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Abstract

Al zhei mer 6s disease (AD) is a complex neurodege
prevalence globally. The current AD therapies based on small molecules offer only symptomatic relief and
are not curative therapies. The recently launchedamntioid monoclonal antibodies hold promise
although these are new to the market and their-teng benefits and potential diseawedifying effects
are unknown. The global increases in the aging population and increasing life span mandate the need to
undersand the mechanisms of AD and discover effective and safe therapies. Over the past several decades,
few hypotheses have been proposed to explain the pathophysiology of AD, among which the amyloid beta
(Ab) cascade is now considered as one of the ini.t
pathol ogical factors of AD. The aggregation of AD
signaling pathway are neurotoxic. Thus, small @sale modulators that could reduce the overall toxic

burden of Ab aggregates are thought to be benefici

In this thesis, a library of 72 small molecule derivatives were designed based on the chemical structure
of chalcone and curcumin, two bioactive natural compounds that are able to médblata g gr egat i on
reduce their neurotoxicityThe derivatives reported in this thesis encompass four different templates,
namely, N-benzyl Chapter 2), N-phenethyl Chapter 3), N-benzyloxy Chapter 4), and N-phenyl
(Chapter 5) benzamide and carboxamides. These compounds were synthesized by coupling the amine
substrates uh either acid halides or carboxylic acids to obtain the target compou@@OB.68% yields.
A number of biophysical and biochemical experiments were carried out to determine the ability of these
small molecules to modulate the aggregation propertidsfmf4 2 . The experiments car
thioflavin T based fluorescence aggregation kinetics experiments; ii) transmission electron microscopy
studies; iii) 8anilino-1-naphthalenesulfonic acid based fluorescence spectroscopy; iv) antioxidant assay by
fluorescence spectroscopy; iv) cell wviabili-ty st ut
induced neurotoxicity assay; v) fluorescence microscopy studies to assess the neurotoxicity using

Proteostdt dye, and vi) computational modelling studies to determine the interactions of small molecules



with Ab42 Feom ghis dbgasyt5@ aggregation inhibitors were identified (inhibition 62

ranging from 753.1% at 25 uM)These derivatives were able to provide significant neuroprotection from

A b 4irduced cytotoxicity in mouse hippocampal HT22 cells (cell viability ranging from-88.8%

ver sus 3 8 .-tredted tontmol). Mdbedulir docking studies indicate that tegeatives were able

to interact with the hydrophobic domainglofAb 42 ol i gomer and fibril throuc
Inastrikingand unusual finding, 8 derivatives were ider
ability to promote the aggregation by b2 folds. Two lead promotors4b (N-benzylbenzofurafe-
carboxamide) and 14c (N-benzylbenzdjjthiophene2-carboxamidg were identified These two
compounds wer e abl e t o-indueed aytatexicity (Eedl Gabititye7B.8%sand 78.9%n A Db 4 2
for14bandl4cv er s us 1 9 .-tiéd@ed toatrol). Phbsé ®vo compounds have the ability to increase

the surface hydrophobtygi of Ai 42 aggregates and promote fibrillogenesis. Molecular docking studies
suggested that Ab42 aggregates might undergo conf
much more stable and lessic/nontoxicfibrils. Further structuractivity relationship study indicated that

the hydroxy and methoxyd i substi tuted phenyl moi ety was, requir
where the presence of bicyclic aromatic rings such as benzofuran and benzothiophene, and 4
methoxyphenyl moiety is reqeid for preaggregation activity. The results show that these benzamides and
carboxamides possessihgbenzyl, N-phenethyl,N-benzyloxy, andN-phenyl templates hold promise in

the design and devel opment of novel smal | 14lmo |l ec ul
(N-benzylbenzofurat2-carboxamide and 14¢ (N-benzylbenzdjthiophene2-carboxamidg were able to

accelerate B42 aggregation and remodel the aggregation pathway to form less toxic/nontoxic aggregates
suggesting their application as novel chemical tools to understand the mechardsif#? @fggregation

cascade.
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Chapter 1

Al zhei mer 6s Disease (AD)

1.1 Introduction on AD

Al zhei merés di sease (AD) is a progressive neurod
function of the central nervous system (CNS). AD mainly affects elder adults who are aged 65 or more.
Despite that, in rare cases, easlyset AD might happeto people in their 40%* AD is the main cause of
dementia and is estimated to account for 60% to 80% of the T@kesclinical manifestations of AD
include memory loss, impaired judgement and decisiaking abilities, behavior and mood changes,
confusion with time and location, difficulty with language, and loss of executive alfiltiBsie to the
increase in the aging population, the prevalence and incidence of AD are predicted to rise dramatically in
the coming years which makes AD a significant social and economic burden on the healthcare system
worldwide. Figure 1-1 shows AD dementia statistics worldwide and in Canada. With that being said,
dementia, including AD, is a major category of semmmunicable disease and ranks to be thiedding
cause of death worldwideAccording to statistics from the World Health Organization (WHQ), there are
46 million people living with dementi®. This number is rising rapidly with one new case of dementia
developing every 3 seconds globally.Canada, it is estimated that over half a million people are living
with different types of dementta By 2031, this number is predicted to doubl®%y,000 and women are
expected to share the major disease buttiehe prevalence is critically associated with age factors. Based
on the data from Canadian Chronic Disease Surveillance System, thtaadard prevalence (patients
with 65 years old and more) of diagnosed dementia is 7.1% with an incidence 14.3 nepecdsé80
senior populatiof® On the other hand, AD is considered as one of the most expensive diseases given its

chronic nature. The health impact of dementia is overwhelming, which often involves not only the patients,



but also their families, caregivers and health professionals. The economic cost of dementia per year is

estimated to be 1084 billion CDN worldwide which represents 1.09% of globalMGDP.

46 Million People,Living with Dementia

0.5 Million in Canada / / :‘[]I 3 seconds = 1 new case

[ Approx. 1 Million by2031

7.1% Prevalence; 14.3/1000 Incidence

.\ 7t Leading Causes of Death

{\ 1084 Billion = 1.09% GDP

Figure 1-1. AD facts. Global statistics are shown in the right; Canadian statistics are shown in ffeeleft.
world map was obtained fromww.pixabay.comand free for use under Pixabay Conterdelnse. The
figure was generated using PowerPoint.

The story of AD can be dated back to 1906 when Dr. Alois Alzheimer presented his treatment and
subsequent postmortem brain examination of higedrold femalepatient Frau Auguste Det&¥The
patient manifested severe memory loss and cognitive impairment along with other psychiatric symptoms,
including hallucination, paranoid and aggressive behaviors. From the autopsy studies, he observed
extensive brain atrophy and abnormal deposits, hasemile plaques and neurofibrillary tangles, around
the neurons under the microscope which are unique to other neurological cortlitiarzs not until 1910
that Kraepelin, for the first time, termed¥this
In 1968, Blessed and coworkers suggested that the level of cortical burden of both senile plagues and
neurofibrillary tangles is closely associated with the severity and progression of the HiJdusés the
very first and important step towards the understanding of AD pathophysiology. In the following decades,
efforts were made to identify, purify, and characterize the components of senile plagues and neurofibrillary

tanglest® Surprisingly, in 1981, Whitehouse and coworkers found another potential disease mechanism of


http://www.pixabay.com/

AD which highlights the cholinergic deficiency hypotheSighis is followed by a landmark discovery in

1984 that amyloid beta\(f is the component of senile plaq#é&Two years later, researchers around the

world successively discovered that tau protein is the major component of neurofibrillary tafgesar,

all three fundamental pathophysiological pathways of AD have been identified. From the"latm®0y

till now, with the help of structural biology and gene engineering, the understandingofand t au has
investigated at a molecular and even atomic level. Several gene mutations have been found associated with
either familial AD or earlyonset AD, such as amyloid precursor protein (APP), presenilin 1, and presenilin
22527 Moreover, in 1993, apolipoproteli4 was found to be an i mportant
most common type of sporadic ABspecially in wome?° Biomarkers have also been developed to
facilitate the early diagnosis of AD with better accuracy even before the manifestation of AD sydiptoms.

%2 These advances have assisted in defining and developing disease stages and criteria for clinical

therapy’2>32

1.2 AD Pathophysiology

The complexity of AD is fully illustrated by its multifaceted pathophysiological pathways. The
understanding of AD is a retrospective approach where the disease mechanisms were proposed based on
the observations from biopsy, biomarker, autopsy, imagip@leeniological, and clinical studies with
patients. At the early stage, sparse and unrelated biological pathways were proposed as disease mechanisms,
such as the cholinergic deficien@y pand tau cascades. However, the correlation and relationship between
different biological pathways was not defined. In the past 20 years or so researchers have realized the
importance of the interplay between different pathological pathways and their implications in AD
pathophysiology. Rapid research developments in ADudiicg novel biomarker detection and brain
imaging technologies have provided great insight into the disease continuum and diagnosis. Herein, in this

section, several major AD pathophysiological pathways are discUsigedg 1-2).



Neurotransmitter-related Hypothesis
1. Acetylcholine - Cholinergic Deficiency

Senile Plaques 2. Glutamate - Excitotoxicity

Amyloid-beta Hypothesis

®. 2 J Neurofibrillary Tangles
Hypothesis 4 !/< e Tau Hypothesis

Figure 1-2. Pathophysiology of AD overview.The neuron illustration was obtained from
www.pixabay.comand free for use under Pixabay Content License. The figure was generated using
PowerPoint.

The cholinergic hypothesis was the very first pathological pathway thahddressed by treatment
options for AD. It is the most widely accepted hypothesis of AD. The core idea of this hypothesis is that
the loss of cholinergic neurons and the absence of sufficient neurotransmitter acetylcholine (ACh) in the
neuronal and neurmuscular regions lead to the development of & The reduced activity level of ACh
can be a result of either a decreased ACh synthesis or an increased enzymatic degradation by
acetylcholinesterase (AChEigure 1-2).3%¢Based on this, any intervention that can stimulate the level of

available CNS ACh level or inhibit the enzymatic degradation of AChE would be beneficial.

Glutamate is another neurotransmitter in CNS with an excitatory nature that plays a key role in brain
function, including learning process and memory storage. However, excessive glutamate in AD brain leads
to excitotoxicity which ultimately cause the celéath Figure 1-2).3” N-methytD-aspartate receptor
(NMDA) is one of the glutamate receptors found in neurons. The increased level of glutamate

overstimulates the NMDA receptor which can contribute to neuronal damage and cognitive imp&irment.


http://www.pixabay.com/

40 The glutamate hypothesis has led to the discovery of AD treatment memantine (Ngmerida is a

non-competitive NMDA receptor antagonist.

Two other major hypothesis of AD pathophysiology Afehypothesis and tau hypothedidgure 1-2).
These are proposed based on the findings of senile plaques and neurofibrillary tangles of AD patient brain.
The i1 dentification and purification of Ab and t al
disease pathways. The details df Wypottresis will be discussed Bectionl.4. In general, Ais a peptide
that i s produced by sequential enzymatic processi.l
prone to undergo setfggregation which forms neurotoxic senile plactidau protein, on the other hand,
is a microtubuleassociating protein. The hyperphosphorylation of tau makes it lose its ability to attach
firmly to microtubules. Similarly, phosphorylated tau also undergoes aggregation that leads to the formation
of toxic neurofibrillary tangle$?**Recent |y, another hypothesis, namel
and tau hypothesis together which emphasizes on the interplay between these twd'pféteiescellular
processes may simultaneously drive AbB and tau pa
phosphoryl ated tau. I n together, Ab and tau aggr

eventual development of AD.

Furthermore, the mitochondrial dysfunction hypothesis has also been proposed. Mitochondrial is of great
significance to neurons, especially at the synapses where it can generate calcium gradient and ATP. This
process is essential for eliciting membraneeptitl and enables the process of neurotransmission. The
function of mitochondria is affected in AD with altered morphology, decreased numbers, increased reactive
oxygen species (ROS), mitochondrial DNA mutation, and mitochondrial biogéfésishe reduced

mitochondrial activity and increase level of oxidative stress can lead to neuronal death.

In addition, there is the neuroinflammation hypothesis where AD is considered as a chronic inflammatory
process. The accumul ated Ab and tau aggregates ar
the CNS>*>°® The activation of immune cells, especially glia cells, releases inflammatory cytokines that

further dysregulate the biological activities of neuroi?s.



All these pathophysiological pathways of AD are not separated, instead they are interconnected closely
to each othemMo single pathological pathway on its owrsufficient enough to lead to the development of
AD, rather in general several molecular mechanisms happen simultaneously or continuously to initiate the
disease process. In the next secti®actionl.3d), the current treatments of AD based on these hypotheses
are introduced. This is followed by a detailed explanation and discussioh bypathesis $ectionl.4)
which is the main focus of this thesis. Then, the overall macroscopic picture of AD pathophysiology is

synthesized and discusse&k¢tionl.5).

1.3 Current Treatment

Unfortunately, there is no cure for AD so far. There are four small molecule drugs approved by the US
Food and Drug Administration (FDA) that can be used as treatment dfiglré 1-3). These drugs merely
provide symptomatic relief to the patients, especially cognitive decline, which are unable to alter the disease
pathophysiology or halter disease progression. The goal of these treatments is not reversing or eliminating
the disease pgress, instead it helps to obtain a better management over the ongoing symptoms of dementia
without severely influencing the life quality. Based on the modes of action, there are two classes of drugs
cholinesterase inhibitors (ChEIls) that target and inhibit the cholinesterase enzymes and the NMDA receptor
antagonist that can reduce the excessive neuroexcitation. The very first discovered ChEl was tacrine
(Cogne®). It can increase the CNS concentration of ACh by inhibiting its degrading enzyme*A€hE.
However, due to potential liver toxicity and severe side effects, it was withdrawn from the market after
more than 60 years of usage in 264%%.Currently, three ChEIl are being administered to treat symptoms
of AD, includingdonepezil (Aricept), rivastigmine (ExeloP), and galantamine (RazadyfeDonepezil
is approved to treat all stages of AD, while rivastigmine and galantamine are approved to tré@t mild
moder ate AD. Patientsd sympt oms, such as cognitiyv
lessen or stabilized over a limited wetiof time when taking these medicatiéhk.seems like the efficacy

of these three medications toward symptom management are similar. However, the effects are generally



modest and the patientsd response to the treat men:
received ChEIl medicationdid not show any benefit As a result, the cosffectiveness of these
medications is generally considered low. The only approved NMDA receptor antagamisimigntine
(Namend&).%° Research has shown that the use of memantine is recommended at a later, advanced stage

of AD where the therapeutic effects can be maximf2dtlis well tolerated in patient population with

moderateto-severe AD. The combination of donepezil and memantine, branded as Namzasgcalso

approved to treat moderatie-severe symptoms of AD by simultaneously targeting two underlying
pathologies. These medications, either targeting ACh or NMDA system, modulate the pathological changes
that happened in the downstrearddd and tau cascade, which partially

the diseas®’
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Figure 1-3. FDA-approved small molecule drugs for AD

Intense AD research in the past decade has led to a better understanding of the disease mechanisms which
is assisting in the discovery thfe next generation of treatmertts’® These parameters include biomarkers,
clinical trial redesigning, and neurological fluorescence imaging. These new elements help to diagnose AD

dementia more accurately, to detect di soé&eatsnent pat hol



more precisely. The inclusion of these parameters helps to identify novel AD treatineterms of
immunotherapy approaches to treat AD, there are mainltypas of intervention: active immunization
and passive immunizatiofihe active immunizatiomainly involvesadministering thé Btauor fragment
o f /tauko activate the human immune respanEhese vaccindacludeA b -6 vaccineCAD106'%, tau

vaccine AADvacl (ADAMANTY? andA bsynthetic peptideraccineUB-311 (UBITh )’3. Whereas, the

passive immunizaton nv ol ves admi ni st er iandfortaa aggregatesdnithe fumanh at t
body.Recently, two antamyloid immunotherapies were approved by FDA to treat MCI and mild aiéame

aducanumab (Aduhelhand lecanemab (Legembi respectively*” These two medications target the

Ab cascades, specifically by enhancing-amyloid cl ear
antibodies that are abl e to f ac.i ihtriaveroodsénfugioh.®hasee mov a |
[I/11 clinical trials of thesetwoartAb ant i bodi es were carried out with
with MCI or mild dementia due to AD andveas hown Ab pathol ogy indicated b
positron emission tomography (PET). The patients seem to benefit from the therapies by showing an

enhancement in clinical measurements related to cognition and behavioral fifh€tion.

14Ab Cascade Hypothesis

1.4.1 Hypothesis Overview

As discussed in the previous section, the observation of senile plaques and neurofibrillary tangles from
AD patients during the postmortem experiments led to the advérgafyloid cascade hypothesis. Back
in 1992 when the hypothesis was proposed, it was
component of senile plaques, was the causative agent of AD, and that the other downstream pathological
events are the diceresults of such protein depositi6ri? Even though the mechanisms and functions were
not fully understood, the hypothesis was considered as a viable target for drug development. Built upon this

hypothesis, numerous potential drug candidates started their journey in clinical trials decaddewager,



the results backfired as the majority of the candidates failed to reach clinical endpoints at various stages of
clinical trials due to safety issues, and lack of effectiveffé8$! Such demotivating reaborld data
inevitably triggered doubts around this hypothesis. With the help of new clinical and experimental
technologies, the hypothesis has been further refined to explain the controversies found between research
and realworld data. After more than 30 yearsudinstaking research, the contents of the hypothesis have
been expanded largely, which currently includes the entire production angrpdsttion handling

pat hways of Ab. The -spectieantibatbs adeichnumgb pnd acanemabobly USA b
FDA has put the focus back on the amyloid cascade as viable molecular target in discovering novel disease

modifying agents to treat AD.

To start with, the ADb cascade hypothesis mainly
postpr oduction processing ( relthab odleipsons ian d nc lod a rvaanci e
aggregates is the direct outcome of the |l oss of
aggregates is often the very initial event that happens in the disease continuum. It leads to other downstream
pathobgical changes as well as clinical manifestations which eventually leads to AD dethamtize
foll owing sections, the production, aggregation,
on a molecular level. In order to conceptualize the hypothesis from an overall biological perspective, the
function of major products and secretases derived

will be discussed as well.

142Production of AD

1.4.2.1 Post-translational processing of APP

The term O6Ab speciesd is used to describe a numb
l ength. Among all these AD species, Ab40 (consi st

acids) are the two major speciesimplicatedinthé ph ophy si ol ogy of AD. These t\



from the postranslational proteolytic processing of their mother proteir¢adi®d amyloid precursor

protein (APP) which is a larger transmembrane protein with d@armNinal ectodomain, a-@rminal

intracellular domain and several hydrophobic transmamddomaing! The posttranslational proteolytic
processing of AP R, ain sisemetases via teyal différgnt pathways, amyloidogenic

pathway and neamyloidogenic pathwayHgure 1-4). It is the amyloidogenic pathway that generatés A

species which then further elicits the aggregation process. Feamypioidogenic pathway, the APP
processing is compl et ed -stehcrr ceu casecestasyfide rnfst-telasgitasecl e a v |
cleaves APP between lysine 687 and leucine 770 (APP770 numbering) or lysine 16 and leucine 17
(Ab40/ 42 numbering) near the daelrimi marmbrmpama ulcCM)s AtP
terminal fragment 83 (CTF83). Next, CT¥8 i s f ur t h e-secretase em releade the yAPPo
intercellular Gt er mi n al domain (Al CD) an dseceetase cleavek thepAPP t i d e
within the amino acids sequence of Ab andartyhus no
the amyl oidogenic pathway involves the combinati
secr etsqistte 0APB c | e av ag eseeratas&BAEE cled/és @ P furtbenasvaydrom

CM in the upstream of full Ab sequence between met
system). This cleavage results in the release of t

cleaved byo-secretase to generate fldhgth Ab peptide and AICDKigure 1-4).

Under physiological conditions, the majority of APP is processed througamgloidogenic pathway.
Still a certain percentage, although small proportion, of APP is proteolyz#teamyloidogenic pathway
which means that extremely | ow concenftspraseritatn of /
physiological condition&’ In contrast, under pathological conditions, there is a shift in the processing of
APP from mainly noramyloidogenic to mainly amyloidogenic pathway. The transition in the APP
processing elevates the | evel o f redafion ang accumwdasioni n t h
of var i ou &Howbverstheenechamism or trigger of such transition is not well defined at the

molecular level. It is suggested that the trafficking of APP and its downstream produci@rplayis this

10



transition. The APP is a transmembrane protein, it is not only localized at CM but also at other cellular
locations. The maturity of APP involves the constitutive secretory pathway from endoplasmic reticulum

(ER) to the CM similar to the biosynthesis of most proteins. The majority of the APP is localizbd in

Golgi complex, while only a small portion of it is being trafficked to CM and internatfdddwever, these
membranebound APP can also be sorted into early endosomes, among which one fraction is recycled back

to CM and the other fraction is traffickedttelysosome/endosome system for degradatidie precisely

regulated trafficking pathway of APP provides many opportunities o eos i d e n ¢ e, awidt to U
secretases. Itis thegesidence of APP and its proteolytic enzymes that influences its preference to one of

the two post r ansl| ati on pPr oc esewdtasegis primdrily vearighed at Bvhe U
amyloidogenic pathway is obviously predominant the cell surface under normal conditions. In
pathological conditions, increasing levels of Afebeing transported into different cell connmaents,

including transGo | g i net wor k a n-secretasalionsainlyrecaliz&Theeceresidénce of

APP amacrbet ase encalbdaewaged fafcieMmMR &nd thus a higher
The slightly acidic pH environment in these cell (
secretase. Researdhdings also suggest that the trigger of this transition mightteéufluenced by the

elevated |l evels of BACE1 which is the main proteo!
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Figure 1-4. Posttranslational processing of APP.

To summari ze, Ab speci es Vv a r-tyanstatipnal protedlydicpipdessingar e pr
of A P¥®a rbeecbtases via amyloidogenic pathway at either physiological or pathological conditions.
The transition of APP processing, from mainly ramyloidogenic pathway to mainly amyloidogenic
pathway presumably regulated by APP trafficking, results inethee vat ed producti on o
especially Ab40 and even more hydrophobic sequenceé

homeostasis which initiates the downstream pathological changes in AD.

1.4.2.2 Amyloid precursor protein (APP)

Since the entire postranslational processing routes of APP has been introduced, it is important to
understand the structlicharacteristics and function of each involving parties to understand the rationality

of their existence in such delicate biological systems.

12



APP is a glycosylated integral membrane cell surface profégure 1-5) whose encoding genes are
located on chromosome 2% 1Its unique gene sequence includes in total 18 exons. Due to gene splicing,
three major isoforms of APP have been found to date, which are APP 695, APP 751, and APP 770
respectively. APP 695 is the most abundant isoform expressed in neurons which eciodifinigcks the
gene sequence of exon 7 and exdfi B.is generally believed that exon 7 encodes a Kymittease
inhibitor, which is a regulator of platelet aggregation and homeo$&td%i®n the other hand, exon 8
contains OX2 homology sequence whose biological functions have not been deciphered clearly on a
molecular level. The encoding cDNA of APP 7&1APP-like protein 1 (APLP1) lacks only exon 8, but
not exon 2%t is merely expressed in brains and has only been found in mammalian aéfiiwlhereas

APP 770 or APLP2 are encoded by all 18 exons, which is ubiquitously expressed in hum&n body.

2 E1 Domain
KPI Domain 2= W- m
‘& E2 Domain
[seossoossesosNeosesocsssossossssossssooseeses
W 0000000000000000000000000000000]
AP Domain >
% AICD Domain

Figure 1-5. lllustrative structure of APP and its major domains (colored in blue), protephgitons
(colored in orange)igure was created with PowerPoint and Chemdraw.

In the context of this thesis, APP preferably refers to APP 695 due to its abundance in CNS. It has a
larger extracellular region that can be further divided into E1 and E2 denfdiese two domains are
separated by KPI domain, even though it is not expressed in APP 695. E1 domain is considered as the

major active surface that is responsible for the interactions for APP/APLP dimerifaiiGiowever, the

bi ol ogical function of E2 is poorly defined. The

13



sequence is relatively conserv@dThe remaining @erminal domain is AICD which will be discussed

later. The biological functions of fulength APP have been explored extensively. It is a cell surface
receptor that can bind t eposdmvNegss, netrmmly BRIZF1%¥Thes, i nc
binding between APP and substrates is facilitated by the extracellular domain of APP. In addition, it also
playsarole in cell adhesion as E1 and E2 domains can interact with extracellular matrix proteins and itself

in a parallel or antparallel manner to form hetedimers (with APLPs) or homdimers (with APP
itself).19°119t js suggested that APR also involvel in the regulation of neprilysin and transthyretin
expression which is achieved by the direct binding of AICD to the geomotos of neprilysin and
transthyretin. ThseAPP-mediated effects are, in parallel, modulated by BACE1 through which the AICD

is being produced. Several mutations on genes encoding APP have been fouratedhidely related to

early-onset AD or familial AD, including Swedish mutation K670N, M671L, and Osaka mutattén.

These mutations, especially those within the seql

and/ or aggregation of Ab.

1.4.2.3 U-Secretase and sAPP-U

SeveralA Disintegrin andVietalloproteinase (ADAM) possebksecretasdike activities, among which
three of t hose ADA Mscretase, éncludingnADAM @, rABAM 18, SADAWM 17
respectivel\t!? They are type | integral membrane zinc metallopro®aBeese proteinases are mainly
expressed on CM and anchored on the surface of neurons. Therefore -dmeya@idogenic processing of
APP predominately occurs on the CM. ADAM 10 is extensively expressed in CNS and responsible for
c o nst i-deaviage uogty. ¥ Both ADAM 9 and ADAM 17 are more likely involved in the regulation
ofclDeavage of APP r atl tearv atglea n Thavage irtisduelaase afeéh larde
soluble peptide sequence SABP  Gener-8l I ¢, c® ABP de re.dtglaysanimpatant ot e ct
role in neuronal plasticity and neuronal stem cell proliferation which is crucial to CNS develdgfhitent.

can also promote neurite outgrowth, cell adhesion, and the synthesis of new syhdptiost

14



i mportantly, asseéebreethaseaviagewist hien etgfud assdceptaserod e Uo f
may be benef i ciSecletase mediatedARR cleavage dabhe activated by several G protein
coupled receptors and receptor tyrosine kin&$é$T h e a c t i -gsearétas®aan atsd happen when

the cholesterol synthesis is blocked by statins. However, ADAMs are not APP specific and there are many
others substaté$® The strategy of promotingnemmy | oi dogeni ¢ p aisderetasgneddy act i

to be used under scrutiny.

1.4.2.4 b-Secretase/BACE and sAPP-b

BACEL is a 501 aminacidslong type | transmembrane aspartyl protease with its two active sites on the
luminal side of the CM?%121The first active site is called Asp 1 cleavage site which cleaves APP between
Met596 and Asp597 to give CTF99. The other active sitalisdglutamate 11 cleavage site which cleaves
APP between Tyr606 and Glu607 to gi4@aRis@ddece®® fr om -
It is generally perceived that the activity of BACE1 is the-fatemi t i ng process in the
The maturity of BACE1 includes glycosylation, phosphorylation, and cleavage of its precursor protein, pro
BACE1l. Most of the BACE1ls found to be membraneound, but evidence shows that an acidic
environment is required to exhibit its optimal catalytic activitBe8CE1 is expressed in most botiysues
and thehighestlevel of activityare observed in neurorSonsi der i ng i ts cratonr el ati o
BACE1 has been suggested as one of the drug targets in treatitgf ADIindeed, previous studies
indicated that elevated | evels of BACE1 found in 7
accredited to BACEL inhibition or knockexulit'*° However, recently, some ngkPP substrates of BACE1
have been identified, i-gatdsodiumuohgnnel dnekBldotd ghyscaeptoteimi t o f
ligand 112’ The side effects of complete blockage of BACEL1 in various AD models may be associated with
this. BACEL inhibitors that have been discontinuedandomized clinical trials due to futility or safety
reasons includeerubecestat®, atabecest&f, and umibecest&®. Th e maj or -geavagdstieet of b

formation of sAPPbB and CTF99. The CTF99 fragment

15



function ofthisGt er mi nal fragment i s not well under stood.
neurotoxic, in opposition to that of -168domdnlear Comp a
its N-terminus. It participates in mediating awed pruning and neuronal cell deathlt is also a ligand of

death receptor 6 or commonly referred tumor necrosis factor (TNF) receptor which is closely associated

with cell apoptosis.

1.4.2.5 o9-Secretase and AICD

Thesecretase is the enzyme that eventually protec
is a large proteinase complex which includes at least four major components: PreseniRrg&Sjijin
enhancer 2, Anterior pharyrdefective 1, and Nicastriti? These four components are considered essential
for the cat adegetasecTwa hoindloguiesofPSevére found in human body, which are PS1
and PS2 respectively. Any mutations in these two gene sequences, especially PS1, are causativie in most o
the cases of familial AD .sedretasetitésra msiiarsrhembrane prategni ¢ al S
where the active cleavage site | i es-seciethseinwlves he t r
the cleavage between th& &nd 7" transmembrane domain at the cytoplasmic 5&The cleavage
generates an{ierminal and a @erminal fragment. These two fragments interact with each other, together,
makiwcdeavage happen. O n isgcretase sompelk is logated on the @M, while t h e
the rest mainly localize at ER,oi/TGN and endosom&* Ther ef or e, Ab can be p
endosome/ |l ysosome system o0%e®omettahee Cdva nwhhlee-ef a uhred .
secretase can also mediate cleavage at differeist saenely,3-site (to generaté\ b 4 6 a 4site (to
generatéd b 4.9>16Accordingly, various AICDs are generated varying in length (AICD 50, 53, 57, 59).
Other substrates afsecretase are identified as well, including Notch, CD44, and cadfe8imilar to
the aboveme nt i eanreds efid r et a s e, t he i nhi bi-sedretase antherageotimp | et e

approach to treat AD is risky due to potential side effeéts.
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The outc-omeavaffeoare p3/Ab and Al CD. p3 1Is a re
degraded. It is believed to possess no i mportant
in detail in the next section. As for AICD, it alsmdergoes fast degradation so that the information on
AICD is mostly deduced based dme exogenous system. From a biological structure perspective, few
conserved regions are discovered, which are YTSI-@&E3 APP695 numbering) motif near cell
membraneYTPEER (682687, APP695 numbering) helix capping box, and YENPTY {682, APP695
numbering) respectivef#>14°The biological functions of AICD closely depend on the interaction with its
binding partners. These conserved motifs are considered as the major costiolibmteraction between
AICD and other proteins. With that being said, many AfQiBding proteins have been identified, including
kinesin light chain, APP tail 1, X11, Clathrin, mDal1lt is also noted that the interaction of X11 and
AICD has been suggested aszgulatory factor on the APP trafficking and metabolism which leads to a
decreased | eve ' Onfthe étHer hand, AICD cdntaiesnsome phosphorylation sites,
including two threonine residue sites (Thr654, Thr668 based on APP695 numbering) and one serine residue
site (Ser665 based on APP695 numberthdhe phosphorylation state of AICD plays a crucial role in the
binding between AICD and its corresponding binding proteins, so the phosphorylation process is indirectly
mediating its biological functions. Rleighlghted bsy , t he
it provides more insights into the pathological mechanism of AD. The AICD can be transported to the
nucleus and acts as gene transcriptional regulator. For example, AlC&yuiptes the expression of
neprilysin, a secreted protease tHatecaves Ab, which | eads ¥TheACDl ower /
can also regulate the expression of transthyretin whichésxat r acel | ul ar protein cap
aggregation and ameliorating its neurotoxi¢f§The exact mechanism of how AICD works is still unclear.

Whether the translocation of AICD to the nucleus is necessary for its biological function is poorly
understood. But, for sure, AICD can inf lteagemece AD
promotos or proteins. Some studies also suggest that AICD is neurotoxic which is also attributed to the

binding with its interacting proteins.
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143Ab Structure and Functi on

In this section the structure and function of the
will be discussedRigure 1-6). The Ab 4 donsists of 40 amino acids and some regions within this sequence
are found closely related to its aggregation propensity. Specifié?lyVFFA?2! fragment Figure 1-6)
functions as the center for the nucleation depended aggrefafitre hexapeptid®KLVFFA?2! alone also
acts as a steric zipper by undergoing spontaneous aggregation to form assemblies that resemble the core of
Ab struct ur e sorderédtfibers axhibitihgoneamy all e thd properties of itstedigth parent
peptidel*® The KLVFF2?A region contains mainly apolar amino acid residues which participate in the
formation of fibril hydrophobic spin&/* Another region of interest is the hydrophobic domain near the
Cterminal end of the sequence, st r8Qanparge d rtoom A s
there are twextraamino acids located at thet@€minal end of the peptide chain, namely Isleu4l1, and
Ala42 which also participate in the formation of hydrophobic domain. It is suggested that the higher
propensity of Ab42 to form ag gecaupal byahe exirsstwodamiao t o t
acids'®*® These two amino acid sequences are generally regarded as the amyloidogenic core that facilitates
the aggregation of Ab. The shorter steric zipper
phase, while the larger hydrophobic domain isesal in promoting the formation of higherdered
aggregates, such as protofibrils and mature fibrils. In addition, the histidine residues (His6, His13, His14)
found in Ab sequence are known to coor dftmhet e wi't
compl ex formed by Ab and met a-ransfarchainin tise callssapdahnd e o f
generates ROS implicated in the oxidative stress hypothesis of AD pathophysiology. Given the amino acid
sequence characth4( sand sAm42 Adr,e biontthr iAnsi cal ly un:
adopta certain fixed 3D conformation either ihe solid state or ithe solution phasé>? The 3D structure
of Ab is oftemyseéesdl vedtbypgncof Ab and its I|ligand

resonance (NMR), molecular dynamics (MD), andax diffraction.
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Figure 1-6. Amino acid sequence offA4 @and Ab 4 2bove) and the structure of steric zipper KLVFFA
(below).

The function of ADbD is controversi al as the biol o
ancient molecule which has conserved amino acids in its sequence and has survived millions of years of
evolution®™®At picomol ar physiological |l evel, Ab has man
CNS* It helps memory consolidation by regulating the synaptic function through the activation of
nicotinic ACh receptor$>® It also protects the homeostasis of CNS by blocking the leakage of BBB and
suppression of neuronal tumor growth through the inhibitiorthef virus. In addition, at this low
concentration, AD is also an antimicrobia¥fltpepti d
can inhibit the growth of some most common clinically important pathogens, possibly by disturbing the
membr ane structures of microbes. However, with h
is believed to elicit the aggregation proceaghke next section, the aggregation process and mechanism of

Ab wi |l | be described before discussing its toxici:
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1.44Ab Aggregation

After Ab is produced by <cleaving its parent pr of
featured by randornoil-like structure. Under certain circumstances, the native monomer undergoes
conformational change from random coil to bskeeet strature. This protein misfolding is one of the
initiating factors involved in A aggregation procesg-igure 1-7). The trigger or reason of protein
misfolding is still notwell understood. However, some events have been found closely associated with
protein misfolding including Ab. Firstly, any mut
production and podtanslational modification processes will leadhe formation of sequence or modified
protein conformation that is unable to fold normaM>® Secondly, structural modification can be
produced by environmental changes, such as pH, solvation effect, temperature, and condéhtration.
Generally, the misfolded state of AbPb40 monomer ad
adopts an 0SS0 shape duet gromitrhies .e xThhea rmani m oc @rcti rdisb a
at the initial st ag @ meanoners. (The eaggeegation sabcade it el extiemelyO / 4
complex thermodynamic and kinetic process determined by its amino acid sequence, which ultimately
generates more stable aggregates that are lower in overall éfdvignomers start to interact with each
other via the amyloidogenic cores to form dimers, trimers, tetramers, and oligomers mainly through
hydrophobic interactions. Eventually, these small aggregates grow into protofibrils and mature fibrils with
layers of paired A 4 0 /Fig@re 1(7). The Xray diffraction pattern reveals a common structural feature
of AD fibrils WwhisthleefTmogrimedchanonast er ed-shegts ext enc
wi t h i n esiramds @rraaged irbthe direction perpendicularly to the fibril main'@&xis.is an
unbranched structure with diameters m%Thgspacigg f r om
bet ween ssheetsisdpproxonbtelyp4d®8 wher eas t he s-gheasisapundet wee

10A.164
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Figure 1-7. Schematic illustration of Baggregation pathway

Such structural features give rise of titsctorial properties. Certain molecular probes can be used to
monitor the protein state of M during the aggregation. The ©probe
spectroscopic properties once binding to Ab fibr
molecular probe discovered. CR is long and flat in terms of its 3D conformation whidit rda the
hydrophobi c g r!®dporebindiy, tha maxfabsdrptian Wwavelength changes from 490 nm
to 540 nm which can be monitored by a typical plate re&felowever, CR suffers from low sensitivity
in the detection of Ab fibrils. Al s o, CR interfer e
the aggregatio’'®*T her ef ore, it is not recommended to monit
class of fluorescent molecular probes were identified which includes thioflavin S (ThS) and thioflavin T
(ThT).16910The detection sensitivity is greatly improved with these types of molecular probes and they do
not interfere with the aggregation procéSGr adual ly, ThT became the stand
aggregation. Due to the presence of a rotating single bond between two aromatic ring systems in the
structure of ThSand Ththeyget | ocked upon bi nsteetalgadingdo fldofescéncebr i | s
shifts. These changes can be monitored by fluorescence (FLR) spectrddgopy 1-8).1%° Specifically,
the unbound ThT shows characteristic FLR at 35@wraitationand450 nmemission While the bounded
ThT exhibits characteristic FLR at excitation 440 nm and emission 490 nm. These FLR changes can be

monitored, recorded, and plotted as a function of time.
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Figure 1-8. ThT probe used to study the aggregatioAbf.

The aggregation kinetic curve monitored by ThT is in typical sigmoidal slageré 1-9). The shape
indicates that the aggregation kinetic is a nucleagiongation mechanism. There are three consecutive
stages identified. The first stage is the lag phase or nucleation phase as indicated by the initial low FLR.
This stage mainly involves¢gh f or mati on of Ab oligomers. Associ at:i
and from the alreadg x i st ed ADb oligomers are both presenting
disassociation is approximately the same. Thus, the lag phase is conagl#redatdimiting process of
the aggregation. Assembly of transient oligomers ¢
units can latch to grow the fiber assembly. Simultaneously, due to the structural instability caused by
transient weaknteractions, monomers attached to the seeding nuclei can disassociate again off the
oligomers. Such equilibrium slowly goes forward toward the formation of longer and bigger oligomer
aggregates by continuous addi t i2moregdrondddaggregatianme r s .
the | ag phase of AD42 is much shorter than that o
by adding preformed aggregates or fibrils into the solution, a process known as sé&dihg.time period
oflagphaseisnormallycer| at ed with the exposure time of Ab ol
the most toxic species found during aggregation. The shortenihgbfa g phas e -@mrgeirged by
drugs, to some extent, is considered beneficial as it indicates a shorter exposure time of toxic oligomers.
The aggregation events in the nucleation phase can be explained by two mechanisms, primary nucleation
and secondamucleation respectivefi/2One type of primary nucleation involves the aggregation event in
bul k solution of Ab monomer s. 't is considered hc

bl ocks to form AbOs. The other type rdatioppracessary nu
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that occurs at the interface between two different surfaces. For example, the association of monomers on

the surface of the experimental container, other proteingjaer interface, and bilipid layers of CM.

Until a certain critical point has reached when there are enough oligomers presented in the solution, the
second step of aggregation occurs. The second step is called elongation phase or growth phase where a
drastic rise in FLR can be observed in the kinetirve Figure 1-9). Fibrillar structures, termed protofibrils,
are rapidly formed by monomers, oligomers, and nuclei during this step. The result of elongation is the
production of more stable protofibrils. Therefore, & faster and thermodynamically favorable process. It
is the fibrillar structures that provide suitable binding pocket for ThT. As a result, more and more ThT gets
bound to the newly formed protofibrils which display a significant increase in FLR. The §lejoagation
phase calculated from the curve is a direct indicator of the aggregation rate. A higher slope equals a faster
el ongation process where the toxic ADbDOs are forr
shortening of elongation phase higher slope is beneficial in terms of counteracting the toxic effects of

toxic ADO.
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Figure 1-9. The characteristic sigmoidal curve of the TimbnitoredAb aggregation process.

The elongation step gets transitioned to the last step of aggregation. This phase is termed saturation phase,
equilibrium phase or plateau phase where the kinetic curve reaches the highest FLR and stabilizes over time
(Figure 1-9). The main process in this stage is the assembly of protofibrils into méafuierids that are
featured bythecrods st ructure. The f i nal F UhRaggregationHeved Ast ep i
hi gher FLR means more mature ADb fibrils are for me
formed. Compounds or molecules that can lower the FLR of the saturation phase are regarded as
aggregation inhibitors (Al) which have tipetential drug candidates to treat AD. On the other hand, the
aggregatiorpromotos (AP) that induce a higher saturation FLR is not desirable compared to Al. However,
research has shown that some of t herilsfaRdsmakethem abl e
less toxic or even not toxi¢? Also, some APs are capable of reducing or bypassing the formation of toxic
Ab oligomers, even though a hi ¢g'h'¥The overathbffeatistbat f i br
the neurotoxicity and amyloid burden is reduced by

role in neurotoxicity and disease progression.
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It is always necessary to think of various protein states found in the aggregation from an energy point of
view. Not only the aggregation process but also the formation of igamd c ompl ex are al |l d
towards the global energy minimum. Currenty t he ener gy model of ADb aggr
6funnel 6 shape with the highest ener Bgurefl-tOx!"m as t h
Any given amino acid sequence has its own folding and aggregation surface funnel. The unfolded protein
state has the highest Gibbs free energy and highest conformational entropy due to its intrinsically unordered
polypeptide sequence. The energy funnefila is highly influenced by i) entropic contributions due to the
interaction with the aqueous environment; ii) entropic contributions due to the changes in conformational
freedom; iii) enthalpic contributions due to the interactions between the amihesiciues’®As f or AD,
the folding of native monomer is driven by the decrease in conformational er@oplye other hand, the
main driving force of loweorder aggregation is the hydrophobic collapse in aqueous envirohHEne
formation of hydrophobic interactions between t he
intramolecular, decreases the Gibbs free energyrdhdtinghydrophobic core or hydrophobic hollow is
a result of the system tryingthehquavosdebhwer onmenet
fibrils,thecrosh s pi ne i s maintained by mainly polar inter
and electrostatic interactio®A ¢l ear understanding of energy | ands
t he de-w@rigeginy drdgBThe energy function score is one of the essential and decisive factors when
conducting molecular docking and molecular dynamics studies. Various conformations of eadhbdrug
complex will be generated based on certain algorithms during molecular docking.r&legraranked by
the energy function score of the entire system. The complex with the lowest global energy is considered
more stable andthatepc i f i ¢ drug candi date has a higher chanc

Such computational modeling process can facilitate and direct rational drug research and development.
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145Ab Toxicity and AbO Hypothesi s

The toxicity of Ab has |l ong been implicated in t}
ensemble o¥arious forms of aggregates, more or less every form shows some extent of neurotoxicity,
including dimers, trimers, tetramers, pentamers, hexamers, oligomers, and fibrils. Lines of experimental
evidence have shown t hat A bgpattavay ahdeothal pathaphysidlogicald o wn s
hallmarks of AD. It disrupts cell metabolism and homeostasis, impairs the function of mitochondria and
electron transfer chain, destroys synaptic plasticity, and induces neuroinflammaioe.1Ga | | vy , Ab42
consileed more toxic than AbB40 as it is more prone to
that an increased Ab42/ AD40 ratio is often an ind
with patientsé cl i ni amilidl A ({FAD) tasem Hereing ompeeot theaidely i n

accepted A toxicity mechanisms are summarizédgure 1-11):

i. Theselfi nduced aggregation of Ab on the CM of ne
including aldehyde -hydroxy-2-nonenal, 2propenal, and hydrogen peroxitfé®? These

molecules can migrate to different compartments of neurons and lead to multiple neurotoxic
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alterations to normal cellular activities. They are chemically reactive and capable of either
oxidizing proteins or peroxide lipids presented in neurons. The oxidation of CM proteins is
detrimental to membrane integrity whereas the peroxidation can damage the function of

glucose transporters, glutamate transporters, and ion channel ATPases.

Ab aggregation al so pr o neated signdliny enolecdes, sualsase o f |
pro-inflammatory cytokines, eicosanoids, and chemokiffeshe release of these signaling
molecules can induce further harmful inflammation responses of CNS. The sustained high

|l evels of ADb can also activate the chronic r
the stimulation of microglia. In the long ruthe activation of immunological telike receptors

can cause extensive neuronal loss.

The extracel lul ar accumul ation of Ab aggr e
transmission of neuror& Neuron transmission is a process that happens at the synapse. The
pre-synaptic terminal releases neurotransmitters to functionakscularmessengers, which

then can bind to postynaptic cell membrane receptors to elicit further downstream signaling.

The blockage of such communication mechanis
aggregates can disrupt t h elagsds gremaalnly depoaitadsnd u c t i
hippocampus, amygdala, and entorhinal cortex of the brain. The disruption of signa
transduction in these regions decreases the synaptic plasticity of neurons and thus influences
memory formation and storage, learning process, and emotional behaviors.

Ab aggr egat es PAcreceptorb and dertain aalciirivi channels, which leads to
excessive calcium influx into the neurdfis.Such increase of intracellular calcium
concentration induces cell apoptosis and eventually cell death.

l ons entrapped by Ab aggregates, especially i
which can produce RO%’ As discussed earlier, ROS can cause protein oxidation, lipid
peroxidation and DNA damage. All these oxidative events build up together to cause oxidative

stress to the neurons.
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Vi. Ab can al so

h a m pfnctiontltlaeumolatesthe mitochdndriataembrane

andblocks the translocation of necessary supplies, including inner mitochondrial metabolites

and proteing® Such disruption of the electrdransportation chain leads to mitochondrial

dysfunction. 1In

turns, Ab

generaydloam. wiHil ¢ h de

can also activate the mitochondrial fission protein Fisl and Drpl which further induce

mitochondrial fragmentatiot®
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Figure 1-11. Mechanisms ofAD toxicity .

Recently, studies have pointed ¢ut e

significance
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Intracellular
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AbO as it i
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during the entire aggregation cascade. It is thought to confer disdagant toxic behaviors. In some cases

of AD, Ab plaques wer
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the fact that it is highly soluble in nature which can diffuse to various cell compartments freely. The toxicity
of ADbO, manifegtesthe reduttipn in lontgrm potentiation and spine density, induction of tau

pathology, impairment in axonal transport, loss or decrease expression of neurotrophic factors, and neuronal

death. Based on all these o0bspeoposeadinitialyrinsl998 andmow Ab O h
it is an important component the Ab hy p &tThheesries.i s no wuni ver sal def i
oligomeric Ab aggregates are heterogeneous and tr ¢
formation of oligomesi s f aci |l i tated by hydrophobic shedtl apse

structur es. Ho we ghave aspacidiccenfoonftion oh shapein 3@ they do not have
crossh structures as o0bser v etdeydambe olasdifiadras solAble oligomerici | s .

Ab species. Ther e fa rAdpXit supopslatidnara pemxicasubpopuratod>trhe

toxic subpopulation is also referred as type | Ab(
k Da. This type of ADO is not related to fibrillar
antibodies. In contrast, the ntoxicorty pe | | AbO has a molecul ar weigh

thought to propagate into mature plaques. Itisimmumea ct i ve toward f Ab anti bod
been found related to this subtype of mdnPtwoThe mol

fold: membraneelated toxicity and receptaoelated toxicity.

i. AbO can deteriorate CM structures thr®ugh it s
Then it can be directly inserted into the CM to create pores that hamper the integrity of CM.
Downstream signaling pathway of ebe events include synaptic damage, calcium
dyshomeostasis, oxidative stress/iiRess, and cell death.

il. AbO are pathogenic | igands orécepmaimeyactiOnSlare ec e p't
proposed to generate and transduce neurotoxic signals, leading to cellular defects. Some of the
AbO receptors are even able to itecipaeerimal i ze

intracellular A aggregation. Some of theb® receptors are discussed beldig(re 1-12).
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Figure 1-12. Examples of AO-binding receptors and downstream signaling pathways.

Cellular prion protein PrPcis@l ycosyl phosphatidylinositol ancho
isoneofitsligand®*Upon bi ndi ng wi tabonférmafignal changatman mfectoose s
pathological state. Such conformational change can activate metabotropic glutamate receptor mGlu5,
whichisaGpr ot ein coupled receptor. The activation o
i nduccleavgg bof APP and thus increase the productio
stimulated, protaoncogene tyrosine protein kinase Fyn is further activated. Fyn leads to the
phosphorylation of tau protein whichggers the hypephosphorylation of NR2B subunit of NMDA
receptort® The outcomes of this signal transduction are excessive calcium influx into neurons, tau

hyperphosphorylation, and synaptic dysfunctidh.

NMDA receptor and U7nACh receptor -symagicléveln chan
AbO i nter a®A sceptor tohactivdt® its signaling pathway which leads to calcium
dysregulation, neuronal death, and synaptic dysfunéttoh6 O i s al so a | igand of
where the activati on c¢ &1 hienitluredetau phHosphoslatidnoiscalsd o s i s

facilitated by the activation of U7nACHK: receptor
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p75 neurotrophin receptor (p75NTR) was initially found as a-dffimity nerve growth factor
receptor and then various neurotrophins were found able to bound to it. Such neurotrophins include
nerve growth factor, neurotroph) neurotrophin4, and brairderived neurotrophic factdf? Recently,
A Db @asalsobeendenti fied as a p75NTR |Iligand. ADbBO can bi
to activate its intracellular signaling pathway. It is shown to induce neuronal apoptosis in experiments.
In addition, it can also activate caspase 3 and caspase 8 whighaalilice ROS and eventually leads
to oxidative stresson neuroff8l nt er esti ngly, AbBO can work synerg

and 1 L1b, to further stp7sNARroute®n the toxic effect

AbO can also bind to the allosteric site of U2A
and activates glycogen synthase kinase 3b (GSK3|

tau that is implicated in the pathophysiology of AD.

Ot h e r -bindlibgOreceptors include: sodium potassianf Pa s e U3 subunit,
lipoproteinrelated protein receptor (LRP), receptor for advanced glycation endproducts (RAGE),
tyrosine kinase ephrin type A & type B receptor, leucocyte immunoglobedieptor B2, triggering
receptor expressed on myeloid cells (TREM2) -lik# receptor, AMPA receptor, frizzled receptor,
adrenergic receptor,-formyl peptide receptor, IgGFc receptor potential melastatin, insulin receptor,

and Wnt receptot®®

To summarize, based on the observation of amyl oi
uncovered the composition, physiological and pathological functions, aggregation properties, and toxicity

of Ab species. The A®singaligpctienpradess which gtimatelydaransformssall n o

Ab monomers into structurally identical mature fi
entire balance going forward towards the global energy minifié#tThe equi | i bri um nat
aggregation indicates that the Ab speci es, at an
composition. The only difference is which type of
Therefore,touder st and the toxicity of Ab speci es, the b
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toxicity with the AbBOs being the most toxie speci
order structures. The goal of intervening in the
specific type of A hbonafgwmleagddddeden/dad and dssoeated xicity c

With this being said, the drug designing strategi

in a later section.

146Ab Transportation, Clearance and Degradation

Ab monomer is a smal/l peptide with a molecular
sections, even though it is mainly generated by neurons in the CNS, it can be produced by many cells in the
human body. It gets circulated in plasma, cerebrasflinid (CSF), and brain interstitial fluid (ISF). In ISF,
the monomeric Ab is stabilized by chemical chaper
with free unbound Ab. The ADb concent rracesses:mthe n | SF
rate of Ab product-imedi atewch ABPj nifil uxr e a¢ ghtaich e br ai
barrier (BBB); iii) receptoome di at ed Ab efflux/ clearance into the |
degr adat i o nourprfocedsds are diosedy samneéted and rigorously regulated by different cellular
signalling pathways. Toget her they maintain the
physiological level. In the case of AD, at least one out of the four pexass dysregulated and thus the

Ab | evel becomes higher and initiates the aggrega

The CNS resides in a conserved brain region that is partially insulated from other systems of the human
body. It has its own circulation system and neuronal immune system which are also connected to the
peripherals. However, in order to control the tramsgtion of biological molecules in and out of the CNS,
three barriers are formed between blood and brain which are the arachnoid barrier, tH8Mloadier,
and most importantly BBB’®> The BBB is the main physical barrier between the peripheral circulation and
brain micracirculation. It consists of brain microvascular endothelial cells (BMECs) wrapped by pericyte

process and astrocyte end f&&tTight junctions and adherence junction structures found in between
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adjacent BMECs further constrain the transportation of biological molecules, including both nutritional
supplies and brain wast&. Moreover, the apicobasal polarity and glycocalyx covering of the luminal
surface of BMECs make the permeability of BBB highly seleci%&°There are few ways for biologically

important molecules to cross the BBB. First, nutrients typically go through the BBB from blood to brain by
transcellular route, even though the intercellular cleft between the BMECs are extremely small. Second,
small lipophilic molecules with molecular weight less than 500 Da can cross the BBB freely by passive
diffusion. The size, number of hydrogen bond donor and receptor, and concentration all play an important
role in passive diffusion. Last but not least, most ef olecules need to cross BBB with the help of
transporters or carriers located on the BBB, through either facilitated diffusion or active transportation.

Il ndeed, the transportation of Ab across BBB requ

RAGE and LPR.

RAGE is a multiligand receptor that belongs to the immunoglobulin superfamily. It is expressed on the
luminal surface of BMECs where its expression is determined by the level of its ligands. The transportation
of Ab in the dir ec faciltated by RAGE°b1 obd t bebmain AB inf
that binds to soluble monomeric Ab and thus increec

of Ab starts to accumul at eredgulatedtbyntiee inbreaairigecanceratiGhE e x p

of 2Abhe increasing expression of RAGE, in turns,
provides the potential for exacerbating cellular
Under nor mal physi ol ogical conditions, bul k f 1 ov
mechani sm. It effluxes Ab from I SF to CSF at a Vv

cleared together with CSF turnover which happens evérig#2 However, in the cases of AD, the major

Ab c | ear an c-mediatedefflue from braih tRiFood across the BBB.RP is a multifunctional
scavenger and signaling receptor which belongs to the LDL receptor family. The physiological function of
LRP is the transportation and metabolism of cholesterol associated lipopfétéiis being synthesized

as a single polypeptide precursor which is then f1
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transmembrane, and cytoplasmic b chain. These two
the BBB. The affinity of LRP to &s&4@r ésheetcaterer t h an
It can also bind to a di v e r2gnacroobulig§y?%6f iln tgearnadcst,s sv
ApoE containing lipoproteins which are ready to be cleared by LRP into the peripheral blood stream. It is
found that the expression of LRP and its capacit
clearance of A bs airesuftdio additiore theudvemntcendilation of copper ion in the

brain also contributeto the decrease of LRife di at e d A%HIn additers LR® oan also interact

with APP and thus regulates APP reguatind processing.

The | ast pl ayer in maintaining the hamgmdgtasi s
proteases have been identified, including neprilysin, endothehmerting enzyme (ECE), and insulin
degrading enzyme (IDE), and plasmin. Neprilysin is a mengbzarc metalleendopeptidas&? It is the
most efficient degrading enzyme of Ab. The proteo
by its potent and selective inhibitor thiorphan a
accumulation in the braif¥® ECE is a membrarkound zinc metalloproteinase belonging to the same
family of neprilysin,the so-called M3 family. The inhibition of ECE enzymic activity can be inhibited by
ECE inhibitor phosphoramidon and the overexpression of ECE leads to a reduction of more than 90% of
secr etdDEisADBncmetale ndopepti dease t hatTheatgrplaybeaweenAb and
IDE and AICD is also correlated to its degradation activities. Lastly, plasmin is an important serine protease
that dissolves fibrin blood clots. Some recent s

plasminanditcadegr ade and reduce the neurotox#city of bo

1.4.7 Drug Developing Strategies Targeting Ab Cascade

TheAb hypothesis of AD provides several (Figuieg t ar ge
1-13). The upstream targets includgdown-regulation ofAb production by inhibiting APP proteolytic

enzymes BALd&craendase®,; i) modul ation of Ab aggreg
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mol ecul ar docking studies have -seadasesirtthibitdrs. Rationalhe de
drug design strategies can be used to design and screen either novel synthetic molecules or natural
compounds to inhibit the activities of APP proteimygnzymes. However, selectivity, dHrget effects,

and safety are the major concerns in developing enzyme inhibitors given the fact that these enzymes are
also involved in other biological pathwad8l n contr ast, the modul ation of
due to the highly intricate aggregation mechanism. The drug target is not a single protein or enzyme with a
well-defined structure or binding pocket. Instead, the aggregation modulators irgedsitt with a cohort

of heterogeneous Ab aggregates that vary in struc
defined binding pockets. Besides, the modul ati on
the aggregation prose. Aggregation inhibitors are thought to be beneficial as they can convert the more
toxic fibrils into |less toxic monomers oOor can pre

form that is formed during the aggregation process. Therefomratter if a drug molecule is aggregation

inhibitororpromotof as | ong as the exposure time or format.
in reducing <oonmedpaétedntnieug oAbxi city. The objecti ve
aggegation is to | essen the overall Ab toxicity bt

process itself per se.
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Some other downstream drug targeta vol ved in Ab hypothesis i
proteolytic product trafficking; i) sti mul
clearance from CN&*?»*The trafficking of APP and its proteol

play an important part in facilitating its neurotoxicity, clearance, and degradation. For example, stimulation

of mo

consi

be to use molecules to downregulate molecular pathways that transport APP to the sublocation of the mature

BACE.2%*B

lowered. However, these strategies are theoretically correct and feasible but the detailed mgohanism
these trafficking routes and regulating factors are poorly defined. Without seeing the whole picture, doing
so can lead to unwarranted-tdirget effects that may hamper the normal physiological signaling pathways.
Some other direct strategies can bensidered as well, such as upregulation of LPR activity,

downregulation of RAGE activity, and stimulation of ECE and IDE. These strategies are making a direct

i nfl u

l ecul ar pat hways that r te degrddand eell corhpartménts ésn s p or

dered beneficial as it can increase the

y inhibiting the colocalization of APP

ence on t hteebAfmi |l ewar amcd heutAbofdegradati on,
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avail able Ab burden in CNS to initiate the aggreg

the same goal by administering the active-ani ant i bodi es by injection. The

selectively tar get dthehspeed ip theil renpualheactivatirfg thé innate isimuaen

systent:2

Early drug development in the area of AD tends to put its focus on alleviating the symptoms of AD
dementia, including cognitive decline and behaliohanges. With drugs controlling the symptoms being
usedfor a few decadeghe scientific communityis beginningto realize that these types of drugs can not
cure the disease twey arainable to alter the disease progression. There is an increasing demand for disease
modifying drugs that target one or more factors of AD pathophysiology. A recent literaparted that
there are 143 drugs in the AD drug development pipeline with more than 80% of those proposed to act as
diseasemodifying therapies. The list includes diseasedifying biologics and diseaseodifying small

molecules® These potential medications target several biological pathways underlying AD, such as

oxidative stress, gdir ai n axi s, Ab hypot hesi s, synaptic pl a

metabolism.

1.5 AD Disease Continuum

As implicated by its multifaceted pathophysiological pathways, AD is a complex neurodegenerative
disorder and the exact cause is unknown. Historically, the clinical diagnostic standard and definition of AD
went through revisions and modifications a fewesnThe initial definition was based on the systematic
exclusion of other potential etiologies that may also cause the same symptoms. Later on, the definition
primarily depended on the clinical manifestations of patients. AD is viewed in a series @fsprogr
disease stages, defined by Braak staging, evaluated by the level of impairment present in the brain and the

severity of clinical symptom&’ However, some recent findings make the traditional view of AD

controversial. Patients with clearevidencddd® pl| aques and NFTs in the brai
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AD sympt oms. I n the clinical trial s, the severity
not correlated wel!l wi t?A Alltoh theses absemwations jndicadef thatAb b u
pathophysiological changes may begin a long time before clinical symptoms. Thus, AD is further classified

into asymptomatic prelinical stage and clinical stage. These two stages are interconnected and happen in
sequential order without a firm boundary. In the qotmical stage, patients are not showing any symptoms,

instead evidence of pathological changes can be observed. The transition between the stages is described
by brain and cognitive reserve. Brain reses/¢he ability ofthe brain to withhold pathological changes

without altering physiological functions. Cognitive reserve refers to the ability to engage alternate neuronal
networks to function well in terms of cognition. When the brain and cognitive reserve cannot withstand the
ongoing pathological changes, the transition frorgtirécal to clinical stage occurs. Therefore, it has been
suggested that AD should be reconceptualized as a clinicopathophysiological caAditioighlights the

necessity of understanding disease progression from pathophysiological, biomarker, and clinical
perspectives. AD is an assembly composed of multiple interconnected components where these components
occur individually in parallel in theiown trajectory, moving along a certain disease continuum. But the

overall ultimate result is the progression and worsening of cognitive and functional abilities.

In this regard, the pathologies of AD can be sy
oligomer are the initiating factors that activate the downstream mechadisinis.e f or mat i on of
and tau/tau oligomer is responsible for all the emerging pathological biomarkers of AD. The first step is
termed initiating pathedfm@ ntelsé ar w, aAMR® Oi. s Basclewdb loen i
diffuse across biological membranes. It is produced by cortical neurons which then sgieadtarhinal
cortex, neocortex, and hippocampal regions of the brain as determined by the afferent and efferent
projections of neurons. AbO aftort htelrseemsreslgvi eosn sf ocrami
which then initiate the ADb cascade. On -sdethtke ot her
aggregation of tau which then initiates the tau cast&d&.The local production, transportation, and

interplay between Ab and tau spread the primary p.

38



responsible for cognitive, behavioral, and functional activities. The next step of pathology is tau oligomer
driven disease progression. At this stage, there
and gradually tau cascade becomesdhdihg event. The reason why tau burden is more closely related to

the severity of symptoms is because tau is the major pathological factor that contributes to disease
pathogenesis and disease continuum. The rapid development of tau cascade can bite#hkthitreghold

of brain reserve and cognitive reserve to worsen the AD symptoms over time. The last step of AD pathology

is inflammation which contributes to disease progression and pathogenesis. It involves microglial activation,
phagocyt osirslease fof inflanmatoay rcytokines which can then initiate other pathological
signaling pathways of AD. By conceptualizing AD as a disease continuum and summarizing pathological

events, all the aspects of AD are then synthesized and organaadake.

1.6 Design of compound library

1.6.1 Curcumin

In the previous sections, the background, pathophysiology, and research and development strategies of
AD werediscussed. The objective of this thesis was to identify novel chemical probes to understand and
study the aggregation mechanismsfob as wel | as to develop potent ¢
modifiers that are able to alleviate the overall toxic burden inducettteofx b aggr egati on pr c
rational design approach was used to identify nov
cascades. Small molecule compound libraries were investigated by stamiuity relationship (SAR)
studies. The lead discovery has always been the initial and the most important part of drug discovery. The
lead refers to chemical structure/template éxdibits potential biological activities towards the drug target
which is the Ab peptides in this case. From a med
method can be used to identify the lead, including but not limited to serendigkiythinoughput screening

(HTS), virtual screeningje novodrug design, drug fpurposing of FDAapproved drug, and fragment

39



based drug design etc. In this regard, several natural products are known to exhifitbantia c t i vi t y .
example, extensive studies have demonstrated the
namely, curcumin and chalcoriéidure 1-14). These two natural products aheirderivatives have shown
promising biological activities towards several factors involved in AD pathophysiology and are known to
possess antixidant, antinflammatory, aniA b a g g r e g a ttau aggregatemadtivity. iNéxt few

sections will summarithe chemical, biological, and pharmaceutical nature of curcumin and chalcone.

~N e

o
o)

(o)
HO OH
g ¢ S
TS PhAe
(o) (o)
Curcumin Chalcone

Figure 1-14. Chemical Structure of curcumin (left) and chalcone (righite aromatic ring systems at the
ends of the molecule are highlighted in yellow and pink, whereas the linker regions between the rings are
highlighted in red.

Curcumin or more precisely turmeric is the powderobtained from the rhizome of th€ptanima longa
Itis a yellow pigment that has been historically used as food preservatives, flavoring spices, and traditional
herbal medicine in some Asian countieshe constitutional ingredients of turmeric powder include
volatile essential oils, fiber, minerals, protein, fat, carbohydrate, and most importantly curcurdifhoids.
Curcuminoids is the term used for the major phytoconstituents of turmeric powder. These curcuminoids are
diarylheptanoids with a generic structure showirigure 1-14. The majority (70%) of curcuminoids is
made up of the active constituent curcungi, E)-1, 7-bis(4-hydroxy-3-methoxyphenybl,6-heptadiene
3,5dione, and the other two main components are demethoxycurcumin and bisdemethoxycurcumin

respectively?*

Previous studies have shown that curcumin can inhibit the aggregattohofand r educe t he

t oxi c ADb Z°dts degvatives ralso. have a broad biological activity spectrum, including anti
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inflammation, metal chelating, ardkidation, antimicrobial, enhance wound healing, neuroprotection,
antiangiogenic, and antiancer*4245 A plethora of research has been published during the past few
decades revealing its potential application as drug candidate. An extensive curcumin resource database has
been built by the scientific community to gather information regarding its biologiti@ities. Curcumin

and its derivatives, so far, have been discovered to have more than 120 different kinds of biological
activities which makes it into a privileged structure in medicinal chen®®tf§’ All of the evidence

supports that curcumin and its derivatives can potentially become a drug candidate that targets the disease

process of AD. However, there are few drawbacks of curcumin which makes it a challenging drug candidate.

First, curcumin is chemically unfavorable. The diketone moiety present can undergen&kto
tautomerization in solution. NMR studies have suggested that it is the enol tautomer, not the diketone
tautomer, as the major forfff The chemical nature of enol makes curcumin into agpJamtramolecularly
hydrogen bonded structure which is not ideal to bind and fit specifically with disease target, normally a
protein or enzymé® It is practically insoluble in agueous environment attra@ypH which proposes
difficulty for pharmaceutical formulation. It degrades rapidly in aqueous environments via nucleophilic
substitution or elimination to form vanillin, ferulic acid, and feruloyl metifah8tudies also suggest that
curcumin can degrade in cell culture medium used by various in vivo assays and human blood. Curcumin
is also photoreactive and undergoes photochemical degradation when exposed to 2&unlight.
Approximately 5% of curcumin is subjected to photodegradation during the sample preparation process if
not protected from light. The photochemical degradation products of curcumin include ferulic aldehyde,
vanillic acid, 4hydroxy-3-methoxybenzaldehyde,nd 3-(4-hydroxy-3-methoxyphenyl)acrylic aciéb*
Another degradation pathway of curcumin is facilitated by oxidation and the major product is
bicyclopentadioné®? It is necessary to note that the degradation products of curcumin under biological
assay conditions and physiological conditions are generally different. Therefore, during the R&D stage,
researchers should pay attention to the stability of curcumin ardkfivatives before assessing their

putative biological activity.
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Second, curcumin has poor pharmacokinetic and pharmacodynamic (PK/PD) profile. The
bioavailability of curcumin is extremely low with less than #%&dministered orally>® However, it is
suggested that curcumin has a poor membrane permeability with a ClogP value ranging-8@®2li3
the case of AD, the drug has to penetrate through BBB before reaching the disease target. The literature
data on the distribution of curcumin is of high variability possibly due to its static and dynamic residual
complexity?*>2%¢The curcumin parent compound itself, regardless of its various metabolite/degradation
products, does not distribute and concentrate at any specific organs based on studies conduct€d in rats.
In terms of metabolism, curcumin is extensively metabolizedhaliver and intestiné®” Phase |
metabolism reduces double bonds in the linkage by alcohol dehydrogévasereas Phasertetabolism
is the conjugation with glucuronides and sulfateshephenol groug®®2°Considering all these facts, the
concentrations where the desired biological effects were obsareed much higher than the actual blood
drug concentration due to its poor PK/PD properties. Any efforts that try to maximize the biological effects
by increasing the dosage of curcumin is fruitless as dose related toxicity and side effects might occur. The
toxicity of curcumin is also a concern for its development. Curcumin and its biological degradation products
are substrates for a variety of human enzymwaich would lead to drulinked toxicity. It can inhibit
cytochrome P450 enzyme, URJucuronosyltransferase, and glutathighransferase to name a
few.261262This would facilitate drugirug interactions and cause potential toxicity. Curcumin can also lead
to toxicity in terms of generating ROS, induce DNA damage and alterations, iron chelating, and perturbate

cell membrané®?

Third, the chemical structure of curcumin Haeen identified as one of the pan assay interfering
compounds (PAINS) which may lead to false positive results in biological screening assays and its
promiscuous biological activiti€$? The nature and mechanism of curcumin as PAINS will be discussed

in detail inSectionl.6.3

In summary, curcumin is the major component isolated from naturalqlesumin longavhich shows

a broad biological spectrum in bathvitro andin vivoassays. The chemical structure template of curcumin
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is considered as a privileged structure in medicinal chemistry. Studies on curcumin and its derivatives reveal
its potential role in the treatment of AD via various mechanisms of actions. However, the development of
curcumin and its derivatives is complied by chemical instability, poor PKPD profile, and PAINS nature.
Several strategies have been made to overcome theserabaotiened drawbacks of curcumin, including

its formulation as nanoparticles, liposomes, micelle, and phospholipid complex. Bpgidarg, a hepatic

and intestinal glucuronidation inhibitor, has been used as an adjuvant of curcumin to increase its
bioavailability and it is being studied in clinical trials. In addition, derivatives of curcumin have been

rationally designed to keeibiological active template as well as remove the susceptible functional group.

1.6.2 Chalcone

Chalconoid or saalled chalcone (1,-8iaryl-2-propenl-one) is a major class of compounds isolated
from natural sources. These compounds are important intermediates in the biosynthetic process of
flavonoids?® It is an operchain form of flavonoids which explains the reason why it can be processed by
plants and microorganisheasily to produce flavonoid&® Numerous chalcone derivatives were isolated
from natural sources with hydroxyl and methoxy groups as the most frequently seen sub&ituents.
Currently, besides the natural isolated chalcones, many novel synthetic chalcone derivatives with biological
activities have been developed. These chalcone derivatives have shown a broad biological activity spectrum,
such as anttancer, antmalarial, atimicrobial, antiinflammatory, antiprotozoal, antoxidant, ant

diabetic, antituberculosis, antvirus, neuroprotective activities, andaAtb aggr egat®f2gdn act i v

Chalcone is a styryl ketone that is flanked by two benzene rings at the ends. Theceaboondouble
bond can generate esnd transconformations. Th&rans conformation possesses lower steric hinderance
compared with theis- and thus is more thermodynamically stable. The chemical characteristics of chalcone
gives it a relatively planar and flat conformation with two aromatic rings connected through the linker. The
planar conjugated structure gives its fluorescent propertiéshvhas been utilizedhiimaging and target

identification studieg’®
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In the context of AD, chalcone generic structure has been regarded as the privileged medicinal chemistry
scaffold. Chalcone derivatives exhibit good activity toward various digeésted factors underlying AD.
The most prevailing research strategy irstfield pertains to the conception of hybrid molecules. By
combining two or more fragments from different diseasmlifying molecules, the hybrid compounds
display a better biological activity. It is well acknowledged that many naturally inspired chalgiomne
derivatives have anthflammatory, aniA b a g g r e g&idantp acetylchelmasterase inhibition,
metal chelating and neuroprotective activities based on vaimougro andin vivo disease models of

AD 279 285

Interst i ngl vy, evidence indicates that hybrid chalco
fibrils. Koneni et al designed, and synthesized a series of novel hybrids incorporating benzofuran and
chalcone fragments and screened their ability to
that expr essed?FheBARmstudyfrevaaledpthai tligdC,-Cs arrangement of carbon

chain in chalcone is essential to the activity, particularly the fused benzofuran ring is the coré®noiety.

I n addition, chal cone derivatives have al so been
Due totheirf | exi bl e chemical structure, chalcone deriva
fibrils compared with classic reference compounds, such as Congo Red and ThT. Therefore, the isotope
labeled chalcone derivatives could serve as imaging priabemical settings to monitor the level and
progression of Ab aggr eg &s$haeshownAmat ragliodinatedchaicpiee , s ev
derivatives with various chemical scaffolds sel ec
biodistribution studies in mic&¥2°2 These chalcone derivatives have the potential to be used in clinical
diagnosis of AD by positron emission tomography (PET), sipbleon emission computed tomography

technologies.

To conclude this section, the literature identified the generic chemical structure of chalcone as a favored

scaffold in medicinal chemistry. Naturally modified and synthetic hybrid chalcone derivatives exhibited
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multifaceted biological activity toward AD. Speci f

exhibitedantAb aggregation properties and were able to

1.6.3 Pan assay interfering compounds

In the workflow of drug discovery, after the disease target has been identified, confirmed, and validated,
efforts will be made to screen and identify lead compsewith unique chemical structures from eittaer
new synthetic library ol pre-assembled library containing hundreds or thousands of small molecule
compounds. Variouis vitro andin vivobiological assays are conducted to evaluate the modulatory activity
of small molecules against different disease targets, exclusively disdatsel proteins and enzymes. With
the help of HTS, millios of entries of biological and chemical screening can be done rapidly with
automated robotic arm and computerized system in parallel. This facilitates the efficient discovery of leads
from acompound library. However, few observations were made when comparing the hits from different
HTS campaigns: i) some caounds show up as frequent hits that exhibited promiscuous biological
activities against numerous disease targets from different classes; ii) similar chemotype but not necessarily
the identical compound kept appearing in different screening assayspliaiyibal activity of some leads
was not reproduceable in resynthesized or repurified samples; iv) early and promising SAR was dissipated
for some leads, ending in flat or uninterpretable SAR; and v) when some of the early hits were verified by
affinity assys, e.g. surface plasmon resonance, and orthogonal target assays, they turned out to be invalid
and not amenable for further developm&at®® The real drugs modulate the proteins either by inhibition
or activation by fitting nicely into the binding pocket of the target enzymes. They interact specifically,
efficiently, and selectively with desired proteins. Unlike real drugs, these frequeats hatite not
discriminating drugs that satisfy those requirements and often they are merely the results of false positive
readouts from the biological screening asgdy$hey may interact with disease target through-dary
like mechanism with no specificity. These compounds are termed PAINS. These hits or PAINS are

polluting the scientific soil and wasting valuable resources. The relationship between a true hit (true
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positives) and PAINS (false positives and false hits) is summarized below. The active results (including
true positives, false positives, and false hits) can arise themability of a compountb either modulate

the target or modulate the readoufgy(re 1-15).2° The former target modulators contain the true hit in

the context of assays and targets. It can modulate the target by covalentcmvalemt binding to the
pockets2®2%® These true hits are often optimizable with medicinal chemistry methodologies toward an
increasing specificity. Another situation of the target modulators is compounds that are inherently reactive
in chemistry that interfere specifically with target or sdéite. This type of target modulator can be
considered as false hits or fibad actorso which see
These false hits can give false positive readouts by indiscriminately binding to certain susceptible amino
acids in biological molecules or the proteins (e.g. cysteine with appropriate pKa value) or simply can
influence some other efactors that the furtion of proteins heavily depend on (e.g. redox cycle, cytokines,
metal ions). The latter type of actives;lled readout modulators, includes false positives in the context

of either the target or the assay. The readout modulators in the contextarfjtteare those who are able

to interact norspecifically with target leading to a false positive readouts regardless of the sequence, shape
or conformation of the target. The other type of readout modulatdtglescompounds that interfere with

assay setup or methodology. In this fashion, these compounds disguise as promising hits capable of

modulating the activity of target, but instead, the results are artefacts.
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Figure 1-15. General classification of PAINS.

Originally, in 2010, Baell and Holloway established for the first time a PAINS structural filter that
encompasses around 400 structural classes categorized into 16 easily recognizabf gittigd3AINS
filter has been adopted by many drug predicting and discovery sodt{eage SwissADME tool) and has
been mandated by many journals before the submissimmahuscript (American Chemistry Society and
Journal of Medicinal Chemistry). Some other PAINS filters are ALARM NMR assay based filter,
AstraZenecaleveloped filter, Badapple filter, and promiscuity fif&¥3°330” More or less these filters
were built upon substructure search and categorization to assign a risk factor statistically to certain groups
of compounds with similar substructure. For example, Badapple undertakes a hierarchical scaffold analysis
and repor on the biological promiscuity score withange 1 to 100 means no indication that the compound
is PAINS, 100 to 200 indicates a moderate score with weak promiscuity, and a score above 300 points a
strong suggestion of PAINS. Another delicate exampldist r aZenecads filter whi
incidence of promiscuity of certain substructute a control balanced library group (statistically 6.5%
PAINS incidence rate). The more a substructure class deviates upward from this value, the more

promiscuous it might be.
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The identification of PAINS and its structural filters is mainly observational. Over the years researchers

in the area of medicinal chemistry explored some potential mechanisms that underlie-tinagnike

properties of PAINS. Herein, several mechaniamesbriefly discussed.

Vi.

Some PAINS are known as covalent modgighich react with biological thiols mainly via Michael
addition reactions. Normally, the covalent modifier possesses moieties that can function as Michael
acceptor, such aanU , -ungaturated system. Such structure is readily susceptible to nucleophilic
attack from biological Michael donors such as solvent exposed cysteine within protein or éfzyme.
Some PAINS can trap either toxic or reactive impurities, such as metals, during the synthesis. If
such impurity is pivotal to the function or activity tife disease target, false positives may rise
solely due to the presence of the impufffy.

Some PAINS are able to produce ROS or interfere with the redox cycle of the target, such as
hydrogen peroxide and nitric oxide, which in turn deactivate the disease target and masquerade the
PAINS as protein inhibitor®?®

Some PAINS are fluorescently active and strongly colondise absorption or emission
wavelength overlapwith assay monitoringvavelength In this case, these PAINS will give a false
positive result even in the absence of protéits.

Some PAINS arenetal chelators, so they can sequester metalti@idsfundamental to protein
function3

Reactive PAINS may interact with cytochrome enzymes and other essential proteins in human body

irreversibly which leads to undesired dvdigig interaction and toxicitsf?-312

With that being said, the previously mentioned-aitive natural products curcumin and chalcone have

been proved to be PAINS. Almoatl of the underlying PAINSype behaviors are contributed by the

presence ofin U -umsaturated system in their structsire T kuesatubated ketone has photochromic

properties that interfere with typical measurersénbiological assay3® The enolketone tautomerization

enables the chelation of ions presumably through the formation of hydrogen bond and thus sifigence
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redox cycling and activity of target proteittd31*They are also Michael acceptors that react readily with
biological thiols to forma covalent bond with the target proteifi$3!® They may also undergo self
aggregation or form micelles under certain experimental conditions at certain concentrations. All these
factors flag curcumin and chalcone as PAI NS. Thi
substructure cannot becometgratial hits. A survey pointed out that a small proportion of FApfroved

drugs contain PAINSecognized substructures and yet they are used as successfuPtiugs.to the

structure of curcumin and chalone, the biological assays conducted should be examined to exclude assay
interference and validated by complementary and affinity assays. The design of curcumin and chalone
derivatives should make efforts on mimiudx the basic generic structure template, in the meantime,
avoiding the problematic PAINS moieties. This will help in retaining the biological activities without the

risk of false positives.

1.6.4 Compound library

To summarize the information frorBection1.6.1 Sectionl.6.2 Sectionl1.6.3 both curcumin and
chalcone derivatives have the potential to treat AD, especially their ability to inhibit the aggregation and
ameliorate the toxicity oAb pepti des. Ho we v aimsgturatedh system wighsméhec e o f
chemical structures turns them into PAINS. Numerous studies on curcumin and chalcone derivatives have
shown that these two represent privileged structu
aggregation which waglidated by botlin vitro andin vivoanimal studies. However, they are considered
as PAINS which is a drawback for further development of these scaffolds. Based on the previous SAR
studies, a model has been posed which suggests the chemical structure requirements to design novel
smal | mol ecul e Ab aggregation modul ator s. Gener al
and ADb pepti des a rhaveafGaCs-Gs caebdn chafn sttudtuee wheregedens doshe
existence ofan aromatic ring and Crefers to the linkage betweewd aromatic ring systenis’ The

conformation of the ligands tend to be flat and planar with substituted aromatic end groups. At least one
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polar hydrogen bonding substitution is needed for
chalcone fit in this model. The difference between these two molecules lies in their linker reyidmé¢C

length and flexibility (estimated by the number of lspbridized carbog) are important factors underlying

their biological activities. It is believed that these parameters need to be within a reasonable range to
facilitate the formation of optimal interactions. Nonetheless, no previous stuslycdraied out a

comprehensive study on modifying these templates.

In this regard, this thesis aims to propose a small molecule compound library that lacks the PAINS feature
present in curcumin an-dnsatutated sgstem i thélipkerrregiprittangsiden g t h e
bond andpossiblyrule out assay interference and false positives. The advantages of amide bonds are as

follows:

i. The anide bond is a common functional group that can be found in many biologically active
compounds, including peptides, proteins, chemical probes,&iptoved drugs, and natural
products. It rarely interferes with biological assays and possesses high ditgginch is not
considered a PAINS substructure.

ii. The resonance delocalizationasfamide bond provides it with double bond characteristic which
would restrict t he conf or mansdtusated carbanyl sysemal s o
present in both curcumin and chalcone. Thus, the conformation, flexibility and possible
biological activities of these compounds would be similar to that of parent compound curcumin
and chalcone.

iii. Amide bond is part of mammalian proteins/enzymes and is not prone to Michael addition type
of reactions in vivo which can largely reduce the possibility of future toxicity in the development.

iv. From a synthetic chemistry point of view, amide bond eliminates the formation, separation, and
evaluation of stereoisomers, such as cis/tran@)ef(E)-diastereomers which is possible with

chalcones.
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v. Various medicinal chemistry strategies can be used to further optimize the biological activity,
stability, and selectivity of amideontaining leads, including cyclization and bioisostere

replacement into heteraromatic rings, sulfamides, and carbamtes.

In this thesis, a series of compounds based on ¢&-Cs template model was synthesized, modified
and expanded by using amidentaining linkage with different lengths, structure, and flexibilifgQre
1-16). The first series of compoun(Shapter 2embraces amide bond with one extrarggbridized carbon
in the linker region Nl-benzylbenzamide series). The second series of comp@@hdpter 3 consists of
one more sphybridized carbon in the linker region to giNephenethylbenzamide series. The third series
of compoundg¢Chapter 4is designed by replacing the carbon next to amide nitrogen into oxygen from the
second series to give-benzyloxybenzamide series. Whereas the fourth series of comp@imajsiér %
are merely amide bond in the linker region to di#phenylbenzamide serieBigure 1-16). The SAR was
also modified to include a wide variety of &nd 6membered aromatic and aliphatic rings based on
bioisosterism. These rings include pyridine, pyrrole, furan, thiophene, naphthalene, quinoline, indole,
benzofuran, benzblthiophene, piperidine, and pyrrolidine. For comparison and SAR studies, several
knownantAb aggregation pharmacophores were incorporat
activity of parent compounds. These pharmacophores argli(Bgthoxylghenyl), (3,4difluorphenyl), 3

methoxyt4-hydroxylphenyl, and-Biydroxyt4-methoxylphenyl moieties.
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Figure 1-16. Proposed scaffold to studybraggregation (left) and genetic structures of compound series
(right).
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Chapter 2
Design, Synthesis and Evaluation of N-Benzylbenzamide and N-

Benzylcarboxamide Derivativesas Ab Aggregati on Modul

Below is a list of publications, manuscripts submitted argtéparation along with author names based

on this chapter:

Zhao, Y. Rao, P. P. NlN-Benzyl,N-phenethyl andN-benzyloxybenzamide derivatives inhibit amyloid
beta A b 4 &ggregation and mitigaté b 4irduced neurotoxicityMed. Chem. RegManuscriptunder

revision

2.1 Introduction

This chapter features the first series of compounds in the proposed library, where titeahreb o n~ U, b
unsaturated system present in the chalcone template was replaced with an amide bioisostere along with an
sp® hybridized carbon linker to obtaithe N-benzylbenzamide templat®:3!® The structureactivity
relationship (SAR) modifications for this library of 16 derivatives are showigare 2-1. In this series
of compounds, th&l-benzyl moiety was kept constant while the other end of the molecule was modified
by incorporating various aromatic rings such as benzgse gyridine @b, 3¢), pyrrole @h), furan @i),
thiophene §)). Furthermore, bicyclic aromatic rings were also included, such as naphtt&#)jegaifioline
(3m), indole 6a), benzofuran §b), and benzdjjthiophene %c). In addition, aliphatic rings were also
incorporated including cyclohexanesf), piperidine 8g), and pyrrolidine 3k). Besides, known
pharmacophore8,4-dimethoxylbenzene and 3;difluorobenzene moieties were also incorporated in
compounds3d and 3e3?° This chapter describes the synthesis, characterization, and evaluatibn of

benzylbenzamide andl-benzylcarboxamide class of compounds via biophysical (thioflavin T based
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fluorescence spectroscopy, tr ans miinsgedaytotoxcityenct r o n

mouse hippocampal HT22 neuronal cell lines) and by computational modelling studies.

Series A

I
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L 1 OU0d & o
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N-Benzylbenzamide/carboxamide !

Chapter 2 :
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I
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I
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16 Derivatives

Figure 2-1. N-Benzylbenzamide andN-benzylcarboxamide derivatives (Series A). This series of
compounds contains an amide bond linked to*dagpridized carbon linker.

2.2 Hypothesis

The threec a r b o-onsatUratdrsystem present in the chalcone moiety was replaced with a
corresponding amide bioisostere along with a carbon spacer to hbtainzylbenzamide derivatives that
lack the PAINS and thus provide novel small molecular templates possessifgbadti2 aggr egat i
properties. It is anticipated that these molecules can interact with®Kih&FFA?! region and the
hydrophobic G er mi n al regions of Ab42 and thus prevent
neuroprotective effécs . Considering the hydrophobic nature o
predicted that compounds with aromatic rings are more efficient than those with aliphatic rings in inhibiting
the aggregation process, possibly due to the higher charmefd) the hydrophobic interactions between
the ligand and receptor. Furthermore, compounds with a bicyclic aromatic ring are predicted as the most
potent aggregation inhibitors in the series given the same considerations. Substituted compounds with

knownpharmacophores (such as R =8ismethoxylbenzene and R = 3g#fluorobenzenef’ are expected
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to demonstrate better inhibition on Ab42 aggregat
hydrogen bonding interactions with Ab42. The SAR

bicyclic, aromatic, acyclic,-sand 6membered rings to stydheir effect on A 4 @&gregationKigure 2-1).

2.3 Results and Discussion

In this section, the synthesis, purification and characterization oNthenzylbenzamide andl-
benzylcarboxamide class of compounda-fn and5a-c) are discussed which is followed bjological
activity screening, includingarb 4 2 aggregation assay (thioflavin T
fibril mor phol ogy study by transmissi on-induékeéctr on
cytotoxicity in mouse hippocampal HT22 neuronal cells. Representative compoumdhisseries were
used in computational model ling studies to unders

structures to understand the mechanisms of thehagugtiegation properties.

2.3.1 Synthesis

The retresyntheic analysis othecompound library suggests that the starting building blocks should be
coupled to form an amide bond found in the linker region of the temBlatkere are a variety of methods
established to prepare benzamide and carboxamide derivatives. Given the fact that the proposed compounds
in the library are small molecules, the formatiomofimidebondwas achieved either by coupling of acid
halides with primary amines or by coupling of carboxylic acids with primary amines. The choice between
using the acid halides or the corresponding carboxylic acids was made based on the commercial availability
and ost of the starting materials. With that being satinpound8a-m were synthesized by using a direct
coupling method A $cheme2-1) where the corresponding acid chlorid@s-(n) were coupled with
phenylmethanamine 1), whereas compound&ac were synthesized via method B where the

phenylmethanaminel)l was coupled witlthe corresponding carboxylic acids-c (Scheme2-2).
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Scheme 2-1. Synthetic methodology to synthesi3a-m by coupling phenylmethanaminél)(and
corresponding acid chloride2gm). Reagents and conditions: (a) TEA, THF, room temperature/reflux 2
24 h.
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Scheme 2-2. Synthetic methodology to synthesiZ&-c by coupling phenylmethanaminel)(and
corresponding carboxylic acidlgéc). Reagent s and conditions: (b) EDCA
temperature overnight.

In method A, phenylmethanamind)(was coupled with corresponding acid halides. The reaction
mechanism is described as follo¥{Figure 2-2): First, nucleophilel attacks the electrophilic carbonyl
carbon to form a tetrahedron intermediate by nucleophilic addition. Next, the chloride serves as a good
leaving group. Then the hydrochloric acid is formed in the last step to give the desired pBaeucts

Organic base triethylamine (TEA) was used to readily remove the hydrochloric acid in order to facilitate
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the product formation. The overall yields of these reactions range fram9326%. The analytical data
(*H NMR, MS and purity data obtained through LCMS)3arm are given belowAnalytical spectral data

for all the final compounds are givenAppendix A.

Step 1: Addition of Nucleophile Step 3: Loss of Proton

Ph—CH,-NH, + R(E cl —= 12 — i * R i
el + RGOl == Rty R-CNHOHPR —— & u,cnph
NH,*CH,-Ph /NH

S cr
Step 2: Elimination

of Leaving Group

Figure 2-2. Nucleophilic acyl substitution mechanism which includes three major steps: (1) addition of
nucleophile to the electrophilic carbonyl carb(®) elimination of the leaving grouf3) loss of proton to
form the product.

2.3.1.1 N-Benzylbenzamide (3a)
The product was obtained as a white solid (Yield = 92.8%NMR (300 MHz, DMSQGd6): (i9.00 (t,J

= 5.6 Hz, 1H), 7.907.81 (m, 2H), 7.567.39 (m, 3H), 7.267.10 (m, 5H), 4.45 (dJ = 6.0 Hz, 2H). mp:

105108 °C. ESIMS, m/z calcd for @H1sNO [M+H]* 212.1, found 212.1Purity: 100% (LCMS).

2.3.1.2 N-Benzylisonicotinamide (3b)
The product was obtained as a white solid (Yield = 72.66NMR (300 MHz, DMSQds): 119.33 (t,J
= 5.3 Hz, 1H), 8.708.67 (m, 2H), 7.867.75 (m, 2H), 7.347.27 (m, 5H), 4.51 (d]) = 6.0 Hz, 2H). mp:

95/ 98 °C. ESIMS, m/z calcd for &H13N>O [M+H]* 213.1, found 213.1Purity: 99.0% (LCMS).
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2.3.1.3 N-Benzylpicolinamide (3c)

The product was obtained as a white solid (Yield = 74.386NMR (300 MHz, DMSQdg): 119.32 (br
s, 1H), 8.678.65 (m, 1H), 8.107.96 (m, 2H), 7.647.59 (m,1H), 7.367.20 (m, 5H), 4.50 (d] = 6.4 Hz,

2H). mp: 9497 °C. ESIMS, m/z calcd for @H1aN20 [M+H]* 213.1, found 213.Purity: 99.6% (LCMS).

2.3.1.4 N-Benzyl-3,4-dimethoxybenzamide (3d)

The product was obtained as a white solid (Yield = 86.4BbNMR (300 MHz, DMSQd) U 8.90 (t,J
=5.9 Hz, 1H), 7.57 7.51 (m, 1H), 7.51 7.47 (m, 1H), 7.38 7.18 (m, 5H), 7.03 (d] = 8.4 Hz, 1H), 4.47
(d,J=6.0 Hz, 2H), 3.81 (s, 3H), 3.80 (s, 3H). mp: 443 °C. ESIMS, m/z calcd for @GH1/NOs [M+H]*

272.1, found 272.1Rurity: 99.5% (LCMS).

2.3.1.5 N-Benzyl-3,4-difluorobenzamide (3e)

The product was obtained as a white solid (Yield = 81.96NMR (300 MHz, DMSQGd) 1 9.10 (t,J
= 5.6 Hz, 1H), 7.97 7.84 (m, 1H), 7.80 7.70 (m, 1H), 7.59 7.45 (m, 1H), 7.35 7.26 (m, 4H), 7.25
7.17 (m, 1H), 4.44 (d) = 5.9 Hz, 2H). mp: 9497 °C. ESIMS, m/z calcd for @H1:FNO [M+H]* 248.1,

found 248.1Purity: 98.2% (LCMS).

2.3.1.6 N-Benzylcyclohexanecarboxamide (3f)

The product was obtained as a white solid (Yield = 79.8B6NMR (300 MHz, CDCJ) Ui 7.451 7.16
(m, 5H), 5.72 (s, 1H), 4.46 (d,= 5.6 Hz, 2H), 2.13 (tt) = 11.7, 3.4 Hz, 1H), 1.981.87 (m, 2H), 1.87
1.76 (m, 2H), 1.72 1.60 (m, 1H), 1.57 1.40 (m, 2H), 1.29 (q) = 10.7, 8.8 Hz, 3H). mp: 11720 °C.

ESFMS, m/z calcd for @H10NO [M+H]" 218.1, found 218.1Purity: 100% (LCMS).
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2.3.1.7 N-Benzylpiperidine-1-carboxamide (3g)

The product was obtained as a white solid (Yield = 82.6BbNMR (300 MHz, CDCJ) Ui 7.401 7.24
(m, 5H), 4.69 (s, 1H), 4.45 (d,= 5.4 Hz, 2H), 3.36 (t)= 5.1 Hz, 4H), 1.60 (d] = 4.0 Hz, 6H). mp: 110

113 °C. ESIMS, m/z calcd for @H1eN,O [M+H]* 219.1, found 219.Purity: 96.5% (LCMS).

2.3.1.8 N-Benzyl-1H-pyrrole-2-carboxamide (3h)

The product was obtained as a white solid (Yield = 79.6B6NMR (300 MHz, CDCJ): 11 9.50 (br s,
1H), 7.517.12 (m, 5H), 6.926.90 (m, 1H), 6.586.51 (m, 1H), 6.266.20 (m, 1H), 6.13 (br s, 1H), 4.60
(d,J=5.9 Hz, 2H). mp:122125 °C. ESIMS, m/z calcd for &H13N,O [M+H]* 201.1, found 201.Purity:

96.1% (LCMS).

2.3.1.9 N-Benzylfuran-2-carboxamide (3i)

The product was obtained as a white solid (Yield = 93BbNMR (300 MHz, DMSQdg): 119.04 (t,J =
5.8 Hz, 1H), 7.84 (d] = 3.7 Hz, 1H), 7.367.21 (m, 5H), 7.25 (d] = 6.0 Hz, 1H), 6.62 (d] = 5.0 Hz, 1H),
4.46 (d,J = 6.0 Hz, 2H). mp: 120123 °C. ESIMS, m/z calcd for ©H12NO, [M+H]* 202.1, found 202.1.

Purity: 99.6% (LCMS).

2.3.1.10 N-Benzylthiophene-2-carboxamide (3j)

The product was obtained as a white solid (Yield = 78. #6NMR (300 MHz, DMSQds): 11 9.04 (t,J
= 5.7 Hz, 1H), 7.887.81 (m, 1H), 7.307.19 (m, 5H), 7.167.05 (m, 2H), 4.45 (d] = 6.2 Hz, 2H). mp:

115118 °C. ESIMS, m/z calcd for @H12NOS [M+H]" 218.1, found 218.1Purity: 99.7% (LCMS).
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2.3.1.11 N-Benzylpyrrolidine-1-carboxamide (3k)

The product was obtained as a white solid (Yield = 82.3BbNMR (300 MHz, CDCJ) Ui 7.411 7.24
(m, 5H), 4.47 (s, 2H), 3.37 (@,= 6.6 Hz, 4H), 2.00 1.83 (m, 4H). mp: 12130 °C. ESIMS, m/z calcd

for C12H16N20 [M+H]* 205.1, found 205.1Rurity: 97.2% (LCMS).

2.3.1.12 N-Benzyl-1-naphthamide (3I)

The product was obtained as a white solid (Yield = 87.6MNMR (300 MHz, DMSQds): 1 9.09 (t,J
= 5.7 Hz, 1H), 8.228.19 (m, 1H), 8.067.95 (m, 2H), 7.667.53 (m, 4H), 7.387.26 (m, 5H), 4.55 (d] =
6.2 Hz, 2H). mp: 127130 °C. ESIMS, m/z calcd for @H1eNO [M+H]* 262.1, found 262.Purity: 98.3%

(LCMS).

2.3.1.13 N-Benzylquinoline-2-carboxamide (3m)

The product was obtained as a white solid (Yield = 93.686NMR (300 MHz, DMSQd): 1 9.47 (t,J
= 6.2 Hz, 1H), 8.58 (d] = 8.5 Hz, 1H), 8.208.04 (m, 3H), 7.88 (t) = 7.6 Hz, 1H), 7.73 (1) = 7.5 Hz,
1H), 7.407.22 (m, 5H), 4.58 (d) = 6.2 Hz, 2H). mp: 128L31 °C. ESIMS, m/z calcd for &H1sN-O

[M+H]* 263.1, found 263.1Purity: 99.5% (LCMS).

Method B was used to synthesidebenzylcarboxamide derivativeS&c, Scheme2-2). Compared to
acid chlorides, carboxylic acids are less reactive for nucleophilic acyl substitution due to the -electron
donating nature of the hydroxyl group. This can influence the reaction progress, yield and purity of the
products. However, this limit@n can be overcome by activating the carboxylic adiatd) with the
assistance of carbodiimigiehydrating reagents, such asthy}3-(3-dimethylaminopropyl)carbodiimide

(EDC)3%3324The detailed mechanism is illustratedFigure 2-3. The carboxylic acids can be transformed
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into an ester intermediate. In the presence of an activator, such as hydroxyltriazole (HOBt), the nucleophilic
activator attacks the carbonyl carbon of the ester intermediate so that it can be transformed into an active
ester (Path a¥° The active ester contains a better leaving group compared to the original carboxylic acid
so that it can react with phenylmethanamitg \ia nucleophilic acyl substitution as mentioned in the
previous paragraph. However, in the absence or insufficient amount of the activator HOBt, the ester
intermediate can undergo rapid sedarrangement to form a urea-psoduct (Path b). The byroduct as

result of using EDC as dehydrating reagent is a wadkible urea which, therefore, can be washed away

by aqueas extraction in the poseaction workup. The overall yields of these reactions range from 75.2%

to 90.6%. The analytical datdH NMR, MS and purity data obtained through LCMS) 5a¥c are given

below.Analytical spectral data for all the final compounds are givekpendix A.
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Figure 2-3. Reaction mechaniswhenusing dehydrating agent EDC and activator H@istcoupling
phenylmethanaminel) and corresponding carboxylic acib{c) to obtain5a-c.

2.3.1.14 N-Benzyl-1H-indole-2-carboxamide (5a)

The product was obtained as a white solid (Yield = 90.686NMR (300 MHz, DMSQde): Ui 11.56 (s,

1H), 9.00 (tJ = 6.1 Hz, 1H), 7.57 (dJ = 8.0 Hz, 1H), 7.41 (d] = 8.2 Hz, 1H), 7.3§.27 (m, 4H), 7.17
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7.12 (m, 3H), 7.0686.98 (m, 1H), 4.49 (dl = 6.0 Hz, 2H). mp: 22232.ESIMS, m/z calcd for GH1sN2O

[M+H]* 251.1, found 251.1.Purity: 95.4% (LCMS).

2.3.1.15 N-Benzylbenzofuran-2-carboxamide (5b)

The product was obtained as a white solid (Yield = 75.2B6NMR (300 MHz, DMSQds) 1 9.29 (t,J
=5.9 Hz, 1H), 7.81 7.75 (m, 1H), 7.69 7.63 (m, 1H), 7.58 (s, 1H), 7.517.44 (m, 1H), 7.38 7.29 (m,
5H), 7.291 7.21 (m, 1H), 4.49 (d] = 6.2 Hz, 2H). mp: 10104 °C. ESIMS, m/z calcd for GH1sNO-

[M+H]* 252.1, found 252.1Purity: 97.2% (LCMS).

2.3.1.16 N-Benzylbenzo[b]thiophene-2-carboxamide (5¢)

The product was obtained as a white solid (Yield = 78.96bNMR (300 MHz, CDC Ui 7.417 7.24
(m, 5H), 4.47 (s, 2H), 3.37 @,= 6.6 Hz, 4H), 2.00 1.83 (m, 4H). mp: 14849 °C. ESIMS, m/z calcd

for C1eH1NOS [M+H]" 268.1, found 268.1Purity: 94.82% (LCMS).

2.3.2 Modulatory activity on amyloid-beta aggregation

The modulatory activity oN-benzylethylbenzamide and carboxamide derivatBaes) andderivatives
5acon Ab42 aggr egat i aheThWaggregatiorakinetia ase°? i is thengplden
standard usedinhe field for rapid screening of smal | mo
modulation activity?*9333|n this assay, ThT was used as the fluorescent dye which can selectively bind to
t hes hfe et structure of various forms of aggregated
increase in the fluorestseer eadi ng (FLR) which is directly propor
for med. By comparing the FLR of Ab42 control and

percentage inhibition (PI) can be calculated at the end of the assay. If the IBuRrighan that ofthe
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control, it i ndi cates that the compounds are inhidl
than that of control, it indicates that the compol
that are abl e t onarentdérmed aggregAtiordirzhibitarg @\ @nd eotmpounds that are
able to promote Ab42 aggregation are termed aggredg
modulate the aggregation are termed weak aggregation modulators (WAM). Initially jedittbempounds

were screened at 25 OM to determine their effect
activity were further evaluatealvera concentration range (1, 5, 10, 25 uM) to determine the aggregation
kinetics. Resveratrol (RVT) which is a known inhi!l

as the reference compound for comparison.

In Figure 2-4, the ThT aggregation kinetic curvesMbenzylbenzamide and carboxamide derivatives
3a-m and5a-c were shown. In each panel, the blue curve at the bottom is the ThT background readings
which suggests that ThT has no interference in th
curve shows the AD42 aggr eg argicanpounds Inthis curvey somé e a b s
characteristics of Ab42 aggregation can be observ
lag phase (~ 30 min) which is followed by a rapid growth phase spanning the time course from &ound 0.
h to 10 h. Then, the FLR tends to be stable with readings hovering around 8,000 RFUs, indicating the
aggregation process has reached the equilibrium status or plateau. Such saturation phase was seen until the
end of the assay at2cantoldurve, dihermpvas, ie the ptesence of diffdderis 4
benzylbenzamide and carboxamide derivativégure 2-4, A: 3a-d, RVT, B:3e-h, C: 3i-l, D: 3m, 5a-c),
shared similar shapes without any major difference noticed. This obsersagjgasts that none of these
derivatives are able to alter the aggregation kinetics by either shortening or extending the lag/growth phase.
However, | ower FLR at the saturation phase than
indicatesthatsomgter i vati ves were capabl e of r e diocabatimgg t he f

the reference compound RVT witthA Figufe 2-4 A), a dramatic decrease in the FLR was noticed in
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the saturation phase with FLR below 2,000 RFUs after 18 h. Such observation is not a surprise as RVT is

a very pdtent AD Al

(A) (B)
o THT
. AB o ThT
« AB+3a = AB
e s AB+3b e + Ag+3e
4 Ap + 3d o + AB+3f
« AB+3c * AB+3g
AB + RVT Ap+3h
Time in h Time in h
(©) (D)
8000
« ThT
6000 * T = AB
= Ap o « AB+3
2 N . Tl p m
L a000 : :g:gj' © « Ap+5a
v AB+5b
2000 + AB+3K Ap+5
o AB+3l B+sc

T T
6 12 18 24
Time in h

Time inh

Figure 2-4. The Ab 4 @ygregation kinetic curves fbkbenzylbenzamide and carboxamide derivati@eas (

m and5a-c) in the ThFbased fluorescence assay. (A) Aggregation kinetic curves for derivasgxceand

reference compounds resveratrol (RVT). (B) Aggregation kinetic curves for deriv@ess (C)

Aggregation kinetic curves for derivativ8sl. (D) Aggregation kinetic curves derivatives f8m, 5a-c.

The test compounds (25 OM) were incubated with AbD
fluorescence was monitored (excitation = 440 nm, emission = 490 nm). Results were obtained based on
triplicate readings from three independent experiments.

Most of the compound from this librar@dm, 5a, 14out of 16 compounds) showed inhibitory activity
toward Ab42 aggregation at t he-27.8%.hTharésoisareplistadnt , w
in Table 2.1 A detailed bar plot of PI is shown Figure 2-5. Compound3a (R = phenyl) which has a
similar structure as the chalcone, except for the lack of the reactive three Chrbamsaturated system,
showed a Pl of 27.1 + 298 which was identified as the best inhibitor 0f42 aggregation from this library.

When the phenyl ring iBawas replaced with a more polar & 4-pyridyl substituents in compoun@s
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or 3¢, the PI decreased tt0.6 £ 5.2% and13.3 £ 6.7% respectively. However, other bioisosteric
replacements of the phenyl ring, withnffember heterocycles such3s(R = pyrrole),3i (R = furan), and

3j (R = thiophene), were able to retain the inhibitory activity with Pl ranging @17+ 1.03 %23.8+
7.6%, and23.4 + 4.6 respectively. Replacing the aromatic rings with aliphatic rings led to mixed results.
For example, compour®f (R = cyclohexane) was able to retain the activity with Pl at 225 % which

is very similar to the prototypic compodi3a. However, the piperidine and pyrrolidine replacements failed
to retain A 42 inhibitory effects with Pl at1.0 + 4.0% and15.4 + 0.7% for 3g and 3k respectively
Furthermore, replacing the aromatic phenyl ring with planar bicyclic aromatic rings such as naphthalene
(31), led to a reduction in the PI to 15.8 £ 1.6 %, whereas the nitog®aining quinoline ring in
compound3m was able to retain artiggregation activity with a Pl of 26.7 £ 0.2 %. Interestingly, the
presence of an indole ring in cpound5a, led to a drastic reductidn its activity with a Pl of 7.0 £ 2.6 %
(Table 2-1). These findings suggest thait 42 inhibition activity is dependent on ligand conformation and

hydrophilicity/hydrophobicity parameters (CLogRble 2-1).
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Table 2-1. Percent inhibition (PI) oN-benzylbenzamide and carboxamide derivatidasng, 5ac),

resveratrol (RVT), and chalcone (CHL) at 25 OM on
Cmpd % Inhibition CLogP® Cmpd % Inhibition CLogP®
() (PD)®

3a 27.10 £ 2.33 2.83 3i 23.80 £ 7.67 2.01
3b 19.58 +5.26 1.33 3 23.45+4.77 2.48
3c 13.30 +6.75 1.68 3k 15.41+0.75 191
3d 13.46 £ 0.11 2.32 3l 15.79 + 1.58 4.00
3e 16.04 + 2.15 3.05 3m 26.75+0.23 3.07
3f 24.56 + 2.75 2.98 5a 7.07 £2.59 3.16
39 11.08 + 3.99 2.47 5b NA¢® 3.39
3h 27.76 +£1.03 1.78 5c NA® 3.86

RVT 81.27 £5.59 2.83 CHL -112.29+7.18 3.62

a Percent inhibition (P1) was calculated at the 24 h time point in the ThT aggrekmtitics assay. The
results shown are average * standard deviation of triplioceadings based on three independent
experiments.

b CLogP values were calculated with ChemDraw.

¢NA, notactiveindicating the compounds are WAM.

dNegative Pindicates the compounds can promote the aggregation.

Compound5b and 5c¢ containing a bicyclic benzofuran and bertifiophene were not active in
modulating the A 4 @&ygregation which makes them WAMadure 2-5). This needs further exploration.
Interestingly, the chalcone (CHL) was ail1289+t o pr o1
7.13 %(Table 2-1). As can be seen in its ThT aggregation kinetic cukigure 2-6), when /4 4 \Ras
treated withCHL, it underwent rapid elongation with high RFU ~ 16,000 at the saturation @wapared
to inhibitor control, mne of the compounds in this library were as potent as RVT (81.3 £ 5.6% inhibition)
in preventing Ab42 aggr egat i oNbenzjylbenzagnaadenvatives aret h e s e

able to prevent Ab42 aggr e ganoderate activiyanvitee Vhelassayt hey e
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Figure 2-5. Percentage inhibition (PI) &-benzylbenzamide and carboxamide derivati@enf and5a),
resveratrol (RVT) and chalcone (CHL) at 25 OM on
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Figure 2-6. The Ab 4 &ygregation kinetic curve for chalcone (CHL) in the F¥8ked fluorescence assay.

CHL (25 OM) was incubated with Ab42 (10 OM) for 2
monitored (excitation = 440 nm, emission = 490 nm). Results weened based on triplicate readings

from three independent experiments.

2.3.3 Transmission electron microscopy

In the next step, transmission electron microscopy (TEM) studies were conducted in order to study the
mor phol ogy of Ab42 aggr e geftaeias téshcompbuads @ bvaleate their a n d
antiaggregation properties. The effect of represent&tibenzyl benzamidderivatives3a, 3h-j, and3m
on A 42 morphology was investigated. The TEM is a qualitative technique and is often used in conjunction

with ThT kinetic assays to provide further evider
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aggregatiort*>3%The samples taken for TEM studies were obtained from ThT aggregation kinetic assays
at the end of the incubation period (24 h). The TEM images obtained in the presence of various lead

compounds were compared to those of AbB42 control

As can be seen iRigure 2-7, the morphology of A 4 &gregates (1QAM) showed a combination of
long, twisted, and unbranched mature fibrils. In the presenbkbeinzylbenzamide derivatives (2M),
there was a significant reduction in the formatio
presence of sparse, thinner, and loweatered fibrils, despite some prdibrils and mature fibrils still
observable in the images. Theredugel 4 2 f i br i | density seen in the i
lead compounds can inhibit the aggregation @f 4 2nterestingly, the TEM imageF{gure 2-8) for
chalcone indicated its ability to promote aggregation as higher density and thicker fibrils were found. Such
a conclusion aligned well with the results of ThT aggregation kinetic studies. Together, these studies
guantitatively and qualitatively provbat theN-benzylbenzamide derivatives are capable of inhibiting the

aggregation of AD42.
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Figure 2-7. TEM images of A& 4 2 (M1 b th® absence (4 2ontrol) and presence dfi-
benzylbenzamid8a, 3h-j, and3m (25 pM). Scale: 200 pm.

Chalcone

Figure 2-8. TEM images of & 4 2  M)lir0the@bsence (& 4 &ntrol) and presence of chalcone (25
MUM). Scale: 200 pm.
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234Neuroprotective ef-fnducddsytodogiaiynst Ab42

Based on the antiggregation properties &f-benzylbenzamide derivatives observed in the ThT and
TEM experiments, we investigated the effect of these compounds in preventisigdid2d cytotoxicity
in mouse hippocampal HT22 neuronal cells. The ability of representdtibenzylbenzamide derivatives
33 3h-j,3mt o pr e v-madiatedAiofoRicity in mouse hippocampal HT22 neuronal cell lines was
investigated. Initially, the cytotoxicity profile of compoungg 3h-j, and3m alone toHT22 cellsat 25
MM was determinedlhe cytotoxicity was evaluaddased on cell viability using cell counting kit 8 (CCK
8) colorimetric assa$?’**®As can be seen iRigure 2-9 A, the results showed that, at 25 uM, these lead
compounds are not toxic to the cells. The cell viability ranged from 16408.9 % compared to untreated
cell s. Next, HT22 <cells were incubated with AD42
compounds (25 pM) for48 hionvest i gat e t hei r a bimedatednedratoxigite s c u e
(Figure 2-9 B). After introducing A 4 igto the cells, in the absence of testing compounds, thasa
drastic decrease in the cell viability compared t
to around 60% cel | d e a t h-incubatiecewitiN-BeimzyIBenzamide derivatid/esc e | | s
the cell viability increased significantly. These compounds showed potent neuroprotective effects. For
example 3a (R = benzene)l3h (R = pyrrole),3i (R = furan),3j (R = thiophene), an8m (R = quinoline)
exhibited excellent cell viability profiles (94.9 £ 5.9 %, 85t 6.3 %, 85.0 + 9.0 %, 96.0 + 13.8 %, and
80.8 N 10.3 % respectively) i ndicati ng -indlredt they
cytotoxicity. Chalcone was also included in the assay as a refetenggound for comparison and the
results are shown iRigure 2-10. In the absence offA4 2halcone was not toxic to the HT22 cells at 25
OM with the cell Vi a b Hreatetl HT22acells wenedincubftel Wwith chalcomen A b 4 2
and a slight increase in the -tretetl tomolz The beil Viabilityy was ¢
i ncreased fr omredes cells30%8.24% wheriddbated with chalcone indicating that

chal cone also provided n e-incudeg cymtoxeitytaithoumh te & lessert s  a ¢

extent tharN-benzylbenzamide derivative8g, 3h-j, and3m). These observations suggest that thése

70



benzyl benzami de derivatives have the potenti al t
Furthermore, the cell cultur e s tinddcedecgtotodigtywhichst r at e

further supports their potential as novel tem@dteconsider in the design of adib mo | ecul e s.

A) Ab42 - (B Ab42 + (5 OM)
120— 120 =
100 100 1 i .
S < .
> 80+ > 80+
£ 60 S 60+ .
s . S
= 40+ = 40+
8 8
204 20
0_

uc 3a 3h 3i 3j 3m UC Ab42 3a 3h 3i 3j 3m

Figure 2-9. Neuroprotective effects ®-benzylbenzamid&a, 3h-j, and3m (25 uM) on HT22 cells in the
absence (A) and presence (B) of AbB42 (5 OM)- i ncubsz:
8 based colorimetric assayhe results shown are averages of quadruplicate readings based on three

i ndependent experiments. *p <  0O-wdy ANQVA folppwed byd t o A
Bonferroni post hoc test).

40— ABA2-  AB42+(5uM)

Cell Viability %

O v v 4

Figure 2-10. Neuroprotective effects of chalcone (CHL) (25 uM) on HT22 cells in the absence and presence

of Ab42 (5 OM) incubated over 48 bdsedcoDenietricassayabi | i t
The results shown are averages of quadruplicate readings based on three independent experiments. *p <
0.01 compared to AvayANOVAfdlaveddy Bogferronipost Hotass.
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2.3.5 Molecular docking

In order to better understand the mechanism of these Als, molecular docking studies were conducted to
investigate the interactions between a representative compound frokioémezylbenzamide series afid
aggregates. For this purpose, the biedtenzylbenzamide derivativBa (~2 7 % i nhi bi ti on of
aggregation in the ThT assay, nontoxic to HT22 calidl viability >95% and-9 5 % cel | vi abi | i t
treated cells) from this series was used in the docking studies. Compawats docked with botkhe
Ab42 oligomer and fibril moc¥reeloligonseiandfibrit thodels @&eO C K E R
prepared by using the 3D coordinatestt Ab 42 f i br il structure (PDB id:
resolution structure of monsta@mdVMRFITihe AD42 obt agiomed
was prepared from t*hRr eAsbido2u sf isbtruidli eass sheanvbel ys.hown t
known to exist as either pentamer or hexamer aggregates, indicating these are the smallest forms of
aggregates that can be detected in soldfibfiherefore, a pentamer model was used as a representative
example of the oligomer model in docking studies.
for its aggregation propensity and the hydrophobic nature of these regions is one of tiveyifétizors
driving the aggregation process, namely, hydrophobic ¥&teVFFA2L, and Gterminal hydrophobic tail
2IGLMVGGVVIA #23% Therefore, our docking method was designed to build a binding sphedé (20
radiug that can accommodate the entire span of these two regions to facilitate the understanding of potential
interactions in these important regions. The molecular docking was performed using the computational

software Discovery Studio, StructuBasedDesign,v20.1.0.1929%Biovia, USA).
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Figure 2-11. Molecular docking studies @awith theAb 4 fibril model (PDB ID: 5KK3). (A) Top docked
pose of3a; (B) 2D interaction map of the top docking pose3af The hydrogen atoms are removed to
enhance clarity. Protein is representelina ribbon with blue indicating the fferminus and red indicating
the Gterminus. The small molecule is represented in theavalistick model. Hydrophobic interaction is
represented in pink dashed line and hydrogen bond interaction is represented iraginedride.

The docking ofdaand Ab 4 @entamer can be seenHigure 2-11. The Ab 4 @Entamer was shown in
line ribbon representation col@oded from N (blue) to G (red) terminal and the small molecule was
shown in ball and stick representation with carbon in grey, oxygen in red, and nitrogen in blue. Based on
our docking method, 10 poses were generated, andvwiieyranked according to CDOCKER energy and
CDOCKER interaction energy with the lowest energy (most stable) pose shown in the figure. This top
binding pose (CDOCKER energ$8.83 kcal/mol and CDOCKER interaction enefg$.76 kcal/mol) of
3ashows tlat it was oriented perpendicular to the long axis of the aggregates. Two hydrophobic interactions
were observed interacting with both hydrophobic
interactions was found between the benzene ring (ring 8aahd the alkyl group of A: Leul7 (distance
~5A). The other benzene ring (ring B) underwent hydrophobic interaction with the alkyl group of C: Leu34
(distance~ 5 A). These two hydrophobic interactions anchored the compound in the binding pocket which
explains its ability to inhibit the aggregation process since it can interact with both hydrophaobic regions of
ADb4 2. 3daWasdockedwittheAb 42 fi br il model , the main interac

interactions between the aromatic ring with Ala and Val residues within the hydrophobiegmon as
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shown inFigure 2-12. For the best docking pose, the CDOCKER energy 4@92 kcal/mol and the
CDOCKER interaction energy wa22.64 kcal/mol. The benzene ring (ring B) underwent hydrophobic
interactions with the alkyl group of B: Ala2% 6 A), B: Vall8 (2.64A), and C: Ala21+ 5 A). Another
major interaction was the hydrogen bond established between the carbonyl oxygen and*the QNH
Lys16 with a distance of 2.3 which further constrained the molecule in the hydrophobic core region of

Ab42. I n the 3mohethéaAbddchengameudnasd

summary,
that the hydrophobic interactions between the aromatic rings and the hydrophobic aggprgaton
regions play a significant role in determining dtstraggregation activity observed in the experimental

work.
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Figure 2-12. Molecular docking studies &awith Ab 4 fibril model (PDB ID: 5KK3). (A) Top docked
pose of3a; (B) 2D interaction map of the top docking pose3af The hydrogen atoms are removed to
enhance clarity. Protein is representetina ribbon with blue indicating the f&rminus and red indicating
the Gterminus. The small molecule is represented in thedwalistick model. Hydrophobic interaction is
represented in pink dashed line and hydrogen bond interaction is represented iragiedride.
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2.4 Summary

This chapter describes the design, synthesis, and evaluation of a librarNdiekzybenzamide and
carboxamide derivativeS8a-m and 5a-c as Ab42 aggregation modulators. These compounds were
synthesized by coupling the benzylamine with either corresponding acid chlorides or carboxylic acids in
good yields (723%). The structures of the compounds were characterizé#tl B)¥R, MS and the purity
was determined by HPLC or LCMS. These compounds exhibited-teeakderate inhibition oA b 4 2
aggregation as comfied by ThTbased aggregation kinetic assajyhe TEM studies also demonstrated
their anttaggregation activity. Among thera, 3h, 3i, 3j, and3m showed antA b 42 acti vi ty wi
ranging from 23.40 27.8%. These compounds were not toxic to mouse hippocampal HT22 neuronal cells
and were able to rebsodeceéelfi2f2euaebtexfcomy-fdat@d® | | vi ¢
control versus up to ~95% when-owubated with lead Als). Compour8h was identified as the best
compound from this seri€Eigure 2-13) and its molecular docking studies in thb A @igomer and fibril
models indicate that the aromatic rings underwent importantpotar and polar interactions in the
aggregatiorprone KLVFFAandthe @ er mi n a | regions in thleCompaded pent a
to chalcone which is an AP, the lead derivaBegloes not contaia PAINS substurecture amaas able to

inhibit A b 4aggregatiorio provide neuroprotection.
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Figure 2-13. Summary ofN-benzylbenzamide and carboxamide derivatives. (A) 87% (14 out of 16)
compounds were identified as aggregation inhibitor (Al) and 13% (2 out of 16) compounds were identified
as weak aggregation modulator (WAM); (B) Key experimental data for lead compBaund

2.5 Experimental

2.5.1 General

All chemicals and reagents were purchased from various vendors (Sigma Misgduri USA, Alfa
AesarMassachusette)SA, Bio BasicOntario Canada, AA Block<California USA, Cayman Chemical
MichiganUSA, Thermo FisheMassachusettdSA, and CornindNew York USA), were >95% pure and
used without further p thexafliorosaprogamin(HFIPT ¥08% phrfe,4nvas 1, 1,
purchased from Anasp&aliforniaUSA (Cat. N0.AS-64129 or rPeptideGeorgiaUSA (Cat. No. A1163
1). The reactions were monitored by t@tyer chromatography (TLQGJsing theMerck silica gel 60, F254.
Column chromatography was carried out using Merck silica ge¥P80nesh. The spots were visualized
with short or long wavelengths (254 nm or 365 nm). The melting pofntompounds were determined
using a digital melting point apparatus (REACH Devices, USA). The proton NMRIKIR) spectra of
compounds were obtained using a 300 MHz Bruker Avance spectrometer (Department of Chemistry,
University of Waterloo). Either CDgbr DMSO-ds were used as solvents. Coupling constahtal(ues)
were recorded in Hertz (Hz). Abbreviations used to représeNMR signals were & singlet, di doublet,

t 1 triplet, mi multiplet, br si broad singlet. The mass and purity were confirme@mAgilent 1260
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Infinity liquid chromatography (LC) module equipped wétb130 Quadrupole mass spectroenéfgilent

6100 series LCMS). The column used on LCMS wd©RBAX Eclipse AAA, 4.6 x 75 mm, 3.5 micron
(Agilent Technologies, Canadeplumn A mixture of water and acetonitrile 1:1 v/v with 0.1% formic acid

(1.0 mL/min flow rate), was used as the solvent system to assess compound purity and mass. All final

compounds were O 95% pure as determined by LCMS

2.5.2 Chemistry

For the coupling of acid chlorides and primary amine, phenylmethanatyi(teromol) was added to a
50 mL round bottom flask (RBF) containing 15 mL anhydrous tetrahydrofuran (THF). To this mixture, 1.2
equivalens of TEA and 1.0 equivalent of corresponding acid chlorides with various R grdasps) (were
added®* The reaction was kept at either room temperature or under reflus2#in &nd monitored by thin
layer chromatography (TLC). After the reaction was complete, the solvent THF was evaporated in vacuo
and the resulting reaction mixture was dissolved in 1%thll acetate (EtOAc), and then washed with 15
mL brine solution{ 3). The organic layer was collected and dried over anhydrous Mgy&Jiltered. The
organic solvent was removed in vacuo and the residue/oil obtained was further purified by sibbange! c
chromatography using a combination of solvent systemsn{téxanes:EtOAc or 5:8-Hexanes:EtOAc
or 9:1 dichloromethane (DCM):Methanol (MeOH) or 4:1 D@NHexanes) to afford the final compounds

3am.

As for the combination of carboxylic acid and primary amine, phenylmethanafige fhmol), was
added to a 50 mL round bottom flask containing 15 mL THF. Next, 1.0 equivalent carboxylidacjd (
1.2 equivalersEDC, 1.5 equivalestHOBt, and 2.2 equivalesTEA were added in sequence. The reaction
mixture was kept at room temperatureernightor reflux conditions for 6 12 h. The solvent was
evaporated in vacuo and the resulting reaction mixture was dissolved in 15 mL EtOAc and washed with 15

mL brine solution ¥ 3). The organic layer was collected, dried over anhydrous M@®8@ filtered. The
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organic solvent was then removed in vacuo to obtain the residue/oil which was further purified by silica gel
column chromatography using either h-Hexanes:EtOAc or 5:B-Hexanes:EtOAc as mobile phase to

afford compound$a-c.

253Ab42 aggregation kinetic assay

The ability of N-benzylbenzamide and carboxamide derivati8asn and 5a-c to inhibit theA b 4 2
aggregation was evaluated using the thioflavin T (ThT) based fluorescence kinetié*akayl5 nvi
ThT solution was prepared in 50 mM glycine buftesing the ultrgpure water (UPW)The pH of the
solution was adjusted to 7.4 with 50 mM sodium hydroxide solution. The aggregation assay was carried
out using 215 mM sodium phosphate dibasic heptahydrate buffer prepared in UPW and the pH was adjusted
to 7.4 by using 50 mM hydrochloriciaad s ol ut i §HFIP > 9586epurédd(Brbgpec, USA) was
treated with 1% ammonium hydroxide solution to afford 1 mg/mL stock solution. The stock solution was
then vortexed ath sonicated for 5 min before being dilutedat85 mM working solution using the assay
buffer. The stock solutions of the test compoungsri, 5a-c, resveratrol RVT and chalcone) were
prepared in assay buffer with DMSO as the solubilizing agent (final concentration per well was less than
2%). The 24 h aggregation kinetics assay was carried out usingedBdlates (Costar, black, clebottom),
by addng 44ni of ThT, 12ni of assay buffer, 16 o f A b 4 2 ndididaluellicancentr@atibr),
and 8nL of test compound dilution (28M) i nt o each well . The AB42 contr
solution and the assay buffer without any test compound. The plates were covered with a transparent plate
cover and were incubated at 37 for 24 h with shaking at 300 cpm between readings for 30 s. The readings
were taken every 10 min (bottom reading), with excitation wavelength of 440 nm and emission wavelength
of 490 nm using the BioTek Synergy H1 microplate reader. Each sample wasedeéastiplicate readigs

and the results were obtained based on three independent experiments.
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2.5.4 Transmission electron microscopy

The TEM assay was carried out by firstuMeaahni ng t
of testcompoundsvith 1I0nM A b 4 2 f o B7 @34 Thé TEM igrids were prepared by aliquoting 20
nL of each sample from the 3&4ell plate after th4-hour incubation period. These samples were loaded
onto 400mesh formvaicoated copper grids (Electron Microscopy Scien&esnsylvanialJSA). The
grids were ahdried overnight beforbeing washewith 40 UPW three times. After washing, 2@ 2%
phosphotungstic acid (PTA) solution was added to the grid and stayed for 1 min to stain the samples. Then
the PTA solution was absorbed awaigh filter paper and then the grids were washed witmdQUJPW
three times. Then the grids were furtherdried ovenight. The imagig studies were carried out using a
Philips CM 10 TEM (Dept. of Biology, University of Waterloo) at 60 kV and the micrographs were
obtained through a trhegapixel AMT camera ati@00X magnificationThe samples used to prepare the
grids were obtained by mixing the triplicate wells from ThT assay and image were taken at a randomized

view for each grid.

2.5.5 Cell viability assay

The cell viability a sisdacgdHT2 sell toxicitymodéftrhexcytdtoxidgityyn t he A
and neuroprotective effects of benzamide/carboxamide deriv8aesand5Sa-c toward HT22 cells were
carried out by using the UYased cell metabolism assay kit (cell counting kit 8, €E8;KrargetMol,
Massachusettd)SA). The HT22 cells were cultured in DMEM/F12 1:1 with the addition of glutamate
supplemented with 10% FBS and 1% penicillin and streptomy8in & in 5% CQ. The cells were seeded
at a density of 50,000 cells per mL. After 24 h, the cells were treated with various cals @t mvi
prepared in phosphate buffer pH 7.4 and DMSO (less than 2%) and incubated for 48 h. After that;the CCK
8 reagent was added to each well, and incubated for another 2 h, before measuring the absorbance at 450

nm as per the manufrecpruottedtsi pe oefoft@dt s T-indecethe st c o
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cytotoxicity were determined by treating the HT22 cells witivb o f  IAFIP4(>305%, rPeptide, USA),

and thenincubating for 48 h. The cell viability assay was determined by adding the8€&Kgent and

incubating for another 2 h to measure the absorbance at 450 nm. The cell viability was calculated as the
average percent cell viability based on quadruplicateimgadrom three independent experimetfisr

statistical analysis, the results warelyzed byneway ANOVA followed by Bonferroni post hoc alyais
compared to Abs conntotolsiggniufpi.cant, *p < 0.01 compa
compared to Ab42 control group, ***p < 0.01 compart

Ab42 control group.

2.5.6 Molecular docking study

The binding interactions dawi t h /Aifeidvastigated by carrying out molecular docking studies
using the Discovery Studio software program v20.1.0.19295, Stre8asedDesign (BIOVIA Inc. San
Diego, USA**The AD42 pentamer model was prepared by ext
structure otheAb 42 f i br i | ¥°RBMling spghere & ROKA&djus was selected and defined
as the ligand binding site which covers tHKLVFFA2?! and the @&erminal 2AIGLMVGGVVIA #?
hydrophobic regions of the XiCdnoundBawaslultinBD usm mer ar
the Small Moleculemodule in the software and was subjected to energy minimization protocol (1000 and
2000 steps of steepest descent followed by conjugate gradient method) using CHARMmM force field. The
CDOCKER algorithm was used to carry out the docking studiesR€kbeptotligand Interactionsnodule
in the software was used to perform CDOCKER simulations. The docking simulation included 2000 heating
steps, a heating target temperature of 700 K and 5000 cooling steps@wlthg target temperature of 300
K. The top ligand binding modes 8&were analyzed by evaluating the CDOCKER energy and CDOCKER
interaction energy (in kcal/mol). Further analysis was carried out by determining the polar and nonpolar

contactsoBai n t he Ab42 oligomer and fibril model s.
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Chapter 3
Design, Synthesis and Evaluation of N-Phenethylbenzamide and N-

Phenethylcarboxamide Derivativesas Ab Aggr egati on Modul

Below is a list of publications, manuscripts submitted and in preparation along with author names based

on this chapter:

Zhao, Y. Rao, P. P. NlN-Benzyl,N-phenethyl andN-benzyloxybenzamide derivatives inhibit amyloid
beta A b 4 &ggregation and mitigaté b 4irduced neurotoxicityMed. Chem. RegManuscriptunder

revision

3.1 Introduction

This chapter features the second series of compounds in the proposed library, where-tzltbree
U ,-umsaturated system present in the chalcone template was replaced with an amide bioisostere along with
two sp hybridized carbon linker to obtaimN-phenethylbenzamide andl-phenethylcarboxamide
derivatives’’®31°The structureactivity relationship (SAR) modifications for this library of 16 derivatives
are shown irFigure 3-1. In this series of compounds, tNephenethymoiety was kept constant while the
other end of the molecule was modified by incorporating various aromatic rings such as b&agene (
pyridine (7b, 7c), pyrrole (7h), furan (7i), thiophene 7j). Furthermore, bicyclic aromatic rings were also
included, such as naphthalen)( quinoline fm), indole 8a), benzofuran&b), and benzdjjthiophene
(8c). In addition, aliphatic rings were also incorporated including cyclohexéhepfperidine {g), and
pyrrolidine Bk). Besides, known pharmacophores whered@methoxylbenzene and 3;d#fluorobenzene
moieties were also incorporated in compourdsand 7e.32° This chapter describes the synthesis,
characterization, and evaluationphenethylbenzamide amdéiphenethylcarboxamide derivativelass

of compoundsvia biophysical (thioflavin T based fluorescence spectroscopy, transmission electron
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mi croscopy) , bindacechcgtotaxicita ih mause igppcampal HT22 neuronal cell lines)

and by computational modelling studies.

Neogodogveinel
~
Series B " RS ° F

N-Phenethylbenzamide/carboxamide

16 Derivatives

Figure 3-1. N-Phenylethylbenzamide améiphenylethylcarboxamide derivatives (Series B). This series of
compounds contagan amide bond and a two carbo# Isgbridized linker region.

3.2 Hypothesis

It i's hypot hesi z eudsattrdtea systemeppebeatn eitmegchalcbne or Curchmin
with an amide bioisostere in tidphenylethylbenzamide series will remove the presence of a reactive
Michael acceptor and provide drlige properties while retaining theirb42 aggregation modulation
propertiesThe presence of the Shybridized two carbon linkemN-phenethyl) is expected to make the
scaffold more flexible which would promote additional contacts in the KLVFFA and-then@inal regions
of AbB42. Furthermore, given theegiydnepbObAlb, nthese
are expected to exhibit better binding compared tdthenzylbenzamide serieSlfapter 2. In this series
of compoundssubstituted compounds with known pharmacophores (such as R-diBethoxylbenzene
and R = 3, 4ifluorobenzenéy’, i's expected to de moddagyregationeduedet t er

efficentvan der Waal s, hydrophobic and hydrogen bondi
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neur opr ot ect i 4nduced gymtoxitityt TheA BAR2was investigated by incorporating
monocyclic, bicyclic, aromatic, acyclic;&ndéme mber ed rings to study their
(Figure 3-1). It is hypothesizedhat these SAR studies will provide novel insights on designiifig4A2

aggregation modulators.

3.3 Results and Discussion

In this section, the synthesis, purification and characterizatiothefN-phenethylbenzamide ard
phenethylcarboxamidé/a-m and 8a-c) library of the compounds are discussed which is followed by
biological activity screening, including amiib 4 2 aggr e g at-basen spactrasaopy), florit h T
morphology study( TEM experi ment ), compound cyt4dihdoced ci ty ¢
toxicity to mouse hippocampal HT22 neuronal cells and computational modeling studies in 3D structures

of ADb4 2 aodfibrignoodets.r

3.3.1 Synthesis

The retresyntheic analysis of the compound library suggests that the starting building blocks can be
coupled to form the amide bond using suitable substrates to obtaighenethylbenzamide arid-
phenethylcarboxamide derivativekhis was achieved through either the direct coupling of acid halides
(2a-m) with primary amines (phenyletharl-amine6, Method A) or by coupling the carboxylic acids
with primary amines (henyletharl-amine 6, Method B). The preference for using the acid halides
versuscamboxylic acidscoupling method was made based on the commercial availability and cost
effectiveness of the starting materials. With that being said, comp@amdsvere synthesizedia Method
A as shown irBcheme3-1, whereas compound@s-c were synthesizeddy method Bas shown irScheme

3-2.
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Scheme3-1. Synthetic scheme fofam by coupling 2phenyletharl-amine 6) and corresponding acid
chlorides Ra-m). Reagents and conditions: (a) TEA, THF, room temperature/refR4kI2
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Scheme 3-2. Synthetic scheme foBa-c by coupling 2phenyletharil-amine ¢) and corresponding
carboxylic aci@ (4ac). Reagents and conditions: (b) EYMCI, HOBt, TEA, THF, room temperature
overnightreflux 4-12 h.

In Method A 2-phenyletharl-amine 6) was coupled with corresponding acid halides. Conisig¢he
leaving capability and reactivity, acid chlorid@s{m) were used in the reactions. The reaction mechanism
(Figure 3-2) is described as follows: First, the nucleophilic aminattacks the electrophilic carbonyl
carbon of the acid chloride to form a tetrahedron intermediate by nucleophilic aduitigrghloride serves

as a good leaving group and then is eliminated from the tetrahedron intermédiateydrochloric acid is
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also formed as the reaction-pyoduct which can neutralize thmse triethylamine (TEA) to facilitate
product formation®2 The overall yields of these reactions range from-BZ.8%. The analytical data for
7am (*H NMR, MS and purity data by LCMS) are given belddnalytical spectral data for all the final

compounds are given ippendix B.

Step 1: Addition of Nucleophile Step 3: Loss of Proton

Ph—H,CH,C—NH, + R(E Cl — ? (I? N -HCl (IDI
TN ) R—C—N"H,CH,ChoPh = o C—_NH,CH,CH,Ph

U
NH,*CH,CH,Ph /\I-II
Cr

Step 2: Elimination
of Leaving Group

Figure 3-2. Nucleophilic acyl substitution mechanism which includes three major steps: (1) addition of
nucleophile to the electrophilic carbonyl carbon. (2) elimination of the leaving group. (3) loss of proton.

3.3.1.1 N-Phenethylbenzamide (7a)

The product was obtained as a white solid (Yield = 79.86hNMR (300 MHz, CDCJ): Ui 7.78 7.59
(m, 2H), 7.527.28 (m, 5H), 7.24 rh, J = 4.9, 4.4 Hz, 3H), 6.10 (s, 1H), 3.71 (4, =
6.9 Hz, 2H), 2.93 (tJ = 6.9 Hz, 2H). mp: 122125 °C. ESIMS, m/z calcd for @GHisNO

[M+H]*212.1, found 212.1Rurity: 99.9% (LCMS).

3.3.1.2 N-Phenethylisonicotinamide (7b)

The product was obtained as a white solid (Yield = 76.0eb)NMR (300 MHz, CDCJ): Ui 8.71i 8.68
(m, 2H), 7.507.48 (m, 2H), 7.367.20 (m, 5H), 6.15 (br s, 1H), 3.72 (= 6.6 Hz, 2H), 2.93 () = 6.8
Hz, 2H). mp: 120132 °C. ESIMS, m/z calcd for @H1sN20 [M+H]* 227.1, found 227.1Purity: 98.7%

(LCMS).
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3.3.1.3 N-Phenethylpicolinamide (7c)

The product was obtained as a off white solid (Yield = 74.3B6NMR (300 MHz, CDCJ): Ui 8.53 (d,
J = 45 Hz, 1H), 822 (dJ = 7.8 Hz, 1H), 8.16 (s, 1H), 7.85 (td = 7.7, 1.6 Hz, 1H),
7.4417.23 (m, 6H), 3.72 (g1 = 7.0 Hz, 2H), 2.97 (1] = 7.3 Hz, 2H). mp: 3912 °C. ESIMS, m/z calcd for

C14H15N20 [M+H]" 227.1, found 227.Purity: 99.0% (LCMS).

3.3.1.4 N-Phenethyl-3,4-dimethoxybenzamide (7d)

The product was obtained as a white solid (Yield = 73.9PbNMR (300 MHz, CDCJ) U1 7.421 7.22
(m, 5H), 7.2 7.12 (m, 1H), 6.89 6.81 (m, 1H), 6.07 (s, 1H), 3.93 (s, 3H), 3.94 (s, 3H), 3.73 6.7
Hz, 2H), 2.96 (t) = 6.9 Hz, 2H). mp: 13841 °C. ESIMS, m/z calcd for GH1sNOs [M+H] * 286.1, found

286.1.Purity: 99.4% (LCMS).

3.3.1.5 N-Phenethyl-3,4-difluorobenzamide (7e)

The product was obtained as a white solid (Yield = 82.3BbNMR (300 MHz, CDCJ) U1 7.641 7.51
(m, 1H), 7.47 7.13 (m, 6H), 6.04 (s, 1H), 3.73 (&= 6.6 Hz, 2H), 2.96 ({} = 6.8 Hz, 2H). mp: 935 °C.

ESFMS, m/z calcd for GH13FNO [M+H]" 262.1, found 262.1Purity: 99.2% (LCMS).

3.3.1.6 N-Phenethylcyclohexanecarboxamide (7f)

The product was obtained as a white solid (Yield = 87.986NMR (300 MHz, CDCJ) ti i 7.361 7.12
(m, 5H), 5.39 (s, 1H), 3.49 (d,= 6.6 Hz, 2H), 2.79 () = 6.9 Hz, 2H), 2.06 1.90 (m, 1H), 1.85 1.74

(m, 1H), 1.80i 1.68 (m, 3H), 1.68 1.59 (m, 1H), 1.45 1.33 (m, 2H), 1.33 1.20 (m, 1H), 1.24 1.11
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(m, 2H). mp: 116119 °C. ESIMS, m/z calcd for GH2:NO [M+H]* 232.1, found 232.1Purity: 96.1%

(LCMS).

3.3.1.7 N-Phenethylpiperidine-1-carboxamide (79)

The product was obtained as a white solid (Yield = 75.46NMR (300 MHz, CDCJ) G *H NMR (300
MHz, Chloroformd) 0 7.397 7.18 (m, 5H), 4.43 (s, 1H), 3.51 (§= 6.6 Hz, 2H), 3.33 3.23 (m, 4H),
2.84 (t,J = 6.9 Hz, 2H), 1.66 1.46 (m, 6H). mp: 8B0 °C. ESIMS, m/z calcd for €&H2N-O [M+H]*

233.1, found 233.1Purity: 97.6% (LCMS).

3.3.1.8 N-Phenethyl-1H-pyrrole-2-carboxamide (7h)

The product was obtained as a white solid (Yield = 82.8B6NMR (300 MHz, CDCJ): 119.38 (br s,
1H), 7.377.26 (m, 2H), 7.267.17 (m, 3H), 6.916.88 (m, 1H), 6.416.38 (m, 1H), 6.206.17 (m, 1H),
5.84 (br s, 1H), 3.66 (d,= 6.7 Hz, 2H), 2.88 (t) = 6.9 Hz, 2H). mp:134.37 °C. ESIMS, m/z calcd for

Ci13H1sN20 [M+H]* 215.1, found 215.1Rurity: 98.6% (LCMS).

3.3.1.9 N-Phenethylfuran-2-carboxamide (7i)

The product was obtained as a white solid (Yield = 75.5B6NMR (300 MHz,CDCls): U 7.38 7.20
(m, 5H), 7.08 (d,J = 3.5 Hz, 1H), 6.466.36 (m, 2H), 3.67 (qJ = 7.0 Hz, 2H), 2.90 (t,
J=7.0 Hz, 2H). mp: 11818 °C. ESIMS, m/z calcd for GH1.NO, [M+H]* 216.1, found 216.1Purity:

99.7% (LCMS).

87



3.3.1.10 N-Phenethylthiophene-2-carboxamide (7j)

The product was obtained as a white solid (Yield = 73.2BbNMR (300 MHz, CDCJ): 11 7.41i 7.18
(m, 7H), 7.087.01 (m, 1H), 6.00 (br s, 1H), 3.67 (¢ = 7.0 Hz, 2H), 2.90 (tJ = 7.0
Hz, 2H). mp: 116119 °C. ESIMS, m/z calcd for @H1NOS [M+H]* 232.1, found 232.1Purity: 99.8%

(LCMS).

3.3.1.11 N-Phenethylpyrrolidine-1-carboxamide (7k)

The product was obtained as a white solid (Yield = 87.4BbNMR (300 MHz, CDCYJ) 11 7.351 7.14
(m, 5H), 4.16 (s, 1H), 3.48 (4= 6.9, 5.7 Hz, 2H), 3.27 3.21 (m, 3H), 2.81 (t, 2H), 1.931.77 (m, 4H),
1.68 (s, 1H). mp: 12829 °C. ESIMS, m/z calcd for &H1sN.O [M+H]* 219.1, found 219. Rurity: 97.4%

(LCMS).

3.3.1.12 N-Phenethyl-1-naphthamide (71)

The product was obtained as a white solid (Yield = 72.8B6NMR (300 MHz, CDCJ): 11 8.20 8.16
(m, 1H), 7.817.75 (m, 2H), 7.507.44 (m, 3H), 7.407.23 (m, 6H), 5.96 (br s, 1H),
3.82 (g,J = 6.6 Hz, 2H), 2.99 (tJ = 6.8 Hz, 2H). mp: 125128 °C. ESIMS, m/z calcd for GH1NO

[M+H]* 276.1, found 276.1Purity: 99.2% (LCMS).

3.3.1.13 N-Phenethylquinoline-2-carboxamide (7m)

The product was obtained as a white solid (Yield = 79.9B6NMR (300 MHz,CDCl): i 8.36 (br s,
1H), 8.27 (s, 2H), 8.04 (dJ = 8.5 Hz, 1H), 7.86 (dd,J = 8.1, 1.5 Hz, 1H), 7.74

(ddd, J = 8.5, 6.9, 1.5 Hz, 1H), 7.60 (dd,= 8.2, 6.8 Hz, 1H), 7.3§.19 (m, 5H), 3.78 (qJ = 7.6
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Hz, 2H), 2.99 (t] = 7.3 Hz, 2H). mp: 8B4 °C. ESIMS, m/z calcd for GHi7N;0 [M+H]* 277.1, found

277.1.Purity: 99.56% (LCMS).

Method B was used to synthesi¥gphenethylcarboxamide derivativedafc, Scheme3-2). Compared
to acid chlorides, carboxylic acids are less reactive due teldotrondonating nature of the hydroxyl
group. This can influence the reaction progress, yield and the purity of the products. However, this
limitation can be overcome by activating the carboxylic admd) with the assistance of carbodiimide
dehydrating reagents, such astly}3-(3-dimethylaminopropyl)carbodiimide (EDCF?%?*The detailed
reaction mechanism is shown kgure 3-3. The carboxylic acids can be transformed into an ester
intermediate. In the presence of an activator, such as hydroxyltriazole (HOBt), the nucleophilic activator
attacks the carbonyl carbon of the ester intermediate so that an active ester is*féithedactive ester
contains a better leaving group compared to the original carboxylic acid so that it can react with 2
phenyletharl-amine @) via nucleophilic acyl substitution as mentioned in the previous paragraph. The by
product urea formed as a result of using EDC as dehydrating reagent isohaldeandtherefore, can be
washed away by aqueous extraction in the-pesttion workup. The overall yields of these reactions range
from 80.9to 87.5%. The analytical datdH{ NMR, MS and purity data by L@S) for compound8a-c are

given below Analytical spectral data for all the final compounds are givekpipendix B.
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Figure 3-3. Reaction mechanism when using the dehydrating agent EDC and activator HOBt for coupling
2-phenyletharl-amine @) and corresponding carboxylic acigfc).

3.3.1.14 N-Phenethyl-1H-indole-2-carboxamide (8a)

The product was obtained as a white solid (Yield = 87.5%6NMR (300 MHz, DMSQGde): Ui 11.51 (br
s, 1H), 857 (tJ = 56 Hz, 1H), 7.60 (dJ = 7.9 Hz, 1H), 7.43 (d,J = 8.2 Hz, 1H),
7.34i7.01 (m, 6H), 3.463.55 (m, 2H), 2.87 (t) = 7.4 Hz, 2H). mp: 19194. ESFMS, m/z calcd for

Ci7H17N,O [M+H]* 265.1, found 265.1.Purity: 97.6% (LCMS).

3.3.1.15 N-Phenethylbenzofuran-2-carboxamide (8b)

The product was obtained as a white solid (Yield = 86.1FNMR (300 MHz, CDCJ) i 7.69 (d,J =
7.8 Hz, 1H), 7.52 7.23 (m, 9H), 6.71 (s, 1H), 3.78 (@ 6.8 Hz, 2H), 2.99 () = 7.0 Hz, 2H). mp: 126

129 °C. ESIMS, m/z calcd for GH1sNO, [M+H]* 266.1, found 266.1RPurity: 96.5% (LCMS).
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3.3.1.16 N-Phenethylbenzo[b]thiophene-2-carboxamide (8c)

The product was obtained as a white solid (Yield = 80.9PbNMR (300 MHz, CDCJ) 1 7.9171 7.79
(m, 2H), 7.70 (s, 1H), 7.50 7.24 (m, 7H), 3.76 (t) = 6.8 Hz, 2H), 2.98 (1) = 6.9 Hz, 2H). mp: 126

129 °C. ESIMS, m/z calcd for GH1sNOS [M+H]" 282.1, found 282.1Rurity: 95.0% (LCMS).

3.3.2 Modulatory activity on amyloid-beta aggregation

The modulatory activity oN-phenethyenzamide and carboxamide derivativasn and8acon ADb 4 2
aggregation was evaluatby theThT aggregation kinetic ass&?.3?°It is the golden standard used in the
field for rapid screening of small mol ecu¥®s to de
In this assay, ThT was wused as the -Bheatsirucareofent dy
various forms of aggregated Ab42. Upon binding, T
reading (FLR) which is directly proportional to t
FLR of AB42 control and in the presence of wvariou
calculated at the end of the assay. If the FLIBviger than that ofhecontrol, it indicateshat the compounds
are inhibiting the Ab42 aggr egatthexwantrol, iSndicatesthat | vy, i f
the compounds are able to promote the AD42 aggre
aggregation are termed aggregation inhibitors (A
aggregation are termed aggregationnpotors (AP), whereas compounds that weakly modulate the
aggregation are termed weak aggregation modulators (WAM). Initially, all the test compourds wer
screened at 25 OM to determine their effect on Ab!/
were further evaluated at a concentration range (1, 5, 10, 25 uM) to determine the aggregation kinetics.
Resveratrol (RVT) which is a known inhibitorf Ab42 aggregation was al so i

reference compound for compariséfi.
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In Figure 3-4, the ThT aggregation kinetic curves Nfphenylethylbenzamide and carboxamide
derivatives7a-m and8a-c were shown. In each panel, the blue curve at the bottom is the ThT background
readings which suggests that ThT has no interfere
The red curve shows the ADb4 Zompayrgs. éhghaede icoves, Some t he
characteristics of Ab42 aggregation can be observ
lag phase (~ 30 min) which is followed by a rapid growth phase spanning the time course from around 0.5
h to 10 h. hen, he FLR tends to be stable with readings hovering around 8,000 RFU, indicating the
aggregation process has reached the equilibrium status. Such saturation phase was maintained until the end
of the assay at 24 h. Co mp ar endhe presentehob diffé&xdid 2 con't
phenylethylbenzamide and carboxamide derivatiégufe 3-4, A: 7a-d, B: 7e-h, C: 7i-l, D: 7m, 8a-C),
shared similar shapes without any major differences. This observation suggests these derivatives are not
able to alter the aggregation kinetics by either shortening or extending the lag/growth phase. However,
|l ower FLR at t he s aontolfarthése curvas vas ehserviechaathe 24 Htdng point
which indicates that some derivatives WHenee capabl
incubating the reference compound RVT with A Figufe 3-4 A), a dramatic decrease in the FLR was
noticed in the saturation phase with FLR below 2,000 RFUs after 18 h. Such observation is not a surprise

as RVT is a Vv¥ry potent AD Al .
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Figure 3-4. The Ab 4 &jgregation kinetic curves fbrphenylethylbenzamide and carboxamide derivatives

(7a-m, 8a-C) in the ThFbased fluorescence assay. (A) Aggregation kinetic curves for derivasaceand

reference compound resveratrol (RVT). (B) Aggregation kinetic curves for derivaiiedas (C)

Aggregation kinetic curves for derivativ@s|. (D) Aggregation kinetic curves for derivativés, 8a-C.

The derivatives (25 OM) were incubated with Ab42
fluorescence wamonitored (excitation = 440 nm, emission = 490 nm). Results were obtained based on
triplicate readings from three independent experiments.

Table 3-1 shows the ardaggregation activity of test compounds as the percentage inhiftipand
Figure 3-5 shows a bar plaif Platthe24 h time point. A total of 1dut of 16compounds from this series
exhibitedantAb 4 2 act i v ibasgd flioresceénbeassay hwith activity ranging from-28@® %.
Compoundra (R = benzene) exhibited 28.6 + %Inhibition, whereas replacing the benzene ring with the
more polar pyridine bioisostere in compourm#s(23.6N 5. 9% i nhi biti onandvd Ab42
(18.2 N 3.4% inhibi t $tibshowed antayfregationpwperties @lthoughotimese
compounds were not as effective zs A similar SAR trend was observed for thebenzylbenzamide
series of compound8&-c, Chapter 2. Incorporation of the known arfib pharmacophores ifd and7e

did not improve the activities as expected. The PIFtb(R = 3, 4dimethoxylbenzene) ante (R = 3, 4
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difluorobenzene) were 23.2 £ 3.4 % and 17.0 £ 2.8% respectively. Incorporating aromainker
heterocyclic rings showed slightlyower PI than the parent compound with Plof 22.0% + 9.1 % for

7h (R = pyrrole), 22.0 = 7.1 % fori (R = furan) and 18.1 = 5.6 % inhibition f@j (R = thiophene).
Furthermore, the aliphatic ring containing derivatives exhibited moderate inhibitory activities with PI of
21.1+ 4.9 % fof7f (R = cyclohexane), 17.8+ 7.0 % fég (R = piperidine) and 19.4 + 3.9 % inhibition for

7k (R = pyrrolidine).When the R groups were replaced by bicyclic aromatic rings, mixed results were seen
regarding their aggregation inhibitory activities. For egbsycompounds/| (R = naphthalene) artin (R=
qguinoline) were moderate Al (same 23lsand3m) with Pl of 22.3 + 6.8 % and 17.3+ 2.7 % respectively.
Similarly, both7a and8a (R =indole) were WAM and showed Pl around 7%, and Bothnd 8c with R

group as benzb[thiophene weraot activein modulating the aggregation proceldswever, the behaviors

of derivatives with benzofuran as the R group showed different results. DerivlatfiRe= benzofuran) is

a weak AP with Pl aroun@.51%, in contrast, derivag8b turned out to be an Al with Pl of 20.5 + 9.5 %.
Overall, in this series, addirgn additionalcarbon spacer led tslight improvemenin the anttA b 4 2
activity in most of the compounds includin@, 7b, 7c, 7d, 7e, 7g, 7i, 7j, 71, and8b compared to thél-
benzylbenzamide serieCliapter 2. These results demonstrate thdtphenylethylbenzamide and
carboxamide scaffolds do exhibitaatig gr egati on pr opert ibasedfluocescanced Ab 4 2

assay.
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Table 3-1. Percent inhibitior(Pl) of N-phenylethylbenzamide and carboxamide derivatiVes, 8a-c),
resveratrol (RVT) andhalcongCHL)at25 yMonAb 42 (10 OM) aggregation.

Cmpd % Inhibitior? CLogP Cmpd % Inhibitior? CLogP
7a 286+1.1 2.96 7i 220x7.1 2.13

7b 23.6+59 1.46 7i 18.2 + 5.68 2.60

7c 18.2+34 1.81 7k 19.4+£3.9 2.16

7d 232134 2.45 71 22.3+6.8 4.13

Te 170+ 2.8 3.17 m 173+ 2.6 3.20

7f 21.1+49 3.05 8a 7.15 £ 4.56 3.29

79 17.8+7.0 2.72 8b 20.5£9.5 3.52

7h 22.0+£9.1 1.90 8c NA® 3.99
RVT 81.3+5.6 2.83 CHL -112.29+ 7.13 3.62

aPercent inhibition wasalculated at the 24 h time point in the ThT aggregation kinetics assay. The results
shown are average +* standard deviation of triplication readings based on three independent experiments.
® CLogP values were calculated with ChemDraw.

¢NA, not active indicating the compounds are WAM.

dNegative Pl indicates the compounds can promote the aggregation.
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Compounds (25 OM)

Figure 3-5. Percentage inhibitio(P1) of N-phenylethylbenzamide amarboxamide derivative§&m and
8a-C), resveratrol (RVT), and chalcone (CHa)25 yMonAHb 42 (10 OM) aggregation.

3.3.3 Transmission electron microscopy

In the next step, transmission electron microscopy (TEM) studies were conducted in order to observe the

mor phol ogy of ADbD42 aggregates in the absence and ¢
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representative compoundé&( 7b, and7j) were selected to study their effects dm& morphology. TEM

experiments are often used in conjunction with ThT kinetic assays to provide further evidence to determine
theantAb 42 aggregation properties of novel mol ecul es
sampledrom the ThT aggregation kinetic assays at the end of the 24 h incubation period. The TEM images

obtained in the presence of compourids’b, and7jwer e compared to those Ab42

Ap42 Control

Figure 3-6. TEM images ofAb 4 2 (M) O th® absence (&4 2ontrol) and presence df-
phenylethylbenzamidéa, 7b, and7j (25 uM). Scale: 200 pum.

As can be seen iRigure 3-6, the morphology of A 4 ¢howed a combination of long, twisted, and
unbranched mature fibrils. In the presencdlgthenylethylbenzamide derivativés, 7b, and7j at 25 uM,
there was a significant reduction in the formatio
existence of sparse, thinner, and lowedlered fibrils. The reduced amyloid burden seen in the image
indicated by a reduction in t he theoonthoamagepfartheof de n:
validates that these compounds weThese stddiesefurthteo i n hi

demonstratethearlib 42 aggr egat i on N-phenyléthylbeinzamideguivatvese r t i es o f
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334Neuroprotective ef-fnducddsytodogiaiynst Ab42

The in vitro biophysical experiments based on the ThT aggregation kinetic studies and TEM
investigations provide sufficient evidence to support thatNtpenylethylbenzamide and carboxamide
derivatives can interact with Ab42 aggregates and
experiments, the ability of representative compoutalgb and7jt o p r e v-matdibtedAyfotoZicity
in mouse hippocampal HT22 neuronal cell limessinvestigated. Initially, the cytotoxicity profile afa,
7band7j onHT22 cells at 25uM were testedThe cytotoxicity was evaluated based on cell viability using
thecell counting kit 8 (CCK8) colorimetric assay>’**¥As can be seen iaigure 3-7, the results showed
that, at 25 uM, compound&, 7b and7j were not toxic to the HT22 cells. The cell viability ranged from
1036101 09. 9 % compared to untreated cell s. Next, t he
the presence and absenc&af7b and7j (25 uM) for 48 h to investigate their ability to rescue cells from
Ab4medi ated neurotoxicity. Treating the HT22 cell s
Incubating the cells with 5 uM & 4 r2sulted in significant cell death witt60% cell deathKigure 3-7).
Coincubating the ADbA4Za Tbordjd25pM) ledte d digsificamtiincrbaseein cellh e r
viability compared to A42 treated cellgFigure 3-7). These compounds showed potent neuroprotective
effects. For exampl&a (R = benzene)/b (R = 4pyridyl), and7j (R = thiophene) exhibited excellent cell
viability profiles (96.8 £ 14.9 %, 94.8 + 12.0 %, and 81.8 + 8.9 % respectiwadigating that they were
able to rescue Hifdaced cgtadxititg. Thiese mbeervatibng 2uggest that tNese
phenyl ethyl benzami de and carboxamide derivatives
nontoxic forms. Besi des, the <cell cul t4ndueed st udi e
cytotoxicity which further supports their potential as novel templates to consider in the design of amyloid

aggregation inhibitors.
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Figure 3-7. Neuroprotective effects d-phenylethylbenzamide and carboxamide derivatieg§b, and

7j (25 pM) on HT22 cells in the absence (A) and presence (B)of4 2 (5 OM) i ncubated ¢
viability was determined byhe CCK-8 based colorimetric assay. The results shownaasragesof
guadruplicate readings based on three independent

(Oneway ANOVA followed by Bonferroni post hoc test).

3.3.5 Molecular docking

In order to better understand the mechanism of these Als, molecular docking studies were conducted to
investigate the interactions between a representative compound frolptenethylbenzamide series and
Ab aggregates. F o rN-bentylbenzamide rdgricatvéa,(~29%h e nbebBit t i on of
aggregation in the ThT assay, nontoxic to HT22 calidl viability ~100%0 and~96% c el | vi abi l ity
treated cells) from this series was used in the docking studies. Compawats docked with botkhe
Ab42 oligomer and fibril mdTed oligorser andfibril oglels®v&r® C K E R
prepared by using the 3D coordinatestt Ab 42 f i br il structure (PDB id:
resolution structure of monrsa@MRFTihe ADH42 obt giomed
was prepared from t*hRr eAsbido2u sf isbtruidli ess sheanwvbel ys.hown t
known to exist as either pentamer or hexamer aggregates, indicating these are the smallest forms of
aggregates that can be detected in soldfibfiherefore, a pentamer model was used as a representative
example of the oligomer model in docking studies.
for its aggregation propensity and the hydrophobic nature of these regions is one of tiveyifétizors

driving the aggregation process, namely, hydrophobic ¥€&teVFFA2L, and Gterminal hydrophobic tail
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2IGLMVGGVVIA #2343 Therefore, our docking method was designed to build a binding spheré (20
radiug that can accommodate the entire span of these two regions to facilitate the understanding of potential
interactions in these important regions. The molecular docking was performed using the computational

software Discovery Studio, StructuBasedDesign,v20.1.0.1929%Biovia, USA).
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Figure 3-8. Molecular docking studies gfawith Ab 4 g&ntamer model (PDB ID: 5KK3). (A) Top docked
pose of7a; (B) 2D interaction map of the top docking poseraf The hydrogen atoms are removed to
enhance clarity. Protein is representetina ribbon with blue indicating the f&rminus and red indicating
the Gterminus. The small molecule is represented in thedwalistick model. Hydrophobic interaction is
represented in pink dasheddiand lgdrogen bond interaction is represented in green dashed line.

The top binding mode ofadocked in the A 4 (Entamer is shown iRigure 3-8. The Ab 4 [ZEntamer
was shown a$ine ribbon representation colamoded from N (blue) to C (red) terminal and the small
molecule was shown in ball and stick representation with carbon in grey, oxygen in red, and nitrogen in
blue. Based on our docking method, 10 posesaofere generated, and they were ranked according to
CDOCKER energy and CDOCKER interaction energy with the lowest energy (most stable) pose shown in
Figure 3-8. In the top binding pose (CDOCKER energy21.78 kcal/mol and CDOCKER interaction
energy =26.50 kcal/mol)7awas oriented perpendicular to the long axis of thdZ2\pentamer assembly.
Three hydrophobic interactions were observed inter
One of the hydrophobicontactsvas between the benzene ring (ring A) and alkyl group of C: Leul7 and
C: Leu34 (distance 5.5A and 5.04 respectively). The other benzene ring (ring B) underwent hydrophobic
interaction with the alkyl group of A: Leul7 (distaned.9 A). These hydrophobic interactions anchored
the compounds in the binding pocket which explains its ability to inhibit the aggregation process since it

can interact with both hydrophobic regionsfob 4 2 . I n t7ealse shawedosgnilay hinding pose
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as compoun@a (Section2.5.6 and were both able to interact with three @tve strands in the oligomer

model. Due to the presence of an additional carbon in the linker ré@giamas able to form one more
hydrophobic interaction. Dockingai n t he Ab42 fibril mod el shows t
(CDOCKER energy =19.06 kcal/mol and CDOCKER interaction energy22.15 kcal/mol), the key
interactions were still hydrophobic with interactions seen between the aromatic ring and Ala21lénhd Val

as shown irrigure 3-9. The benzene ring (ring B) underwent hydrophobic interactions with the alkyl group

of C: Ala21 (distance = 4.8), C: Val18 (distance = 4.4), and D: Ala21 (distance = 5&). Another

major interaction was the hydrogen bond formed between the carbonyl oxygen of the amide group and the
NHs* of C: Lys16 @istance = 1.7A) which further constrained thga in the hydrophobic core region of

Ab42. These ddaikhboth the pentamdriamd gibrilarfodels suggest that the extra carbon
spacer in the linker region improved the overall stability of the ligandptor complex and thus can exhibit
better binding to Ab42. I n s uramanr yA b 4t2h ep efibit laeneu | aar
models suggest that the hydrophobic interactions between the aromatic rings and the hydrophobic

aggregatiorprone regions play a significant role in determining its-agtiregation activity.

(A) R \r."“_"g (B) HIS
PR C13 VAL
B:12
ALA LYS
D:21 3
ALA C:16
C:21
o
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C:18 A
B
LYS
D:16
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Figure 3-9. Molecular docking studies afa with Ab 4 f2ril model (PDB ID: 5KK3). (A) Top docked
pose of7a; (B) 2D interaction map of the top docking pose7af The hydrogen atoms are removed to
enhance clarity. Protein is representelinia ribbon with blue indicating the f&rminus and red indicating
the Gterminus. The small molecule is represented in theavalistick model. Hydrophobic interaction is
represented in pink dashed line and hydrogen bond interaction is represented iraginedride.
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3.4 Summary

In this chapter, one more carbon spacer was added in the linker region to\bptanethylbenzamide
and carboxamide derivativ&s-m and8a-c. A total of 16 compounds were synthesized by couplin@the
phenyletharl-amine ) with either corresponding acid chlorides or carboxylic acids to obtain the
compound library in good yields (¥&7.5%). The chemical structures were confirrbgdH NMR, MS
and the purity was checked by LCMS. These compounds exhibitedteseadderate modulative activity
on the aggregation & b 4 2 a s c dhe Thil-based dggréggtion kinetic assay and TEM. Among
them,7a 7b,and7jwer e i denti fied as better inhibi28.6%).s of Al
These led compounddrom this series were not toxic to HT22 cells and were able to rescue HT22 cells
from A b 4irtlucedneurotoxicity (cell viability ranging from 887% at 25uM). Derivative 7a was
identified as the best compourddure 3-10). In the molecular docking studie& shows that the aromatic
rings can undergo several i mportant hydrophobic i
aggregatiorproneKLVFFA and CGterminal regions. The extra carbon spacer was able to form a more

stable complex in the Ab42Nehzylbprmearede deavatisB® mbl y ¢ omp

) B

Q1
AP, 0, 0% N*@

H
WAM, 2, 13% Lead Compound: 7a

V' CLogP: 2.96
V Ab42 PI; 28.60 %
V HT22 Cell Viability:
A 7a:109.94%
A Ab42: 38.73%
A AB42 + 7a; 96.79%

Al, 14, 87%

Al = AP = WAM

Figure 3-10. Summary ofN-phenethylbenzamide and carboxamide derivatives. (A) 87% (14 out of 16)
compounds were identified as aggregation inhibitor @dd 13% (2 out of 16) compounds were identified
as weak aggregation modulators (WAM); (B) Key experimental data for lead compaund
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3.5 Experimental

3.5.1 General

All chemicals and reagents were purchased from various vendors (8Idnieh Missouri USA, Alfa
Aesar Massachusetts USA, Bio Basic Ontario Canada, AA Blocks California USA, Cayman Chemical
Michigan USA, Thermo Fisher Massachusetts USA, and Corning New York USA), were >95% pure and
used without f ur t hell,3,pIexafliorosaprogamin(HFIPY ¥08% pAre,was
purchased from Anaspec California USA (Cat. No:-8¥8.29) or rPeptide Georgia USA (Cat. Ne1A63
1). The reactions were monitored by tHayer chromatography (TLQG)sing theMerck silica gel 60, F24
Column chromatography was carried out using Merck silica ge¥P80mesh. The spots were visualized
with short or long wavelengths (254 nm or 365 nm). The melting pofmtompounds were determined
using a digital melting point apparatus (REACH Devices, USA). The proton NMRIKIR) spectra of
compounds were obtained using a 300 MHz Bruker Avance spectrometer (Department of Chemistry,
University of Waterloo). Either CDgbr DMSO-ds were used as the solvents. Coupling constdmal(ies)
were recordeh Hertz (Hz). Abbreviations used to repres#htNMR signals were & singlet, di doublet,
t 1 triplet, mi multiplet, br si broad singlet. The mass and purity were confirme@mAgilent 1260
Infinity liquid chromatography (LC) module equipped wit6130 Quadrupole mass spectroenéfgilent
6100 series LCMS). The column used on LCMS wZ©RBAX Eclipse AAA, 4.6 x 75 mm, 3.5 micron
(Agilent Technologies, Canadedlumn A mixture of water and acetonitrile 1:1 v/v with 0.1% formic acid
(1.0 mL/min fbw rate), was used as the solvent system to assess compound purity and mass. All final

compounds were O 95% pure as determined by LCMS

3.5.2 Chemistry

For the synthesis afa-m the acid chlorides were coupled wittpBenyletharl-amine 6) (1 mmol) by

taking them ito a 50 mLround bottom flaskRBF) containing 15 mL of anhydrous tetrahydrofuran (THF).
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To this mixture, 1.2 equivalesdf TEA and 1.0 equivalent of corresponding acid chlorides with various R
groups Ra-m) were added. The reaction mixture was kept at either room tempesainaitux for 224h

and was monitored by thin layer chromatography (TLC). After the reaction was complete, the solvent THF
was evaporated in vacuo and the resulting reaction mixture was dissolved in 15 mL ethyl acetate (EtOAc),
and then washed with 15 mL brine soluti®B). The organic layer was collected and dried ewvdrydrous

MgSO; and filtered. The organic solvent was removed in vacuo and the residue/oil obtained was further
purified by silica gel column chromatography using a combination of solvent systemsn-(1:1
Hexanes:EtOAc or 5:2-Hexanes:EtOAc or 9:1 dichloromethane (DCMJethanol (MeOH) or 4:1

DCM:n-Hexanes) to afford the final compoundsm.

Compoundsa-c were synthesized by reactingpBenyletharl-amine 6) (1 mmol) kept in an RBF with
15 mL THF, followed by the addition of 1.0 equivalent carboxylic adeid), 1.2 equivale®EDC, 1.5
equivalens HOBt, and 2.2 equivaleaTEA added in sequence. The reaction was kept at room temperature
overnightor under reflux conditions fori42 h The solvent was evaporated in vacuo and the resulting
reaction mixture was dissolved in 15 mL EtOAc and washed with 15 mL brine soR@prThe organic
layer was collected, dried over anhydrous Mga@d filtered. The organic solvent was then removed in
vacuo to obtain the residue/oil which was further purified by silica gel column chromatography using either

1:1 n-Hexanes:EtOAc or 5:8-Hexanes:EtOAc as mobile phase to afford compo8asts

3.5.3 Ab42 aggregation kinetic assay

The ability of benzamide and carboxamide derivati¥@sn and8a-c to inhibittheAb 42 aggr egat.i
was evaluated using the thioflavin T (ThT) based fluorescence kinetic agsdhb mM ThT solution was
prepared in 50 mM glycine buffersing ultrapure water (UPW)The pH of the solution was adjusted to
7.4 with 50 mM sodium hydroxide solution. The aggregation assay was carried out using 215 mM sodium

phosphate dibasic heptahydrate buffer prepared in UPW and the pH was adjusted to 7.4 by using 50 mM
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hydrochl ori c acifdFIPs>095% fpureowas tredtdd evith A% 4r@monium hydroxide
solution to afford 1 mg/mL stock solution. The stock solution was then vortexed and sonicated for 5 min
before diluted t@25mM working solution using the assay buffer. The stock solutions of the test compounds
(7am, 8a-c and resveratrol (RVT) were prepared in assay buffer with DMSO as the solubilizing agent
(final concentration per well was less than 2%). The 24 h aggregation kinetics assay was carried out using
384well plates (Costar, black, clebottom), by adding 44L of ThT, 12nL of assay buffer, 1&L of

Ab42 s ol mMtfinabwell doricéntration), and BL of test compound dilution (26M) into each

wel | . The AbBP42 control well s contained ThT, Ab42 s
The plates were covered with a transparent plate cover and were incubate@ 1324 h with shaking

at 300 cpm between readings for 30 s. The readings were taken every 10 min (bottom reading), with
excitation wavelength of 440 nm and emission wavelength of 490 nm using the BioTek Synergy H1
microplate reader. Each sample was measured in triplicate readings and the results were obtained based on

three independent experiments.

3.5.4 Transmission electron microscopy

The TEM assay was carried out by first running the A&ggregation assay (as describe®.513 by
incubating test compounds at 28! with 10nM A b 4 2 f o037 Q2 Fhe TEM arids were prepared by
aliquoting 20nL of each sample from the 38ell plate after the 24our incubation period. These samples
were loaded onto 46Mesh formvaicoated copper grids (Electron Microscopy ScienBesinsylvania,

USA). The grids were aidried overnight beforbeing washewith 40 UPW three times. After washing,

20 nL 2% phosphotungstic acid (PTA) solution was added to the grid and stayed for 1 min to stain the
samples. Then the PTA solution was absorbed avitnfilter paperand then the grids were washed with
40k UPW three times. Then the grids were furtherdsied overnight. The imaging studies were carried

out using a Philips CM 10 TEM (Dept. of Biology, University of Waterloo) at 60 kV and the micrographs
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were obtainedhrough a 14megapixel AMT camera at4@00X magnification.The samples used to
prepare the grids were obtained by mixing the triplicate wells from ThT assay and image were taken at a

randomized view for each grid.

3.5.5 Cell viability assay

The cell viability as-mdugedMi2celldoaicity nnodetl The eytotoxicity t h e
and neuroprotective effects of benzamide/carboxamide derivatimesand8a-c toward HT22 cells were
carried out by using the UYased cell metabolism assay kit (cell counting kit 8, €E8;KrargetMol,
Massachusettd)SA). The HT22 cells were cultured in DMEM/F12 1:1 with the addition of glutamate
supplemented with 10% FBS and 1% penicillin and streptomy@8in & in 5% CQ. The cells were seeded
at a density of 50,000 cells per mL. After 24 h, the cells were treated with various compoRbdd/at
prepared in phosphate buffer pH 7.4 and DMSO (less than 2%) and incubated for 48 h. After that; the CCK
8 reagent was added to each well, and incubated for another 2 h, before measuring the absorbance at 450
nm as per the manufrecpruottedtsi pe oefot@dt s T-indecethe st c o
cytotoxicity were determined by treating the HT22 cells withd o f 42T AFP (>95%, rPeptide,
Georgia,USA), and then incubating for 48 h. The cell viability assay was determined by adding the CCK
8 reagent and incubating for another 2 h to measure the absorbance at 450 nm. The cell viability was
calculated as the average percent cell viability based odrepilacate readings from three independent
experimentsk-or statistical analysis, the results were subjected tmayeANOVA followed by Bonferroni
post hoc anal ysi s c¢ ompaotsguficanto*prAD . O dntcromlpagreadup.o A
group, **p < 0.01 compared to Ab42 control group,

< 0.01 compared to ADb42 control group.
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3.5.6 Molecular docking study

The binding interactions afawi t h Ab42 were investigated by carr.
on the Discovery Studio software program v20.1.0.19295, StruddasedDesign (BIOVIA Inc. San
Diego, USA). The AbD42 pentamer and oligomer model
the solved 3D structure tieAb 42 fi bril (PDB id: 5KK3). A binding
and defined as the ligand binding site which covers t#€LVFFA?! and the &erminal
2IGLMVGGVVIA #2 hydropholb ¢ r egi ons of t7hwas Buft /0 BD usiBpthnepSmailln d
Molecule module in the software an@ssubjected to energy minimization protocol (1000 and 2000 steps
of steepest descent followed by conjugate gradient method) using CHARMmM force field. The CDOCKER
algorithm was used to carry out the docking studies. The Redéagod Interactions module ithe
software was used to perform CDOCKER simulations. The docking simulation included 2000 heating steps,
a heating target temperature of 700 K &0 cooling steps and a cooling target temperature of 300 K.
The top ligand binding modes of selected lead compounds were analyzed by evaluating the CDOCKER
energy and CDOCKER interaction energy (in kcal/mol). Further analysis was carried out by detgrmini

the polar and nonpolar contacts/afi n t he Ab42 pentamer and fibril as
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Chapter 4
Design, Synthesis and Evaluation of N-Benzyloxybenzamide and N-

Benzyloxycarboxamide Derivativesas Ab Aggregati on Modul

Below is a list of publications, manuscripts submitted and in preparation along with authohbasecks

on this chapter:

Zhao, Y. Rao, P. P. NlN-Benzyl, N-phenethyl andN-benzyloxybenzamide derivatives inhibit amyloid
beta A b 4 &ggregation and mitigaté b 4irduced neurotoxicityMed. Chem. RegManuscriptunder

revision)

4.1 Introduction

This chapter features the third series of compounds, which contain an amide bordhybridjzed
carbon and an oxygen linké&r obtainN-benzyloxybenzamide and-benzyloxycarboxamidderivatives
(Figure 4-1).318319The benzyloxy group was kept constant and the amide end was varied by incorporating
a number of aromatic rings and aliphatic substitudtitgife 4-1). For example, the aromatic benzene ring
in 10awas replaced with a pyridine bioisostef®l, 10c,R = pyridine), various Bnembered aromatic
ringswere also incorporated in compourddh (R = pyrrole),10i (R = furan) and.Qj (R = thiophene). The
SAR was also studied by addibigyclic aromatic rings such d9I (R = naphthalene},0m(R = quinoline),
11a(R =indole),11b (R = benzofuran), antilc(R = benzdp]thiophene). In addition, some of the aliphatic
rings were also included, such B3 (R = cyclohexane)10g (R = piperidine), and.0k (R = pyrrolidine).
Besides, known A binding pharmacophoret0d (R = 3,4dimethoxybenzene) andOe (R = 3,4
difluorobenzene) were also incorporated to investigate their effecbagdregation®?° In this chapter,
the synthesis, characterizatiorand biological evaluation of N-benzyloxybenzamide and\-

benzyloxycarboxamide derivatives0gm andllac)towardAb aggr egati on wi | | be d
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SeriesC

@AO/H\[O]/R i O/ O/ Ekif [}7 [s/f

N-Benzyloxybenzamide/carboxamide
Chapter 4

16 Derivatives

Figure 4-1. N-Benzyloxybenzamide and-benzyloxycarboxamide derivatives (Series C). This series of
compounds features an amide bond,%hgpridized carbon and an oxygen linker.

4.2 Hypothesis

It is hypothesized that thé-benzyloxybenzamide andtbenzyloxycarboxamide derivativé®am and
1llac possessing the amide bioisostere along with a carbon and oxygen linker would exdbit A
aggregation inhibition propertiesddpr ovi de neur opr ot e cihducedecytatokidite ct s a g
Compared to thil-phenylethylbenzamide and carboxamide derivativ€himpter 3it is hypothesized that
the presence of an oxygen linker in this series of compowiidenhance their anthb 42 aggr egat i
activity due to additional hydrogen bonding interactisittt he KLVFFA region of ADb42
Lysl6 and Leul?). Itis also hypothesized that variation of the electronic and steric features by incorporating
various aromatic 5and 6membered rings and aliphatic substitueritgyre 4-1) will promote their
interactions with the amyloidogenic regions®df 4 2 ( KL V F F Aernanal degionht@eni@ance their
i nhibition properties toward Ab42 aggregation.
pharmacophorese(g, 3,4dimethoxyphenyl and 3;difluorophenyl) would exhibit better inhibitory

activity towardtheAb 4 2 aggr egati on.
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4.3 Results and Discussion

In this section, the synthesis, purification and characterization of compd®ada and 11ac are
discussed which is followed by biological activity screening, includingAbtd 2 aggr egati on as
on the dye ThT fluorescence spectroscopy, fibril morphology study by TEM, cell viability assay against
A b 4irduced cytotoxicity in HT22 mouse hippocampal neuronal cells and computational modeling studies

in the ADbA4Q@fibrorhodedso mer an

4.3.1 Synthesis

The retrasyntheic analysis of the compound library suggests that the starting building blocks can be
coupled to form the amide bond using suitable substrates to obtalttibezylox/benzamide and\-
benzyloxycarboxamide derivative3.his was achieved through either the direct coupling of acid halides
(2a-m) with primary amines@-benzylhydroxylamine, Method A) or bycoupling the carboxylic acids
with primary amines @-benzylhydroxylamined, Method B). The preference for using the acid halides
versus carboxylic acidsoupling method was made based on the commercial availability and cost
effectiveness of the starting materials. With that being said, compdileels were synthesizedia
Method A as shown iBchemed-1, whereas compoundda-c were synthesized by method B as shown in

Scheme4-2.
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Scheme4-1. Synthetic scheme for preparid@am by coupling O-benzylhydroxylamine 9) with the
corresponding acid chloride2gm). Reagents and conditions: (a) TEA, THF, room temperature/reflux 2
24 h.

~NH; (o] b N. R
O do = oy
R” “OH o

9 4a-c 11a-c

e 1

| R= H i

|
- Co- O
| a b c i

Scheme 4-2. Synthetic scheme to prepafilac by coupling O-benzylhydroxylamine 9) with the
corresponding carboxylic acidigc) . Reagents and conditions: (b) ED
temperature overniglor under reflux conditions for-42 h.

In Method A,0-benzylhydroxylamineq) was coupled with corresponding acid halides. Considering the
leaving capability and reactivity, acid chlorid@s{m) were used in the reactions. The reaction mechanism
(Figure 4-2) is described as followfirst, the nucleophilic amin@attacks the electrophilic carbonyl carbon
of the acid chloride to form a tetrahedron intermediate by nucleophilic addigat;chloride serves as a
good leaving group and then is eliminated from the tetrahedron intermelgéatdtydrochloric acid is also

formed as the reaction fproduct which can neutralize the base triethylamine (TEA) to facilitate product

111



formation.®?2 The overall yields of these reactions range fronl 7@ 93%. Interestingly, the coupling of
acid halides andO-benzylhydroxylamine to obtain compoundg (N-(benzyloxy)piperidinel-
carboxamide) antlOk (N-(benzyloxy)pyrrolidinel-carboxamide) led to poor yields and challenges in their
purification due to their stability issues. Therefore, these two compounds were not pursuedThether.
analytical data fodOa-m (*H NMR, MS and purity data by LCMS) are given beldwalytical spectral

data for all the final compounds are giverAppendix C.

Step 1: Addition of Nucleophile Step 3: Loss of
. Proton
—NH, -C— -C— R—C—N*OCH,P —C—=NH-
ph—r’ — 7 it —o i 2 R-C—NH o\_
2 Ph Yo Ph
— Cr

Step 2: Elimination
of Leaving Group

Figure 4-2. Nucleophilic acyl substitution mechanism which includes three major steps: (1) addition of
nucleophile to the electrophilic carbonyl carb®) elimination of the leaving grouf3) loss of proton.

4.3.1.1 N-(Benzyloxy)benzamide (10a)
The product was obtained as a white solid (Yield@#%).H NMR (300 MHz, DMSO)i11.76 (s, 1H),
7.75(d,J=7.6 Hz, 2H), 7.55 (t) = 7.2 Hz, 1H), 7.51 7.32 (m, 7H), 4.93 (s, 2Hp: 125-128°C. ES}

MS, m/z calcd for @H1sNO, [M+H]* 228.1, found 28.1 Purity: 99.43% (LCMS).

4.3.1.2 N-(Benzyloxy)isonicotinamide (10b)

The product was obtained as a white solid (Yield = 86.1FNMR (300 MHz, DMSQde): 11 12.07 (br
s, 1H), 8.72 (d,J = 4.9 Hz, 2H), 7.65 (dJ = 5.3 Hz, 2H), 7.43 (ddJ = 19.5, 6.8 Hz,
5H), 4.96 (s, 2H). mp: 11720 °C. ESIHRMS, m/z calcd for @H14N2O, [M+H]* 229.0977, found

229.0966 Purity: 99.4% (LCMS).
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4.3.1.3 N-(Benzyloxy)picolinamide (10c)

The product was obtained as a yellowish oil (Yield = 77.6¢4NMR (300 MHz, DMSQds): 12.04 (s,
1H), 8.61 (dJ = 4.7 Hz, 1H), 8.00 (d] = 4.0 Hz, 2H), 7.627.37 (m, 6H), 4.95 (s, 2H). mp: 14007 °C.

ESEMS, m/z calcd for @&H13N20, [M+H]* 229.1, found 229.1Purity: 99.7% (LCMS).

4.3.1.4 N-Benzyloxy-3,4-dimethoxybenzamide (10d)

The product was obtained as a white solid (Yield = 79.3B%NMR (300 MHz, CDCJ) Ui 8.45 (s, 1H),
7.481 7.28 (m, 6H), 7.13 (ddl = 8.3, 2.0 Hz, 1H), 6.80 (d,= 8.3 Hz, 1H), 5.01 (s, 2H), 3.89 (s, 3H), 3.88
(s, 3H). mp: 142145 °C. ESIMS, m/z calcd for @H17NO4 [M+H]* 288.1, found 288.1Purity: 99.9%

(LCMS).

4.3.1.5 N-Benzyloxy-3,4-difluorobenzamide (10e)

The product was obtained as a white solid (Yield = 77.4806NMR (300 MHz, CDCJ) titi8.48 (s, 1H),
7.601 7.49 (m, 1H), 7.47 7.34 (m, 6H), 7.25 7.11 (m, 1H), 5.00 (s, 2H). mp: 12427 °C. ESIMS, m/z

calcd for G4H11F2NO, [M+H]* 264.1, found 264.1Rurity: 100.0% (LCMS).

4.3.1.6 N-(Benzyloxy)cyclohexanecarboxamide (10f)
The product was obtained as a white solid (Yield = 74.9%NMR (300 MHz, CDCJ) G *H NMR (300
MHz, Chloroformd) 0 7.427 7.30 (m, 5H), 4.88 (s, 2H), 1.981.60 (m, 6H), 1.56 1.36 (m, 2H), 1.30

1.09 (m, 3H). mp: 889 °C. ESIMS, m/z calcd for @H1NO; [M+H]* 234.1, found 234.1Purity: 96.9%

(LCMS).
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4.3.1.7 N-Benzyloxy-1H-pyrrole-2-carboxamide (10h)

The product was obtained as a white solid (Yield = 81.666NMR (300 MHz, CDCJ): 11 9.51(br s,
1H), 7.39 7.24 (m, 5H), 6.91 (td] = 2.7, 1.3 Hz, 1H), 6.52 (dd,= 3.8, 2.5 Hz, 1H), 6.21(df,= 3.7, 2.6
Hz, 1H), 6.13 (br s, 1H), 4.60 (@= 5.9 Hz, 2H). mp: 7-B0 °C. ESIMS, m/z calcd for GH13N-O, [M+H]*

217.1, found 217.Purity: 96.5% (LCMS).

4.3.1.8 N-(Benzyloxy)furan-2-carboxamide (10i)
The product was obtained as a white solid (Yield = 77.9B%6NMR (300 MHz, DMSQGde): U1 11.74 (s,
1H), 7.86 (s, 1H), 7.4¢.36 (m, 5H), 7.10 (d,J = 4.3 Hz, 1H), 6.63 (s, 1H), 4.90 (s,

2H). mp: 8285 °C. ESIMS, m/z calcd for GH12NOs [M+H] " 218.1, found 218.Rurity: 99.9% (LCMS).

4.3.1.9 N-(Benzyloxy)thiophene-2-carboxamide (10j)

The product was obtained as a white solid (Yield = 92.9B6NMR (300 MHz, DMSQGde): Ui 11.79 (s,
1H), 7.837.81 (m, 1H), 7.667.62 (m, 1H), 7.467.34 (m, 5H), 7.15 (d,J = 4.3 Hz,
1H), 4.92 (s, 2H). mp: 163806 °C. ESIMS, m/z calcd for GH12NO.S [M+H]" 234.1, found 234.Rurity:

98.7% (LCMS).

4.3.1.10 N-Benzyloxy-1-naphthamide (10I)

The product was obtained as a white solid (Yield = 72.3NMR (300 MHz, CDCJ): 118.30'8.21
(m, 2H), 7.90 (dJ = 8.2 Hz, 1H), 7.8i77.79 (m, 1H), 7.587.32 (m, 8H), 5.13 (s, 2Hmp: 132

135 °C. ESIMS, m/z calcd for @H1NO, [M+H]* 278.1, found 278.1Rurity: 98.9% (LCMS).
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4.3.1.11 N-(Benzyloxy)quinoline-2-carboxamide (10m)

The product was obtained as a light yellow solid (Yield = 80.1PNMR (300 MHz,CDCl): 11 10.35
(s, 1H), 8.26 (ddJ = 8.5 1.5 Hz, 2H), 8.02 (d,= 8.5 Hz, 1H), 7.9 (dd] = 8.2, 1.4 Hz1H), 7.74
(dd,J = 8.5, 6.9 Hz, 1H), 7.61 (dd,= 8.1, 6.8 Hz, 1H), 7.527.49 (m, 2H), 7.417.38(m, 2H),
5.11 (s, 2B. mp: 162165 °C. ESIMS, m/z calcd for GH1sN.O, [M+H]* 279.1, found 279.1Purity:

99.7% (LCMS).

Method B was used to synthesidéenzyloxycarboxamide derivativeklac, Schemed-2). Compared
to acid chlorides, carboxylic acids are less reactive due to the elelnating nature of the hydroxyl
group. This can influencéne reaction progress, yield and purity of the products. However, this limitation
can be overcome by activating the carboxylic ad&d) with the assistance of carbodiimidehydrating
reagents, such as-ethy}3-(3-dimethylaminopropyl)carbodiimide (EDCJ?*22* The detailed reaction
mechanism is shown fRigure 4-3. The carboxylic acids can be transformed into an ester intermediate. In
the presence of an activator, such as hydroxyltriazole (HOBt), the nucleophilic activator attacks the
carbonyl carbon of the ester intermediate so that an active ester is f&itiiée. active ester contains a
better leaving group compared to the original carboxylic acid so that it can reactOwith
benzylhydroxylamine9) via nucleophilic acyl substitution as mentioned in the previous paragraph. The
by-product urea formed as a result of using EDC as dehydrating reagent isehalbdeandtherefore, can
be washed away by aqueous extraction in the-qasttion workup. The overall yields of these reactions
range fromB2.7to 88.%%. Ther analytical data’d NMR, MS and purity data byCMS) are given below.

Analytical spectral data for all the final compounds are giveipipendix C.
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Figure 4-3. Reaction mechanism for the synthesis of compeudiac using the dehydrating agent EDC
and activator HOBt for couplin@-benzylhydroxylamine9) and the corresponding carboxylic a&{da-

4.3.1.12 N-Benzyloxy-1H-indole-2-carboxamide (11a)

The product was obtained as a white solid (Yield = 82.7%6NMR (300 MHz, DMSQdg): ti11.81 (s,

1H), 11.66 (s, 1H), 7.60 (d,= 7.9 Hz, 1H), 7.42 (dq] = 14.0, 7.0, 6.4 Hz, 6H), 7.20@= 7.5

Hz, 1H), 7.09 6.96 (m, 2H), 4.96 (s, 2Hmp: 152155°C. ESIMS, m/z calcd for GH1sN20; [M+H] *

267.1, found 267.1.Purity: 95.6% (LCMS).

4.3.1.13 N-(Benzyloxy)benzofuran-2-carboxamide (11b)

The product was obtained as a white solid (Yield = 88.9BoNMR (300 MHz, DMSQds) U 9.32 (t,J

= 6.5 Hz, 1H), 8.66 (d] = 4.7 Hz, 1H), 8.10 7.96 (m, 2H), 7.67 7.56 (m, 1H), 7.38 7.17 (m, 6H), 4.51

(d,J=6.4 Hz, 2H). mp: 13435 °C. ESIMS, m/z calcd for GH1sNO3; [M+H] " 268.1, found 268.Purity:

98.8% (LCMS).
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4.3.1.14 N-(Benzyloxy)benzo[b]thiophene-2-carboxamide (11c)

The product was obtained as a white solid (Yield = 85.7BNMR (300 MHz, DMSQds) Ui 8.03 (d,J
=7.8 Hz, 2H), 7.95 (d] = 4.3 Hz, 3H), 7.54 7.31 (m, 5H), 4.96 (s, 2H). mp: 1425 °C. ESIMS, m/z

calcd for GeH13NO.S [M+H]" 284.1, found 284.1Purity: B.3% (LCMS).

4.3.2 Modulatory activity on amyloid-beta aggregation

The modulatory activity oN-benzyloxypenzamide and carboxamide derivatiy&@-m and1la-c) on
Ab42 aggregat i on thewaBaggegaidn kireticeass&fi?Sltiisnthge golden standard
used in theareafor in vitror api d screening of smal | aggrégatoru | e s t
modulation activity?*¥ 333 |n this assay, ThT was used as the fluorescent dye which can selectively bind to
t heshleet structure of vari ous fitgivesachardcteriatigigareasgat e d
in the fluorescece reading (FLR) Therefore, increases in FLR&ec or r el ated to the ar
aggregatet or med. By comparing the FLR of Ab42 control
the percentage inhibition (PI) can be calculated at the end of the assay. If the FLR is lower thahehat of
control, t indicates that the compounalei n hi bi t i ng t h &imiafly4ifzhe &LgRdshighgrat i on .
than that ofthe control, it indicates that the compounds are able to promotéAthel 2 aggr egat i
Compounds that are abl e t o i nagdrdmation inhillites (N)bahd2 aggr
compounds that are able to promote the ADb4eds aggr ec
compoundsthat weaklymodulate the aggregation are termgdak aggregation modulators (WAM).
Initially, all the test compoundser e screened at 25 OM to determine
Compounds that show promising activity were further evaluateda concentration range (1, 5, 10, 25
OM) to determine the aggregation kinetics. Resver

included in the assay as the reference compound for compd#fson.
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In Figure 4-4, the ThT aggregation kinetic curves bFbenzyloxypenzamide and carboxamide
derivativeslOa-m and1lac areshown. In each panel, the blue curve at the bottom is the ThT background
readings which suggests that ThT has no interfere
The red curve shows the AD42 aggr ehesetcurees, soma t he
characteristics of Ab42 aggregation can be observ
lag phase (~ 30 min) which is followed by a rapid growth phase spanning the time course from around 0.5
h to 10h. Then, the FLR tends to be stable with readings hovering around 8,000 RFU, indicating the
aggregation process has reached the equilibrium status. Such saturation phase was maintained until the end
of the assay at 24 h. C o myuraess, endthe tpesencen af differbld 2 c on't
benzyloxypenzamide and carboxamide derivativEgyre 4-4, A: 10ad, RVT, B: 10ef, 10h-i, C: 10,

10-m, D: 11ac), shared similar shapes without any major differences. This observation suggests these
derivatives are not able to alter the aggregation kinetics by either shortening or extending the lag/growth
phase. However, |l ower FLR at the saturation phase
24 h time point which indicates that somedi vati ves were capable of redt
fibrils. When ceincubating the reference compound RVT with A Figufe 4-4 A), a dramatic decrease

in the FLR was noticed in the saturation phase with FLR below 2,000 RFUs after 18 h. Such observation is

not a surprise as RYT is a very potent Ab Al
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Figure 4-4. The Ab 4 &jgregation kinetic curves fbl-benzyloxybenzamide and carboxamide derivatives

(10af, 10h-j, 10I-m and1lac) in the ThTFbased fluorescence assay. (A) Aggregation kinetic cdores

derivatives 10ad and reference compound resveratrol (RVT). (B) Aggregation kinetic cuiores

derivatives 10ef and 10hi. (C) Aggregation kinetic curvefor derivatives10j, 10l and 10m. (D)

Aggregation kinetic curvefor derivativesllac. The derivatives (25 OM) wer ¢
OM) f or 2 %H h4 aadtheJNT floi@scence was monitored (excitation = 440 nm, emission =

490 nm). Results were obtained based on triplicate readings from three independent experiments.

Table 4-1 shows the ardaggregation activity of test compounds as the PlFagdre 4-5 shows a bar
plot of Pl at 24 h time point. A total o8but of 4 compounds from this series exhibitedahtb 4 2 act i vi t
in the ThTFbased fluorescence assay with activity ranging fddn81 26.5 %. Compound,10a (R =
benzene)showed the highest Pl of 26.5 + 7.3%. When replacing the benzene ringhewittore polar
pyridinebioisosterethe activity slightly dropped t80.3+ 0.7 %for 10band to 22.3 1.5 %for 10c(Table
4-1). The incorporatiomf the knownantA b p h a r manc@dprdiDediel sot improve the activities
as expectedrhe PI forl0d (R = 3, 4dimethoxypenzengandl10e(R = 3, 4difluorobenzene) were 183
4.8 % and 20.3 1.8%. Incorporating aromatis-member heterocyclic rings showed slightly lowéthan

the parent compountDa with Pl 0f238 £ 1.2 % for 10h (R = pyrrole) 23.4 = 63 % for 10i (R = furan),
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and 18.7 #.8 % for 10j (R = thiophene)The aliphatic ring containing derivative this serieslOf (R =
cyclohexane) exhibited04 + 1.8 % PI.A similar SAR trend was observed for bdthbenzylbenzamide
derivatives 8a-j, Chapter 2andN-phenylethylbenzamide derivativeé&{j, Chapter 3 When the R groups
were replaced by bicyclic aromatic rings, mixed results were seen regarding their aggregation inhibitory
activities.CompoundslOl (R = naphthalengand 10m (R = quinoline)showed slightly lower PI than the
parent compoundOawith Pl 0f 23.3 +1.0% and 18 + 2.6 %. Howevercompoundsdlla(R = indole)
and11b (R=benzofuranyhowedquite a different result than tledole/benzofurarcontaining derivatives
in the previous chapterddgb Chapter 28a-b Chapter 3. Unlike 4a-b and8a-b which are WAMs,11a
wasa bl e t o i nwith Pl of24.9t K686 wAiCh4s Bimilar taheparent compoundlOa, whereas
11b showeda slightly lower Pl of 119 + 0.2 % As for 11c(R = benzdp]thiophene) it was not active in
modulating the aggregation Afb 4 Qverall, in this serieseplacing one of the carbon linkevih oxygen,
did not yielda significant increase ithe activites, even thougha similar Pl was seen compared to the
previous chaptergourlead compoundglOa 10h, 10j, and11a) were identifiedfor further investigation.
These results indicate thdtbenzyloxybenzamide and carboxamide scaffalde exhibit antaggregation

properties towardh b 4 2 i n-batsdd 8uor@shefice assay.
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Table 4-1. Percent inhibition (PI) oN-benzyloxyoenzamide and carboxamide derivative@a{m, 11a-
c), resveratrol (RVT) and chalcone (CHL) at25uMAam 42 (10 OM) aggregati on.

Cmpd % Inhibition 2 CLogP® Cmpd % Inhibition @ CLogP?
10a 265+7.3 2.66 10i 23.4 +£6.39 1.84
10b 20.3+£0.7 1.16 10j 18.7+£6.8 2.31
10c 22.3+1.47 1.16 10l 23.3+0.9 3.84
10d 21.3+4.4 2.15 10m 18.3+£2.6 2.55
10e 18.3+4.8 2.88 1lla 249146 2.65
10f 20.3+1.8 3.26 11b 11.8+0.2 3.22
10h 23.7x1.1 1.27 11c NA¢® 3.69

RVT 81.3x5.6 2.83 CHL -112.29+7.13 3.62

aPercent inhibition wasalculated at the 24 h time point in the ThT aggregation kinetics assay. The results
shown are average + standard deviation of trigiosadings based on three independent experiments.

® CLogP values were calculated with ChemDraw.

¢NA, not active indicating the compounds are WAM.

dNegative Pl indicates the compounds can promote the aggregation.

100=-

50=

-50=-

% Inhibition

-100-

AT T T T T T T T T T T T T 1
10a 10b 10c 10d 10e 10f 10h 10i 10j 10l 10m 1la 11b RVTCHL

Compounds (25 OM)

Figure 4-5. Percentage inhibition rate (PI) Nfbenzyloxybenzamide and carboxamide derivatit@s:,
10h-j, 10l-m, 11ac), resveratrol (RVT), and chalcone (CHa)25 yMonABb 42 (10 OM) aggreg

4.3.3 Transmission electron microscopy

In the next step, transmission electron microscopy (TEM) studies were contluatddr to observihe

mor phol ogy of ADb42 aggr e gladpresentative compoendsoi thissere® a n d

121



representative compounddg 10h, 10jandllgdwer e sel ected to study their e
TEM experiments are often used in conjunction with ThT kinetic agsagsovide further evidence to
determinetheanh b 42 aggregation properties of novel mol ec
by taking samples from the ThT aggregation kinetic assays at the end of the 24 h incubation period. The
TEM images obtaineth the presence of compoundiOa 10h, 10j and1lawere compared to those of

A @2 control.

Ap42 Control 10a 10h 10j 11a

Figure 4-6. TEM images ofAb 4 2 (M1 b thé® absence (4 2ontrol) and presence dfi-
benzyloxybenzamid&0a 10h, 10j, and11la(25 uM). Scale: 200 pum.

As can be seen iRigure 4-6, the morphology of A 4 ¢howed a combination of long, twisted, and
unbranched mature fibrils. In the presencéldfenzyloxybenzamide derivativé®a 10h, 10j and1laat
25 OM, there was a significant reduction in the fc¢
the existence of sparse, thinner, and learglered fibrils. The reduced amyloid burden seen in the image,
indicatedbya r eduction i n the f ocomparedtothe confrol ichage sugherA b 4 2
validates that these compounds were d@ble i nhi bi t the aggregation of

demonstrate theanh b 4 2 aggr egat i on N-behzyldxybénzamide derivadiye r t i es o f
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434Neuroprotective ef-inducadsytodogiaity nst Ab42

The ability of representativeompounds from thBl-benzyloxybenzamide and carboxamide seri®s,(
10h,10jand1lad wer e evaluated t o st u-hgdiatechcgtotoxiciteih moaset i n |
hippocampal HT22 neuronal cell lines. Initially, the HT22 ce#setreated withcompoundLOa, 10h, 10j
andllaonlyto detemineif they werecytotoxic to HT22 cells. The cell viability asdetermined bwsing
the cell counting kit 8 (CCI) colorimetric assay. These studies show, @25 uM, all the ompounds
(10a 10h, and11a) exceptl0j were not toxic to cells (cell viability range -883.5 %, Figure 4-7).

CompoundLQj (R = thiophene, ClogP.31) exhibited low cell viability (386) and was toxic to HT22 cells.
Therefore, 10j was excludedrom the Al 42-induced cytotoxicity assay. Next, HT22 cells were incubated

with Ab42 (5 OM) i n the prléasl®m andllaa2d uM)dob48étoc e o f
investigate their ab inhedidteg neurotoxicitg. Sreatirg the dT22 cells witho m A b
Ab42 1l ed to a drastic decrease in cAbld260calbi | ity
death wa observed. In the presence of test compounds, the cell viability increased signifi€iyuitg (

4-7) indicating thathese compounds were able to rescue the cellsriearotoxicity For examplelOa(R
=benzene)lOh(R = pyrrole), and 1a(R = indole) exhibited excellent cell viability profiles (91.6 + 8.3 %,

87.8+ 9.7 %, and 82.9 * 6.3 % respectivelyldicating that their neuroprotective activity toward HT22

cells in the presence &b 4 2 . These o0bs e Nbeazyloxgbenzamideuagdycarbokamideh a t

derivativeslOg 10h,andllahave t he potenti al to convert toxic Al
cel | culture studi es de moindsided cytotexicity \mieh ifurtherasipports t y t o
their potential as novel modulators of Ab toxicit?
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(A AB42 - (B) AB42 + (5 OM)

120 = 120=
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> 80+ > 80
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s >
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Figure 4-7. Neuroprotective effects df-benzyloxybenzamid&0Og 10h, 10j and11a (25 uM) on HT22
cells inthe absence (A) andpresence(BY6f4 2 (5 OM) incubated over 48 h.
by CCK-8 based colorimetric assay. The results showrageeageof quadruplicate readings based on

three independent experiments. * p-way ANDVA folloned mpar e d
by Bonferroni post hoc test).

4.3.5 Molecular docking

In order to better understand the mechanism of these Als, molecular docking studies were conducted to
investigate the interactions between a representative compound frikbémzyloxybenzamide series and
Ab aggregates. F o N-behzilberszanida depvatisia (~ 27 % ei rbheishti t i on of
aggregation in the ThT assay, nontoxic to HT22 catlsll viability ~100% and~ 92 % cell viability in
Ab42 treated cells) from this sefdlwasdoekadswithioete d i n
the AD42 oligomer and fi br il *Moedbidmeriasd fibrigmotilse CD O
were prepared by using the 3D coordinatethe® b 42 f i bri |l structure (PDB id
resolution structure of monsa@dVMRITihe AD42 obt agiomed
was prepared from t*hRr eAsbido2u sf isbtruidli ess sheanvbel ys.hown t
known to exist as either pentamer or hexamer aggregates, indittainigese are the smallest forms of
aggregates that can be detected in soldffomherefore, a pentamer model was used as a representative
example of the oligomer model in docking studies.
for its aggregation propensity and the hydrophobic nature of these regions is one of tiveyifétizors

driving the aggregation process, namely, hydrophobic ‘¢steVFFA?2L, and Gterminal hydrophobic tail
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2IGLMVGGVVIA #2343 Therefore, our docking method was designed to build a binding spheré (20
radiug that can accommodate the entire span of these two regions to facilitate the understanding of potential
interactions in these important regions. The molecular docking was performed using the computational

software Discovery Studio, StructuBasedDesign,v20.1.0.1929%Biovia, USA).

@ Foax S 1T ®
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LEU : : : 115
e A:34 A7 A
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LEU
LEU :
B:34 &

Figure 4-8. Molecular docking studies dfOa with Ab 4 Rentamer model (PDB ID: 5KK3). (A) Top
docking pose 0of10g (B) 2D interaction map of the top docking posel6h The hydrogen atoms are
removed to enhance clarity. Protein is representdideénribbon with blue indicating the ferminus and
red indicating the @erminus. The small molecule is represented in theawalistick model. Hydrophobic
interaction is represented in pink dashed line.

The top binding mode dfCa docked in the A 4 @&ntamer is shown iRigure 4-8. The Ab 4 @&ntamer
was shown asine ribbon representation colamoded from N (blue) to G (red) terminal and the small
molecule was shown in ball and stick representation with carbon in grey, oxygen in red, and nitrogen in
blue. Based on our docking method, 10 poseRHlafwere generated, and they were ranked according to
CDOCKER energy and CDOCKER interaction energy with the lowest energy (most stable) pose shown in
Figure 4-8. In the top binding pose (CDOCKER energy =
-17.42kcal/mol and CDOCKER interaction energy23.17kcal/mol),10a was oriented perpendicular to

the long axis of the M2 pentamer assembly. Three hydrophobic interactions were observed interacting
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with both hydrophobic regions of Ab42 pentamer .
benzene ring (ring A) and alkyl groupAf Leu17 and\: Leu34 (distance 5.0 A and 55 A respectively).

The other benzene ring (ring B) underwent hydrophobic interaction with the alkyl groDpL&fu34

(distance~ 5.3 A). These hydrophobic interactions anchored the compounds in the binding pocket which
explains its ability to inhibit the aggregation process since it can interact with both hydrophobic régions o

A b 4 Rsimilar trend was also found for the lesmmpound$8aand7ain the previous chapterdowever,

the oxygen spacer in the linker region did not yield any further interactions with the oligomer, possibly due

to the constrained conformation of the molecDleckingresults ofl0ai n t he ADb 4 &ovithatbr i | mc
in the top binding pose (CDOCKER energyl9.® kcal/mol and CDOCKER interaction energy23.92

kcal/mol), the key interactions were still hydrophobic with interactions seen between the aromatic ring and
Ala21 and Vall8 as shown Figure 4-9. The benzene ring (ring) underwent hydrophobic interactions

with the alkyl group of C: Ala21 (distance3=9A), C: Val18 (distance 5.3A), andB: Val18 (distance =

5.2A). Anothermajor interaction was the hydrogen bond formed between the carbonyl oxygen of the amide
group and the NK of C: Lys16 (distance 2.5A) which further constrained thkOa in the hydrophobic

core region ofA b 4 |8terestingly, the oxygen spacer in the linker region was also in contact with gie NH

of C: Lys16 through hydrogen bond interaction (distance =/).1This further suggests that the
replacement of carbon wiinoxygen spacer can enhance the compound binding todimithusmprove

the overallstability of the ligandreceptor complexdn summary, the molecular docking studiesL84 in

Ab42 pentamer and fibril models suggest that the |
the hydrophobic aggregatigrone regions play a significant role in determining its-agtregation

activity.
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Figure 4-9. Molecular docking studies dfoawith Ab 4 fibril model (PDB ID: 5KK3). (A) Top docked
pose ofl0g (B) 2D interaction map of the top docking posel®& The hydrogen atoms are removed to
enhance clarity. Protein is representelina ribbon with blue indicating the fferminus and red indicating
the Gterminus. The small molecule is represented in thedwalistick model. Hydrophobic interaction is
represented in pink dashed line and hydrogen bond interaction is represented iraghedride.

4.4 Summary

In this chapter, one of the carbon spacers in the linker region was replacezhwithigen spacer to
obtain N-benz/loxybenzamide and carboxamide derivatii®s-m and1lac. A total of 14 compounds
were synthesized by coupling tRebenzylhydroxylamine9) with eithercorresponding acid chlorides or
carboxylic acids to obtain the compound library in good yieldsl{82.9%). The chemical structures were
confirmed by*H NMR, MS and the purity was checked by LCMS. These compounds exhibiteetaveak
moderate modulative activity on the aggregatioddf 4 2 a s ¢ o n fbasedraggrbgation kin€tic T
assay and TEM. Among themQa, 10h, 10j, and llawer e i denti fi ed as better
aggregation (PI ranging frof8.7to 26.5%). Except forl0j, the lead compounds fnothis series were not
toxic to HT22 <cells and wer eindacéd neurotoxicityfcellsviahility HT 2 2
ranging from .9-91.6% at 25uM). Derivative 10awas identified as the best compoufki(re 4-10). In
the molecular docking studiethe aromatic ring oflOa can undergo several important hydrophobic

interactions with Ab42 pent amprone KWLNRFA dnd Barmidal mode |
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regions.The oxygen spacer was able to interact with polar amino acid residues in the KLVFFA regions

through hydrogen bond interactions in the fibril model.

A (B)

AP, 0, 0% @\/ 2
(0N
N
H

WAM, 1, 7%
Lead Compound: 10a

V CLogP: 2.66
V Ab42 Pl; 26.50 %
V HT22 Cell Viability:
Al =AP = WAM A 10a: 103.49%
A Ab42: 38.73%
A AB42 + 10a: 91.58%

Al, 13, 93%

Figure 4-10. Summary ofN-benzyloxybenzamide and carboxamide derivatives.9@% (13 out of 14)
compounds were identified as aggregation inhibitats), and7% (1 out of 4) compounds were identified
as weak aggregation modulators (WAM); @&y experimental data for lead compou@a.

4.5 Experimental

45.1 General

All chemicals and reagents were purchased from various vendors (Sigma Aldrich Missouri USA, Alfa
Aesar Massachusetts USA, Bio Basic Ontario Canada, AA Blocks California USA, Cayman Chemical
Michigan USA, Thermo Fisher Massachusetts USA, and Corning New Y8A), were >95% pure and
used without further p thexafliorosaprogammin(HFIPT ¥08% plre,4nvas 1, 1,
purchased from Anaspec California USA (Cat. No-68¥8.29) or rPeptide Georgia USA (Cat. No1A63
1). The reactions were monitorég thin-layer chromatography (TLQJ)sing theMerck silica gel 60, F254.

Column chromatography was carried out using Merck silica ge¥PBOmesh. The spots were visualized
with short or long wavelengths (254 nm or 365 nm). The melting pofntompounds were determined

using a digital melting point apparatus (REACH Devices, USA). The proton NMRIKIR) spectra of
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compounds were obtained using a 300 MHz Bruker Avance spectrometer (Department of Chemistry,
University of Waterloo). Either CDgbr DMSO-ds were used as solvents. Coupling constahta(ues)

were recorded in Hertz (Hz). Abbreviations used to reprébeNMR signals were & singlet, di doublet,

t 1 triplet, mi multiplet, br si broad singlet. The mass and purity were confirmedhergilent 1260

Infinity liquid chromatography (LC) module equipped wétb130 Quadrupole mass spectroenéfgilent

6100 series LCMS). The column used on LCMS wd©RBAX Eclipse AAA, 4.6 x 75 mm, 3.5 micron
(Agilent Technologies, Canadeplumn A mixture of water and acetonitrile 1:1 v/v with 0.1% formic acid

(1.0 mL/min flow rate), was used as the solvent system to assess compound purity and mass. All final

compounds were O 95% pure as determined by LCMS a

4.5.2 Chemistry

For the synthesis dfOam the acid chlorides were coupled withbenzylhydroxylamine9) (1 mmol)
by taking them ito a 50 mL round bottom flask (RBF) containing 15 mL of anhydrous tetrahydrofuran
(THF). To this mixture, 1.2 equivalendf TEA and 1.0 equivalent of corresponding acid chlorides with
various R groups2e-m) were added. The reaction mixture was kept at either room tempesatafiux
for 2-24hand was monitored by thin layer chromatography (TLC). After the reaction was complete, the
solvent THF was evaporated in vacuo and the resulting reaction mixture was dissolved in 15 mL ethyl
acetate (EtOAc), and themashed with 15 mL brine solutiod ). The organic layer was collected and
dried over anhydrous MgSQ@nd filtered. The organic solvent was removed in vacuo and the residue/oil
obtained was further purified by silica gel column chromatography using a combination of solvent systems
(1:1n-Hexanes:EtOAc or 5:2-Rlexanes:EtOAc or 9:1 dichloromethane (DCM): Methanol (MeOH) or 4:1

DCM:n-Hexanes) to afford the final compourti3am.

Compoundsllac were synthesized by reacti@benzylhydroxylamineq) (1 mmol) kept in an RBF

with 15 mL THF, followed by the addition of 1.0 equivalent carboxylic ad#d), 1.2 equivalersEDC,

129



1.5 equivalerd HOBt, and 2.2 equivalestTEA added in sequence. The reaction was kept at room
temperature overnight or under reflux conditions fict2th. The solvent was evaporated in vacuo and the
resulting reaction mixture was dissolved in 15 mL EtOAc and washed with 15 mL brine sd@)jionhe
organic layer was collected, dried over anhydrous Mg&al filtered. The organic solvent was then
removed in vacuo to obtain the residue/oil which was further purified by silica gel column chromatography

using either 1:h-Hexanes:EtOAc or 5:8-Hexanes:EtOAc as mobile phase to afford compoddds..

453 A b 4&ygregation kinetic assay

The ability of benzamide and carboxamide derivativ@sm andllacto inhibittheAb 42 aggr egat i
was evaluated using the thioflavin T (ThT) based fluorescence kinetic @s¢&yrM ThT solution was
prepared in 50 mM glycine buffersingultra-purewater (UPW) The pH of the solution was adjusted to
7.4 with 50 mM sodium hydroxide solution. The aggregation assay was carried out using 215 mM sodium
phosphate dibasic heptahydrate buffer prepared in UPW and the pH was adjusted to 7.4 by using 50 mM
hydroch or i ¢ aci d s%¥iFIR* 35% pure (AhdspeCaliforiia2USA) was treated with 1%
ammonium hydroxide solution to afford 1 mg/mL stock solution. The stock solution was then vortexed and
sonicated for 5 min before being diluteda@5 M working solution using the assay buffer. The stock
solutions of the test compoundedém, 11ac and resveratrol (RVT) were prepared in assay buffer with
DMSO as the solubilizing agent (final concentration per well was less than 2%). The 24 h aggregation
kinetics assay was carried out using-3&4l plates (Costar, black, clebottom), by adding 441 of ThT,
12ni of assay buffer, 16 o f A b 4 2 nd finalwellicamaentrativn), andi®L of test compound
diluton(25nM) i nt o each well . The AD42 control wells <co
without any test compound. The f@a were covered with a transparent plate cover and were incubated at
37 C for 24 h with shaking at 300 cpm between readings for 30 s. The readings were taken every 10 min

(bottom reading), with excitation wavelength of 440 nm and emission wavelength of 490 nm using the
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BioTek Synergy H1 microplate reader. Each sample was measured in triplicate readings and the results

were obtained based on three independent experiments.

4.5.4 Transmission electron microscopy

The TEM assay was carried out by first running the A&ggregation assay (as described.b3 by
incubating test compounds at 28! with 10nM A b 4 2 f o037 Q Fhe TEM arids were prepared by
aliquoting 20nL of each sample from the 38&«ell plate after the 24our incubation period. These samples
were loaded onto 46Mesh formvaicoated copper grids (Electron Microscopy ScienBesinsylvania,
USA). The grids were aidried overnight befordeing washedvith 40 n. UPW for three times. After
washing, 207l 2% phosphotungstic acid (PTA) solution was added to the grid and stayed for 1 min to
stain the samples. Then the PTA sauatiwas absorbed awayith filter paper and then the grids were
washed with 40rl. UPW three times. Then the grids were furtherdsied overnight. The imaging studies
were carried out using a Philips CM 10 TEM (Dept. of Biology, University of Wateab6) kV and the
micrographs were obtained through arfidgapixel AMT camera a¥@00X magnificationThe samples
used to prepare the grids were obtained by mixing the triplicate wells from ThT asshgiamabjes were

taken at a randomized view for eacidgr

4.5.5 Cell viability assay

The cell viability as-mdugedMi2%celldoaicity nnodetl The eytotoxicity t h e
and neuroprotective effects of benzamide/carboxamide derivdifees and1la-c toward HT22 cells
were carried out by using the Ubased cell metabolism assay kit (cell counting kit 8, E8CHargetMol,
MassachusettdJSA). The HT22 cells were cultured in DMEM/F12 1:1 with the addition of glutamate

supplemented with 10% FBS and 1% penicillin and streptomy8in & in 5% CQ. The cells were seeded

at adensity of 50,000 cells per mL. After 24 h, the cells were treated with various compoadsivat
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prepared in phosphate buffer pH 7.4 and DMSO (less than 2%) and incubated for 48 h. After that;the CCK

8 reagent was added to each well, and incubated for another 2 h, before measuring the absorbance at 450
nm as per the manuf aprtatreatdisv @ reft focwmtl s dHhdeteshsetu rcoo m
cytotoxicity were determined by treating the HT22 cells withd o f TAFRP4(295%, rPeptide,
Georgia,USA), and therincubating for 48 h. The cell viability assay was determined by adding the CCK

8 reagent and incubating for another 2 h to measure the absorbance at 450 nm. The cell viability was
calculated as the average percent egbility based on quadruplicate readings from three independent
experimentskor statistical analysis, the results were subjected tavaypANOVA followed by Bonferroni

post hoc analysis compaxermdott osiAdnicfoindaamtl, grmpup.0. (
group, **p < 0.01 compared to Ab42 control group,

< 0.01 compared to Ab42 control group.

4.5.6 Molecular docking study

The binding interactions dfOawi t h Ab42 were investigated by carr
on the Discovery Studio software program v20.1.0.19295, StrudasedDesign (BIOVIA Inc. San
Diego, USA). The Ab42 pentamer and oligomer model
the solved 3D structure tieAb 42 f i br i | (PDB id: 5KK3). A binding
and defined as the ligand binding site which covers t€LVFFA?! and the &erminal
2IGLMVGGVVIA“ hydrophdoi ¢ r egi ons of 10hveas buifli ih 2D usi@dhe Groall n d
Molecule module in the software and was subjected to energy minimization protocol (1000 and 2000 steps
of steepest descent followed by conjugate gradient method) using CHARMmM force field. The CDOCKER
algorithm was used toacry out the docking studies. The Recegigand Interactions module in the
software was used to perform CDOCKER simulations. The docking simulation included 2000 heating steps,
a heating target temperature of 700 KI&®00 cooling steps and a cooling target temperature of 300 K.

The top ligand binding modes of selected lead compounds were analyzed by evaluating the CDOCKER
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energy and CDOCKER interaction energy (in kcal/mol). Further analysis was carried out by determining

the polar and nonpolar contactslfai n t he Ab42 pentamer and fibril as
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Chapter 5
Design, Synthesis and Evaluation of N-phenylbenzamide and N-

phenylcarboxamide Derivativesas Ab Aggr egati on Modul

Below is a list of publications, manuscripts submitted and in preparation along with author names based

on this chapter

Zhao, Y. Rao, P. P. N. (2023). Small moleculdsphenylbenzofurat2-carboxamide andN-
phenylbenzdjjthiophene2-carboxamide promote betanyloid (Ab42) aggregation and mitigate

neurotoxicity. ACS ChemNeurosci, 14 (23), 41854198.

Zhao, Y., Singh K., Karwuri C. R, Hefny, A, Shakerj A., Beazley, M., Rao, P. P. N\-
(substitutedphenyl)benzofuréicarboxamide and N-(substitutedphenyl)benzgthiophene2-
carboxamide derivatives modulate batany | oi d (Ab42) a g g rneugptoxicityo n and

ChemMedCherManuscript in preparation)

Zhao, Y., Shakeri, A., Karuturi C. R., Hefny, A., Wang, S., Rao, P. Madicinal chemistry of amyloid
beta A BH aggregation promot or s Earnd Medl ChéntMamsenpthis di s e e

preparation)

5.1 Introduction

This chapter features tieurth series of compounds in the proposed library, where the-theee b e n U, b
unsaturated system present in the chalcone template was replaced with an amide biwitosterany
other spacer in the linker regidm obtain N-phenybenzamide templaf@®3!® The structureactivity
relationship (SAR) modifications for this library of 16 derivatives are showigare 5-1. In this series
of compoundsthe N-phenylmoiety was kept constant while the other end of the molecule was modified

by incorporating various aromatic rings such as benzes®, (pyridine (3o, 13c), pyrrole (L3n), furan
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(13)), thiophene 13)). Furthermore, bicyclic aromatic rings weaso included, such as naphthaleb@)

qguinoline (L3m), indole (L4a), benzofurani4b), and benzdjjthiophene 14c). In addition, aliphatic rings

were also incorporated including cyclohexadéf), piperidine (3g), and pyrrolidine 13k). Besides,

known pharmacophores where -8lfnethoxylbenzene and 3,-difluorobenzene moieties were also
incorporated in compoundk3d and 13e.3%° This chapter describes the synthesis, characterization, and
evaluation of N-phenybenzamide andN-phenytarboxamide class of compounds via biophysical
(thioflavin T based fluorescence spectroscopy, tor
induced cytotoxicity in mouse hippocampal HT22 neuronal cell lines) and by computational modelling

studies.

16 Derivatives

|
|
|
|
|
|
|

N-Phenylbenzamide/carboxamide |

Chapter 5 | “ NS

0= OO0 O o
|
|
|
|
|

Figure 5-1. N-Phenylbenzamide and\-phenylcarboxamide derivatives (Series D). This series of
compounds is featured by an amide bond without any spacer in the linker region.

5.2 Hypothesis

It i's hypot hesi z eudsattratea systemeppebeatediinneghertchmieonedor &urcumin
with an amide bioisostensill remove the presence of a reactive Michael acceptor and providdikieug
properties while retaining theirf2 aggregation modulation propertitsthe previous chapterdie SAR
was exploredby adding more degreef freedom into the linker regiomhese modifications did not

improvetheir Ab42 modulation propertieSherefore, in this chaptethe extra carbon/oxygen linkatoms
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were removed and instead, the phenyl ring was directly linked to various aromatic substituents to give a
rigid conformation These N-phenylbenzamide and carboxamide scaf@lck expected tde shorter in

length and less flexiblevhich wouldfacilitate better fittingin the KLVFFA and the @erminal regions of

Ab42. I n this series of compounds, substituted co
dimethoxylbenzene and R = 3#fluorobenzenef’ aree x pect ed t o demonst42ate bet
aggregation due to efficemta n der Waal s, hydrophobic and hydroge
al so provide n e ur o pnducdd ecgtdtaxioity. The gSAR mwast inveatigated by
incorporating monocyclic, bicyclic, aromatic, acyclic,&@d 6membered rings to studheir effect on

Ab 4 aggregation Kigure 5-1). It is hypothesized these SAR studies will provide novel insights on

designing Ab42 aggregation modul ator s.

5.3 Results and Discussion

In this section, the synthesis, purification and characterization oNtphenylbenzamide andil-
carboxamide class of compound84-m and14a-c) are discussed which is followed by biologiaativity
screening, including anAb 4 2 aggregation assay (thioflavin T, )
mor phol ogy study by transmission el ect-induced mi cr os
cytotoxicity in mouse hippocampal HT22 neuronal cells. Representative compoumdhiseries were
used in computational model |l ing studies to unders

structures to understand the mechanisms of thekaggtiegatiorand aggregation modulatipgopeties.

5.3.1 Synthesis

The retresyntheic analysis of the compound library suggests that the starting building blocks can be
coupled to form the amide bond using suitable substrates to obtaiN-phenylbenzamide anil-

phenylcarboxamide derivativeBhis was achieved through either the direct coupling of acid halkdes (
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m) with primary aminesghiline 12, Method A) or by coupling the carboxylic acids with primary amines
(aniline 12, Method B). The preference for using the acid halides versus carboxylic acids coupling method
was made based on the commercial availability andefésttiveness of the starting materials. With that
being said, compound$3a-m were synthesizedia Method A as shown irScheme5-1, whereas

compoundd4a-c were synthesized by method B as showS8gchemes-2.

H
NH, o a N\n/R
©/ N RJ\CI ©/ o]

12 2a-m 13a-m

P T T T T T T T T T T T S T
| R= B NS [
| N~ |/ \0 F |
| 0\ F |
| a b c d 1
| H

| NT @i :
| f g h i ] |
| |
! i
| i
| |

Schemes-1. Synthetic scheme to prepdr@a-m by coupling aniline12) with corresponding acid chlorides
(2a-m). Reagents and conditions: (a) TEA, THF, room temperature/refi4i2

H
NH, o b N__R

7 de — - UT

12 4a-c 14a-c
I
| = H i
|
o O OO
| [

Schemeb5-2. Synthetic scheme to prepatda-c by coupling aniline 12) with corresponding carboxylic
acids (4ac) . Reagents and conditions: (b) EDCAH@I , HOB:
under reflux conditions for 24h
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In Method A, aniline 12) was coupled with corresponding acid halides. Considering the legrong
capability and reactivity, acid chloridezafm) were used in the reactions. The reaction mecharkigare
5-2) is described as followsirst, the nucleophilic aming2 attacks the electrophilic carbonyl carbon of the
acid chloride to form a tetrahedron intermediate by nucleophilic addiedt; chloride serves as a good
leaving group and then is eliminated from the tetrahedron intermethate;hydrochloric acid is also
formed as the reaction froduct which can neutralize the base triethylamine (TEA) to facilitate product
formation 3?2 The overall yields of these reactions range f&h8 91.6%. The analytical data fd3a-m
(*H NMR, MS and purity data by LCMS) are given belonalytical spectral data for all the final

compounds are given ippendix D.

Step 1: Addition of Nucleophile Step 3: Loss of Proton
o .
NH, + REE—CI R &) — e, JHCL f
2 = R R_/C;'f PR —> R—C—NH_Q
NH,*—FPh H
Ccr

Step 2: Elimination
of Leaving Group

Figure 5-2. Nucleophilic acyl substitution mechanism which includes three major steps: (1) addition of
nucleophile to the electrophilic carbonyl carbon. (2) elimination of the leaving group. (3) loss of proton.

5.3.1.1 N-Benzylbenzamide (13a)

The product was obtained as a white solid (Yield = 91.6MNMR (300 MHz, DMSGd6): 11 10.24 (s,

1H), 8.01i 7.91 (m, 2H), 7.83 7.73 (m, 2H), 7.66 7.48 (m, 3H), 7.42 7.30 (m, 2H), 7.17 7.05 (m,
1H). mp: 167170 °C. ESIMS, m/z calcd for @H1:,NO [M+H]* 198.1, found 198.1Purity: 99.73%

(LCMS).
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5.3.1.2 N-Benzylisonicotinamide (13b)

The product was obtained as a white solid (Yield = 90.8%%NMR (300 MHz, DMSQde): 11 10.49 (s,
1H), 8.85i 8.74 (m, 2H), 7.92 7.83 (m, 2H), 7.77 (d] = 8.0 Hz, 2H), 7.45 7.31 (m, 2H), 7.20 7.10
(m, 1H). mp: 176179 °C. ESIMS, m/z calcd for GH10N2O [M+H]* 199.1, found 199.1Purity: 97.99%

(LCMS).

5.3.1.3 N-Benzylpicolinamide (13c)

The product was obtained as a white solid (Yield = 86.4B6NMR (300 MHz, DMSQde): Ui 10.62 (s,
1H), 8.75 (dJ = 4.7 Hz, 1H), 8.22 8.02 (m, 2H), 7.91 (d] = 8.1 Hz, 2H), 7.74 7.64 (m, 1H), 7.37 (1]
= 7.8 Hz, 2H), 7.13 () = 7.4 Hz, 1H). mp: 886 °C. ESIMS, m/z calcd for GH10N,O [M+H]* 199.1,

found 199.1Purity: 96.88% (LCMS).

5.3.1.4 N-Benzyl-3,4-dimethoxybenzamide (13d)

The product was obtained as a white solid (Yield = 85.6B6NMR (300 MHz, DMSQdg) Ui 10.06 (s,
1H), 7.80i 7.71 (m, 2H), 7.63 (dd}= 8.3, 2.1 Hz, 1H), 7.54 (d,= 2.1 Hz, 1H), 7.41 7.30 (m, 2H), 7.15
i 7.04 (m, 2H), 3.85 (s, 3H), 3.84 (s, 3H). mp: 462 °C. ESIMS, m/z calcd for @GH1sNO3z [M+H]*

258.1, found 258.1Purity: 97. %6 (LCMS).

5.3.1.5 N-Benzyl-3,4-difluorobenzamide (13e)

The product was obtained as a white solid (Yield = 89.3%NMR (300 MHz, DMSQds) Ui 10.30 (s,
1H), 8.117 7.98 (m, 1H), 7.92 7.82 (m, 1H), 7.76 (d] = 8.3 Hz, 2H), 7.63 (dd] = 9.0 Hz, 1H), 7.37 (t,
J = 7.8 Hz, 2H), 7.13 (t) = 7.4 Hz, 1H). mp: 17174 °C. ESIMS, m/z calcd for GHoFNO [M+H]*

234.1, found 234.1Purity: 99.43% (LCMS).

139



5.3.1.6 N-Benzylcyclohexanecarboxamide (13f)

The product was obtained as a white solid (Yield = 84.3BbNMR (300 MHz, CDCJ) ti 7.51 (d,J =
7.9 Hz, 2H), 7.34 7.21 (m, 2H), 7.07 (§ = 7.4 Hz, 1H), 2.21 (tt) = 11.7, 3.5 Hz, 1H), 2.001.75 (m,
5H), 1.74i 1.43 (m, 2H), 1.39 1.16 (m, 4H). mp: 14150 °C. ESIMS, m/z calcd for &H17NO [M+H]*

204.1, found 204.Rurity: 99.81% (LCMS).

5.3.1.7 N-Benzylpiperidine-1-carboxamide (13g)

The product was obtained as a white solid (Yield = 88.7BbNMR (300 MHz, CDCJ) 11 7.421 7.25
(m, 4H), 7.04 (tJ = 7.3 Hz, 1H), 6.35 (s, 1H), 3.523.43 (m, 4H), 3.20 3.16 (m, 1H), 1.71 1.52 (m,
3H), 1.28 (s, 2H). mp: 23242 °C. ESIMS, m/z calcd for GH1eN2O [M+H]" 205.1, found 205.1Purity:

99.65% (LCMS).

5.3.1.8 N-Benzyl-1H-pyrrole-2-carboxamide (13h)

The product was obtained as a white solid (Yield = 82.3s6NMR (300 MHz, CDCJ): 1 9.50 (br s,
1H), 7.517.12 (m, 5H), 6.926.90 (m, 1H), 6.586.51 (m, 1H), 6.286.20 (m, 1H), 6.13 (br s, 1Hnp:

152155 °C. ESIMS, m/z calcd for @H13N20 [M+H]* 201.1, found 201.1Rurity: 98.26% (LCMS).

5.3.1.9 N-Benzylfuran-2-carboxamide (13i)

The product was obtained as a white solid (Yield = 90.686NMR (300 MHz, DMSQde): 11 10.16 (s,
1H), 7.94 (s, 1H), 7.75 (d,= 8.0 Hz, 2H), 7.40 7.29 (m, 3H), 7.10 ( = 7.3 Hz, 1H), 6.7% 6.67 (m,
1H). mp: 126129 °C. ESIMS, m/z calcd for GHsNO, [M+H]* 188.1, found 188.1Purity: 99.74%

(LCMS).
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5.3.1.10 N-Benzylthiophene-2-carboxamide (13j)

The product was obtained as a white solid (Yield = 86.9B6NMR (300 MHz, DMSQGde): 11 10.21 (s,
1H), 8.03 (dJ = 3.7 Hz, 1H), 7.86 (d] = 5.0 Hz, 1H), 7.72 (d] = 8.3 Hz, 2H), 7.36 () = 7.8 Hz, 2H),
7.23 (t,J = 4.4 Hz, 1H), 7.11 (t) = 7.4 Hz, 1H). mp: 14952 °C. ESIMS, m/z calcd for GHsNOS

[M+H]* 204.1, found 204.TPurity: 99.56% (LCMS).

5.3.1.11 N-Benzylpyrrolidine-1-carboxamide (13k)

The product was obtained as a white solid (Yield = 88.1PbNMR (300 MHz, CDCJ) 11 7.481 7.36
(m, 2H), 7.361 7.24 (m, 3H), 7.03 (t) = 7.3 Hz, 1H), 6.21 (s, 1H), 3.533.43 (m, 4H), 2.04 1.91 (m,
4H). mp: 125128 °C. ESIMS, m/z calcd for @H1aN2O [M+H]" 191.1, found 192. Purity: 96.60%

(LCMS).

5.3.1.12 N-Benzyl-1-naphthamide (13l)

The product was obtained as a white solid (Yield = 87.68NMR (300 MHz, DMSQGds): Ui 10.56 (s,
1H), 8.23i 8.14 (m, 1H), 8.09 (d] = 8.2 Hz, 1H), 8.06 7.99 (m, 1H), 7.86 7.68 (m, 3H), 7.68 7.56
(m, 3H), 7.38 (t)J=7.7 Hz, 2H), 7.13 (1 = 7.4 Hz, 1H). mp: 16467 °C. ESIMS, m/z calcd for GH1sNO

[M+H]* 248.1, found 248.1Purity: 98.87% (LCMS).

5.3.1.13 N-Benzylquinoline-2-carboxamide (13m)

The product was obtained as a white solid (Yield = 85.7BNMR (300 MHz, DMSQde): 11 10.74 (s,

1H), 8.65 (d,J = 8.6 Hz, 1H), 8.32 8.21 (m, 2H), 8.14 (d] = 8.1 Hz, 1H), 8.00 7.88 (m, 3H), 7.77 (1]
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= 7.5 Hz, 1H), 7.42 () = 7.7 Hz, 2H), 7.17 (t) = 7.4 Hz, 1H). mp: 14245 °C. ESIMS, m/z calcd for

Ci6H12N20 [M+H]* 249.1, found 249.1Purity: 992% (LCMS).

Method B was used to synthesldghenethylcarboxamide derivativelslgc, Schemes-2). Compared
to acid chlorides, carboxylic acids are less reactive due to the eleldnating nature of the hydroxyl
group. This can influence the reaction progress, yield and purity of the products. However, this limitation
can be overcome by activatitige carboxylic acid4a-c) with the assistance of carbodiimidehydrating
reagents, such as-ethyl3-(3-dimethylaminopropyl)carbodiimide (EDCJ?%32* The detailed reaction
mechanism is shown fRigure 5-3. The carboxylic acids can be transformed into an ester intermediate. In
the presence of an activator, such as hydroxyltriazole (HOBt), the nucleophilic activator attacks the
carbonyl carbon of the ester intermediate so that an active ester is f&ffiée. active ester contains a
better leaving group compared to the original carboxylic acid so that it can reacaniitie (12) via
nucleophilic acyl substitution as mentioned in the previous paragraph. Timdhyct urea formed as a
result of using EDC as dehydrating reagent is wetdubleandtherefore, can be washed away by aqueous
extraction in the posteaction workup. The overall yields of these reactions range§gwto 88.9 %.The
analytical data’d NMR, MS and purity data by LCMS) for compndsl4a-c are given belowAnalytical

spectral data for all the final compounds are givefsgpendix D.
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Figure 5-3. Reaction mechanism to obtaldac using dehydrating agent EDC and activator HOBt for
coupling aniline 12) and corresponding carboxylic asi@a-C).

5.3.1.14 N-Benzyl-1H-indole-2-carboxamide (14a)

The product was obtained as a white solid (Yield = 90.6lNMR (300 MHz, DMSQds): Ui 11.74 (s,
1H), 10.20 (s, 1H), 7.82 (d,= 8.0 Hz, 2H), 7.68 (d] = 8.0 Hz, 1H), 7.51 7.32 (m, 4H), 7.23 () = 7.6
Hz, 1H), 7.18 7.02 (m, 2H). mp: 19200 °C. ESIMS, m/z calcd for @GH12N.O [M+H]* 237.1, found

237.1.Purity: 98.17% (LCMS).

5.3.1.15 N-Benzylbenzofuran-2-carboxamide (14b)

The product was obtained as a white solid (Yield = 82.9p6NMR (300 MHz, DMSQds) U 10.52 (s,
1H), 7.92i 7.70 (m, 5H), 7.52 () = 7.8 Hz, 1H), 7.38 (tJ = 7.5 Hz, 2H), 7.14 (t) = 7.3 Hz, 1H). mp:

160-163 °C. ESIMS, m/z calcd for GH11NO, [M+H]* 238.1, found 238.1Purity: 96.37% (LCMS).
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5.3.1.16 N-Benzylbenzo[b]thiophene-2-carboxamide (14c)

The product was obtained as a white solid (Yield = 88.3%%NMR (300 MHz, CDCJ 11 10.51 (s, 1H),
8.37 (s, 1H), 8.11 7.97 (m, 2H), 7.87 7.74 (m, 2H), 7.57 7.44 (m, 2H), 7.39 ({} = 7.8 Hz, 2H), 7.14
(t,J=7.4 Hz, 1H). mp: 19093 °C. ESIMS, m/z calcd for @H11NOS [M+H]" 254.1, found 254.Rurity:

99.16% (LCMS).

5.3.2 Modulatory activity on amyloid-beta aggregation

5.3.2.1 Results overview

The modulatory activity oN-phenylbenzamide and carboxamide derivath@&sm andl4a-con ADb 4 2
aggregation was evaluated usthg ThT aggregation kinetic ass&?.>?° It is the golden standard used in

the field for rapid screening of small mol* cul es t
¥l'n this assay, ThT was wused as t he -sheetstuuctiresot ent d
various forms of aggregated Ab42. Upon binmncdi ng, T
reading (FLR) which is directly proportional to t
FLR oftheAb 42 contr ol and in the presence of wvarious t
be calculated at the end of the assay. If the FLR is lower than thia¢ obntrol, it indicdes that the
compounds are inhibiting the Ab42 aggregati on. Si
indicates that the compounds are able to promote t
Ab42 aggregati ogmtdroen tienmrthmméd tadggr A1) and compounc
aggregation are termed aggregation promotors (AP), whereas compounds that weakly modulate the
aggregation are termed weak aggregation modulators (WAM). Initially, all the test compourmrds wer
screened at 25 OM to determine their effect on Ab!¢

were further evaluateoivera concentration range (1, 5, 10, 25 uM) to determine the aggregation kinetics.
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Resveratrol (RVT) which is a known inhibitor of

reference compound for compariséii.

In Figure 5-4, the ThT aggregation kinetic curvesMphenylbenzamide and carboxamide derivatives
13a-m andl4ac were shown. In each panel, the blue curve at the bottom is the ThT background readings
whi ch suggests that ThT has no interference on t

curve shows the AD42 aggr eg alnthesecuivas, sene eharackerdsécs ¢ e

A

h

of Ab42 aggregation can be observed. I't is a sigm

min) which is followed by a rapid growth phase spanning the time course from around 0.5 h to 10 h. Then,
the AR tends to be stable with readings hovering around 8,000 RFU, indicating the aggregation process
has reached the equilibrium status. Such saturation phase was maintained until the end of the assay at 24 h.
Compared to the Ab42 e predence of diffeertiiplenylbeczamide ersd, i n
carboxamide derivatived-igure 5-4, A: 13ad, RVT, B: 13eh, C: 13i-l, D: 13m, 14ac) shared similar

shapes without any major differences. This observation sugbastisese derivatives are not able to alter

the aggregation kinetics by either shortening or extending the lag/growth phase. However, lower FLR at
the saturation phase than Ab42 control for these
thatsome deri vatives were capable of r endubatingnhg t h e
reference compound RVT withbPA4 (Figure 5-4 A), a dramatic decrease in the FLR was noticed in the
saturation phase with FLR below 2,000 RFUs after 18 h. Such observation is nofrepg®iRVT is a

very p d2Ae3H Howevdr,to our surprisemost of the test compounds in this series exhilpted

aggregation activitiecompoundL3c, 13e, 13g, 13j, 13I, 13andl4ac, Table 51).
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Figure 5-4. The Ab 4 &ggregation kinetic curves fod-phenylbenzamide and carboxamide derivatives

(13am andl14ac) in the ThTFbased fluorescence assay. (A) Aggregation kinetic curves deriva8aaks

and reference compounds resveratrol (RVT). (B) Aggregation kinetic curves derivaBeds (C)
Aggregation kinetic curves derivativd8i-l. (D) Aggregation kinetic curves derivativé8m,and 14a-c.

The derivatives (25 OM) were incubated with Ab42
fluorescence was monitored (excitation = 440 nm, emission = 490 nm). Results were obtained based on
triplicate readings from three independent experiments.

Table 51 shows the ardaggregation activity of test compounds as the percentage inhibition (PI) and
Figure 5-5 shows a bar plot of Pl #ie24 h time point. A total 06 out of 16 compounds from this series
exhibitedanttAb 4 2 act i v ibasgd fliorescénbeassdy lwith activity ranging féobn 24.7 %.
Another 6 out of 16 compounds this series exhibited praggregation activitiewith promotionranging
from 20.21 412.2 %.CompoundL3a(R = benzenegxhibited12.1+ 5.2 %inhibition which is much lower
than the compound containing same R group in the previous chateChapter 227.1% inhibition; 7a,
Chapter 328.6% inhibition; 10a Chapter 4 26.5% inhibition). Replacing the benzene ring with more
polar pyridine bioisostere in compout@b, the antiaggregatioractivity was maintained12.5 + 5.0 %

inhibition). Interestingly, compound3c (R = pyridine) exhibited praggregation activity instead of
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inhibition (20.2+ 8.15% promotion. Incorporation of the knownarib p h ar ma cl8dardiBe e s
did not improve the activities as expect€dmpoundL3d (R = 3,4dimethoxylbenzene)as not active in
modul ating t he andlgefRe=a adifluiomobenzerfejvas dnadyregation promotor (24.0
+ 6.47 % promotion). Incorporaty aromatic Smember heterocyclic ringshowed mixed results.
CompoundL3h (R =pyrrole) was able t@xhibit moderate artiggregation activity with Pl of 2172.6 %
whereas compounti3i (R = furan) only exhibited PI of 20.8 + 0.6 ¥9owever, compound3j was arAP

with the ability to promote the aggregation by24.1.5 %. Furthermore, the aliphatic ring containing
derivativesshowed moderate ardggregation activitiegxceptfor 13g(R = piperiding which is a WAM.

For example, compounti3f (R = cyclohexane) showed Pl oll.Z + 26 % and compound3k (R =
pyrrolidine) showed PI of 246.+ 5.3 %. When the R groups were replaced by bicyclic aromatic rings, mixed
results were seen regarding their modulatory activities on the aggregation. For examptund<l3l (R

= naphthaleneand 14a (R = indole)were WAM, whereasl3m (R= quinoline)showed preaggregation
property with the ability to promote the aggregation by 366.8 % Interestingly, for compouni4b (R

= benzofuran) and4c (R = benzdp]thiophene) these two derivatives exhibitedmarkableability to
promote t he AGompoundldbyvaseableatd pgroomnate the aggregation by 3616 andl4c
was able to promote the aggregation by 4dl@. Given theirstriking preaggregation propees these

two compounds were selected for further evaluation (Sebt®a.3.

147



Table 5-1. Percent inhibition (PI) oN-phenylbenzamide and carboxamide derivatid@s{n and14ac),
resveratrol (RVT)and chalcone (CHWt25pyMonfAb 42 (10 OM) aggregati on.

Cmpd % Inhibition @ CLogP® Cmpd % Inhibition @ CLogP®
13a 12.14 £5.20 2.65 13i 9.03 £ 0.64 1.83
13b 12.56 £ 5.04 1.15 13j -24.67 +1.51 2.30
13c -20.20 + 8.15 1.50 13k 2457 £5.27 1.29
13d NA¢® 2.14 13l NA¢ 3.82
13e -24.01 + 6.47 2.87 13m -36.76 + 6.81 2.89
13f 21.68 + 2.59 3.19 1l4a NAS 2.98
13g NA® 1.85 14b -376.36 + 22.08 3.21
13h 20.79 £ 0.59 1.60 1l4c -412.18 +0.7% 3.68
RVT 81.3+5.6 2.83 CHL -112.29+7.13 3.62

aPercent inhibition was calculated at the 24 h time point in the ThT aggregation kinetics assagulifie
shown are average * standard deviation of trimioedidings based on three independent experiments.
® CLogP values were calculated with ChemDraw.

°NA, not active indicating the compounds are WAM.

dNegative Pl indicates the compounds can promote the aggregation.

200

-200-

% Inhibition

-400

0T T T T T T T T T T T T
13a 13b 13c 13e 13f 13h 13i 13j 13k 13m 14b 14c RVT CHL
Compounds (25 OM)

Figure 5-5. Percentage inhibition (PI) df-phenylbenzamide and carboxamide derivatiiE3a{n and
l4ac)at25pMomAb 42 (10 OM) aggregati on.

5.3.2.2 Modulatory activity of AP 14b and 14c on amyloid-beta aggregation

In this subsection, the praggregation activity ol4bandl4con Ab42 was expl ored i
Lead compounds, together with known Al resveratrol (RVT) were tested in ThT aggregation kinetic assays

at four different concentrations 1 uM, 5 uM, 10 uM, and 25 uM respectivadyrule out interference in
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the ThT assay due to competing fluorescence and or fluorescence quenching, we also ran control
experiments to determine if4b and 14c could potentially interfere in the ThT assay. These control
experiments were carried out at 25 pMIefb and 14cin the presence of ThT. The results from these

control experiments clearly show that bd#baand14cshow no interference in the ThT ass&jg(re

5-6). Incubation of various concentrations of RVT (1, 5, 10 and 25 uM) withiARd to a concentratien
dependent decline in the ThT RFU, indicating the
(Figure 5-7 C). At 1 puM, RVT exhibited ~15% inhibition of & 4 &gregation at 24 h time point which

gradually increased to ~34%, 49% and 59% inhibition at 5, 10 and 25 uM respectively. At all the
concentrations, RVT was abl e ltad. Incontchst,anaghe présdn2eof i br i |
14b, there was a dramatic increase in the ThT RFU as shovaigure 5-7 A. Strikingly there was
significant promotion in Ab42 fibrillldpwtmtbesi s i n
maximum increase in RFU observed at 25 uM. For example, at 11lgMwas abl e t o i ncr e
fibrillogenesis by 1.58old followed byadrastic promotion at 5 uM (2.6fld), 10 uM (4.15fold) and 25

UM (4.76-fold) respectively(Figure 5-8). Similarly, incubation ofLl4c with Ab 4 &lso led toa drastic

promotionin A 4fbrillogenesis Figure 5-7 B). CompoundL4cpromoted A& 4 frillogenesis bya2.98

fold increaseat 1 uM,a 4.35fold increase at 5 uMa4.55fold increase at 10 uM, arab.12fold increase

at 25 uM respectivelyFigure 5-8). Interestingly, chalcone can alppomote the aggregation ofbAd, 2

however jts pro-aggregation capacity wasssdramaticthanthat ofderivativesl4b and14c (Figure 5-7

D). At lower concentrations (1 and 5 uM), chalcone exhibited limited modulative activity on the
aggregation with folds of aggregation arounfbltl in aggregatiorfFigure 5-8). At higher concentrations,

there was 1.4 and 2fbld in aggregation at 10 uM and 25 uM respectivéjgure 5-8). Our results
demonstrate that bottband14cwere able to promotei A2 fibrillogenesis and significantly increase the

ADb 4 fibril load during the 24 h incubation perioBigure 5-7 D). This study demonstrates, for the first

time, the unique properties of small moleculgkb and 14c in modulating A 42 aggregation kinetics.
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Considering these unusual results, dbth and14cwere further evaluated with additional experimeats

better understand the molecular mechanisms of theiaggoegation activity.

(A) (B)

-+ Blank
c - ThT
S + ThT + RVT 25 uM
g E ~+ ThT + 14b 25 pM
2 - ThT + 14c 25 uM
<
200 T T T 1
200 300 400 500 0 6 12 18 24
Wavelength in nm Timeinh

Figure 5-6. Spectrometric background reading @#b, 14c RVT. (A) ThT-based aggregation
kineticsbackground interference readifithe resultspresented are the average of two independent
experiments in triplicate measurements. (B) UV scanafiragsay buffer (blank)4b, 14cand RVT.
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5.3.3 Transmission electron microscopy of lead AP 14b and 14c

In order to confirm the promotion ofiA2 fibrillogenesis byl4b and 14c observed in the ThT
aggregation kinetics assay, transmission electron microscopy (TEM) experiments were carried out by
incubating A 42 with different concentrations of RV14b and 14c and the fibril morphology was
determined. The TEM images obtained after 24 h incubation wi##2 Are shown ifFigure 5-9 A. In the
absence of test compoundsi 42 alone underwent aggregation to form typical long, elongated and
branched fibrils as can be seen from their morphology. Incubating the known inhibitor RVT at 1, 5, 10 and
25 uM led to a reduction in the formation of A2 aggregates evidenced by a reduction in the density of
long and branchediAl2 fibrils in a concentratiedependent manner with the most drastic reduction seen
at 25 pM. In contrast, in the presenceldb, the formation of dense fibrils increased proportionately with
increasing in the caentration ofl4b, going from 1 pM to 25 uM, with a maximum increase in fibril
density seen at 25 uM. Investigating thied® fibril morphology in the presence bdcalso demonstrated
a similar trend with significant increases in the formation of dense fibrils with increasing concentrations of
14c At 25 uM, 14cwas able to promotei A2 fibrillogenesis to a significant extent. Next, all of these TEM
images were further processed using the Idhagéware to quantify the data the percentage area covered
by the fibrils Figure 5-9 B). In the absence of testmpounds, the area covered byd&fibrils was 28%.

With an increasing concentration of known inhibjtBV T, co-incubated with A42, the percentage area
reduced in concentratiesiependently with the percentage reduced from 309424 ontrol) to ~26%, 24%,
21%,17% at 1, 5, 10, 25 uM respectively. Edb, the percentage area increased to ~35%, 40%, 47%, 48%
at 1, 5, 10, 25 pM. A similar trend was also observedlfér, with a slightly higher percentage area
calculated (percentage area ~38%, 46%, 52%, 56% at 1, 5, 10, 25 uM) compdrél &b each
concentration which is aligned well with ThT aggregation kinetic assay relsuitentrast, the chalcone
compound exhibited weaker ability to promote tHe42 aggregation at all the tedteoncentrations and
thequantitative TEM analysishowed a percentage area of around ZB%se TEM studies further provide

evidence of the ability af4b andl14cto promote A 42 fibrillogenesis.
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Figure 5-9. TEM images of & 4 2 M)laldne &nd in the presence Ifh, 14c¢ resveratrol RVT) and
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5.3.4 8-Anilino-1-naphthalene sulfonicacid binding assay

Due to the striking promotion iniAl2 fibrillogenesis observed in the ThT aggregation kinetics studies,
we investigated the effect @#b and14con &anilino-1-naphthalenesulfonic acid (ANS) fluorescence, to
probe the ability of these compounds to expose the hydrophobic regiond»Bggregates. This helps to
understand the mechanisms of the promotion of fibrillogenesis in the presdd@eaatil4c In phosphate
buffer solution, ANS exhibited an emission maximatraround 520 nm along with weak fluocesice
intensity (RFU ~ 0.17Figure 5-10). In the presence offA4 fibrils, there was a clear blue shift with the
emission maximum moving to 490 nm and afet?l jump in the RFU Figure 5-10), demonstrating the
formation of AbBb42 aggregates with exposed ANS bin
the RFU decreased in a concentratipendent manner across the concentration range tested (1, 5, 10 and
25 uM), with the lowest readng observed 25 puMHKigure 5-10 C). There was no change in the emission
maximum (490 nm) which suggests that RVT was able
assay. In contrast, in the presence of eitdéror 14¢, the fluorescent intensity of ANS showed a significant
concentratiord e pendent increase compared to ADb42 <contro
increased by 1:4fold (RFU = 0.51,) in the presence bib (25 uM, Figure 5-10 A) compared to A 4 2
control, whereas the fluorescent intensity of ANS was increased Hgld.@RFU = 0.46) in the presence
of 14¢ (25 uM, Figure 5-10 B). There was no change in the emission maximum (490 nm). This clearly
shows that both compoundsgtb and14car e abl e to bind and modul ate
aggregates thereby exposing additional ANS binding hydrophobic surface. Similarly, in order to rule out
fluorescence interference arising from compounds, we conducted control experiments witli 25arid
14cin the presence of ANS. The results indicate that none of the compounds showed interference in the
ANS assayFRigure 5-11 A). Inspired by these results, we were curious to see what other information the
ANS binding assay could tell at an early stage of the aggregation process. Therefore, the assay was
conducted at time points 0 h, 1 h, and 8 h during the aggregation withopiee of investigating the

hydrophobic feature of ADbD monomer, oligomer, and e
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significant differences in the ANS FLR between groups at these time peigtsg 5-11 B-D), indicating

that14b and 14c might interact with higher order fibrils, such as protofibrils and fibrils, and thus expose

their hydrophobic surface to form much more stable and less toxic/nontoxic fibrils.
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Figure 5-10. ANS binding assay oi4b, 14c and RVT with A 4 2

MiLad 1, &, 10, and 25M

respectively after 24 h incubation at 37 °C, pH 7.4. The ANS fluorescence readings were taken at excitation
380 nm, emission 400 nm to 600 nm with 10 nm increm&gsults are averages of three independent

experiments in triplicate measurements. (A) ANS spectrurhdbfi n
spectrum ofl4ci n t he presence of Ab 42
Comparison of ANS fluorescence readingldb, 14c, and RVT(25¢ M)
Ab42. *p < 0.01 compared to ADA4
ANOVA).
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Figure 5-11. ANS binding assay ol4b, 14c and RVT with A 4 2 (MJLad 1, 8, 10, and 25M
respectively incubated at 37 °C, pH 7.4. The ANS fluorescence readings were taken at excitation 380 nm,
emission 400 nm to 600 nm with 10 nm incremeR&sults are averages of three independent experiments

in triplicate measurements.A) ANS background readings in the abs
of Ab42 at O h; (C) ANS binding assay of Ab42 at

535Neur oprotective ef-fnducddsytodogiaitynst Ab42

The discovery of A42 preaggregation activity of4band14cin the ThT fluorescence assay and TEM
studies led us to investigate the effects of these two compoundsAidduced cytotoxicity in mouse
hippocampal HT22 neuronal cells. The knownaggregation inhibitor RVT was used as a reference agent

for comparison. Initially, the effect df4b, 14cand RVT (25 uM each) alone, toward HT22 cells was

evaluated. None of the compounds showed any toxicity and they were able to maintain excellent cell
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viability after 48 h of incubationFigure 5-12 A). Next, treating the cells with@\4 2 )Xo 48 @, led

to significant cell death (~20% cell viabilitifigure 5-13 A). In contrast, incubating thePA4 tBeated HT22

cells with eitherl4b or 14c (25 pM each), led to a dramatic increase in cell viability. Bioth and 14c

were able to rescue HT22 hippocampal cells fromm4AiRduced cytotoxicityFigure 5-13 A). Both 14b

andl4cex hi bited ~74% cell vi abi | ifdldyincrease irt cellevialplity e s e n c e
compared with Ab42 treated group (~20% cell viab

inhibitor RVT, was also able to rescue HT22 hippocampal cells tn  Arfalute@d cytotoxicity (~30%

cell viability, Figure 5-13 A). However, it was not effective ddbandl4c These results suggest that both

14b andl4car e abl e to modul ate the conformation of Al
aggregates in the <cellular environment further d

aggregates into less toxic/nontoxic forms.

157



(a] 14b 25 um

(A)
120~ No AB42

100- - T

2]
o
1

% Cell Viability
O
o o
1 L

(0] 14¢ 25 uM

N
o
1

o
1

BlankRVT 14b 14c
Treatment (25 pM)

Figure 5-12. (A) Neuroprotective effects dfdb, 14¢, and RVT at 28 M on HT22 cells without A 4 &fter
48 h incubation. The cell viability was determined by cell counting KECK-8). The results are averages
of three independent experimemigh 5 replicatesn each run(B-E) Fluorescece cell imaging in the

absence of AD42. Cel | membr anes were stained by E
nuclei were stained by Hoechst 33342 and visualized with DAPI filter. (B) Untreated cel4i§@} 25
¢ M(D)14cat 25 RVWMat (Ep & M. |l mage scale: 200 & m.

Live cell imaging studies were also carried out to determine the effdetbodind 14cin HT22 cells
incubated with Ab42. The cell me mbr ane was staine
with Hoechst 33342 dye and ADb42 a ¢®gyeeTgeatineHi22wer e v
cells with 14b or 14c or RVT (25 uM) alone did not affect their viability or morphology as the green
fluorescence of stashaped cells and dendritic outgrowths were clearly visibigufe 5-12 B-E). The
nucleus of neuronal cells was also observed (blue stain). These imaging studies demonstrate that the HT22
cells were in a healthy state when treated Wb or 14c or RVT after 48 h incubation. Fluorescence
i mages of HT22 <cells treated with AbB42 (20 eM) a
cytotoxicity as the green fluorescence was barely visible, which indicates the loss of membrane integrity
and celdeath Figure 5-13C). In addition, & 4 &jgregates stained by ProteoStag¢re visible. Strikingly,
in the presence of eithédb or 14c (25 uM each), merged fluorescence images clearly show the presence
of healthy neuronal cells treated with AbB42 as in

demonstrating celimembrane integrity and the presence of -staped cells Higure 5-13 D, E).
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Furthermore, fluorescence imaging studies also showed diieaind 14c were also able to promote the
formatonofAb 42 aggregates as seen wi t Bpositivestaiesamsnpasedi n t h
to cells treated with ADb42 al one. I1Bdandd4ctoprambth er den
Ab42 fibrillogenesis and the formation of nontoxi
that RVT was able to offer weaker neur ofddbanmdect i on
14c(Figure 5-13 E). These imaging studies further demonstrate the neuroprotective effects of compounds

14b and14ci n r e d u cindumcegd cyiohoricty. In the next step, we quantified the fluorescence
intensity data obtained-{gure 5-13 C-F), using the ImageJ softwased correlated this data with cell
viability profil e f oidbHIEEhARVT. €he lesultstare summaezédHiguiet h A b 4 2
5-13B andTable 5.2 The cells were treated with test compounds in the presence and abseificd & A

for 48 h before imaging. The amount of Ab42 aggrec
was quantified by measuring the pixel intensity of Prote§Statins. Theamount of aggregates formed is

directly proportional to ProteoSfafluorescence intensity and was reported as relative mean intensity

(RMI). Greater the RMI, greater is the formationfoh 42 aggregates. The RMI for
group was 118+ 2.68 and this correlates with a significant loss of cell viability (~20% cell viability). The
pro-aggregation activity ofldb and 14c was indicated by 2:2and 1.9fold increases in the RMI values
(RMI=26.4 1.7 and 22.9 £ 2.6) and these correlate with an increase in cell viability (~70% cell viability).

In contrast, the known aggregation inhibitor RVT was able to reduce RMI vaMé £R7.6 + 1.1)
comparedt tmatAdd 2control group and this comankkel at es
reduce cytotoxicity (~30% cell viability). These biophysical, cell culture and fluorescence imaging

experiments demonstrate the arggregation and neuroprotective properties of compolsioandl4c
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Figure 5-13. (A) Neuroprotective effects df4b, 14¢ and RVT at 28M on HT22 cells in the presence of

Ab42 (20 eM) after 48 h incubation. TBHCGCK8€hel vi abi
results are averages of three independent experiméthtdive replicates in each ruiB) Quantitative
fluorescerecell imaging of ProteoStédimeasured by relative mean pixel intensity (lefys, violin chart)

in the absence and presencd 4, 14c and RVT( 25 €M) . The data is correlat
y-axis, line chart in red). fle results presented are averages of three independent experiments from three
randomi zed views. ns = not significant, *p < 0.01

to Ab42 control group, ***p < 0.010rompapaded ot AL
control group (onavay ANOVA followed by Bonferroni post hoc test). {€) Merged fluorescence images

of HT22 <cells in the presence of AbB42 (20 eM). Ce
cell nucleus was stained bluewkho e c hst 33342 and Ab42 aggtfdegates w
(C) Ab42 treat eldbade I215s ;¢ M; DdcE&D Db AD 4 M+ RYTR)t ABL 2= Mk
|l mage scale: 200 ¢&m.
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Table 5-2. Relative mean pixel intensity of RFP channel (Prote8%tahe results were taken from 3
random views of 3 independent studi@siantification was carried out using the Imageftware.

Ab +
RVT

8.17 24.56 20.93 9.28
9.26 25.16 17.99 6.68
10.45 29.27 21.66 8.11
10.71 24.76 24.18 8.10
10.96 25.25 26.15 6.52
12.13 25.70 21.47 7.20
13.20 28.17 23.29 5.89
15.61 28.15 24.70 7.50
16.00 26.55 25.77 8.90
AVE 11.83 26.40 22.90 7.58
STD 2.68 1.73 2.63 1.13

Ab Ab +b Ab +c

5.3.6 Molecular docking

In order to understand the paggregation properties db and 14c, their binding interactions with
Ab42 oligomer and fibril model s were investigated
and fibril models for docking studies were derive
Thisstudyusedsolidt at e NMR to obtain the st Thiswdsomeefthef mon
first report, that s h oeshapaleomelraandrd ahvery raldvan@structurdto i | s h
mod el and study the i nt er acapgdregatesTheopEntames mmedél waso | e c u
prepared usi ng t hTde nokeculdr ddcking studies carred auithubirlg yhe CDOCKER
algorithm shows that bottib and14cbind to Ab 4 [Entamer in a similar fashioRigure 5-14). The top
binding pose 014b (CDOCKER energy 20.53 kcal/mol, CDOCKER interaction enefig®8.26 kcal/mol)
and14c(CDOCKER energy 15.42 kcal/mol, CDOCKER interaction eneii@35.77 kcal/mol) were further
analyzed to study their interactions with42. Interestingly, boti4bandl4cbi nd t o Ab42 pent
the hydrophobic area consisting of Leul7 aekninus and Leu34 at-términus. Both compounds were

oriented perpendicular to the pentamer axis and were primarily interacting with amino acids residues that
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coversthree out ofthe five strands. These interactions were mostly via hydrophobic and van der Waals
contacts. As shown iRigure 5-15 A-B, the benzofuran ring df4b underwent palkyl interactions with

chain C: Leu34 (distance ~ 5.0 A), C: Leul7 (distance ~ 5.0 A), and benzene ring with chain A: Leul7
(distance ~ 5.0 A). Fat4c, the benzdjjthiophene ring underwentailkyl interactions with the chain B:
Leul7 (distance = 4.6 A, distance ~ 5.0 A), chain A: Leul7 (distance < 5.0 A), and chain B: Leu34 (distance
~ 5.0 A) (Figure 7B). The benzene ringXfcalso underwent similar gilkyl interactions with chain C:

Leu34 (distance ~ 5.0 AF{gure 5-15C-D).
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Figure 5-14. Molecular docking studies df4b and14cin Ab 4 @entamer model (PDB ID: 5KK3). (A)

top docked pose df4b; (B) 2D interaction map of the top docking poselab; (C) top docked pose of

14¢ (D) 2D interaction map of the top docking poseldt. The Ab42 ccodedwitlsbluar e c ol
indicating Nterminal and red indicating-@rminal. The hydrogen atoms are removed to enhance clarity.

Similarly, the binding interactions d4bandl4cwi t h t he Ab42 fibril model we
CDOCKER algorithm. Interestingly, the neabd2triki
pentamer model is the presenceaafrossb s pi ne in the Ab42 fibril. It
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