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Résumé:

Le mauvais repliement et 1’agrégation des protéines représentent une cause fondamentale
des pathologies amyloides. Des dépdts de protéines sous la forme de fibrilles amyloides sont une
composante caractéristique de plus de vingt maladies neurodégénératives incluant la maladie
d’Alzheimer, la maladie de Parkinson et la maladie d’Huntington. Des nanotubes composés de
peptides-a-D,L cycliques synthétiques peuvent mimer les propriétés structurelles et biochimiques
des protéines amyloides. L’introduction de résidus aza-aminés dans des peptides a-D,L cycliques
a ¢t¢ étudiée dans le but d’augmenter les interactions hydrogenes intermoléculaires entre les
différents macrocycles superposés composant le nanotube. Les peptides aza-a-D,L cycliques
devraient aussi posséder une meilleure capacité d’interaction avec les feuillets des oligomeéres

amyloides.

Le peptide d’intérét CP-2 possede la séquence [I-J-w-H-s-K], ou les lettres minuscules et
majuscules font référence respectivement aux acides aminés D et L, les crochets indiquent une
structure cyclique et la lettre « J » représente la norleucine. En exploitant la capacité des
semicarbazides d’accroitre les ponts hydrogeénes intermoléculaires, nous avons remplacés
successivement chacun des acides aminés de la séquence CP-2 par un résidu aza-glycine, obtenant
une librairie d’azapeptides cycliques. Ces peptides ont été testés pour leur propriété
neuroprotectrice contre les amyloides [3 en utilisant un essai de viabilité cellulaire (essai MTT).
Le peptide ou la D-serine a été remplacée par une aza-glycine, CP-2 (4), s’est avéré plus efficace
que CP-2. Il s’agit du premier exemple d’introduction d’un résidu aza-aminé dans un peptide o-
D,L cyclique, et ces résultats pourraient étre extrapolés a d’autres peptides a-D,L cycliques

d’intérét thérapeutique.



Mots-clés : Amyloide, Maladie d’Alzheimer, Peptides a-D,L cycliques, Structures tubulaires,

Azapeptides



Abstract:

Protein misfolding and aggregation are the fundamental causes of amyloid diseases.
Deposits of proteins in the form of amyloid fibrils and plaques are the characteristic features of
more than twenty degenerative conditions, including Alzheimer’s, Parkinson’s, and Huntington’s
diseases. Synthetic cyclic D,L-a-peptide nanotubes can mimic the structural and biochemical
properties of amyloid proteins. The introduction of aza-residues into cyclic D,L-a-peptides was
studied to enhance intermolecular hydrogen bonding between stacked rings within the tube
structures. The resulting cyclic aza-D,L-a-peptides were also expected to exhibit enhanced
propensity to interact with the sheet structures of amyloid oligomers.

The lead peptide CP-2 features the sequence [1-J-w-H-s-K] in which lower and upper-case
letters indicate D- and L-amino acids, respectively, square brackets designate a cyclic structure,
and J denotes norleucine. There are no reports for introduction of aza-residues into cyclic D,L-a.-
peptides. Considering the potential for semicarbazides to enhance intermolecular hydrogen
bonding, we performed an aza-glycine scan of the CP-2 sequence by preparing a focused library
of azapeptides. All the cyclic aza-glycine peptides were tested for neuroprotective activity against
amyloid B using cell viability assay (MTT assay). The aza-glycine replacing D-serine i.e., [azaG?]-
CP-2 (4) was found to be more potent than CP-2. This is the first example of introducing an aza-

amino residue into a cyclic D, L-a- peptide, and these results could be extrapolated to other cyclic

D, L-a-peptides of therapeutic interest.

Key words: Amyloid, Alzheimer’s disease, Cyclic D,L-a-peptides, Tubular structures,

Azapeptides
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Chapter 1: Introduction



1.1. Alzheimer’s disease, an amyloid protein-caused healthcare concern
Amyloidosis is abnormal protein accumulation in body tissues and organs characteristic of
amyloid diseases. Amyloid was first considered a starch-like substance because of a positive iodine

4

staining reaction,!” characteristic of the amylaceous component in plants. Subsequently,

interactions with other dyes indicated amyloid was indeed a protein and not a carbohydrate. !

Contingent on the type of amyloid, amyloidosis can have life threatening affects on the
shape and functions of various organs: heart, liver, spleen, kidneys and the nervous system.
Dementia with impaired memory and thinking is characteristic of many amyloid
neurodegenerative diseases, among which Alzheimer’s disease (AD) is the most common and
responsible for about 60-80% of all cases.’> Predominantly affecting the elderly, without effective
therapy, the frequency of Alzheimer’s disease is expected to parallel the aging worldwide
population and grow from 10.6 to 13.8 million over the period between 2016-2026.%7 Alzheimer’s
disease is a major worldwide healthcare and economic burden. In the United States alone, the total
projected cost for Alzheimer’s disease is estimated to be $US 277 billion for 2018, and expected
to grow by a factor of four to $US 1.1 trillion by 2050.% In 2017, life-time costs for a single

Alzheimer’s disease patient were estimated to be $US 341,840.

1.2. Diagnostics for Alzheimer’s disease
1.2.1. Diagnostics are needed for early detection of Alzheimer’s disease

Early diagnosis may open opportunity for better care and treatment, provide savings for
long-term care,” and improve quality of life.!® Early detection may improve access to normal brain
function and potential to delay institutionalization by using disease modifying therapies and
available drugs that can treat mild to moderate AD.!! Overall, early detection may provide a means

to reduce the socio-economic costs of AD.



1.2.2. Current diagnostics for Alzheimer’s disease

Presently, no single test exists to identify AD. Symptoms such as loss of memory and
mental ability may lead a physician to test blood and vision, prior to using computed tomography
(CT) and magnetic resonance imaging (MRI) scans.!?!> In a CT scan, several X-rays of the brain
are record at different angles and assembled to identify tumors and plaques that may cause memory
loss.'® More detailed images of the brain may be recorded by MRI, which uses radio waves within
a strong magnetic field to influence the naturally abundant nuclei such as the protons in water.'’
Brain abnormalities related to mild cognitive impairment and Alzheimer's disease may be
distinguished by MRI.!® Over time, MRI of Alzheimer’s disease patients can detect the decreasing
size of different areas of the brain.!” Both CT and MRI are mainly used to exclude other possible
causes for dementia such as tumors and abnormalities in brain, vascular and inflammatory
systems.? MRI can be used to estimate tissue damage and defected brain regions during AD.
Additionally, MRI can differentiate AD from other neurodegenerative disease. MRI is more
reliable over CT to identify early signs related to AD.?! Brain Positron Emission Tomography
(PET) is also test used to diagnose AD, by measuring metabolic and molecular changes of the
brain. With potential to provide detailed 3-dimensional images of organs and abnormal tissue, PET
can assess the severity of disease. PET is more sensitive than MRI for detecting pathologies on the

molecular level in early diagnoses.?? Notably, PET and MRI scans may be combined to improve

imaging accuracy.

In spite such techniques, accurate diagnosis of AD is still difficult especially in early stages.
The use of biomarkers (e.g., radio tracers) is being pursued to identify early stages of AD.
Currently two imaging markers are being used to study AD: cerebrospinal fluid (CSF) is detectable

by MRI,?! the persons with mild cognitive impairment (MCI) having low CSF AB42 levels is an



indicative for the presence of early AD*** and '*F- fluorodeoxyglucose ('*F-FDG) is used to
diagnose neuronal function by PET imaging of regional glucose metabolism, which is associated

with high cost, limited availability and inconsistent results.?>-2°

Disease specific protein biomarkers such as immunoglobulin G antibodies (IgGs) are
abundant in accessible biological fluids, such as cerebral spinal fluid (CSF) and human blood
serum, and influenced by age, gender and diseases.?” Amplification of IgG antibodies may be due
to disease-specific antigens, and used to assess the pathology of neurogenerative diseases, such as
AD.?* 282 The major disadvantage in acquiring CSF is lumbar spinal puncture associated with

invasive pain and risk.*

The development of biomarkers for AD brain lesions has focused on ligands useful for
PET imaging.>!-*> Drawbacks include the requirement to cross the blood-brain barrier (BBB) of

d33-34

central nervous system which may require opening by ultrasoun or permeability enhancers

such as mannitol >’

The development of homo-dimeric heavy chain antibodies which can cross the
BBB after peripheral injection may circumvent such aggressive and dangerous
procedures.*®*” The antibodies, which have only the heavy chain variable domain, can facilitate
interaction with the intracellular target and visualization of intracellular brain targets in AD.3%3?

With capacity to penetrate the brain more efficiently than conventional IgGs, such antibodies may

be conjugated with gadolinium to provide a novel in vivo MR imaging agents for AD.*

1.3. Current treatment for Alzheimer’s disease
There is no medication available to cure or slowdown neuronal damage by Alzheimer’s
disease. The U.S. Food and Drug Administration (FDA) has approved five drugs so far for the

treatment of mild to moderate Alzheimer’s disease: tacrine (1993), donepezil (1996), rivastigmine



(1998), galantamine (2001) and memantine (2003).*! The first four drugs inhibit the enzyme
acetylcholinesterase (AChE) to impair hydrolysis and to increase availability of acetylcholine
(Ach). A neurotransmitter, Ach is a chemical involved in brain communication (cholinergic
function). The brain of AD patients have low Ach levels, which correlates with accumulation of
the amyloid protein AB.*> Memantine is an N-methyl-D-aspartate (NMDA) receptor antagonist,
that regulates glutamate excitotoxicity and neurodegeneration,** by mitigating neuronal damage

caused by excess glutamate in AD patients.**

The above drugs may improve symptoms temporarily by increasing neurotransmitters in
brain. Cholinesterase inhibitors can stabilize symptoms between 1 and 2 years without modifying
progression of the disease, as evidenced in clinical trials,* but effectiveness and efficiency vary

from person to person.

In recent years, alternative approaches (i.e., anti-amyloid strategies) have been pursued for
treating AD. For example, attempts to reduce the production of AP have employed B- and y-
secretase inhibitors, and to enhance the clearance of neurotoxic amyloid 3, monoclonal antibodies
have been employed.*® Misprocessing of amyloid precursor protein (APP) by B- and y-secretase
enzymes causes accumulation of toxic AP in the brain.*’ Success in using B- and y-secretase

inhibitors to target the metabolic path that produces AP remains however ambiguous.*®

Enhancing clearance of A is another anti-A [ immunotherapy involving passive and active
immunization. Passive immunization is performed by administering exogenous anti-Af
monoclonal antibodies (mAbs) like bapineuzumab and solanezumab to boost resistance to the
aggregation of amyloid beta and help the immune system to remove amyloid already aggregated

into plaques.*” Several mAbs are currently being explored in clinical trials.>



Active immunization using vaccines containing fragments of amyloid beta and related
antigens is used to stimulate the patient’s immune system to produce its own antibodies.’! An AD
vaccine (CAD106), which targets antibody production against the AP 1-6 amino acid peptide
fragment has advanced to phase III clinical trials.’! Applications of mAbs and vaccines have

however yet to prove successful and remain in the developmental stages.’

1.4. Cyclic peptides

Cyclic peptides can enhance conformational rigidity, bioavailability, potency, selectivity
and binding affinity.>*>* Compared to their linear counterparts, cyclic peptides may decrease the
entropy for folding and improve receptor affinity.>*> The cyclic structure can facilitate resistance
to enzymatic hydrolysis due to the lack of amine and carboxylic acid termini and conformational
rigidity.>> Certain cyclic peptides may stack to create supramolecular structures through

intermolecular hydrogen-bonding,>® such as nanotubes with potential biomedical applications.>*

57

1.4.1. Synthesis of Cyclic peptides

Various synthetic methodologies have been used to make cyclic peptides including amide
and disulfide formation, copper-catalyzed azide-alkyne cycloadditions, and olefin metathesis. >
In principle, cyclic peptides can be obtained via four different type of cyclization: head-to-tail,
head-to-side chain, tail-to-side chain and side chain-to-side chain (Figure 1).'2 Head-to-tail

cyclization entails peptide bond formation between N- and C-terminal amine and carboxylate

groups.’®



Head to tail

Head to side chain

Tail to side chain
Side chain to side chain

Figure 1.1: Possible pathways for peptide macrocyclization

Macrocyclization reactions in solution are usually performed at high dilution to avoid
intermolecular side reactions.’® Controlled mixing,®® pseudo-dilution on solid phase,®* and other
methods® % have been employed to favor cyclization at higher concentrations. In the solid-phase
synthetic strategy, orthogonal protecting groups must be employed to mask the reactive
components of the linear peptide prior to cyclization on-resin.®"®” The resin linkage and the side-
chain protection must be compatible with common protecting group strategies (e.g., Boc and
Fmoc) for the synthesis of the sequence backbone, but selectively removable to enable
macrocyclization.®® For example, Alloc and Dmab groups have been respectively used for
orthogonal protection of amine and acid functions during sequence elongation using Boc and Fmoc

chemistry and selectively cleaved prior to macrocyclization.®*-7

1.5. Cyclic D,L-a-Peptides
Tubular structures have diverse applications in a variety of scientific fields including
chemistry, biology, materials science and nontechnology.*”- 78! Cyclic D,L-a-peptides are a class

of cyclic peptides that form tubular supramolecular structures by self-assembly through hydrogen-



bond directed ring stacking (Figure 1.1).°% % Linear a-peptides possessing all L-amino acids
exhibit generally sinusoidal backbone confirmations.?*3 Systematic alternation of neighbouring
amino acid configuration causes typically steric interactions that favour turn and helical
conformations.®*** In a cyclic peptide, such alternation of neighbouring amino acid configuration
positions the backbone amide hydrogen donors (NH) and acceptors (C=0) in an orientation

suitable for forming intermolecular hydrogen bonds that favour aggregation of [-sheet-like

nanotubes.>®
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Figure 1.2: Cyclic D,L-a-peptides self- assemble through hydrogen-bonding interactions to form

cylindrical structures

The AP peptide aggregates as B-sheets in the amyloid fibers, which exhibit structural
complementarity to cyclic D,L-a-peptides.®® Amyloidogenic proteins, such as AP, can interact

with cyclic D,L-a-peptides to form supramolecular structures which may modulate aggregation.®’



For example, anti-amyloidogenic activity has been exhibited by cyclic D,L-a-peptide hexamers,
such as c-[ILwHsK] (CP-1, capital and small letters indicate L- and D-amino acids respectively).®’
Replacement of L-leucine by L-norleucine (Nle, J) gave an analogue (CP-2, c-[lJwHsK])
exhibiting superior activity compared to CP-1 (Figure 1.2).8”-%® For example, CP-2 interacted

strongly and inhibited AP aggregation in Transmission Electron Microscopy (TEM) analyses,

thioflavin T aggregation assays and cell survival studies.?’
\7/ AOJ_(Q NH, S jﬂ NH,
//,' HN NH O //,’ HN NH O
o§/ i : o§/ \i
HN HN ‘
NH NH
o o
ANY HN:\rNH N0 HN\W,\IH
N 33\ HO N s T o
N NH N NH

Figure 1.3: Structures of CP-1 (1) and CP-2 (2)

A series of single residue replacements with other amino acids were performed to examine the
importance of each amino acid residue in the sequence of CP-2 for biological activity.®® For
example, the significance of the aromatic and hydrophobic interactions of D-Trp and D-Leu for
anti-amyloid forming activity were shown by replacement with D-Ala, which produced cyclic
peptides having lower anti-amyloid activity. Attempts to augment the hydrophobic interactions of
Nle by replacement with 2-aminooctanoic acid and cyclohexylalanine failed to increase anti-
amyloid activity, but replacement of Nle by Phe enhanced potency against AP aggregation.®® On
the other hand, replacement of His, D-Ser and Lys by L- or D-Ala respectively caused little

influence on activity.
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1.6. Aza-peptides

Yfﬁﬁhf = ‘mﬁ%wr“\f

Azapeptide
R', R?, R3 - side chains

Figure 1.4: General structure for azapeptide

Azapeptides are a class of modified peptides in which the backbone a-carbon of one or
more amino acid is replaced with nitrogen (Figure 1.3).8%* The resulting modification in which
an amino amide is replaced by a semicarbazide makes the backbone more rigid due to urea
planarity and electronic repulsion of lone pairs of the adjacent nitrogen.’!-**8 Chirality about the
a-center may shift from the tetrahedral carbon geometry to a potentially dynamic nitrogen that can
adopt both planar sp? and tetrahedral sp® hybridization. Azapeptides have been shown to adopt the
central residues of B-turn conformations.”"> *+*° Moreover, relative to a peptide amide, the a-
nitrogen increases the acidity of the neighbouring acyl nitrogen NH, which may augment capacity
to form hydrogen bonds.”! In addition, substitution with aza-glycine results in the potential for an

additional hydrogen bond donor.

Since aza-valine was introduced into bovine angiotensin II (H-Asp-Arg-azaVal-Tyr-Val-
His-Pro-Phe-OH) by the Pfizer group and showed reduced activity but longer duration of action

than the parent peptide,'® aza-amino acids have been successfully introduced into various peptide

91, 100

hormones, and a number of different peptide-based protease inhibitors.!°!"12 In clinic, the

aza-glycinamide analog of LHRH known as Zoladex™ is currently used to treat soft tissue
cancers.!®1% Atazanavir™ is an aza-peptide mimic protease inhibitor used in anti-retroviral

therapy against HIV,!106-108
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1.6.1. Synthesis of Azapeptides

Azapeptides feature peptide backbone amino acid residues in which the a-carbon is replaced with
nitrogen. Several methods have been used to introduce aza-amino acids into linear peptides to
make azapeptides in solution and on solid-support (Scheme 1).%° The aza-residue can be introduced
by activating the N-terminus of an amino acid residue with a carbonyl donor which is reacted with

).13-14 Carbonyl donors can be introduced using triphosgene!’or

a hydrazine moiety (Path I
carbonic anhydrides;!%-'!! however, a disadvantage of this strategy is the formation of hydantoin
from intramolecular nucleophilic attack by the C-terminal amide nitrogen. Reversible amide
protection with N-2-hydroxy-4-methoxybenzyl (Hmb) has avoided hydantoin at the cost of two

additional synthetic steps.!'? In a second approach (Path II), activated aza-amino acid analogs are

coupled to the terminal amino acid residue. Activation can be achieved by treating hydrazine

113-114 95, 115-116

analogs with various coupling reagents, such as triphosgene, phosgene, carbonyl
diimidazole (CDI)!'7''® and N,N'-disuccinimidyl carbonate (DSC).'?*!2! A drawback that is
especially observed in the case of aza-glycine residues is intramolecular cyclization to form
oxadiazalone side product from the activated intermediate. The employment of hydrazone and
semicarbazone intermediates has avoided oxadiazalone formation during aza-glycine
installation.'??"'23 Once the aza residue is installed into the peptide back bone, the final azapeptide
may be synthesized by standard solid phase peptide synthesis (SPPS). In the sub-monomer
approach to azapeptides (Path III), aza-glycine peptides are synthesized by hydrazine activation as
a methylidene carbazate and coupled to the N-terminal amino acid residue. Subsequently, the

azapeptide is produced by alkylation of the resulting semicarbazone, selective liberation of the

corresponding semicarbazide and sequence elongation. The advantages of the latter strategy
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include the suppression of intramolecular cyclized biproducts and the potential to introduce a

variety of side chains onto the aza-glycine residue.
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Figure 1.5: Possible pathways for synthesis of azapeptides.

1.7. Aza-glycine peptides

According to computational analysis, aza-glycine has greater conformational liberty than

substituted aza-amino acids.'?* Aza-glycine may induce a bent structure, with a 90° twist about the

N-N torsion angle. Aza-glycine has replaced glycine in several active peptides. For example, aza-

glycine analogues of oxytocin,'?® and Arg-Gly-Asp (RGD)-containing antagonists of the integrin
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receptors have shown greater activity.!!>116 126128 Moreover, [Aza Gly**]-CGRP exhibited 10-

fold greater antagonism potency than its parent glycine peptide counterpart.'?’

Collagen backbone modification has revealed the importance of maximizing hydrogen
bonding to stabilize the triple helical structure.!3-13! Replacement of glycine by aza-glycine in the
collagen triple helix incorporated an extra hydrogen bonding unit that stabilized the coiled-coiled
structure.'**1*! Collagen model peptide was analyzed using molecular dynamics to know the
hydrogen bonding paramater in triple helix structure. This analysis revealed that azaG residue
having posibilty to get three nonbonding interaction and the newly introduced o-Nitrogen is

participating in two hydrogen bonding interactions.

The improved activity of aza-Gly analogs bodes well for applications of this residue in
other peptides. In particular, potential to improve hydrogen bonding suggests that introduction of
aza-Gly into cyclic D,L-a-peptides may enhance self-aggregation as well as association with

soluble AP fibrils.

1.8. Aim of the project

The main goal of this project is to synthesize aza-glycine analogues of CP-2 in which each
amino acid residue is sequentially replaced by aza-glycine. The resulting analogues will be tested
for anti-amyloidogenic activity using the Thioflavin T (ThT) assay, as well as neuroprotective
activity in a cell viability assay (MTT assay). Biological assessment of the aza-glycine cyclic
peptides was performed to provide insight into their aggregation propensity and association with

soluble AP fibrils.

The cyclic peptide CP-2 was selected for this study due to promising anti-amyloid and

neuroprotective biological activity.®’®® Introduction of aza-glycine residues into the peptide
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backbone was pursued to exam potential to enhance self-assembly by enhancing hydrogen bonding
capacity due to the replacement of the a-carbon with a more electronegative nitrogen atom and an

additional hydrogen-bond donor.

The synthesis of CP-2 has been previously performed by elongation of a linear peptide
1JwHsK in which the L-lysine g-amine is anchored onto the solid-support. Final cyclization was
performed on resin by coupling the carboxylate of L-lysine onto the amine of D-leucine. Our initial
plan was to synthesize all six analogues of CP-2 by using a similar method in which each amino
acid residue is systematically replaced with aza-glycine. Head-to-tail cyclization of the linear
peptide terminating with a less nucleophilic semicarbazide residue was however anticipated to be
a challenge, and avoided by an alternative approach featuring synthesis of linear azapeptides on

solid phase and cyclization in solution.
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2.1. Hypothesis:

Introduction of aza-residues into the backbone of cyclic D,L-a-peptides was explored to
study their impact on aggregation and anti-amyloidogenic activity (Figure 2.1). Azapeptides may
improve hydrogen bonding. Replacement of the Ca carbon with a more electronegative Now may
increase the acidity of the amide NH adjacent to the a-nitrogen. Introduction of aza-glycine may

add an additional hydrogen bond donor to strengthen intermolecular hydrogen bonding.
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Figure 2.1: Cyclic D,L-a-azapeptide self-assembly may be stabilized through improved

hydrogen bonding interactions of aza-glycine residues (Hypothetical)

2.2. Results and Discussion
An aza-amino acid scan of the sequence of CP-2 has been pursued to examine the impact

on the aggregation and biological activity of the cyclic D,L-a-peptide upon replacement of each
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amino amide with a semicarbazide. Insertion of a semicarbazide was expected to improve the
potential for self-assembly by increasing hydrogen bonding propensity of the cycle.!” In
particular, each amino acid in the sequence of CP-2 was systematically replaced by aza-glycine to
add a second hydrogen donor at the expense of losing the amino acid side chain. All six [azaG]-

CP-2 analogues were prepared. (Figure 2.2).
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Figure 2.2: Aza-glycine CP-2 analogues

[azaG®]-CP-2
2.6
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Three different approaches were employed to synthesize the six [azaG]-CP-2 analogues.
Elongation and cyclization were performed on solid-phase in most cases. In two cases, macrocycle
formation was performed in solution. Three azapeptides (e.g., 2.3-2.5) were synthesized using
Method I, which entailed linking the lysine side chain to the solid support, peptide elongation with
aza-glycine incorporation, and head-to-tail macrocyclization, prior to resin cleavage and
purification. Azapeptide 2.2 was prepared by employing Method II, which involved a modification
of the latter strategy in which protection of the a-nitrogen of the aza-glycine residue was required
to avoid side product formation. The two remaining azapeptides (e.g., 2.1 and 2.6) were
synthesized using Method III, which employed sequence elongation on solid phase, resin cleavage
without side chain removal, head-to-tail macrocyclization in solution, followed by unmasking of

the side chains and purification.

Scheme 2.1: General strategy for the synthesis of azapeptides 2.3-2.5 (Method-I)

HN ' HN” J HN
1. 20% Piperidine, DMF DIPEA, DMF H H
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H H 0]
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Xaa Yaa Cyclicpeptide
. _ D-Ser(tBu) D-Leu-Nle-D-Trp(Boc) [azaG3]-CP-2 (2.3)

1. Head to tail cyclization

DIC, HOBt, NMP Azacyclic peptide His-D-Ser(tBu) D-Leu-Nle [azaG*]-CP-2 (2.4)
2. Resin clevage (2.3-2.5) .

TFA, TES, H,0 D-Trp(Boc)-His(Trt)-D-Ser(tBu) D-Leu [azaG®]-CP-2 (2.5)

(95:25:25)
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Cyclic azapeptides 2.3-2.5 were pursued using a common solid-phase protocol (Method I,
Scheme 2.1). The solid supported Fmoc-Lys-ODmab 2.7 was synthesized starting from N*-
(Fmoc)-N¢-(Boc)lysine 2.14, which was converted to the 4-{N-[1-(4,4-dimethyl-2,6-
dioxocyclohexylidene)-3-methylbutyl]amino}benzyl (Dmab) ester 2.16 according to the
published procedure,>* and treated with 50% TFA in DCM to afford Fmoc-Lys-ODmab (2.17).
The g-amine 2.17 was reacted with 2-chlorotrityl chloride polystyrene resin using DIPEA in DCM

to provide lysine resin 2.7 (Scheme 2.2).

Scheme 2.2: General strategy for the synthesis of solid supported lysine 2.7

- _B
Hn-BoC HN=0¢ NH,
DCC, HOBt, DIPEA
DCM TFA, DCM (1:1)
_—
Fmoc\N OH Fmoc\N ODmab Fmoc\N ODmab
H o N H o H o
2.14 2.16 2.17
w0 1)
Dmab-OH, 2.15
HN
DIPEA, DCM
I Fmoc. ODmab

The Dmab carboxylate protection offered stability towards piperidine in DMF, conditions
used to remove the Fmoc group, and provided capacity for removal without resin cleavage. The
Dmab group was removed from the carboxylate by a two-step process featuring severing of the 1-
(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl (Dde) moiety on treatment with 2%
hydrazine in DMF to form indazole by-product 2.19, followed by 1,6-elimination of the resulting

p-amino benzyl ester 2.20 on treatment with 5% DIPEA in DMF (Scheme 2.3).5¢ Although 1,6-
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elimination may be a spontaneous process, DIPEA was used to accelerate p-amino benzyl ester

removal, the rate of which may be peptide sequence dependant.

Scheme 2.3: Dmab protection group removal

0 o)
>\;0 OH :®:NH
: NH, ————
2.22
2.21

2.20

The aza-Gly residue was added to the peptide sequence using active carbazate 2.10, which
was formed on treatment of N-(Fmoc)hydrazine (2.9) with N, N'-disuccinimidyl carbonate (DSC).”
8 Employing DSC in the aza-glycine coupling protocol avoided intramolecular cyclization after
activation of the aza-residue to form oxadiazolone, which has been observed using more reactive

reagents such as carbonyldiimidazole (CDI) and phosgene.®-1

Starting from Fmoc-Lys-ODmab resin 2.7, the linear peptide sequence of [azaG’]-CP-2
(2.5) was elongated using standard solid-phase synthesis methods. Piperidine in DMF was used to
remove the Fmoc group. The amino acid residues Fmoc-D-Ser(tBu)-OH, Fmoc-His(Tr)-OH and
Fmoc-D-Trp(Boc)-OH were coupled to the growing peptide chain using DIC and HOBt in NMP.!!
After introduction of Fmoc-aza-Gly-OSu and Fmoc removal, Fmoc-D-Leu-OH was added to the
sequence. The Fmoc and Dmab protecting groups were removed and cyclization was performed
using DIC and HOBt in NMP."? Resin cleavage, azapeptide precipitation and subsequent

purification by reverse-phase HPLC provided [azaG°]-CP-2 (2.5).
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Both [azaG’]-CP-2 and [azaG*]-CP-2 (2.3 and 2.4) were synthesized using similar
chemistry as described for [azaG’]-CP-2 (2.5) starting from Fmoc-Lys-ODmab resin 2.7 with
peptide elongations, aza-residue incorporation, and further elongations using Fmoc-D-Ser(tBu)-
OH, Fmoc-His(Trt)-OH, (Fmoc-D-Trp(Boc)-OH, Fmoc-Nle-OH and  Fmoc-D-Leu-OH,
respectively. Removal of the N- and C-terminal residue protection, cyclization, resin cleavage and

purification were performed as described above to provide azapeptides 2.3 and 2.4.

Scheme 2.4: Cyclization of aza-glycinyl tripeptide 2.23

Q
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l 2.26
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Attempts failed to synthesize [azaG?]-CP-2 (2.2) using Method 1. Carbazate 2.10 could be
coupled to the lysine residue. After Fmoc removal and coupling of Fmoc-His(Tr)-OH,
azatripeptide 2.23 was observed as a peak at 8.224 retention time in the HPLC chromatogram
exhibiting the expected molecular ion (547 m/z). Removal of the Fmoc group from the histidine
residue of 2.23 caused intramolecular cyclization with loss of HO-Dmab. After cleavage of the
product from loss of the ester protection, analysis by 'H and *C NMR spectroscopy and mass

spectrometry indicated an intramolecular attack of one of the two hydrazine nitrogen to provide
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either hydantoin 2.25 or 1,2,4-triazene-3,6-dione 2.26 (Scheme 2.4). Related heterocycles have

previously resulted from intramolecular cyclization of aza-glycinates in solution.'?

Considering

that protection of the a-nitrogen of the aza-glycine residue as described below avoided cyclization,

hydantoin 2.25 was more likely formed. Ring formation to give the N-alkyl counterpart of 1,2,4-

triazene-3,6-dione 2.26 would have likely been accelerated by an aza-equivalent of the Thorpe-

Ingold effect.'*

Scheme 2.5: Synthesis of [azaG?]-CP-2 (2.2) and (R)- and (S)-[aza(i-PrO)F?]-CP-2 [(R)- and
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2.9 2. NaCNBH3, AcOH = 2,4-DMB (2.27b)
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H/Y 2.28a or 2.28b moc AN (Elongation) N
0 0 DIC, HOBt, NMP R o
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HN S Jb NH;
1. Head to tail cyclization NH O
1. 20% Pipiridine, DMF o DIC, HOBt, NMP
2. Dmab deprotection H : HN
2% Hydrazine, DMF(3) HXaa*N\N)kN OH 2. Resin clevage
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2.31 N
N }Q\ H
O = 2-chlorotrityl chloride resin NVNH

Xaa = D-Leu-Nle-D-Trp(Boc)-His(Trt)
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[azaG?]-CP-2; 2.2

R =4-PrOBn = R;=4-'PrOBn (R)- & (S)-[aza(i-PrO)F?]-CP-2;

(R)- & (S)-2.32

To prevent the intramolecular cyclization in the synthesis of [azaG?]-CP-2 (2.2), Method

IT was developed employing protection of the a-nitrogen of the aza-glycine residue (Scheme 2.5).
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Alkylation of N-(Fmoc)hydrazine 2.9 was accomplished by reductive amination using
hydrogenation of the imine generated with 4-isopropoxybenzaldehyde employing palladium-on-
carbon, and by hydride reduction of the iminium ion formed with 2,4-dimethoxy benzaldehyde
utilizing sodium cyanoborohydride and acetic acid.  4-Isopropoxybenzyl and 2,4-dimethoxy
benzyl carbazates 2.27a and 2.27b were respectively isolated in 76% and 94% yields from the
reductive amination protocols. Carbazates 2.27a and 2.27b were respectively activated using
phosgene in toluene to give their corresponding substituted aza-phenylalanine acid chlorides 2.28,
which were coupled to lysine resin 2.7 to yield aza-dipeptide resins 2.29.'% !> After Fmoc group
removal, azapeptide 2.29 was elongated using protocols described above for [azaG>]-CP-2 (2.5)
employing Fmoc-His(Tr)-OH, Fmoc-D-Trp(Boc)-OH, Fmoc-Nle-OH and Fmoc-D-Leu-OH.
Similarly, Fmoc and Dmab group removal, cyclization on resin and cleavage of the solid support
with concomitant removal of the side chain protecting groups, all were performed as described for

azacyclopeptide 2.5.

The 4-isopropoxybenzyl group was however not removed under the final TFA treatment
and [aza(i-PrO)F?]-CP-2 was isolated by reverse phase HPLC, which provided two related
products having the same desired mass and assumed to be diastereomers due to epimerization at
the histidine residue during the coupling reaction. The isomers {e.g., (R)- and (S)-[aza(i-PrO)F?]-
CP-2 [(R)- and (5)-2.32]} were separated and examined for biological activity. Alternatively, the
more acid labile 2,4-dimethoxy benzyl group was successfully removed under the resin-cleavage

conditions to provide [azaG*]-CP-2 (2.2) after purification by reverse-phase HPLC.
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Scheme 2.6: General synthetic scheme for preparation of azacyclopeptides 2.1 and 2.6 (Method

’)/ DIPEA, DCM 1. 20% Piperidine in DMF DIPEA, DMF
Fmoc- OH Fmoc. o-Q o-Q
H/ﬁ}/ m 2. Coupling of amino acid HXaa*H o
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o
cl 210 ©

O = 2-chlorotrityl chloride resin
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(Solution phase)

1. Head to tail cyclization

H H EDC.HCI, HOB in ACN Azacyelic pentid
H=Yaa=N-N _ OH 2. Side chain deprotection acyciic peptide
) xea N TFA:TES:H,O (95:2.5:2.5) (21,26)
238 DCM
Xaa Yaa Cyclicpeptide
D-Leu D-Trp(Boc)-His(Trt)-D-Ser(tBu) [azaG']-CP-2 (2.1)
H D-Trp(Boc)-His(Trt)-D-Ser(tBu))-Lys [azaG®]-CP-2 (2.6)

Preparation of [azaG!]-CP-2 (2.1) in which lysine is replaced by aza-glycine required an
alternative approach to anchor the linear sequence to the solid support. Moreover, the synthesis
of [azaG®]-CP-2 (2.6) by Method I would entail intramolecular cyclization by coupling onto a less
nucleophilic semicarbazide. An alternate protocol (Method IIT) was thus employed to synthesize
both [azaG!]-CP-2 (2.1) and [azaG®]-CP-2 (2.6) (Scheme 2.6). The linear azapeptide sequences

were first synthesized on solid support. After resin cleavage without side chain removal,
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cyclization in solution was used to prepare the azacyclopeptides, from which the side chain

protection was finally removed.

After anchoring Fmoc-Nle-OH 2.33 to 2-chlorotritylchloride resin using N,N’-
didisopropylethylamine, '° the aza-glycine residue was coupled as active carbazate 2.10 to provide
aza-peptide 2.36. Sequence elongation was performed with DIC, HOBt in NMP and standard solid
phase protocols using Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH, Fmoc-D-Ser(#-Bu)-OH, Fmoc-
His(Tr)-OH and Fmoc-D-Trp(Boc)-OH, respectively. The Fmoc group was removed from the final
linear azapeptide 2.37 by agitating the resin with 20% piperidine in DMF. The resin was cleaved
using a 1:1:3 mixture of AcOH:TFE:DCM. This mild acid cocktail cleaved successfully the resin
without removal of the side chain protection.!”!® Macrocyclization was performed in solution
using EDC*HCI and HOBt in acetonitrile. Side chain protection was finally removed with a 50%
solution of TFA:TES:H>O (95:2.5:2.5) in DCM, and azacyclopeptides 2.1 and 2.6 were purified
by reverse phase HPLC. The cyclic azapeptides were characterized by HRMS and demonstrated

to be of high purity by RP-HPLC in two different solvent systems (Table 2.1).

Table 2.1. Retention times, purity, and mass spectrometric analyses of azacyclopeptides

RT® RT® ' [M + 1]‘or [M + 23]
Azacyclopeptide Method | (min) (min) purity 1ons
MeCN | McOH | 214Mm | m/z m/z
(calcd) (obsvd)

[azaG']-CP-2 (2.1) 111 7.19 7.71° >99 | 695.3624 | 695.3634
[azaG*]-CP-2 (2.2) il 6.35 6.57° >99 | 736.4253 | 736.4263
[azaG’]-CP-2 (2.3) I 7.26 5.88¢ >95 | 686.3884 | 686.3995
[azaG*]-CP-2 (2.4) I 438¢ | 5.87° >99 | 637.3780 | 673.3782
[azaG’]-CP-2 (2.5) I 3.83 4.69 >99 | 710.3733 | 710.3740
[azaG®]-CP-2 (2.6) 111 4.88 6.56 >99 | 710.3733 | 710.3747
(R)-[aza(i-PrO)F?]-CP-2 (2.32)f I 6.92 7.68° >05 | 884.5141 | 884.5171
(S)-[aza(i-PrO)F?]-CP-2 (2.32)f 7.17 7.97° >97 | 906.4961 | 906.4953

Unless otherwise noted, analytical HPLC analyses were performed on a XTerra column from Waters (2.1 mm x 50 mm, 3.5 pum, C18)
with a flow rate of 0.5 mL/min using gradients of *5-50% CH;CN [(0.1% formic acid (FA)] in water (0.1% FA) or *5-50%, ®10-90%, or “30-95%
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MeOH (0.1% FA) in water (0.1% FA), or on an Atlantis column (3.9 mm x 100 mm, 3.5 um, C18) with a flow rate of 0.5 mL/min using a gradient
of 20-90% CH;CN (0.1% FA) in water (0.1% FA) or ©10-90% MeOH (0.1% FA) in water (0.1% FA). {(R)- and (S)-were assigned arbitrarily to
2.32 having the shortest and longest retention times.

Scheme 2.7: Representative scheme for preparation of compound 2.5
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2.3. Biological Assays:

Three different types of assays are planned to evaluate the activity of the [azaG]-CP-2
analogs. The thioflavin T (ThT) assay is used to assess anti-amyloidogenic activity. A cell viability
assay is employed to ascertain neuroprotective activity. Finally, the CMC assay is used to examine

self-assembly which may reflect potential to interfere with the aggregation of A} to form amyloid.
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2.3.1. Thioflavin T aggregation assay

Amyloid generation which is characteristic of diseases such as Alzheimer’s and
Parkinson’s diseases, may be identified and quantified using the thioflavin T fluorescence dye
assay.!”?? Thioflavin T is a benzothiazole salt, which binds to amyloid aggregates. On binding

enhanced fluorescence is observed in the emission spectrum.?!

2.3.2. Neuroprotective activity on AP aggregation in cell culture (MTT assay)

Cell-based assays are often used to identify the cytotoxic effect. Cell death may be
measured by colorimetry. Tetrazolium salts have been used to detect viable cells. For example,
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) is positively charged
and readily penetrates viable eukaryotic cells. The colorimetric MTT assay can measure
homogeneous cell viability in a 96-well format suitable for high throughput screening.?? Viable
cells reduce MTT through active metabolism into a purple colored formazan product with
absorbance maximum near 570 nm (Figure 2.3).22?* Dead cells lose the ability to convert MTT
into formazan. The quantity of formazan is directly proportional to the number of viable cells and

measurable over time by recording changes in absorbance using spectrophotometer.

\/LN
7/ N S
N HN—N
O — MO
r tN=y N=N

MTT Formazan

Figure 2.3: Reduction of MTT into formazan derivative
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Neurons are highly susceptible to the lethal effects of misfolded proteins which are likely
to aggregate at increased concentration.?* The pheochromocytoma (PC12) cell line is commonly

used in in vitro studies to examine neuronal variation and neurotoxicity as a model of

neurodegenerative disease.?’

» CP-2

L [azaG?)-CP-2(2.3)
I [ [azaG®)-CP-2 (2.5)
. I I X » [azaG®]-CP-2(2.6)
| | m [azaG?)-CP-2 (2.2)
I » [azaG®)-CP-2 (2.4)
m [azaG')-CP-2(2.1)
K [23]23 . ' " ' 24 ] 21 |
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Figure 2.4: Azacyclo-D,L-a-peptide effects on AB-induced toxicity in PC12 cells. AB40 (20 uM)
was aged in the absence or presence of increasing concentrations of azacyclopeptide for 48 h and

exposed to PC12 cells for 24 h, when cell viability was determined by the MTT assay.

Employing the MTT assay using a PC12 cell line susceptible to A toxicity (AB40 at 20
uM),?¢ the [azaG]-CP-2 series was examined. Notably, [azaG*]-CP-2 (2.2) in which D-serine
was replaced by aza-glycine gave a higher absorbance than lead peptide CP-2 at both 100 uM and
20 uM concentrations. On the other hand, the other [azaG]-CP-2 analogs exhibited relatively

weaker absorbance relative to CP-2. In the model of AB-induced toxicity, cyclic azapeptide 2.2

exhibited notable capacity to improve cell viability.
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2.3.3. Critical micelle concentration test

Concentration is a key parameter for characterizing self-assembling systems. Critical
concentration is defined as the minimum concentration of molecules at which the micelle
formation occurs. Certain molecules have two distinct hydrophilic and hydrophobic components
with differing affinity for solvents and are said to be amphiphilic in nature. Amphiphilic molecules
display distinct behavior when interacting with different solvents. Biomaterials like proteins and
self assembling peptides may have a critical aggregation concentration based on their amphiphilic
structures. These amphiphilic biomolecules may aggregate once the concentration is above the
critical aggregation concentration. Self-assembly of azacyclicpeptides will be examined to
evaluate their critical aggregation concentrations.

In summary, three different approaches were developed to successfully perform an aza-
glycine scan of CP-2 resulting in six [azaG]-CP-2 analogues. In addition, two diastereomers of
[aza(i-PrO)F?]-CP-2 were isolated. All eight azacyclic peptides were submitted for biological
assays to identify the anti-amyloidogenic activity using ThT assay, neuroprotection assay in PC12
cells using the MTT assay, and critical aggregation concentration to evaluate potential for self-
assembly. In the completed cell viability assay, one of the aza-glycinyl cyclic-D,L-a-peptides,
[azaG?]CP-2 (2.2) prevents the death of PC12 cells suffering from AB-induced toxicity relative to
the parent peptide CP-2. Although further studies are in progress, the latter result validates the
application of aza-glycine residues in the study of cyclic-D,L-a-peptides towards the development

of new prototypes for therapy to treat amyloid diseases.
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3.1. Conclusion and perspectives:

An aza-glycine scan of the anti-amyloidogenic cyclic peptide CP-2 was accomplished by

way of four methods for azapeptide assembly. In addition, two [aza(i-PrO)F?]-CP-2 analogs were
synthesized. All eight azacyclopeptides were submitted for in vitro studies.
At present, their cytoprotective effects have been assessed in PC12 cells using the MTT assay.
Furthermore, their anti-aggregation activity and critical micelle concentrations are under study.
Although the majority of analogues were not as potent as the lead peptide CP-2 in the cell viability
assay MTT, the azacyclicpeptide in which D-serine was replaced by aza-glycine, [azaG%]-CP-2
(2.2) exhibited improved absorbance compared to the parent peptide indicating greater potential
to prevent the death of cells suffering from A toxicity.

The preliminary results obtained with [azaG*]-CP-2 (2.2) merit further investigation. In
the future, the thioflavin T (ThT) assay will be performed to assess anti-amyloidogenic activity.
The propensity of the azaGly-peptides to self-assemble will be studied using a critical micelle
concentration test, in which the hydrophilic and hydrophobic parts of the molecules may play
important roles. These assays will further evaluate the self-assembly propensity of the azacyclic
D,L-a-peptides to generate supramolecular structures and their anti-amyloidogenic activity.
Finally, conversion of [azaG*]-CP-2 (2.2) into a radio-tracer may provide a tool for measuring

early AP oligomer formation using PET imaging.



Annex 1: Experimental part of Chapter 2
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Materials & Methods:

2-Chlorotrityl chloride resin (0.79 mmol/g or 1.14 mmol/g) was purchased from Chem-Impex Int’1
Inc., and the manufacturer’s reported loading of the resin was used in the calculation of the yields
of the final products. The 20% solution of phosgene in toluene was purchased from Aldrich. Unless
otherwise mentioned, all reagents from commercial sources were used as received. Dry solvents
(DCM, DMF and THF) were obtained by passage through solvent filtration systems (Glass
Contour Irvine, CA). Ethanol, ethyl acetate, and methanol were obtained from Fisher Chemical.
Melting points are uncorrected, reported in degree Celsius (°C), and obtained on a sample that was
placed in a capillary tube using a Gallen Kamp melting point apparatus equipped with a
thermometer. 'H and '*C NMR spectra were recorded at room temperature (298 K) in DMSO-d6
(2.50 ppm/39.52 ppm) on Bruker AV (400/100 and 500/125 MHz) instruments and referenced to
internal solvent. Chemicals shifts are reported in parts per million (ppm) and coupling constants
(J values) are reported in Hertz. The abbreviations for peak multiplicities are s (singlet), d
(doublet), t (triplet), dd (doublet of doublet), m (multiplet), and br (broad). Low resolution mass
spectrometric analyses were performed on a LCMSD instrument from Agilent Technologies in
positive electrospray ionization mode (ESI+). High resolution mass spectrometry (HRMS) data
were obtained by the Regional Center for Mass Spectrometry at the Université de Montreal. Purity
was ascertained using analytical HPLC, which was performed on a Xterra reverse-phase column
from Waters (2.1 mm x 50 mm, 3.5 um, C18) or an Atlantis reverse phase column from Waters
(3.9 mm x 100 mm, 3.5 um, C18) with a flow rate of 0.5 mL/min using a gradient of acetonitrile
(0.1% formic acid) or methanol (0.1% formic acid) in water (0.1% formic acid). All the

Azacyclopeptides tested for biological activity presented purity of > 95%.
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[azaGS]-CP-2 (2.5):

H. N ////

A
A

07 AN —

N

NN
Resin 2.39 was synthesized starting from Fmoc-Lys-ODmab resin 2.7 (0.32 mmol) by
sequential Fmoc deprotections with 20% piperidine in DMF, and couplings using Fmoc-D-
Ser(O'Bu)-OH, Fmoc-His(Trt)-OH and Fmoc-D-Trp(Boc)-OH with DIC (3 eq.) and HOBt (3 eq.)
in NMP according to the general protocol. The resin aliquot was cleaved as described above using
TFA/TES/H20 (95:2.5:2.5) and analyzed by UV-HPLC which indicated Fmoc-D-Trp-His-D-Ser-
Lys-ODmab was of approximately 70% purity: RT 9.00 min on Sunfire column using a gradient
of 5-50% MeCN (0.1%) in water (0.1%) over 8 min. After removal of the Fmoc group from resin

2.39, the peptide was treated with active carbazate 2.10 as described below.

A solution of DSC (3 eq., 246 mg, 0.96 mmol) in dry DMF (4 mL) was treated dropwise
with a solution of Fmoc hydrazine 2.9 (3 eq., 248 mg, 0.96 mmol) in dry DMF (5 mL) over 10-
15 min at 0 °C under inert atmosphere. The reaction mixture was stirred at room temperature for
I h and transferred to a syringe tube equipped with a Teflon™ filter, stopper and stopcock
containing Fmoc deprotected resin 2.39 (1 eq., 600 mg, 0.32 mmol) in DMF (4 mL). The resin
mixture was then treated with DIPEA (6 eq., 0.33 mL, 1.92 mmol), shaken on an automated shaker
for 14-16 h, and filtered. After filtration, the resin washed sequentially with DMF (3x), MeOH
(3x) and DCM (3x), and dried under vacuum, to afford the aza-glycine resin 2.40. Analysis of an

aliquot of resin 2.40 by HPLC indicated the absence of the starting material and Fmoc-aza-Gly-D-
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Trp-His-D-Ser-Lys-ODmab of 50% purity was observed at RT 8.9 min, on Sunfire column with a
gradient of 5-50% MeCN (0.1% FA) in water (0.1% FA) over 14 min.

After removal of the Fmoc group from azapeptide 2.40, amide coupling was continued
with Fmoc D-Leu-OH using DIC (3 eq.) and HOBt (3 eq.) in NMP yielded to provide azapeptide
2.41. Analysis of an aliquot of resin 2.41 by HPLC indicated formation of Fmoc-D-Leu-aza-Gly-
D-Trp-His-D-Ser-Lys-ODmab at RT 9.3 min on Sunfire column with a gradient of 5-50% MeCN
(0.1% FA) in water (0.1% FA) over 14 min.

After the Fmoc and Dmab groups were removed from resin 2.41, the resin washed with
DMF (3x), MeOH (3x) and DCM (3x) in sequence and dried to provide azapeptide resin 2.42. ES-
MS Analysis of resin aliquot 2.42, confirmed the desired product with m/z = 728.47. The head to
tail cyclization of the linear peptide on resin 2.42 (1 eq., ~550 mg, 0.32 mmol) was performed
using DIC (3 eq.) and HOBt (3 eq.) in NMP for 16 h (2x). The resin was washed, dried, and treated
with 10 mL of a freshly made solution of TFA/TES/H>0 (95:2.5:2.5) for 2 h. The resin was filtered
and washed with TFA (10 mL). The combined filtrate and washing mixture was concentrated to a
residue, that was triturated with diethyl ether to give light-yellow solid, which was purified by
reverse phase HPLC on a Gemini® C18 column (Phenomenex® Inc., pore size: 110 A, particle
size: Sum, 250x21.2 mm) using a binary solvent system consisting of a gradient of 10% - 60%
MeCN (0.1% FA) in water (0.1% FA), with flow rate of 10 mL/min, and UV detection at 214 nm.
The desired fractions were combined and freeze dried to give 9.2 mg (4% yield) cyclic azapeptide
[azaG>]-CP-2 (2.5) as white fluffy solid: analytical RP-HPLC on XTerra™ column 3.5um (2.1 x
50 mm) using a gradient of 5-50% MeCN (0.1% FA) in water (0.1% FA) over 8 min, with 99.87%
purity at RT = 3.83; gradient of 5-50% MeOH (0.1% FA) in water (0.1% FA) over 8 min, with

99.55% purity at RT = 4.69; HRMS m/z caled. For C33H4gN11O7 [M+H]" 710.3733, found
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710.3740. Employing modifications of the protocol described for the synthesis of [azaG>]-CP-2
(2.5), [azaG*]-CP-2 (2.3), and [azaG*]-CP-2 (2.4) were synthesized respectively in 2% and 4%
yields.

[azaG?]-CP-2 (2.2):

. NH 0
o§/
HN
EH
N O
NO HN “H

To a solution of N-fluorenylmethyl-N’-(2,4-dimethoxybenzyl) carbazate (2.27b, 3 eq., 364
mg, 0.90 mmol) in dry DCM (10 mL) under inert atmosphere at 0 °C, a solution of phosgene in
toluene (20% w/v, 6 eq., 0.83 mL, 1.8 mmol) was added dropwise. After complete consumption
of the starting carbazate was observe by TLC (generally 15-30 min), the reaction mixture was
concentrated under reduced pressure. The residue containing acid chloride 2.28 was dissolved in
dry DCM (10 mL), treated with DIPEA (12 eq., 0.63 mL, 3.6 mmol), and transferred to a syringe
tube equipped with a Teflon™ filter, stopper and stopcock containing resin Fmoc-Lys-ODmab 2.7
(1 eq., 0.3 mmol) swollen in DCM (5 mL). The swollen resin mixture was shaken on an automated
shaker for 12 h, filtered, washed, and dried to get resin 2.29, which was confirmed by ES-MS
analysis (m/z = 560) of aliquot of resin cleaved and UV-HPLC shows absence of starting material
and observed a prominent peak. Aza-glycine resin 2.29 was elongated, cyclized, and cleaved using
the same protocols as described for the synthesis of [azaG>]-CP-2 (2.5) above. The crude product
was purified by reverse phase HPLC on a Gemini® C18 column (Phenomenex® Inc., pore size:

110 A, particle size: 5pm, 250x21.2 mm) using a binary solvent system consisting of a gradient of
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10% - 60% MeCN (0.1% FA) in water (0.1% FA), with flow rate of 10 mL/min, and UV detection
at 214 nm. The desired fractions were combined and freeze dried to give 9.0 mg (4% yield) cyclic
azapeptide [azaG?]-CP-2 (2.2) as white fluffy solid: analytical RP-HPLC on XTerra™ column
3.5um (2.1 x 50 mm) using a gradient of 5-50% MeCN (0.1% FA) in water (0.1% FA) over 8 min,
with >99 % purity at RT = 6.353; gradient of 10-90% MeOH (0.1% FA) in water (0.1% FA) over
9 minwith >99 % purity at RT = 6.573; HRMS m/z calcd. For C3sHs4N110s [M+H]" 736.4253,
found 736.42627.

Following the same protocol described for the synthesis of [azaG%]-CP-2 (2.2), N-
fluorenylmethyl-N’-(4-isopropoxybenzyl) carbazate (2.27a) used for the introduction aza residue
into peptide backbone resulted (R) and (S)-[aza(i-PrO)F?]-CP-2 (2.32) 1.3 mgand 1.5 mg (1.3 %
over all yield) of >97 % purity.

N-Fluorenylmethyl-N’-(2,4-dimethoxybenzyl)carbazate (2.27b):

H

N
Fmoc N
H/\/©\ ~
(0] (0]

I
A suspension of N-(Fmoc) hydrazine (2.9, 1 eq., 1 g, 3.93 mmol) in EtOH (30 mL) was treated
with 2,4-dimethoxybenzaldehyde (1.25 eq., 0.82 g, 4.92 mmol), heated at reflux for 2 h, cooled to
room temperature, and filtered. The solid was washed with hexane (10 mL), dried under reduced
pressure, dissolved in 100 mL of 1:1 THF/MeOH, treated with and NaBH3CN (1.5 eq., 0.37 g,
5.90 mmol) followed by AcOH (2 mL), and heated at 50 °C for 14 h. The reaction was monitored
by ES-MS. The mixture was concentrated in vacuo. The residue was dissolved in EtOAc, washed
with water and brine, dried over Na>SOs4, and concentrated under reduced pressure and the residue
was recrystallised from hexane (30 mL). The precipitate was stirred for 10 min and filtered, and

dried under reduced pressure. Carbazate 2.27b (900 mg, 57% yield) was isolated as off-white solid.
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mp 128-130 °C, 'H NMR (400 MHz, DMSO-de) & 8.71 (br s, 1H), 7.90~7.88 (d, J = 8.0 Hz, 2H),
7.70-7.69 (d, J = 4 Hz, 2H), 7.44-7.40 (t, J = 8 Hz, 2H), 7.34-7.30 (t, J = 8 Hz, 2H) 7.20-7.18 (d,
J =8 Hz, 1H), 6.52 (s, 1H), 6.47-6.45 (d, J = 8 Hz, 1H), 4.69 (brs, 1H), 4.31-4.30 (d, J= 4 Hz,
2H), 4.23-4.21 (d, J = 8 Hz, 1H), 3.85 (br s, 2H), 3.80 (s, 6H); 3C NMR (100 MHz, DMSO-de) &
159.77, 158.31, 156.90, 143.90, 140.81, 130.24, 127.71, 127.14, 125.35, 120.18, 118.64, 104.30,
98.27, 65.62, 55.39, 55.21, 46.80, 30.51; HRMS (ESI+): m/z for C24HasN204 [M + H]" calcd.
405.1809, found 405.1808 and Ca4H24N204Na [M + Na]" caled. 427.1628, found 427.1637.

N-Fluorenylmethyl-N’-(4-iso-propoxybenzyl)carbazate (2.27a):

H
_N.
Fmoc N/\©\
H J\
(0]

A suspension of N-(Fmoc)hydrazine (2.9, 1 eq., 600 mg, 2.36 mmol) in EtOH (20 mL) was treated
with 4-iso-propoxybenzaldehyde (1.25 eq., 485 mg, 2.95 mmol), heated at reflux for 2 h, cooled
to room temperature and filtered. The solid was washed with hexane (10 mL), dried under reduced
pressure, dissolved in THF (25 mL), and placed into a sealable tube containing a screw cap. Under
argon atmosphere, the solution was treated with 20 wt % palladium hydroxide-on-carbon (0.1 eq.,
165 mg, 0.24 mmol). The resulting suspension was stirred under 100 psi hydrogen atmosphere for
16 h. The reaction was monitored by ES-MS. The reaction mixture was filtered on Celite™ and
washed with methanol. The filtrate and washings were combined and concentrated in vacuo. The
resulting white solid was suspended in hexane (20 mL), stirred for 10 min and filtered, dried under
vacuum to provide carbazate 2.27a (1.2 g, 76%) as white solid. mp 107-110 °C, 'H NMR (400
MHz, DMSO-ds) 6 8.69 (br s, 1H), 7.90—-7.88 (d, J=7.36 Hz, 2H), 7.70-7.68 (d, /= 6.28 Hz, 2H),
7.44-7.40 (dd, J="7.16, 7.08 Hz, 2H), 7.34-7.30 (dd, J = 7.24, 7.04 Hz, 2H) 7.20 (br s, 2H), 6.85-

6,83 (d, J= 7.8 Hz, 2H), 4.81 (br s, 1H), 4. 57-4.53 (m, 1H), 4.32 (br s, 2H), 4.22 (br s, 1H), 3.82
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(br s, 2H), 1.25 — 1.23 (d, J = 5.72 Hz, 6H); '*C NMR (100 MHz, DMSO-ds) 5 157.31, 156.94,
144.28, 141.21, 130.74, 130.27, 128.09, 127.51, 125.71, 120.56, 115.69, 69.47, 65.91, 54.22,
47.20,22.31, HRMS (ESI+): m/z for C25sH26N20sNa [M + Na]* calcd. 425.1836, found 425.1846.

[azaG®]-CP-2 (2.6):

0
E\IO HNENF{S
N NH

A solution of Fmoc-Nle-OH (2.33, 1 eq., 1 g, 2.83 mmol) and DIPEA (3 eq., 1.5 mL, 8.49
mmol) in DCM (20 mL) was added to 2-chlorotrityl chloride polystyrene resin (2.86 g, 0.79
mmol/g), and the mixture was agitated for 16 h. The resin was filtered, washed and dried to provide
resin 2.34. After removal of the Fmoc from 2.34 (0.30 mmol), the norleucine resin was treated
with active carbazate 2.10, that was prepared from N-(Fmoc)hydrazine (2.9, 3 eq., 229 mg, 0.90
mmol), DSC (3 eq., 231 mg, 0.90 mmol) and DIPEA (6 eq., 0.32 mL, 1.8 mmol) in dry DMF (10
mL). An aliquot of the resulting resin 2.36 was analyzed by ES-MS indicated formation of Fmoc-
aza-Gly-Nle-OH and UV-HPLC shows significant peak to go for next step. After Fmoc group
removal, azapeptide 2.36 resin was elongated with Fmoc-Lys(Boc)-OH, Fmoc-D-Ser(z-Bu)-OH,
Fmoc-His(Trt)-OH and Fmoc-D-Trp(Boc)-OH using DIC (3 eq.) and HOBt (3 eq.) in NMP.
Cleavage of a resin aliquot and analysis by UV-HPLC and ES-MS indicated formation of Fmoc-
D-Trp-His-D-Ser-Lys-aza-Gly-Nle-OH: m/z = 950.53, purity = ~85%, RT = 7.6, HPLC
conditions: XTerra™ column 3.5pum (2.1 x 50 mm) using a gradient of 5-50% MeCN (0.1% FA)

in water (0.1% FA) over 8 min., After Fmoc group removal from resin 2.37, treatment with a
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mixture of AcCOH/TFE/DCM (1:1:3, 10 mL) for 30 min (2x), filtration of the resin and washing,
followed by evaporation of the filtrate and washings gave 350 mg of a residue containing
azapeptide 2.38. The residue was dissolved in MeCN (200 mL) , treated with EDC*HCI (173
mg, 0.90 mmol, 3 eq.) and HOBt (122 mg, 0.90mmol, 3 eq.), stirred at room temperature overnight
and concentrated to a residue, analysis of which by ES-MS indicated cyclization (m/z = 710.60).
The residue was dissolved in DCM (10 mL), treated with 10 mL of a solution of TFA/TES/H>0O
(95:2.5:2.5) for 4 h, and concentrated to a residue that was triturated with diethyl ether to provide
a light-yellow solid, which was purified by reverse-phase HPLC on a Gemini® C18 column
(Phenomenex® Inc., pore size: 110 A, particle size: 5pm, 250 x 21.2 mm) using a gradient of 10-
60% MeCN (0.1% FA) in water (0.1% FA), with flow rate of 6 mL/min, and UV detection at 214
nm. The desired fractions were combined and freeze-dried to provide 13 mg (6% yield) of [azaG®]-
CP-2 (2.6) as white fluffy solid: analytical RP-HPLC on XTerra™ column 3.5um (2.1 x 50 mm)
using a gradient of 5-50% MeCN (0.1% FA) in water (0.1% FA) over 8 min, with > 99% purity at
RT =4.88; gradient 2: 5-50% MeOH (0.1% FA) in water (0.1% FA) over 8 min, with > 99% purity

at RT = 6.56; HRMS m/z calcd. For C33HssN1107 [M+H]" 710.3733, found 710.3747

Employing the protocol described for the synthesis of [azaG®]-CP-2 (2.6), [azaG']-CP-2
(2.1, 59 mg, 15% yield) was synthesized.
Experimental procedure for Cell culture:!-
Rat pheochromocytoma cells (PC12) were maintained in low glucose Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with horse serum (HS, 10%) and fetal bovine serum (FBS, 5%),
L-glutamine, penicillin, and streptomycin in a 5% CO; atmosphere at 37 °C. The effect of the
cyclic D,L-a-peptides on AB-induced toxicity was evaluated using AB40 (20 uM), that was aged

for 48 h in the absence or presence of the cyclic peptides (up to a 5-fold mole excess of cyclic D,L-
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peptides compared to AP in 5% DMSO) in PBS in a total volume of 50 pL. On the day of the
experiment, the medium was replaced with fresh medium (90 pL), and the aged samples (10 pL)
were then diluted by a factor of 10 in the medium. Control wells received PBS (10 puL) containing
0.25% DMSO (100% cell viability). Cells were incubated for an additional 24 h, and cell viability
was then determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. The absorbance intensity of the Formazan solution was determined at 570 nm using a plate

reader.

References:

1. Richman, M.; Wilk, S.; Chemerovski, M.; Warmlénder, S. K.; Wahlstrom, A.; Gréslund, A.;
Rahimipour, S. In vitro and mechanistic studies of an antiamyloidogenic self-assembled cyclic d,
l-a-peptide architecture. J. Am. Chem. Soc. 2013, 135, 3474-3484.

2. Chemerovski-Glikman, M.; Richman, M.; Rahimipour, S. Structure-based study of

antiamyloidogenic cyclic d, I-a-peptides. Tetrahedron 2014, 70, 7639-7644.
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Analytical HPLC systems for LC-MS characterization of purified cyclic aza-peptides: flow
rate of 0.5 mL/min; Methods A-D on XTerra™ reverse-phase column (2.1 mm x 50 mm, 3.5 um,

C18); Methods E-F on Atlantis reverse-phase column (3.9 mm x 100 mm, 3.5 um, C18).

Method A: 5-50% acetonitrile [0.1% formic acid (FA)] in water (0.1% FA) over 8 min followed

by 50% acetonitrile (0.1% FA) in water (0.1% FA) over 1 min.

Method B: 5-50% methanol [0.1% formic acid (FA)] in water (0.1% FA) over 8 min followed by

50% methanol (0.1% FA) in water (0.1% FA) over 1 min.

Methods C and E: 10-90% methanol (0.1% FA) in water (0.1% FA) over 9 min followed by 90%

methanol (0.1% FA) in water (0.1% FA) over 1 min.

Method D: 30-95% methanol (0.1% FA) in water (0.1% FA) over 8 min followed by 95%

methanol (0.1% FA) in water (0.1% FA) over 1 min.

Method F: 20-90% acetonitrile (0.1% FA) in water (0.1% FA) over 9 min followed by 90%

acetonitrile in water (0.1% FA) over 1 min.
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Annex 3: NMR spectra for Chapter 2
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'H NMR, 400MHz
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13C NMR, 100MHz
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13C NMR, 100MHz
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'"H NMR spectrum of impurity (27)

bbfo.proton DMSO /d chimie 2

— 8,555
— 838k
— R

Jo

| (WO 1
{“'2 @ *
ollN o

-
v'j
A

— 6923

'H NMR, 400MHz

Solvent: DMSO-d6

NH,
N
N O
(EO
NH,
N 2.25
I \
N
H

e

95 90 85 80 75 7.0

55 50 45 40 35 30 25 20 15 1.0

i i i i i i i i i i

0.5 ppm

75



13C NMR spectrum of impurity (27)
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13C NMR, 100MHz

Solvent: DMSO-d6
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