in
Figure A14 (IAPP, 100 nM) (means (+SD) 3 wells). The cytotoxicity of IAPP alone is included in each graph
for comparison (red symbol). The mean of the three ICso values obtained from these curves is reported in Table
23.
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Figure A16. Effects of 2h on IAPP fibril formation after 7 days of aging. (a-c) The effects of 2h on the
amyloid self-assembly of IAPP were determined by three independent ThT binding assays (IAPP/2h, 1/0.1-
1/10). Incubations were prepared in IAPP ThT buffer containing 0.5% HFIP (IAPP, 6 pM) and incubated at
20°C. After 7 days of aging, aliquots of the same peptide solutions were incubated with RIN-5mf cells for
performing the MTT assays shown in Figure 17. These three independent assays were used to generate Figure
27c, left panel.
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Figure A17. Effect of 2h on IAPP cell damage after 7 days of incubation. (a-c) Effects of 2h on IAPP
cytotoxicity on RIN-5mf cell after 7 days of incubation followed via MTT assay (IAPP/2h 1/0.1-1/10).
Aliquots of the solutions described in Figure A16 were used to perform these three independent assays
(means (£SD) 3 wells); their mean was used to generate Figure 27c, right panel.
3@ =110
2 . 3 10 =110
a) £ . wen i b) % " AP+ c) " PP
3 o 5100- + |APP 5100 s IAPP
= S L
- = =
o = 80
S 2 | 15 i
S o 804 B0 n
k=] 3 =
@ 3 =
- < @
— — -
= = -
= =

85 80 75 70 65 B0 65
log(2h concentration) (M)

5.0

0 T T T T T T )
-85 80 -75 -70 65 60 55 -5.0

log(2h concentration) (M)

85 80 75 70 65 60 55 50
log(2h concentration) (M)

Figure A18. ICsos of inhibitory effects of 2h on the formation of cell damaging IAPP fibrils after 7 days
of aging (a-c) Sigmoidal curves were obtained from the data of the three independent MTT assays shown in
Figure A17 (IAPP, 100 nM) (means (+SD) 3 wells). The cytotoxicity of IAPP alone is included in each graph
for comparison (red symbol). These assays were used to generate Figure 28c, whereas the mean of the three
ICsos obtained from these curves is reported in Table 23.
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Figure A19. Effects of 2i on IAPP fibril formation. (a-c) The effects of 2i on the amyloid self-assein}bly of
IAPP was determined by three independent ThT binding assays (IAPP/2i, 1/0.1-1/10). Incubations were
prepared in IAPP ThT buffer containing 0.5% HFIP (IAPP, 6 uM) and incubated at 20°C. After 24 h days of
aging, aliquots of these solutions were incubated with RIN-5Smf cells for performing the three MTT assays
shown in Figure A20. These three independent experiments were used to generate Figure 27d, left panel.
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Figure A20. Effects of 2i on IAPP cell-damage after 24 h of incubation. (a-c) The effects of 2i on IAPP
cytotoxicity on RIN-5mf cell after 24 hours of incubation was assessed via MTT assay (IAPP/2i, 1/0.1-1/10).
Aliquots of the solutions used for the ThT assays shown in Figure A19 were used to perform these three
independent assays (means (+SD) 3 wells). The mean of the ICsos obtained from these assays (Figure A21)
are reported in Table 23.
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Figure A21. ICso curves of inhibitory effects of 2i on the formation of cell damaging IAPP fibrils after
24 h of incubation. (a-c) Sigmoidal curves were obtained with the data of the three independent MTT assays
shown in Figure A20 (IAPP, 100 nM) (means (+£SD) 3 wells). The cell damage of IAPP alone is included in
each graph for comparison (red symbol). The mean of the three ICso values obtained from these curves is
reported in Table 23.
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Figure A22. Effects of 2i on IAPP fibril formation. (a-c) The effects of 2i on IAPP amyloid self-assembly
as determined by three ThT binding assays (IAPP/2i, 1/0.1-1/10). Incubations were prepared in [APP ThT
buffer containing 0.5% HFIP (IAPP, 6 uM) and incubated at 20°C. The ThT binding at the time point of
administration to RIN-5mf cells for the cytotoxicity studies is shown with a blue frame. These three

independent assays were used to generate Figure 27d, left panel.
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Figure A23. Effects of 2i on IAPP cell-damage after 7 days of incubation. (a-c) The effects of 2i on IAPP
cytotoxicity on RIN-5mf cell after 7 days of incubation was determined by MTT assay (IAPP/2i, 1/0.1-1/10).
Incubations were prepared in IAPP ThT buffer containing 0.5% HFIP (IAPP, 6 uM) and incubated at 20°C.

These three independent assays were used to generate. Figure 27d, right panel.
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Figure A24. ICso determination of inhibitory effects of 2i on the formation of cell damaging IAPP
fibrils after 7 days of aging. (a-c) Sigmoidal curves were obtained from the three independent MTT assays
shown in Figure A23 (IAPP, 100 nM) (means (+SD) 3 wells). The cell damage of IAPP alone is included in
each graph for comparison (red symbol). The mean of the three ICsy values obtained from these curves is
reported in Table 23.
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Figure A25. Characterization of hetero-assemblies of IAPP with 2i via cross-linking with
glutaraldehyde, NuPAGE, and Western blot (WB) with anti-IAPP antibody. (a-c) Characterization of
30 minutes aged IAPP with various molar ratios of 2i was characterized via cross-linking, NuPAGE and
Western blot with anti-IAPP antibody. Incubations of IAPP (30 uM), and IAPP/2i (1/1; 1/5, 1/10) were
prepared in 1xb (pH 7.4) containing 1% HFIP (pH 7.4). () is shown in Figure 36.
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Figure A26. Identification of IAPP segments that bind Fluos-2i using peptide microarrays. (a-c) Glass
slides with synthetic IAPP decamers (bold) consisting of overlapping IAPP sequences incubated for 12 h at
8° C with Fluos-2i (1 pM) (a-b) or Fluos-2i (0.5 uM) (c) prepared in 1% BSA in TBS-T (w/v). The
visualization was performed by fluorescence. Dashed blue line frames underline identified Fluos-2i binding
clusters; IAPP “binding cores”, or common residues between consecutive binding regions, are indicated as

red letters. (b) is shown in Figure 37.
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Figure A27. DB analysis with (anti-)oligomer A1l polyclonal antibody of IAPP solutions aged for
different time points. (a-d) IAPP (12 uM) was prepared in IAPP ThT buffer containing 0.5% HFIP and aged
at 20°C for the indicated time points. Aliquots of the incubation (0.5 pg) were spotted on DB membrane and
developed with (anti-)oligomer A11 polyclonal antibody. Immunoreactive species were detected between 1
and 3 h of aging. (c) is shown in Figure 38c, (d) in Figure 40c.
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Figure A28. DB analysis with anti-IAPP of IAPP solutions aged for different time points. (a-c) IAPP
(12 uM) was prepared in IAPP ThT buffer containing 0.5% HFIP and aged at 20°C for the indicated time
points. Aliquots of the incubation (0.5 pg) were spotted on DB membrane and developed with anti-IAPP, in
parallel to those developed with (anti-)oligomer All polyclonal antibody. These experiments were
performed to confirm the data shown in Figure 40c, left panel.
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Figure A29. DB analysis shows that Fluos-2i binds to IAPP monomers and oligomers. (a) IAPP
incubations (12 uM) were prepared in IAPP ThT buffer containing 0.5% HFIP and aged at 20°C. At the
indicated time points, peptide aliquots were spotted on a DB membrane (1 pg). A solution of Fluos-2i (2
pM) was prepared in IAPP ThT buffer containing 0.5% HFIP. Membranes were incubated in Fluos-2i
solutions for 12 h at 8°C. (a) is shown in Figure 39a.
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Figure A30. DB analysis of Fluos-2i binding to IAPP fibrils. (a-c) IAPP incubations (12 uM) were
prepared in IAPP ThT buffer containing 0.5% HFIP and aged at 20°C. At the indicated time points, peptide
aliquots were spotted on a DB membrane (1 pg). A solution of Fluos-2i was prepared in IAPP ThT buffer
containing 0.5% HFIP (1 pM). Membranes were incubated in Fluos-2i solutions for 12 h at 8°C. (a) is shown

in Figure 40b.
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Figure A31. fIAPP autofluorescence analysed via DB. (a-c) IAPP incubations (12 uM) were prepared in
IAPP ThT buffer containing 0.5% HFIP and aged at 20°C. At the indicated time points, peptide aliquots were
spotted on a DB membrane (1 pg). The autofluorescence of fIAPP was measured prior incubation with
Fluos-2i . These experiments were performed to confirm the data shown in Figure 40b.
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Figure A32. Dot blot analysis of mixture of IAPP/2i with (anti-)oligomer A11 polyclonal antibody. (a-
c) Peptide incubations (IAPP 12 uM, IAPP/2i, 1/10) were prepared in IAPP ThT buffer containing 0.5%
HFIP and aged at 20°C for the indicated time points. Peptide aliquots were spotted on a DB membrane (1
pg) and incubated with A11 for 12 h at 8°C. (b) is shown in Figure 40c right panel.
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Figure A33. Dot blot analysis of mixture of IAPP/2i with anti-IAPP. (a-c) Peptide mixtures (IAPP 12
puM, IAPP/2i, 1/10) were prepared in IAPP ThT buffer containing 0.5% HFIP and aged at 20°C for the
indicated time points. Peptide aliquots were spotted on a DB membrane (1 pg) and incubated with anti-IAPP
for 12 h at 8°C. These experiments were performed to confirm the data shown in Figure 38c an Figure 40c

right panel.
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Figure A34. DB analysis of mixture of 0oIAPP(1 h)/2i with (anti-)oligomer A11 polyclonal antibody.
IAPP (12 uM) was prepared in IAPP ThT buffer containing 0.5% HFIP and aged at 20°C. After 1 h of
aging, olAPP was mixed with 2i (10-fold) and spotted on a DB membrane (0.5 nug) at the indicated time
points. The membrane was incubated with (anti-)oligomer A11 polyclonal antibody for 12 h at 8°C. (a) is

shown in Figure 41c.
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Figure A35. DB analysis of mixture of oIAPP(1 h)/2i with anti-IAPP. IAPP (12 uM) was prepared in
IAPP ThT buffer containing 0.5% HFIP and aged at 20°C. After 1 h of aging, olAPP was mixed with 2i (10-
fold) and spotted on a DB membrane (0.5 pg) at the indicated time points. The membrane was incubated
with (anti-)oligomer A11 polyclonal antibody for 12 h at 8°C. These experiments were performed to confirm

the data shown in Figure 41c.
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FKigure A36. Etfects ot 2t on the amyloid selt-assembly of A342. (a-c) Ettects ot 21 on A342 selt-assembly
as determined by ThT binding assay (AB42/2f, 1/0.1-1/10) (means (+SD) 3 wells). Incubations were prepared
using SEC-disaggregated AB42 (5 uM) in AB42 ThT buffer and aged at 37°C under shaking conditions for
the first 5 h. Incubations were kept at the same temperature, without shaking for the rest of the experiments.
These three independent assays were used to generate Figure 44a, left panel.
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Figure A37. Effects of 2f on AB42 cytotoxicity. After 6 days of incubation, the peptide solutions described
in Figure A36 were administered to PC-12 cells. Cell-viability was determined via MTT reduction assay
(Ap42/2f, 1/.01-1/10) (means (=SD) 3 wells). These three independent assays were used to generate Figure

44a, right panel.
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Figure A38. ICso curves of inhibitory effects of 2f on the formation of cell damaging AB42. 1Cs curves
were obtained with the cell viability assays data shown in Figure A37 (AB42, 500 nM). Cell damage was
determined by the MTT reduction assay for mixtures of AB42 with 2f as indicated; cytotoxicity of AB42
alone is included in each graph for comparison (red symbol). (Data are means (+SD) from 3 wells). These
three independent assays were used to generate Figure 45d, the mean of these ICsg values is reported in Table
25.
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Figure A39. Concentration-dependent effect of 2g on AB42 fibrillation. (a-c) The effects of 2g on Ap42
self-assembly was determined by ThT binding assay (AP42/2g, 1/0.1-1/10) (means (xSD) 3 wells).
Incubations were prepared using SEC-disaggregated AB42 (5 uM) in AB42 ThT buffer and aged at 37°C
under shaking conditions for the first 5 h. Thereafter they were kept at the same temperature without shaking
conditions. These three independent assays were used to generate Figure 44b, left panel.
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Figure A40. Effect of 2g on APB42 cytotoxicity. AB42/2g mixtures from the incubations described in Figure
A39 were administered to PC-12 cells after 6-days of aging. The cell-viability was determined via MTT
reduction assay (APB42/2g, 1/.01-1/10) (means (£SD), 3 wells). These three independent assays were used to
generate Figure 44b, right panel.
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Figure A41. ICso curves of inhibitory effects of 2g on formation of cell damaging AB42 amyloid
assemblies. Sigmoidal curves were obtained from the cell viability assays shown in Figure A40 (Ap42, 500
nM). Cell damage was determined by the MTT reduction assay for mixtures of AB42 with 2g as indicated;
cytotoxicity of AB42 alone is included in each graph for comparison (red symbol). (Data are means (£SD)
from 3 wells). These three independent assays were used to generate Figure 45e, the mean of these ICs
values is reported in Table 25.
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Figure A42. Concentration-dependent effect of 2h on AB42 fibril formation. (a-c) Effects of 2h on AB42 self-
assembly as determined by ThT binding assay (Af42/2h, 1/0.1-1/10) (means (£SD) 3 wells). Incubations were
prepared using SEC-disaggregated AB42 (5 uM) in AB42 ThT buffer and aged at 37°C under shaking conditions
for the first 5 h. Thereafter, the incubations were kept at the same temperature without shaking conditions. These
three independent assays were used to generate Figure 44c, left panel.
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Figure A43. Effect of 2h on AP42 cytotoxicity. AB42/2h mixtures from the peptide solutions described in Figure
A42 were administered to PC-12 cells after 6-days of incubation. The cell-viability was determined via MTT
reduction assay (AB42/2h, 1/.01-1/10) (means (£SD), 3 wells). These three independent assays were used to
generate Figure 44c, right panel.
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Figure A44. ICsos of inhibitory effects of 2h on formation of cell damaging AB42 amyloid assemblies.
Sigmoidal curves were obtained from the three independent MTT assays shown in Figure A43 (AB42, 500
nM). Each graph includes the cytotoxicity of AB42 alone for comparison (red symbol). (Data are means
(£SD) from 3 wells). These three independent assays were used to generate Figure 45f, the mean of these
ICso values is reported in Table 25.

166



Appendix

= AP42 ——AB42+ 21 (1/2) - i
500000, —e—ABIZ + 21 (10.1) o AB4Z+ 21 (1/5) 200000, —*AB2 —v—-AB42+ 20 (112) o000, P2 v ARA2+ 20 (112)
- : ) by = - ABA2+ 2 (10.1) e AP42+2i(15) C) —~ e APA2 +2i (10.1) —+— AR42+ 2i (1/5)
5 450000 —a—Ap42 + 21 (11) AR42 + 2i (110) ) F] ) ) = ) ,
o 40000 3 250000{ ——AB42 +20(11) AB4Z + 21 (1110) 3 350000{ —a ABAZ +2i (1) ABAZ + 2i (1/10)
£ - =
8 350000 8 200000 " 8 300000
g 300000 g £ 250000
& 250000 & 190000 : § 200000
g fggggg S 100000 — 11 £ 150000
2 100000 E: FISE A £ 100000
b o b
& 50000 = £ = 50000
= o E‘:?A' [ ks - M
0 2 4 2443 72 96120144168 0 2 4 2443 72 96120144168 0 3 & 24 45 72 95 120144168
time (h) time (h) time (h)
Figure A45. Concentration-dependent effect of 2i on AB42 amyloid self-assembly. (a-c) Effects of 2i on
AP42 amyloid formation as followed by ThT binding assay (AB42/2i 1/0.1-1/10) (means (£SD) 3 wells).
Incubations were prepared using SEC-disaggregated AB42 (5 uM) in AB42 ThT buffer and aged at 37°C
under shaking conditions for the first 5 h. Thereafter the incubations were kept at the same temperature
without shaking conditions. These three independent assays were used to generate Figure 44d, left panel.
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Figure A46. Effect of 2i on AB42 cytotoxicity. AB42/2i mixtures from the peptide incubations described in
Figure A45 were administered to PC-12 cells after 6-days of incubation. The cell-viability was determined
via MTT reduction assay (AP42/2i, 1/.01-1/10) (means (£SD), 3 wells). Incubations were prepared as
described under Figure A45. These three independent assays were used to generate Figure 44d, right panel.
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Figure A47. ICsos of inhibitory effects of 2i on formation of cell damaging AB42 amyloid assemblies.
Sigmoidal curves were obtained from the three independent MTT assays shown in Figure A43 (A42, 500
nM). Each graph includes the cytotoxicity of AB42 alone for comparison (red symbol). (Data are means
(£SD) from 3 wells). These three independent assays were used to generate Figure 45¢g, the mean of these
ICso values is reported in Table 25.
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Figure A48. Identification of the regions of AP42 interacting with Fluos-2i using peptide
microarrays.(a-c) Glass slides with decamers consisting of overlapping AB42 sequences (bold) were
incubated for 12 h at 8°C with Fluos-2i (1 uM) (a and c¢) or Fluos-2i (0.5 uM) (b), prepared in 1% BSA in
TBS-T (w/v). Dashed blue line frames underline the identified Fluos-2i binding cluster, whereas the Ap42
“binding cores” of Fluos-2i are indicated as red letters and correspond to the shared residues between binding
segments. (c¢) is shown in Figure 49.
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Figure A49. Identification of TAMRA-AB42 oligomers via DB analysis with (anti-)oligomer A1l
polyclonal antibody. (a-c) DB analysis with (anti-)oligomer A1l polyclonal antibody of TAMRA-AB42
solutions (4.9 pg) aged for the indicated time point, confirmed the presence of A11 immunoreactive species
between 2 and 6 h of aging. TAMRA-AP42 incubations were prepared in IAPP ThT buffer containing 1%
HFIP and aged at 37°C under shaking conditions for the first 5 h. Thereafter the peptide solutions were kept
at the same temperature without shaking conditions. (c) is shown Figure 50a.
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Figure A50. Identification of AB42 oligomers via DB analysis with (anti-)oligomer A1l polyclonal
antibody. (a-b) DB analysis with (anti-)oligomer A11 polyclonal antibody of AB42 solutions (4.5 pg) aged
for the indicated time point, confirmed the presence of A11 immunoreactive species between 2 and 6 h of
aging. SEC-disaggregated AB42 (5 uM) was prepared in AB42 ThT buffer and incubated at 37°C under
shaking conditions for the first 5 h of incubation. Thereafter the incubations were kept at the same

temperature without agitation. (b) is shown in Figure 50b.
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Figure A51. DB analysis shows that Fluos-2i binds to AB42 monomers, oligomers, and fibrils. SEC-
disaggregated AB42 (11 uM), was prepared in AB42 ThT buffer and aged at 37°C under shaking conditions
for the first 5 h. Thereafter the incubations were kept at the same temperature without agitation. At the
indicated time points, aliquots of the peptide solutions were spotted on a DB membrane (1 pg) and probed
with Fluos-2i (5 pM), prepared in IAPP ThT buffer containing 1% HFIP (incubation for 12 h, 8°C). The
visualization was performed by fluorescence. (a) is shown in Figure 51.
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Figure AS2. Effect of 2g on the amyloid assembly of AB42 seeded by fIAPP. (a) The amyloid self-
assembly of AB42 (5 uM) alone or seeded by 30% fIAPP and of the complex of AB42/2g (1/10) seeded by
fIAPP was followed via the ThT binding assay (means (+SD), 3 wells). SEC-disaggregated Ap42 (5 uM)
was prepared in AB42 ThT buffer and aged at 37°C under shaking conditions for the first 5 h. Thereafter the
incubations were kept at the same temperature without agitation. (a) is shown in Figure 57a.

170



Appendix

—=—AR42 —=—Apd2 —=—Ap42
5500000 —e—AP42+ 2i b) 5 500000 | % AB42+ 2i c) Teo0w0, * ABdZ+ 2i
o —a— AB42 + 20 + TAPP s +i§j§ * ;’L;SAPP = —a— AP42 + 2i + IAPP
Y ——AR42 + IAPP @ dooooo{ T ARAZ ~ v AR42+TIAPP
& 4000001, qapp g ¢ fAPP G 4000007 ¢ rapp
@ - buffer o -« bufier 5 .4 - buffer
O 300000 © 300000 a
] a : 0
[ [ @
] 5 5
S 200000 5 200000 g
= ';: =
E 100000 E 100000 E ]

04 o0 T i —
24 45 72 96 130144168 0 2 2 22743772 dp12oniice 0 2 4 2448 72 06120144168
tlme (h) time (h) time (h)

Figure A53. Effect of 2i on the amyloid assembly of APB42 seeded by fIAPP. (a) The fibrillation of AB42 (5
puM) alone or seeded by 30% fIAPP and of the complex of AB42/2g (1/10) seeded by fIAPP was characterized via
the ThT binding assay (means (=SD), 3 wells). SEC-disaggregated AB42 (5 uM) was prepared in AB42 ThT buffer
and aged at 37°C under shaking conditions for the first 5 h. Thereafter the incubations were kept at the same
temperature but without agitation. (b) is shown in Figure 57a.
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Figure A54. HPLC and MALDI-MS characterization of 2g after incubation in human plasma in vitro (370C)
for the indicated time points. Left panels show HPLC chromatograms of supernatant of 2g after 0 h (a), 30 min
(b),1h(c),3h(d),5h1 24 h(f),36 h(g),48 h(h)and 72 h (i) as detected by RP-HPLC (214 nm). Right panels
show MALDI spectra of the collected peak (*) with tg=5.8 min with the found [M+H]" or [M+Na]" until 48 h.
Chromatograms and MALDI spectra are representatives of at least three sets of independent experiments (one
shown in Figure 59, the other in_Figure AS55).
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Figure A5S5. HPLC and MALDI-MS characterization of 2g after incubation in human plasma in vitro (370C)
for the indicated time points. Left panel show HPLC chromatograms of supernatant of 2g after 0 h (a), 30 min
(b), 1h(c),3h(d),5hl, 24 h(f),36h(g),48 h (h)and 72 h (i) as detected by RP-HPLC (214 nm). Right panels
show MALDI spectra of the collected peak (*) with tr=~5.8 min with the found [M+H]" or[M+Na]" until 48 h.
Chromatograms and MALDI spectra are representatives of at least three sets of independent experiments, one set
of experiments is shown in Figure 59, the other in Figure A54 .
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Figure A56. HPLC and MALDI-MS characterization of 2i after incubation in human plasma in vitro (370C)
for the indicated time points. Left panels show HPLC chromatograms of the supernatants of plasma incubations
of 2i after 0 h (a), 30 min (b), 1 h(c),3h (d),5h1, 24 h (f),36 h(g), 48 h (h) and 72 h (i) as detected by RP-HPLC
(214 nm). Right panels show MALDI spectra of the collected peak (*) with tg~5.8 min with the found [M+H]" or
[M+Na]" until 48 h. One set of experiments is shown in Figure 60, the other in_Figure A57.
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Figure A57. HPLC and MALDI-MS characterization of 2i after incubation in human plasma in vitro (370C)
for the indicated time points. Left panels show HPLC chromatograms of the supernatants of plasma incubations
of 2i after 0 h (a), 30 min (b), 1 h (¢), 3 h (d), 5 h, 24 h (f), 36 h (g), 48 h (h) and 72 h (i) as detected by RP-HPLC
(214 nm). Right panels show MALDI spectra of the collected peak (*) with tg=~5.8 min with the found [M+H]" or
[M+Na]" until 48 h. One set of experiments is shown in Figure 60, the other in_Figure A56.
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Figure A58. Proteolytic stability of 2g linear determined via HPLC and MALDI-MS. (a-d)Left panels show
RP-HPLC-(214 nm) of 2g linear after incubation in human plasma in vitro (37°C) at the indicated time points.
Right panels show HPLC MALDI spectra of the collected peak (*) with tg~5 min with the found [M+H]" or
[M+Na]" until 1 h. MALDI spectra are representatives of at least three sets of independent experiments. One set
of experiments is shown in Figure 61, the other in_Figure A59.
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Figure AS9. Proteolytic stability of 2g linear determined via HPLC and MALDI-MS. Left panels show RP-
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Figure A60. Proteolytic digestion of 2i linear characterized via HPLC and MALDI. Left panels show
incubation of 2i linear in human plasma in vitro (37°C) for 0 h (a), 30 min (b), 1 h (c¢), 3 h, and 3 h (d) that were
analysed via HPLC. Right panels show MALDI analysis of the collected peak (*) revealing the presence of the
intact compound with the found [M+H]" or[M+Na]* until 30 minutes. One set of experiments is shown in Figure
62, the other in Figure A61.
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Figure A61. Proteolytic stability of 2i linear determined via HPLC and MALDI-MS. Left panels show RP-
HPLC-(214 nm) of 2i linear after incubation in human plasma in vitro (37°C) at the indicated time points (a-d).
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Contributions

The people reported in this section contributed to the peptide synthesis, HPLC purification
and /or the generation of part of the data in the corresponding manuscript parts.

Peptide Synthesis Purification

2f Melanie Roth Melanie Roth

2g Rafaela Kendel Kathleen Hille*

2h Bettina Bernard Bettina Bernard

2i Sarah Herterich Sarah Herterich, Kathleen

Hille*, Jana Jekel *

2f linear Bettina Bernard/Rafaela Bettina Bernard
Kendel

2g linear Bettina Bernard/Rafaela Bettina Bernard/ Rafaela
Kendel Kendel

2h linear Bettina Bernard Bettina Bernard

2i linear Rafaela Kendel Rafaela Kendel

Fluos-2i Pierre Gommeringer/ Pierre Gommeringer/
Kathleen Hille*/Victoria Kathleen Hille*/Victoria
Maier*** Maier***

Fluos-2e Kathleen Hille* Kathleen Hille*

Fluos-Tfrb Rafaela Kendel Rafaela Kendel

Fluos-IAPP Kathleen Hille*/Denise Denise Naltsas**
Naltsas**

AB42 Kathleen Hille*

IAPP Kathleen Hille*/ Victoria Denise Naltsas**/Simon
Maier Hornung**/ Alessia Calzi**

2e Kathleen Hille*/ Rafaela Kathleen Hille*/ Rafaela

Kendel

Kendel

*= technical assistant at the Division of Peptide Biochemistry (TUM) ** = PhD candidate at the Division of
Peptide Biochemistry*** = HIWI student. Synthesis and peptide purifications were done by internship students

co-supervised by me in the same Division, if not stated otherwise.

The data showed in this study was generated by me, if not stated otherwise. Some of the research
internship students that I co-supervised performed preliminary studies and characterization of
some of MIMs. The data is included in their internship reports and not in my thesis. The IAPP
and APB40 decamers contained in the peptide array n.5 used for this study, were synthesized by
Dr. Valentina Armiento, Dr. Karin Tas, Dr. Christos Kontos and Kathleen Hille at the Division
of Peptide Biochemistry (TUM). The peptides were dissociated from cellulose membrane and
spotted on coated slides by Dr. Christine Krammer, member of the group of Prof. Dr. Jiirgen
Bernhagen at the chair of Vascular Biology, ISD (LMU). The BBB permeability studies shown
in this thesis were carried out by Dr. Yuan Tian, member of the group of Prof. Dr. Jiirgen
Bernhagen, ISD (LMU). The characterization of the effect of 2i and 2g on the inhibition of
hippocampal synaptic long term potentiation (LTP) mediated by AP42 was carried out by
Markus Ballmann, group of Prof. Dr. Gerhard Rammes, Department of Anaesthesiology and
Intensive Care at TUM Klinikum Rechts der Isar.
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Volta, Omar El Bounkari, Karin Tas, Dzmitry Sinitski, Markus Brandhofer, Remco T.
A. Megens, Christian Weber, Joshua R. Schultz, Jiirgen Bernhagen and Aphrodite
Kapurniotu. A MIF-Derived Cyclopeptide that Inhibits MIF Binding and Atherogenic
Signaling via the Chemokine Receptor CXCR2. ChemBioChem 22, 1012 (2021)

PRESENTATIONS

1. Poster at the 36™ European Peptide Symposium and 12™ International Peptide
Symposium; Barcelona, Spain (2022). “Designed cyclic peptides as potent inhibitors of
amyloid self-assembly of both IAPP and AB42”. Beatrice Dalla Volta, Melanie Roth,
Yuan Tian, Jiirgen Bernhagen, and Aphrodite Kapurniotu.

2. Poster at the 17" Naples Workshop on Bioactive Peptides; Naples, Italy.(2022).
“Molecular mechanism of inhibitory effects of designed conformationally constrained
peptides on amyloid self- and cross-assembly of IAPP and AB42”. Authors: Karin Tas,
Beatrice Dalla Volta, Christina Lindner, Omar El Bounkari, Kathleen Hille, Yuan Tian,
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Curriculum Vitae

Xenia Puig-Bosch, Gerhard Rammes, Remco T.A. Megens, Christian Weber, Jiirgen
Bernhagen, and Aphrodite Kapurniotu.

Oral Presentation at the SFB1035 Retreat; Hohenkammer, Germany (2022). Designed
cyclic peptides as potent inhibitors of amyloid self-assembly of both IAPP and Ap42.
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Eidesstattliche Erklarung

Ich, Beatrice Dalla Volta erklare an Eides statt, dass ich die bei der promotionsfiihrenden Einrichtung

TUM School of Life Sciences, Professur Peptidbiochemie

der TUM zur Promotionsprifung vorgelegte Arbeit mit dem Titel:
Synthesen und Untersuchungen von Wechselwirkungen und Amyloid-inhibitorischer Funktion von Peptiden mit

zyklischen Konformationseinschrankungen.

unter der Anleitung und Betreuung durch:
Professor Dr. Aphrodite Kapurniotu

ohne sonstige Hilfe erstellt und bei der Abfassung nur die gemaf 8§ 7 Abs. 6 und 7 angegebenen Hilfsmittel benutzt
habe.

X Ich habe keine Organisation eingeschaltet, die gegen Entgelt Betreuertinnen fiir die Anfertigung von
Dissertationen sucht, oder die mir obliegenden Pflichten hinsichtlich der Priifungsleistungen fiir mich ganz oder
teilweise erledigt.

X Ich habe die Dissertation in dieser oder &hnlicher Form in keinem anderen Priifungsverfahren als
Prifungsleistung vorgelegt.

X Teile der Dissertation wurden in Karin Tas, Beatrice Dalla Volta, Christina Lindner, Omar El Bounkari,
Kathleen Hille, Yuan Tian, Xénia Puig-Bosch, Markus Ballmann, Simon Hornung, Martin Ortner, Sophia Prem,
Laura Meier, Gerhard Rammes, Martin Haslbeck, Christian Weber, Remco T. A. Megens, Jurgen Bernhagen
and Aphrodite Kapurniotu. Designed peptides as nanomolar cross-amyloid inhibitors acting via

supramolecular nanofiber co-assembly. Nat. Commun 2022;13(1):5004. verdffentlicht.

X Ich habe den angestrebten Doktorgrad noch nicht erworben und bin nicht in einem friilheren Promotionsverfahren

fur den angestrebten Doktorgrad endgliltig gescheitert.

[] Ich habe bereits am bei der promotionsfihrenden  Einrichtung

der Hochschule

unter Vorlage einer Dissertation mit dem Thema

die Zulassung zur Promotion beantragt mit dem Ergebnis:

X Ich habe keine Kenntnis (iber ein strafrechtliches Ermittlungsverfahren in Bezug auf wissenschaftsbezogene

Straftaten gegen mich oder eine rechtskraftige strafrechtliche Verurteilung mit Wissenschaftsbezug.

Die o6ffentlich zugéngliche Promotionsordnung sowie die Richtlinien zur Sicherung guter wissenschaftlicher Praxis
und fir den Umgang mit wissenschaftlichem Fehlverhalten der TUM sind mir bekannt, insbesondere habe ich die
Bedeutung von 8 27 PromO (Nichtigkeit der Promotion) und § 28 PromO (Entzug des Doktorgrades) zur Kenntnis

genommen. Ich bin mir der Konsequenzen einer falschen Eidesstattlichen Erklarung bewusst.
Mit der Aufnahme meiner personenbezogenen Daten in die Alumni-Datei bei der TUM bin ich

X einverstanden, [ nicht einverstanden.
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