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Abstract

Al zhei mer 6s di sease ( AD) i s a compl ex n e
cholinergic region of the brain. Ifgevalence is steadily increasing ans becoming one of the
highest costing diseases to modern society. Current drug therapies only provide symptomatic
relief and are not a viablkgtion for longterm treatment. Aus there is aneed for more effective
diseasanodifying therapeuticsSince the discovery of AD, research in the field has led to a
number of proposed theories behind the causes of AD including the (i) cholinergic hypothesis (ii)
amyloid beta hypothesis and (iii) oxidae stress hypothesi$he major class of drug therapies
are cholinesterase inhibitors; however, t his
ineffective during the later stages of diseps®gression. Here we examinid novel classsof
tricyclics, phenothiazines5, 6, 7al) and phenoselenazingd3, 14, 15al) to target the
cholinesterases (ChE), amyloid aggregation, and oxidative stress pathways of AD. This new
design approacls aimed at discovering potential diseasedifying therapeuticavith multi-
targetingabilities. Chapter lencompasses background information pertgitinthe role of each
hypothess in AD including the cholinesterase, amyloid and oxidativessthypothesis. Chapter
2 provides a summary of the design and hypothiesiend the project. Chapterdgscribeghe
chemistry conductedéhcluding the chemical protocolseaction schemeand mechanismi
synthesizing the target moleculgShapter 4reviews the biological evaluation arnlde SAR
analysisof the synthesized cgmounds Furthermore, it describes the principles behind the
biological assays conducted including cholinesterase inhibition, amyloid aggregation inhibition,
antioxidant properties and cell viability in neuroblastoma cell li@dsapter5 consists ofthe
molecular modelingresults and their applicationto help rationalizethe results inboth the

cholinesteras@and amyloidaggregation SAR dat&hapter6 reviews all the datacquiredand



provides ideas for future directions. Finally chaptgrrovides the full experimental details for
syntheic chemistry as well athe analytical data for synthesized compounds and protocols for
biological evaluations.The research project conducted identified novel tricyclics as dual
cholinesterase inhibitor&ith multi-target abilities in antamyloid aggregation inhibition and
antioxidant propertiesThe most potent AChE inhibitor wak5d ((4-methoxyphenyh10H-
phenoselenazita0-ylmethanone; AChHCs, = 4.63 uM), whereas the most potent BuChE
inhibitor was 13 (10H-phenoselenazine; BuChEC5; = 3.00 uM). Overall the best dual
cholinesterase derivative wadentified as compound5j (2-chloro-10H-phenoselenazit0-
yl(4-methoxyphenyinethanone; AChECsy = 5.79uM, BuChEICso = 4.91uM). Both PTZ and
PSZ derivatives exhibited good antioxidant properties with weakaggtiegation activityln
conclusion, our studies provide a new class of tricyclics in the design and development of small

molecules to target multiple pathways of AD.
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Chapter 1: Introduction
1.1 Background on Al zhei merds Disease

Al zhei mer 6s disease (AD) is a complex neurode:
dealing with memory, cognition and function. Over 30 million people worldwide suffer from AD,

and that number is expected to increase significantly in the foeae! The current drug

therapies on the market are palliative and without further intervention, the widespread burden of

the disease will only increase with tifi@here is not yet a cure for AD, thus there remains a
necessity to develop drugs that contain dis@agdifying properties that may alter the course

and slow disease progression.

AD is the most common type of demefitiwhere dementia is classified as anglividual who

suffers from either mild or major neurocognitive dysfunction that affects their ability to perform

tasks in daily life settings. Dementia is the outcome of damaged neurons, which leads to
impaired cognitive function. There are many typesdeimentia, each with their own unique
characteristics and disease hallmarks. In the case of AD, which accounts for over 60% dementia
cases, one of the earliest symptoms is the d
include pathological extracelar plaques and neurofibrillary tangfésMore pronounced
symptoms that appear later on in the disease include: confusion, sporadic behavior, aggression,
disorientation etc. In severe cases the sufferer is unable to perform daily tasks by themselves
such & walking, speaking and swallowing, and requires full commitment from caregivers to

attend to them. Altogether AD ultimately leads to déath.

The prevalence of those inflicted with AD is becoming a staggering problem in developed

societies. While most ohe other major diseases have seen marked decrease in numbers, AD is



the only major disease that has been on the rise. In 2010 there was an estimated 36 million
people with dementia and the number is expected to double every 20 years, which is a concern

worldwide?>

The biggest concern that AD places, besides the disease itself inflicted on the primary patient, is
the secondary and tertiary effects it has on caregivers and the economy respectively. On average
individuals diagnosed with AD have a life expectarof around 6 years after the onset of
various clinical symptom&This number will vary based on a number of factors including age,
genetics, quality and access to care, etc. AD is especially devastating due to its prolonged length
of progression; whergiprimary caregivers most usually family membeisare placed with the

task of attending to the needs of the pattdabme care is generally preferred as the healthcare
costs of hospitalized institutions are enormous. There have been multiple stuthessocial

and psychological burdens that AD places on caregivers, adding to the overall implications of the
disease. Due to the erratic behavioural changes implicated by a typical AD patient, the amount of
stress placed on the primary caregiver is imragmspecially during the later stages of the
disease when symptoms are most severe. Primary caregivers are placed at high risk of
developing a multitude of physical and mental disorders from the demanding work of dealing

with AD patients’

The other compbeaspect of AD is the immense césboth direct and indiredt it places on the
economy. While AD may not be prevalent in third world countries, it ranks among the highest
costing diseases in developed societigsterms of direct cost, an estimated Iillion dollars

will be spent in 2014 in the US on medicare towards AD health carestdomgcare and
hospice* With the disease prevalence rising at an alarming rate, the impact and burden on the

economy will be unbearable. The letegm hospital careequired to house patients remains one



of the biggest issues moving forward for health care. Aside from hospital care, there is also the
cost associated with specializedhome social workers, since in the case of AD, retned

clock supervision is vitaldr high quality care. The indirect costs of AD also accumulate from

both the lost productivity of the patient and the caregiver. Especially in the caskovhéncare,

primary caregivers in the US alone provided an estimated 17.7 billion informal cqa&dun
hours)in2013These figures, classified as funpaid c:

costs lost due to AD.

Various risk factors play important roles in AD pathophysiology. The biggest risk factor is age.
Approximately 95% of the patientiving with AD are 65 or older, while the other 5% diagnosed
with early onset AD, is due to geneti¢sAbout one third of the population aged 85 or older have
AD, showing that age is a major driver in AD development. Another important risk factor is the
genetic risk which can promote the earlysat familial AD (FAD). Mutations in specific genes
cause the early eset and progression in individuals compared to the regular sporadic AD
(SAD)® Although FAD only accounts for approximately 1% of all AD cggbe findings from

the studies have generated a breadth of knowledge that has been crucial in our understanding of
the diseasé Autosomal dominant mutations in the genes encoding for either APP, presenilin 1
(PSEN1) or PSEN2 cause the FAD by increasimegmisprocessing of APP. The major genetic

risk factor is the apolioprotein E (APOEXHumans contain three alleles of APOE; APOE2,
APOE3 and APOE4. Carrying the APOE4 could potentially initiate disease progression at a
much earlier age than SAD does.eTAPOE proteins play a role in AD in mediating the
clearance of beta amyloid. The protein APOE2 is considered to be neuroprotective, where as
APOES3 is considered to be neutral, and APOE4 is considered to be a risk factor as it is least

efficientatclearigr Ab. Whil e a | arge percentage of the



25% of the population that carries the APOE4 allele bear a much higher risk of developing AD.

Approximately 60% of all AD patients carry at least one copy of the APOE4'gene.

With the increasing global population, lifespan and Hatymers, AD will be of great concern
in the very near future. The societal and economic cost of AD will be prohibitively expensive.
These factors support the development of novel disease modifyiragpdugics to slow or even

halt disease progression
1.2 Cholinergic Hypothesis

The first and oldest hypothesis of AD, states that AD originates due to a deficiency of the
cholinergic neurons. The main neurotransmitter implicated in AD disease pathology,
acetylcholine (ACh), has been studied extensively famiesin cognitive fundon.? It is known

to play an important role in the brain dealing with memory, learning and cognition. The
therapeutic rationale behind developing drugs that tackle this issue arose after the discovery of
altered ACh levels in AD brains. Results from thet&dies showed a marked decrease in the
synthesis of ACh located in the pgnaptic region of the brain, nucleus basalis of Meyfiert.
These findings led to the view that the deterioration of memory and cognition is caused by this
deficiency of ACh availale for cholinergic transmissiol. The proposed pharmacological
mechanism became the subject of focus, dedicating research into the discovery of
acetylcholinesterase inhibitors (AChEIs) as one possible form of treatfrigis is the most

widely acceptedhypotheses relating to AD and remains the main target for current AD therapies.

The cholinesterase (ChE) enzymes, acetylcholinesterase (AChE) and butyrylcholinesterase
(BuCheE) bel ong to a family of U/ b hydrol ase:

erzymes share a 60% sequence homology, but AChE is the primary enzyme implicated in AD



since it is located in neural synap$&sts primary role in normal physiology is to terminate

synaptic transmission of ACh, breaking it down into acetate and chokigaré 1.1) Both
enzymes6 active site contains the typical C ¢
glutamate (instead of aspartaté)A general mechanism of the acetylcholine catalysis is shown

below.

ACh Acetylated enzyme intermediate

Choline 0O Acetate Release of Choline

His

Catalytic triad regenerated

His

Figure 1.1: Mechanismaf AChE hydrolysis by cholinesterases

AChE is recognized as the primary enzyme responsible for the breakdown of ACh. It is located
throughout the body at neuromuscular junctions and also in the cholinergic brain synapses. The
AChE of interest pertainingot AD is the membranbound version found in the CNS that
mediate the termination of neural transmissiorts crystal structure has been studied
extensively and it is unique in that the active site is located deep within the enzyme in a 20 A

gorge'® Numeous residues at the opening of the active site resemble a bottlémeskape



guiding its natural substrate, ACh downwards. Precise components of the enzyme help increase

its specificity, including the key stabilizing Trp86 residue of the hydropholi&gtp Phe295

and Phe297, forming the acyl pocket that stabilizes the acetyl end of AGhrg 1.2) Another

interesting region in AChE besides the active site is the peripheral anionic site (PAS) located at

the opening comprised of Trp286Not only doeshis anionic site serve to help guide substrates

into the active site, it has been implicated that it plays a key role in the-AGhlH i at ed AD

aggregation. The presence of various hydroph
peptides to amass, caug the formation of a highly toxic AChREb compl ex t hat p

further aggregation of neurotoxic aggregdfes.

Whil e AChE is the primary enzyme, BuChE i s r ¢
the body.® Produced by the liver, this enzyme rnisainly present in the plasma. Its main
biological function was thought to serve as a backup towards AChE, until it was found to help
hydrolyze a number of different substrates including the recreational alkaloid, c8céme.

clinical significance is mo recognized as a potential safeguard to neurotoxiecaotinesterase

agents by helping the breakdown of these compounds before they are able to reach neuronal
junctions®® Structurally, BUChE is similar to AChE in that it still has its active site gafyé

deep within the enzyme. The catalytic triad also remains similar with the serine, hisitine and
glutamate. The same Trp82 is present as the key stabilizing residue for catalytic aEtgute (

1.2) Major structural differences include the replacetref many of the aromatic residues at the

opening with smaller residues, making the entrance to the active site much less restrictive. The
acyl pocket i's also replaced with smaller r es

allowing for a lower werall specificity of substrates. Since the opening and active site is

6



replaced with smaller residues, this results in a much larger active site volume, approximately

200 A? larger than AChE?

A =i B Ala277

Ser203

| =

Glu334 1
? ° Glu32s ,.%
His447 Vi y
Trp82

His438

Serl198

Figure 1.2:Active site details of mammalian AChE (A) and BuChE (B)

The AChEIs were introduced as pharmacotherapy option in AD, as they were able to prevent the
hydrolysis of ACh andromote cholingeric transmission to enhance cognffi@@urrent drug
therapies with AChEls offer limited benefit since they do not modify the disease progression, but
rather, only slow the onset of symptoms by modulating cholinergic transmission. Ircadvan
stages of AD, when the neurons succumb to the various toxic factors and begin to deteriorate, the
use of AChEIs would no longer be viaBfeThere have been multiple studies that show
gal ant daigurenleddability(to act as a mukiargeted AChEF® While it is a less potent

AChE inhibitior compared to that of donepezil and rivastigmitgggre 1.3, its main

attractiveness as a drug appearbe due to the fact thdtalso acts as an allosteric modulator of



nicotinic acetylcholine receptors (nAR)?° The interaction with nAChRs have been shown to

help modulate cognitive symptoms and neurodenegerative proésses. addi t i on, A C
have been shown to induce the release of other neurotransmitters by acting on the nAChRs. In
more recent studiegialantamine has also demonstrated to possess the ability to inhibit self

i nduced ag g-fieilg antl poremtiallohielp mMebliate its cytotoxiciyThis shows the

promising potential of a new generation of compounds that inherit a-tawgéted pproach by

possessing diseaseodifying capabilities.

Bn
o () S ke
MeO. Et‘*NJJ\O N e
I\:'Ie Me
MeO
Donepezil (Aricept®) Rivastigmine (Exelon®) Galantamine (Nivalin®)

Figure 1.3: Chemicatructures of currently marketed cholinesterase inhibitors
1.3 Amyloid Hypothesis

The amyloid hypothesis arose when deposits of extracellular amyloid senile plaques were
identified in AD brain samples postortem?® It was found that these mfslded protein
aggregates were a result of a multitude of cascading eventgraocisssing of the amyloid
precursor protein (APP) through genetic mutations, shift of APP towards the amyloidogenic
pathway Figure 1.4), inherentc | ear ance mechani sms of aamy | oi d
regulated, and elevated levels of aggregates by coordination with various Sliteegresence

of amyloid plagues in healthy brains, albeit in lower levels, from-pmstem analysis makes it

unclear whether the oset of AD is a direct result of the toxic amyloid aggreg&t@&ut studies



show that Ab is implicated as a major hall mai
elevated compared to healthy controls supports this arguéfiEmAb hypot hesi s was
supported by the discovery and elucidation of 3 genetic mutations on APP, PSEN1 or PSEN2

that cause FAD, and the risk factor of individuals carrying the APOE4 *jeheumber of

research efforts have been set out to deal witlatmdoid hypothesis and various methods have

been suggested to maintain nor mal l evel s of A
are 3 main views for pharmacotherapy; Blocking the enzymes that processes APP into smaller

Ab fragmenthe, floronakiog tnd aggregation of AD
structures, and supplementing clearance mecha
amyloid load®®The ol igomers formed are the most toxi.
found to provide AD aggregates as a seeding p
membranes and neuronal communication through the hindering of synapses, and induce
intracellular calcium deregulation causing apoptosis through excitoXiciffhere is a
generalized view that there exists a certain
maj or di sease progression to occur, and once
independent® The formed oligomers begin the cade of forming plaques and-seeding

t hemsel ves, thus treat ment options for t he
threshold is reached. It is unclear how early on this threshold is implicated and further clinical
studies needs to be done. Ieth i de al situation ADb therapeutic
individuals with and without AD to examine the complex relationship of the disease process to

fully elucidate the mechanism of the progression. However, lengthy studies of this magnitude

require a staggering amount of time and resources. Without enough conclusive evidence the



long-term administration of drugs in healthy individuals become substantially difficult due to

ethical concerns’
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Soluble neuroprotective
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Figure 1.4: Themyloid cascade (amyloidogenic and ranyloidogenic pathways)

1.3.1 Antir-amyloid strategies

Amyloid precursor protein is an integral membrane protein which had an unknown role or

function up to itdiscovery. The explosion of interest regarding the amyloid hypothesis has lead

researchers to delve into this protein to further understand its biological implications. Besides its

notorious role for bei

ng

pr oces snaldoleihastbeen t h e

found to help with neuronal plasticity and regulate synapse forni4tibne issue lies in the

posttranslational processing that APP goes through. There are two pathways; the non

10



amyloidogenic and amyloidogen{Eigure 1.4), regulated byJ}secretase and successive actions

of b -secretdsesorespectivéfin understanding the dynamic balance between the two APP
processing pat hway s, -sedrdtase icleavee #RPa thrbuighs the-don t h at
amyloidogenic pathway and produces anrapdllular fragment that is neuroprotective.
Researchers have looked at this approach of promoting the balance of APP processing towards
the noramyloidogenic pathway as a possible treatment offidine amyloidogenic pathway
comprises of successivecleage of-skcaptiase. Wh-secretdsgcleavAge i ni t
releases an extracellular portion, and a membrane bound fragment called C99. Cleavage of the
C99 -begcpbpetase r el ea s*tosectethse hak eafed deavage siled, thub é .
produces ADb pepti de -42@amino adds. gtk mbse cogmoh ®rmfisrao m 3
sol ubptr Ao ment , but 1.4 form ¢hat timplieates thesnws$t prableras inA b

AD (Figure 1.4 T h e y4Afbrm is longer, thus more hydrophobic in nature and is able to
aggregate quickly via a number of different mechani&itfie formation of aggregates has been
studied extensively,; st ar tsgipeptdesfto evemtudl forenationi me r i
of smaller oligomeric peptides (approximatelyi31 0 .4 fpeptidesy* Oligomers come

toget her -9 me et cooonsfso rbma protofilamegte ane twa protafilgmeitH
cross together in an intert wi lyiwhegenbuglsohthesen f or
structures come together they form dense insoluble pldguesiumber of different factors

affect the formation of these plaques in Ali3eased brains. In normal functioning individuals,

Ab is processed an dcismsrdiperedace the amyl@daload. ingdiseased h a
brains, either the clearance mechanisms are hindered or tpeaoessing of APP is heightened

and the buildup of deposi tY®©Ohckb talerews sf am fes

11



peptides a numbeof factors contribute to the aggregation including: i) The biophysical

properties of Ab peptides; ii) The PE%%*f ACH

Ab peptides have a conserved hydr ophseedingc r eqgi
point of selfinduced aggregation. The section of residue b of t he ADb peptid
KLVFFA.® Drug therapies targetingtheselfnduced aggr egati on of si ncg
section as the starting point for developing aggregatibibitors. Oligomers are able to form

hi ghly structur ed aheetcoafgrmdtians, thus campourglhithatarecables b
to disrupt this specific structure also inhibits aggregatidBalantamine is an example of such
inhibitor>* A key link between the cholinergic and amlyoid hypothesis is the AibdHced
aggregation of ADb. The PAS of AChE acts as sSe&e
of aromatic residue¥. Me t a | ions have also been shown t ¢
species’Three histidine residues, His6, His13 and
and act as chelators of metal ions, coordinating around them. Copper, iron and zinc have been

found to interact with ADb speci bacagseoxidativet i ng

damage”

Various phamacotherapies have been researched as possible forms of treatments towards the
amyl oid hypothesis. Thesedeataseinbi bimi hgt et
species came about as the primary apgraa dealing with the amyloid hypothesis. Studies

done on mice expressing human APP mutations [
l ead to i mproved c osganetaseiinhilitor fvas incoducdiHoweweh the a b
recent f -secrétase ishibitors at phase Il clinical trials has been a setback to this
particular route of therapy. They failed to show any clinical effectiveness over placebo.

Perhaps further studies i1involving t haelishedoncept

12



beforerevi si t i ng -sectemse insibitorSm-ecrétase also acts as an attractive target,

and semagacestdigure 1.5, a promising drug that reached phase Il clinical trials also failed

to show enough clinical efficacy. Although work has been done on developing inhibitors,
human testing has | argely remai neecretaseamayol d d
interfere with notch signalind.l n t his regard, a-secretasd neodufatzoh | v e 1
was reviewed. Howevethe failure of tarenflurbilKigure 1.5 in phase Il clinical trials again

proved that dealing with the secretases is a complex mechanism that requires further
investigatior®* Aggregation inhibition has been another method used to block the formation of

Ab peptides i nt o® maoeedkforta eakei etharlhasdeemmung by either
inhibiting the selinduced or AChE nduced AD aggregates using st
been developed to be able to c otaredormaton & wi t h
higher order toxic oligomer¥. TramiprosateKigure 1.5 was introduced as an agent to inhibit

pl aqgue formation by binding to smaller Ab spe
order aggregates. However, its failure towghemy clinical significance in phase Il stages has

led researchersintoaeev al uat i on o fThe fast méthed feupdevasttd a $n.the
reduction of already or me d A B Inpidex ¢phelps reduce toxicity neuronal damage,

various methds wer e applied i nispectfidantbgdiest ds @ measseto o f /
suppl ement the body°dmesudhexampt is bapinezLenabh eahnmasized .
monocl onal antibody wusing active |immunizatior
clearance mechanisms. Its development was eventually stopped due to a small number of
patients developing vasogenic edeth&ven though these methods have been reviewed

extensively, the overall view of thecusing t uat: i

13



treatment options mainly on the prevention of

plaques®
0 NG H N\/\i‘\s”o
H 2 ~
: N OH
0 =
Semagacestat Tarenflurbil Tramiprosate

Figure 1.5: Chemicatructures of semagacestat, tarenflubril and tramiprosate
1.4 Oxidative Stress Hypothesis

The oxidative stredsypothesis plays an important part in AD pathogenesis. Oxidative damage is
regarded as an early event in ADS%Seperabstudiesdi ng
have shown that increasing oxidative stress directly or indirectly increases lintracd a r A b
levels®I n turn, this increase in |levels of Ab cr
more reactive oxygen species (ROS). In terms of AD, oxidative stress biomarkers are elevated
beyond normal levels in the brain indicating that theray be connections with disease
progression. The AD brain is under significant amounts of oxidative stress in the forms of lipid
peroxidation, protein oxidation, DNA oxidation, and mitochondrial dysfuncfi@oupled with

the brainds nmdantufor axyger highHevels efgpoly unsaturated fatty acids
(PUFASs) that are easily susceptible to oxidation, and its represseakaant defenses it creates

an environment for oxidative stress to thrive and cause multiple pathways of dandage.

numbe of clinical trials using antoxidative agents such as vitamin E and curcuriigyre 1.6

have been underway to test the clinical efficacy of administeringoaitlants as a potential

therapeutic treatmeft.In vitro experiments involving the use dfamin E ameliorate oxidative

14



damage, therefore it is believed to be a possible therapeutic 6pAioother source to mediate
oxidative stress is chelation of metal ions. In AD, many metal ions have been shown to take part

i n di sease p aigdmers argnptorious foretheiAdbilityotd coordinate with copper

and iron, and mediating redox reactions generating ROShe producti on of Ab
directly involved in promoting a number of oxidative stress pathways including: protein
oxidation lipid peroxidation and generation of ROS, indicating key connections between the
oxidative stress hypothesis and amyloid hypoth@<Bhelation therapy has also been developed

with drugs like clioquinol Eigure 1.6) and its 2° generation analog PBTiftheir potential to
coordinate metal ions to reduce toxicifyln an attempt to cover multiple targets of disease
modification, newer drug designs now strive to incorporateatiant moieties in their design

in hopes to provide a solution for the dative stress hypothesis.

Vitamin E
|
HO OH
S ® ¢
I N/ MeO Z X OMe
OH (o] (0]
Clioquinol Curcumin

Figure 1.6: Chemicatructures of vitamin E, curcumin and clioquinol

Lipid peroxidation in AD is characterized by the degeneration of lipids in cell membBfdFtes.
damage is accelerated by the multiple processes that may contribute to the overall cascade;
decreased biosynthesis, increased degradation and increased lipid peroxidation. One biomarker

of oxidative stress is the thiobarbituric acid reactive strest(fBARS) as a measure of lipid

15



peroxidation’® In a study with AD and agmatched controls, levels of TBARS in the AD group
showed evelated levels in the hippocamPusipid PUFAs are abundant in the brain in the
forms of arachodonic, dosahexenoic, ol@nd stearic acids. A study has shown that all levels of
these PUFAs are significantly decreased in AD brains versusiatghed controls, matching the
predicted result that increased levels of lipid peroxidation should decrease the levels ofPUFAs.
Another biomarker is -hydroxyalkenals (4NE) which is a direct product of PUFA
peroxidation, specifically, arachadonic and dosahexenoic acids. LeveKdNE4re elevated in

the ventricular cerebrospinal fluid (CSF) of AD patients, which is in directcontith the brain,
indicating that it is a potential biomarker for oxidative stress in AD bfaififie 4HNE is
responsible for a number of neurotoxic mechanisms; inhibition of DNA, RNA and protein
synthesis, degradation of enzymes and disrupting calbiomeostasis. Cultured hippocampal
neurons exposed to ABb showe d-HNE"®gAndtheri studyn t i
speci fi c a4 dnygshawsdenduroAabcultures had increases in level$ldfed and that
treatment with vitamin E was an effe@ treatment in scavenging ROS and stopping the
oxidative damagé’ Additionally, stereotaxic injection of-BINE in rat forebrain selectively
inhibited cholineacetyltransferase (ChAT), that can decrease ACh biosynthesis as indicated in
the cholinergic hypthesis, which provides another connection between the oxidative stress and

cholinergic hypothesi&

Protein oxidation is implicated in agelated neurodegenerative diseases. Vulnerable amino acid
side chains and the protein backbone are subjects aft@btexidation, and thus the most often
used biomarker is the protein carbonyl. The oxidative modification of proteins can lead to altered
functionality, contributing to the overall damage done by oxidative sffeds.AD, protein

oxidation has been cbni r me d . St udi e sp4h adpfe Asbualbdivactly tndueet ADb
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protein oxidation and formation of ROS as levels of protein carbonyls was increased compared

to controls® Again, these effects are largely inhibited by the introduction ofaxidiants. Data
suggests that in the AD brain proteactmawxi dat i
creatine kinase BB (CK). This implies that the mechanism of protein oxidation in AD is a
selective proces¥.T h eacth is responsible for dahotility and structure and plays an integral

role in cytoskeletal protein assembly, known to be altered in AD most likely due te ROS
mediated protein oxidation. The oxidation of CK modifies ATP production in the brain, which is
required in a number of ghiological functions such as controlling #panmps, and the synthesis

of antioxidant proteins. The effects of CK oxidation was inhibited by the introduction of vitamin

E.87

Oligiomeric
AR40, AR42) > am?,.oid

|

Lipid peroxidation, :> S toxicit Disruption of metal
= protein oxidation eurotoxicity ion homeostatis

N,

Antioxidant
deficiency ':>

.

Figure 1.7: Summargf oxidative stress in AD pathophysiology

As mentioned above in both studies involving lipid and protein oxidation, the damaging effects
are reduced when an antioxidant such as vitamin E is introduced. The effect of introducing an

antioxidant is to help stop the further regeneration of ROS toeptewxidative damage. The



added advantage of using vitamins and natural compounds as a source of antioxidants is that they
are weltcharacterized and tolerated, thus enrolling the use of vitamin E and C, and curcumin in
long-term clinical studies has almd®a been underway to validate their therapeutic effects on

AD.” ™ Introducing compounds that have the potential to coordinate metal ions may be a
valuable counteractive measure as well. Redox active compounds, copper and iron are known to
proliferate thegeneration of ROSin APl n addi ti on, Ab aggregation
formation of free radicals. Studies have i mpl

accumulation in cultured hippocampal neurons and its role in inducing lipidigation®® The

direct i nfluence of AD species on the Dbraino:
Copper, iron and zinc al/l play a role in medi
histidine residue&® The defective regulation ofne t a | homeostasis caused

production of ROS. The study of metal chelators such as PBT2 is one possibility, in hopes to
provide diseasenodifying relief to the oxidative stress hypothesis, it has shown promise in
phase Il clinical triald! Though further studies are needed to elucidate the complex and muilti
faceted nature of oxidative damage in the AD brain, multiple studies are underway in providing
antioxidative relief, suggesting that oxidative stress is a viable target to develefpDanti
treatmentsFigure 1.7 provides a summary of the role of ROS in promoting amyloid toxicity and

oxidative stress in AD pathophysiology.
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1.5 Conclusion

There exist many other potential pathways for therapeutic effects for AD, including tau
aggregation, maulators, MAGOB inhibitors and NMDA antagonists in an attempt to detect other
diseasamodifying therapeutics. The hyperphosphorylation of tau protein has been overlooked in
recent years due to pathogenic studisteam f i ndi
effects of tal® Nevertheless, it still remains a prospective target for researchers to pursue.
LMTX, a prodrug of RemberHigure 1.8), is a tau aggregation inhibitor that has been enrolled in

2 phase Il clinical trials. From the results shownpimase Il, the use of LMTX has looked
promising?® Tau protein modulators have been pursued as well, where protein kinase inhibitors
are introduced to potentially block the hyperphosphorylation of tau. The tau protein is involved
in microtubule stabilizatio, but hyperphosphorylated tau dissociates from microtubules, thus an
alternate approach is to design for microtutstibilizing remedied! The MAO-B inhibitors are
another pathway to help mediate oxidative stress. The MA®an enzyme that catalyzdwet
metabolism of neuroactive amines, and produces ROS in normal physiological corlditions.
Levels of MAOB are found to be elevated in neurodegenerative diseases such as AD, thus
introducing inhibitors may help in slowing ROS damatjeastly the use of NIDA antagonists,
namely memantineFgure 1.8), helps alleviate the excitotoxicity caused by overactivation of
glutaminegic receptor$.Memantine is the only FDApproved drug in its class and has been
found to provide clinically significant improvementshen used in conjunction with a

cholinesterase inhibitdF.
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Figure 1.8: Chemicatructures of Rember and memantine

Current drug therapies on the market follow the traditional: one drug, one target approach, in the
form of different drugs targetindifferent hypotheses of AD. The lack of leteym efficay of

these therapeutics haglléo a paradigm shift of the outlook towards AD treatment. The focus
has been shifted to discovering and characterizing potential disembying approaches that

may dow or even halt the onset of AD. Therefore, there is a mandate for a newer generation of
compounds with mukliarget abilities endowed with these diseaslifying properties that

tackle multiple pathways of AD as long term treatment options.
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Chapter 2: Hypothesis and Design Rationale

2.1 Proposal
6 Ns 3
7 I Z 2
9 1
NH,

Figure 2.1: Chemicadtructure of tacrine

The fused tricyclic compound tacrind=igure 2.1) was the first cholinesterase inhibitor
devel oped in the pharmacot her ap ylabdés shbinthatPr e v i
C-9 substituted tacrine derivatives exhibit potent cholinesterase inhiffitBased on these
observations, our objective was to consider other tricyclic systems to design small molecules
with ability to target the cholinergic, amytbi and oxidative stress pathways of AD
pathophysiology as diseas®difying agents. In this regard, we considered both phenothiazine

and phenoselenazine based tricycliegygre 2.2). The fused tricyclic rings are anticipated to
interact with the cholinestase catalytic site whereas functionalizationNsL0 with suitable
pharmacophores could provide aamnyloid aggregation properties unlike tacrine. In addition, it

is known that both phenothiazines and phenoselenazines can act as antid%idants.

6 X3
-Y
7 o Ml 2 ( Dual ChE inhibition & )
N 1 antioxidant properties
H X
: sos
5 9 N

6 XXy |:>
N 2 Amyloid aggregation
1 inhibition
() =
A\@_Z
Z

X=SorSe;Y=HorCl; Z=0Me

\ , 7/

\ | 7/

Figure 2.2: Proposephenothiazines and phenoselenazines
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2.2 Phenothiazines (PTZ)

PTZs represent an important class of bioactive molecules. Currently they are used to treat
various types of psychotic disordéfstor example both chlorpromazine and fluphenazine are
used in the clinical therapy as antipsychotic agents and exhibit dopamine receptor binding (D
antagonists) Higure 2.3.%° In a recent study Darvesh and coworkers have shownN#iax
carbonyl PTZs exbit cholinesterase inhibitioff° In addition, PTZs are known to act as
antioxidants due to their ability to accept unpaired electrons from ROS and form resonance
stabilized PTZ radicals that are less reacti’e The presence of a tricyclic ring system,
chemically functionalizabl®&-10 and inherent antioxidant properties, support the design of PTZs

as potential multtargeting agents to treat AD.

o, LA,
K/\,trc"'s K/\N/\

(M CH, @ NN~y
Figure 2.3: Chemicatructures of chlorpromaziné)(and fluphenazine2
2.3 Phenoselenazines (PSZ)

PSZsare the selenium containing analogs of PTZs. Not much information is available on
the biological properties of PSZs. Some early investigations on PSZs suggest that they exhibit
similar antihistaminic and antipsychotic activity compared to tiseilfur containing PTZ
analogs®? A recent patent describes the application of phenoselenazinium compounds as anti
infective and anticancer ager?& Furthermore, PSZs are known to exhibit antioxidant properties
although the exact mechanisms are not clearaligible that similar to PTZs, they can form a

resonance stabilized PSZ radical. In addition, the presence of selenium itself could provide
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antioxidant properties. These characteristics support the development of PSZ as potential

diseasamodifying agentsd treat AD.

Se S é‘% AN

L,
g~ e~

N Cl N

I\/\N»CHa

) CH,3 (4)
Figure 2.4: Chemicadtructures of some bioactive phenoselenaziBear(d @)
2.3.1 Selenium

The trace element selenium (Se) is an essential micronutrient in the diet and is present in
the amino acids selenocysteine and selenomethioninensimoFigure 2.5'%* 1% Furthermore,
the hydroperoxide scavenging antioxidant enzyme GPx is a selenoprotein where the active site
amino acid selenocysteine is known to scavenge ROS and prevent oxidative &aAragag
the eight known GPx enzymes, GPxidasPx4 are known to provide neuroprotection in animal
model s of Par Ri®rsadditions a recentistudyin. AD patients indicated lower
Se levels in the plasma, erythrocytes and nails compared to the control group suggesting that Se
deficiency is a risk factor for AB% Accordingly, efforts are on to develop selenigontaining
small molecules as GPx mimics to prevent neurodegeneration. In this regard, ebpblemyf2
1,2-benzisoselenazé@(2H)one, Figure 2.5 is a nontoxic organoselemucompound known to
act as a GPx mimic and exhibits a number of pharmacological properties including antioxidant,
antrinflammatory, antiatherosclerotic, anticancer and neuroprotective actiitiés. Similar
to glutathione, ebselen reacts with thitdsyield various organoselenium compounds. A key

characteristic of ebselen is that each intermediate exhibits antioxidant activity, and that it is

regenerated in a redox cycle making it an efficient compound in boosting the antioxidant defense
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system. Thee studies indicate that selenHnased small molecules represent a promising class

of agents to potentially treat AD.

SeMe
HSe O
OH OH N
Hszf H,N ©fje _Q
0] (o)
Selenocysteine Selenomethionine Ebselen

Figure 2.5: Examplesf seleniumcontaining biomolecules and compounds
2.4 Conclusion

Fused tricyclic ring systems based on either a PTZ or a PSZ have the potential to serve as
suitable ring templates to design novel small molecules to target multiple factors associated with
AD pathophysiology including the cholinergic dysfunction, amytmadcade and oxidative stress
pathway. In this regard, the proposal aims to design novel PTZ and PSZ derivatives. The effect
of steric and electronic properties on their biological properties are evaluated by varying
substituents at the-2 andN-10 positia to acquire structure activity relationship (SAR) data. It
is anticipated that the results will be provide useful insight into the design and development of

novel tricyclics as diseagaodifying agents with potential application to treat AD.
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Chapter 3: Synthetic Chemistry
3.1 Introduction

This chapter describes the synthetic strategies used to prepare PTZ and PSZ derivatives.
Commercially available starting matdsa unsubstituted phenothiazine and- 2
chlorophenothiazinevere coupled to various acghlorides under mild conditions to obtaiA
acytPTZ derivatives whereas PSZ derivatives were prepared by coupling synthesized
diphenylamines with selenium and selenium dioxide to obtain the PSZ template which was
acylated to obtailN-acyl-PSZ derivatives
3.2 Proposal
3.2.1 Synthesis of PTZ Derivatives

The PTZ with either hydrogen or chlorine substituent a2 @nd variousN-10
substituents (benzoyl, phenylacetyl, hydrocinnamoyhe3hoxybenzoyl, 4nethoxybenzoyl and
3,4-dimethoxybenzoyl) wersynthesized! Figure 3.1 provides the chemical structures of PTZ

derivatives synthesized.

Figure 3.1: PTZ compound library synthesized
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3.2.2 Synthesis of PSZ Derivatives

Selenium analogs of PTZ, namely, P5&l) were also synthesized with either hydrogen or
chlorine substituent at -2 and various N-10 substituents (benzoyl, phenylacetyl,
hydrocinnamoyl, 3nethoxybenzoyl, 4nethoxybenzoyl and 3:dimethoxybenzoyl}** Figure

3.2provides the chemical structuresR5Z derivatives synthesized.

o, O,

Figure 3.2.PSZ compound library synthesized
3.3 Results
3.3.1. PTZ Derivatives

The N-acyl PTZ derivatives7al were prepared by coupling either unsubstituted
phenothiazine §) or 2chlorophenothiazine 6] with agpropriate acyl chlorides (benzoyl,
phenylacetyl, hydrocinnamoyl, -@ethoxybenzoyl, 4nethoxybenzoyl and 3,4
dimethoxybenzoyl chlorides) in anhydrous toluene by refluxing overnigtitdme 3.1 The
PTZs were purified by flash chromatography and were cteiaed by'H NMR and mass

spectrometry. The yields ranged from3®%.
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110 °C, reflux overnight

H
(5) or (6) OAR
p
R group
7a,X=H;R= ‘S@ 79, X=Cl; R= 5~© Phenyl
7b,X=H;R= I\© 7h,X=CI;R= b Benzyl
o5, ) Ky

7¢,X=H;R= «\@ 7i,X=Cl; R = ‘/\© Phenethyl

el .
7d,X=H;R= OMe 7, X=CILR= ©0M

e 4-Methoxyphenyl

OMe
7e,X=H;R= 7k, X=Cl;R = ‘@

OMe
7f, X=H:R= @ 7, X=ClR= ~s\E:EOMe
oM

OMe 3.4-Dimethoxyphenyl

3-Methoxyphenyl

Scheme 3.1Synthesis of PTZ derivative&:|

3.3.2 PSZ Derivatives

3.3.2.1 Diphenylamine (DPA) synthesis

Aniline (8) or 3-chloraaniline @), were coupled with phenylboronic acid dabtain either DPA

(12) or 3-chloro DPA (L2) respectively using a copper cataly8tkiemes 3.2 3.4),"**8or by a

2-step metafree synthesisSchemes 3.5 3.6).1*° ' The metalfree synthesis required the
prepar at {odimatedocyclored-ené(10) . The DPAOGs were obtaine
ups and purified by flash chromatography and characterizéd BMR and mass spectrometry.

The yields ranged from 1:060%.

XN B(OH), Cup-8-CD N N
Xa P + —_— x_:O/ \©
H-0, rt, 24hr Z
X =H, Cl (11) or (12)
(8) or (9) ~10%
Scheme 3.2Coppermediated synthesis of DPAY), 3-Cl DPA (12) i method 1°
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A BOH),  Cu(OAc), N
T O - 0
= L
N82CO3

X=H,Cl Benzoic Acid (11) or (12)
(8)or(9) EtOAc. rt. ~20%
overnight

Scheme 3.3Coppermediated synthesis of DPAY), 3-Cl DPA (12) i method 3%’

A NHZ B(OH)Z CU(OAC)Z H
/ 3 1 _
Lutidine

X=H, Cl Myristic Acid (11) or (12)
(8) or (9) Toluene, 80°C, ~30%
overnight ?

Scheme 3.4Coppermediated synthesis of DPAY), 3-Cl DPA (12) i method 3"

0 o)
DMAP, K2CO4
+ |2 — I
THF/H20 (1:1)
rt, 0.5 hr (10)
40 - 70%

Scheme 3.5Metalfree synthesis of DPA1(), 3-CI DPA 1271 st ep 1, for-mati on

iodinaed cyclohex2-ene (0)**°

0
| N pTson N
+ X P —_— X P \©
EtOH, 75 °C,
(10) X=H,Cl overnight (11) or (12)
(8) or (9) 40 - 60%

Scheme 3.6Metakfree synthesis of DPAL(), 3-Cl DPA (12) i step 2%
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3.3.2.2 Phenoselenazine (PSZ) synthesis

Phenoselenazind ) and 2chlorgohenoselenazind 4) was synthesized from DPAY) or 3-Cl
DPA (12) either fromcoupling with selenium monochloritfé or with selenium and selenium
dioxide"**(Scheme 3.7and 3.8 respectively) The respective phenoselenazines were purified by
flash chromatography and characterized'8yNMR and mass spectrometry. The yields ranged

from 157 25%.

H DC
N
XL T SexClp _’ q :@
l 50°C, 6hr

X =H, CI (13) or (14)
(11) or (12) ~5-10%

Scheme 3.7Phenoselenazind 8, 14 synthesis (method B}

H

N
O L0
=

Sulpholane
X =H, Cl PV, 150°C, 5hr (13) or (14)
11) or (12
(11) or (12) ~20%

Scheme 3.8Phenoselenazind3, 19 synthesis (method 2y
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3.3.2.3 Synthesis of Mcyl-PSZ derivatives

The N-acyl PSZ derivativesl5al were prepared by coupling either unsubstituted
phenothiazine 13) or 2chlorophenothiazineld) with appropriate acyl chlorides (benzoyl,
phenylacetyl, hydrocinnamoyl, -@ethoxybenzoyl, 4nethoxybenzoyl and 3,4
dimethoxybenzoyl chlorides) in anhydrousuhe by refluxing overnightScheme 3.9 The
PTZs were purified by flash chromatography and were characterizéti BWMR and mass

spectrometry. The yields ranged from3&%.

Se Se
150 o1 WIS ¢ &
= N R Cl - = N

110 °C, reflux overnight J\
(13) or (14) 0”°R
-
R group
=cl-R= S
15a, X =H;R = 'S© 159, X=CI;R= ~© Phenyl
15b, X =H; R = b 15h, X=Cl; R= I\@ Benzyl
5 . Ky
150, X=H;R=" 1) 18,X=CR= "3 Phenetny
A% ?
15d, X =H; R= OMe 19, X=ClL; R = ©0Me 4-Methoxypheny!

S. OMe S OMe
15, X=H; R = @ 15k, X = CI; R = @’
S OMe
15, X=H;R= " 15, X = CI; R = 5‘@[0“"9
OMe

OMe 3.4-Dimethoxyphenyl

3-Methoxyphenyl

Scheme 3.9Synthesis of PSZ derivativésal

3.4 Mechanisms and Protocols

3.4.1 PTZ Derivatives

N-acyl PTZ derivative§a-| were prepared by coupling either unsubstituted phenothig&)roe (
2-chlorophenothiazine 6§ with appropriate acyl chlorides (benzoyl, phenylacetyl,
hydrocinnamoyl, 3nethoxybenzoyl, 4nethoxybenzoyl and,3-dimethoxybenzoyl chlorides) in

anhydrous toluene by refluxing overnighbcheme 3.1 The mechanism consisted of a
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nucleophilic attack by the {40 secondary amine of the PTZ leading to displacement of the

chloride ion.

» — Water out

Check RM
on TLC
_ purify by flash
» <€— Water in — chromatography
evapourate

in vacuo

RM on reflux

Figure 3.3:General setufor the synthesis of PTZ derivativés|

3.4.2 PSZ Derivatives

3.4.2.1 Diphenylamine synthesis

To either aniline § or 3-chloraaniline ©), phenylboronic acid was added, forming either
diphenylamine 11) or 3-chloro diphenylaminel@) respectively. Vaous reaction conditions
were tried. The first method involved a copperfHgyclodextrin complex added together with
phenylboronic acid and aniline in water at room temperatscegme 3.2 The aqueous layer

was then extracted with DCM and a subsequehinen was run to purify #nproduct. The use of

the copper(ll) -b-cyclodextrin produces a metallic complex that acts as the reaction vessel, and
the traditional oxidative addition, transmetallation and reductive elimination cycle is predicted

drive thereaction forwardFigure 3.4).
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Figure 3.4:A proposed mechanism of action for Schemé'8.2

The second and third method involved usiogper acetate as the cata@theme 3.2nd3.4).

In Scheme 3.3the reactants were added together with sodium patbaand benzoic acid in
EtOAc at rt. InScheme 3.4the reactants were added together with lutidine and myristic acid
and refluxed at 80°C overnight. Upon completion both reaction mixtures were washed with 10%
HCl and extacted with DCM, then purified byash chromatography. Unlike the bulky
cyclodextrin complex see iRigure 3.4, these two methods follow the traditional catalytic cycle
seen. Initially, phenylboronic acid is coordinated to copper through transmetallation to form
intermediate ACoordination with aniline forms intermediate B, which then undergoes oxidation
with dioxygen forming intermediate C. Through reductive elimination of C, the desired
diphenylamine X1 or 12) is released, and copper is reduced at stage D. The last stepraggen

the copper by oxidation with water formisgmplex E(Figure 3.5).
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Figure 3.5:A proposed general mechanism of the copyadalyzed DPA synthesis (Ch&aam
coupling)

Another method used a mefate approach towards the synthesis of diphenylan{itiesr 12)

seen inSchemes 3.7nd 3.6. Pr epar a-odinatad 2oyélohexheaond(0) involved

the addition of cyclohe®-enone with iodine, using DMAP as a catalyst and potassium
carbonate as a quenching agent in a 1:1 mixture of T#k:HAhe raction mixture was diluted

with EtOAc and washed with sodium thiosulfate and 10% HCI. The product was then purified by

flash chromatography. The DMAP activates cycleBesnone by attacking via a Michael
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addition, forming a zwitterionic intermediate, herice use of water to help in the stability of the
intermedi ate. Through a s ubs e-mpdnatedtintermediateéso p hi |

formed. The iodide ion liberates hydrogedide (HI) and regenerates DMAPigure 3.6).

SRS o}ﬁ
| A —_— \('?

=z RS

|
DMAP (catalyst) N A
zwitterionic intermediate

| 0O
T @’\‘I

N o) H
@ ) O
N/ | = I Q

Catalyst regenerated

Figure 3.6: Proposesthe c hani sm of acti on f eodina®dZyelohex 3. 5,
2-enone 10)

The second step inthe mefar e e appr oach wa siodonhted Zyctolep2t | ng o f
enone {0) with either aniline §) or 3-chloraaniline @). The two starting materials were added

together in EtOH with a stochiometric amount eT$OH (20 mol %) and refluxed overnight.

The reaction mixture was then diluted with EtOAc and washed with 20% sodium bicarbonate

and brine. The product was purifiey flash chromatography. In an acidic environment the

34



primary amine attacks the eletrophilic carbonyl, through subsequent protonapoot@ieation

steps water is eliminated and the nitrogen replaces the oxygen forming the imine/enamine
tautomerization pai While in the enamine form, a hydride shift occurs, allowing the iodine to be
eliminated in the form of Hithus forming the final produ¢Eigure 3.7).

®_H Ho @ ® © @

o~ . NH,R -H +H H,0\ ;!
IC/I’/—\RNHZ _...l\ﬁj T e — | 23 fNHR

R. _H
Ron-H N R.©.H
| ' I
O P E— — I
H imine/ enamine
H H tautomerization

hydride shift

Figure 3.7: Proposediechanism of scheme 3.6, the second step of the-fregadpproach

The generasequence of steps used in the preparation of ORArfd12) is given inFigure 3.8
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Figure 3.8: Generaletup for the synthesis of DPA1) or 3-chloro DPA (2)

3.4.2.2 Phenoselenazine (PSZ) synthesis

Phenoselenazind ) and 2chlorgohenoselenazind 4) was synthesized from DPAY) or 3-Cl

DPA (12) either from coupling with selenium monochlori{@heme 3.Y or with selenium and
selenium dioxide $cheme 3.8 In Scheme 3.7 the source of selenium was selenium
monochloride which was added with eitfdPA (11) or 3-Cl DPA (12) in DCM, refluxing for 6

hrs. InScheme 3.8he source of selenium was selenium metal (limiting reagent). It is consumed
and converted to hydrogen selenide. In an attempt to maximize vyield, selenium dioxide was
added to help regerste selenium metal {situ in the presence of hyahen selenidé€Figure

3.9).



H X Se
N + f
X2 2S¢ —» XT + H,Se
| _ ”
2H,Se + SeO;, — 3 2H,0 + 3Se

Overall Equation

H Se
N TN
2 x££ + Se + Se0, —» 2 X + 2H,0
| Z N
H

Z

Figure 3.9: Insitu regeneration of selenium f8cheme 3.8

Selenium metal, thus was added with selenium dioxide and iodine in sulpholane and placed in a
PV in an oil bath at 150 °C for 5 hrs. Both reaction mixtures were cooled and filtered in DCM
plugs of celite and purified by flash chromatography. The proposaction mechanism is
similar for both schemes, i8cheme 3.7 selenium is already coordinated with chloride, and
Scheme 3.&has the catalytic iodine coordinating with selenium. The selenium then acts as the
electrophile, and through aegjuential nucleophd aromatic substitution, theoce PSZ structure

is closed off(Figure 3.10. Figure 3.11highlights the general setup for these two schemes.
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Figure 3.11:General setup for synthesis of phenoselenaziBe §nd 2chlorgphenoselenazine
(14
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3.4.2.3 Synthesis of Nicyl-PSZ derivatives

Similar to that of the PTZ serie§&l), the N-acyl PSZ derivatived5al were prepared by
coupling either unsubstituted phenoselenazih8) @nd 2chlorgphenoselenazinel4) with
appropriate acyl chlorides (benzoyl, phenylacetyl, hydrocinnamoyhetBoxybenzoyl, 4
methoxybenzoyl and 3;dimethoxybenzoyl chlorides) in anhydsouoluene by refluxing
overnight Scheme 3.8 The PSZs were purified by flash chromatography. The mechanism
consisted of a nucleophilic attack by the secondary amine of the PSZ leading to the displacement

of the chloride ion to form Mcyl PSZ derivaties.

» —» Water out
Check RM

on TLC []
_ — purify by flash
» <&— Water in — é chromatography

evapourate
in vacuo

RM on reflux

Figure 3.12: Generaletup for the synthesis of PSZ derivatités|

3.5 Conclusion

The synthesis of PTZ derivativegafl) were straightforward as starting precursors were readily
available. The synthesis of PSZ was achieved in 3 steps (hHesymtof DPA 11) or 3:Cl DPA

(12) (ii) synthesis of phenoselenazing3) and 2chlorgphenoselenazineld) and (iii)) N10
coupling to obtain PSZ derivativekSal. A total of 26 compounds were synthesized and

characterized as potential atD agents.
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Chapter 4: Biological Evaluation
4.1 Introduction

The biological activities of synthesized PTZ derivatived and PSZ derivative$5al
were evaluated using a number of assay protocols including human cholinesterase inhibition
(using both AChE and BUChE), asatimy | oi d aggr e g aixwpeptide, andogidagt u s i n
assay and cell viability/toxicity assay at various compound concemsat This chapter
describes the assay principles, structure activity relationship (SAR) data acquired and discusses
the ability of PTZ and PSZ derivatives to target multiple factors associated with AD
pathophysiology.
4.2 Human Cholinesterase Inhibition Studies
4.2.1 Assay Principle
The cholinesterase (CheE) S Cr ed a standard anstlsodip 1 s
testingthe inhibition of both acetylcholinesterase (AChE) and butyrylcholinesterase (BGEhE).
The colorimetric assay utilizes thester analogs of acetylcholine (ACh) and butyrylcholine
(BuCh) as the substrate, which when hydrolyzed to their-thieé form reacts with5,5-
dithiobis-(2-nitrobenzoic acid(DTNB) to form a yellow chromophore at 4d32 nm Figure
4.1). From the compand screening, ChE inhibition profiles were obtained through the
monitoring of the chromophore formed by UV spectroscopy. Known ChE inhibitors, tacrine,

donepezil and galantamine were used as reference agents for comparison.
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Figure 4.1: Cholinesterasssay principle

4.3 Results and Discussion
4.3.1 PTZ Derivatives SAR

The wunsub s tband6) ane ds détiTaivéss:|, Wwere evaluated for their ability
to inhibit both human AChE and BuChE enzymes. Their activity was compared to known
cholinestease inhibitors tacrine, donepezil and galantamirable 4.1). The unsubstituted PTZ
derivative 5 exhibited an IG, value of 7.37 pM towards human AChE and was less potent
compared to reference agents tacrine (AChdg #3.16 pM), donepezil (AChE kg = 0.04 uM)
and galantamine (AChE g= 2.60 puM). Addition of arN-benzoylsubstituent in compounda
retained AChE inhibition (165 = 8.10 uM) and the compound was less potent comparéd to
The effect ofaromatic acyl groups with one (bengynd twocarbon spacerpbenethy) on
AChE inhibition were explored (compound®é and 7¢). These modification provided AChE
inhibition and both compoundgb (AChE 1Cso = 7.40 puM) and7c (AChE 1Gso = 7.15 pM)
exhibited similar activity as compared 50(AChE 1G5 = 7.37 uM) although they were less

potent compared reference agents. Our previous work has shown that the presence of a 3,4

41



dimethoxyphenyl substituent provided good cholinesterase inhiiftidocordingly the effect of
methoxyphenyl substituents was expldr by evaluating compoundgd-f (Table 4.1).
Interestingly, these compounds exhibited AChE inhibition ranging from 5.80 to 6.20 gh8)(IC
and were more potent compared to compoubdand 7ac. The 3,4dimethoxyenzoyl
compound Tf) was identified as the ost potent AChE inhibitor (I§3 = 5.80 uM). Furthermore,
the addition of € chlorine to the PTZ scaffold was investigated. It appears #2atkdorine
substituent was not a major factor in AChE inhibition an@ €hlorePTZ derivatives7g|
exhibited 1Gy values in the range of 4.67 to 10.0 uWable 4.1). Similar to the compounds
from the nonchlorinated PTZ seriégs dnd 7a-c), the presence of methdxgnzoylsubstituents
enhanced AChE inhibition7{-I) with compound7k (3-methoxybenzoyl) identified as the most
potent compound (AChE Kg= 4.67 uM) among the 2 chlorePTZ derivatives.

The SAR studies of PTZs on BUChE inhibition indicates that they were generally weak
inhibitors and were less potent compared to theibitdry potency towards AChET@ble 4.1).
Among the nonchlorinated PTZs includiB@nd7a-f, compound exhibited superior inhibitory
potency (BuChE Ig = 5.80 uM) relative to AChE (163 = 7.37 uM) and was the most potent. It
was approximately Hold more potent relative the reference agent galantamine (BuChE=IC
66.50 uM) and was less potent compared to both tacrine (BuGRE 04 uM) and donepezil
(BUChE 1Go = 3.60 pM). Among the ZI-PTZ derivatives7g-l, compound7h with a
phenylacetyl subgtient was identified as the most potent BUuChE inhibitor (BuChkg3@G.60
MM). In general, the presence of €CRsubstituent led to enhanced BuChE inhibition potency for
N-acyl PTZ derivative§ gl relative to the corresponding nonchlorinaledcyl PTZ derivatives
7af. Interestngly, the presence of either a ethylphe@i) or 4methoxybenzoyl 1k) N-acyl

substituents provided similar BUChE inhibition {§Gvalues of 5.0 and 5.30 pM respectively)
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whereas both -Bhethoxyphenyl (7j) and 3,4dimethoxyphenyl (71) derivatives exhibited weak
inhibition (1Cso values of 30.80 and 32.66 uM respectiveligure 4.2 highlights the effects of
the chlorine on BUChE inhibition, with the general trend that addir?) ¢blorine led to

enhanced BuChE potency.

Effect of chlorine on PTZ BuChE inhibitic

120 -
s
=
c
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<
=
L
e
O mPTZ
@
m 2CIPTZ

Figure 4.2: Graphicad u mmary of chl orinebds effect on BuCh
are expressed as average + SD (n = 3) of two independent experiments. Error bars represent
standard deviation

The cholinesterase SAR study for PTZ compoliiméry, demonstrates that they exhibit
dual inhibition of both AChE and BUChE enzymes. Their AChE inhibition ranged from 4.67
10.0 uM (IGes) whereas their BUChE inhibition ranged from 318@.50 puM. Compounds
exhibited nonselective inhibition of bothettenzymes and generally exhibited superior AChE
inhibition potency. These studies show that PTZ derivatives serve as useful ring scaffolds to

design dual cholinesterase inhibitors.
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Table 4.1: Cholinesterageghibition data, Selectivity Index and ClogBlues of PTZ series

seslcesilicest

A

) (6) o R

X=H, CI

(7a-f), (7g-1)
Compd R IC 50 (UM)?# Selectivity ClogF*

AChE BuUChE Index (SI)°

5 - 7.37 5.80 1.27 3.56
7a Phenyl 8.07 110.52 0.07 5.23
7b Benzyl 7.41 38.35 0.19 3.87
7c Phenethyl 7.14 51.00 0.14 4.20
7d 4-Methoxyphenyl  6.31 53.06 0.12 5.45
7e 3-Methoxyphenyl 6.23 25.50 0.24 5.45
7f 3,4-Dimethoxyphenyl5.81 45.02 0.13 4.59
6 - 7.39 19.19 0.39 4.59
79 Phenyl 9.97 9.34 0.52 6.00
7h Benzyl 751 3.64 2.06 4.64
7i Phenethyl 7.92 5.02 1.58 4.97
7] 4-Methoxyphenyl 5.89 5.35 1.10 6.22
7K 3-Methoxyphenyl 4.67 30.84 0.15 6.22
7l 3,4-Dimethoxyphenyb.41 32.65 0.20 5.90
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Tacrine - 0.16 0.04 4.00 2.27
Donepezil - 0.04 3.60 0.01 4.60

Galantamine - 2.59 66.50 0.04 1.02

%Cso values are average of two to three independent experiments (n = 3) with deviation <10% of
mean value®SI = hBuChEhAChE ICs,. °ClogP was determined using ChemDraw Ultra version

11.0 Cambridge Software Company.

4.3.2 PSZ Derivatives SAR

The unsubstil3andideadd itP GhdvatvedFal, were evaluated for their
ability to inhibit both human AChE and BUuChE enzymes.iTaetivity was compared to known
cholinesterase inhibitors tacrine, donepezil, galantamine and ebsEdde (4.2. The
unsubstituted PSZ derivatiiS exhibited an |G, value of 5.63 uM towards human AChE and
was less potent compared to reference agantse (AChE 1G, = 0.16 puM), donepezil (AChE
ICs0 = 0.04 uM) and galantamine (AChE 4= 2.60 uM). However, it showed greater potency
than the organoselenium compound ebselen (AChEA®.24 puM). Addition of arN-benzoyl
substituent in compountbaretained AChE inhibition (16, = 5.43 uM) and the compound was
more potent compared 8. Again, the effect of aromatic acyl groups with ober(zyl) and two
carbon spacempbenethy) on AChE inhibition were explored (compountisb and 15¢). These
modification provided AChE inhibition and both compouridd (AChE 1G5 = 6.41 pM) and
15¢ (AChE IG5 = 6.76 uM) exhibited less potency as comparell3gAChE 1Cso = 5.63 pM).
The effect of methoxyphenyl substituents was explored by evaluatmgozmdsl5d-f (Table

4.2). Interestingly, these compounds exhibited AChE inhibition ranging from 4.62 to 6.25 pM

45



(ICs0) and were more potent compared to compout8land 15ac with the exception ofl5k
(AChE IG5 = 6.25 pM). The 4dimethoxyhenylcompound(15d) was identified as the most
potent AChE inhibitor (IG = 4.63 uM). Furthermore, the addition ofZchlorine to the PSZ
scaffold was investigated. Similar to the PTZ series, t2ecilorine substituent was not a major
factor in AChE inhibition and € chloroPSZ derivativesl5g| exhibited IGo values in the
range of 5.79 to 6.58 uMr@ble 4.2. Similar to the compounds from the nonchlorinated PSZ
series {3 and 15ac), the presence of methoxyphenyl substituents enhanced AChE inhibition
(15j-1) with compoundl15j (4-methoxypheny) identified as the most potent compound (AChE
ICs0=5.79 uM) among the @ chlorePTZ derivatives.

The SAR studies of PSZs on BuChE inhibition indicates that they were generally weak
inhibitors and were less potent compatedheir inhibitory potency towards AChHEdble 4.2.
Among the nonchlorinated PSZs includid@ and 15af, compoundl13 exhibited superior
inhibitory potency (BuChE I¢; = 3.00 uM) relative to AChE (I§3 = 5.63 puM) and was the most
potent. It was approxinb@ly 22fold more potent relative the reference agent galantamine
(BUChE I1G, = 66.50 uM), more potent thasionepezil (BuChE I€ = 3.6 uM) and ebselen
(BUChE 1G = 4.65 uM) and was less potent compared to both tacrine (BuGRE 04 uM).
Among the 2CI-PTZ derivativesl5¢g|, compoundl5gwith a benzoyl substituent was identified
as the most potent BUChE inhibitor (BuChkd€ 3.88 uM). In general, the presence of-&I2
substituent led to enhanced BuChE inhibition potencyNfaicyl PSZ derivatived5g-| relative
to the corresponding nonchlorinatidacyl PSZ derivatived5af, with the exception of the-3
methoxyphenylcompound {5k) which gave a 2old decrease in potency (BuChEsyG 19.30
MM). Interestingly, the presence of either améthoxybenzoyl 15j)) or and 3,4

dimethoxybenzoyl 15l) N-acyl substituents provided similar BUChE inhibition {g®alues of
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491 and 5.75 pM respectively) whereas botmé&hoxyphenyl (15k) and pherethyl (15i)
derivatives exhibited weak inhibition (¢values of 40.00 and 19.30 pM respectivefyigure
4.3 highlights the effects of the chlorine on BUChE inhibition, with the general trend that adding

the chlorine led to enhanced BuChE potency sinldhe PTZ series.

Effect of chlorine on PSZ BuChE inhibiti
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Figure 4.3:Gr ap hi c al summary of chlorinedbs effect o

are expressed as average + SD (n = 3) of two independent experiments. Error bars represent
standard deviation

The cholinesterase SAR stutty PSZ compound library, demonstrates that they exhibit
dual inhibition of both AChE and BuChE enzymes. Their AChE inhibition ranged from 4.63
6.76 UM (IGes) whereas their BUChE inhibition ranged from 338873 uM. Similar to that of
the PTZ series, th®SZ series exhibited nonselective inhibition of both the enzymes and
generally exhibited superior AChE inhibition potency. These studies show that PSZ derivatives

serve as useful ring scaffolds to design dual cholinesterase inhibitors.
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Table 4.2 Cholineserase inhibition data, Selectivity Index and ClogP values of PSZ series

seclicesilicesy

A

(13) (14) o R

X=H,CI

(15a-f), (15g-1)
Compd R IC 50 (UM)? Selectivity ClogF*

AChE BuChE Index (SI)°

13 - 5.63 3.00 1.90 4.36
15a Phenyl 5.43 22.75 0.24 6.03
15b Benzyl 6.41 11.05 0.58 4.67
15¢ Phenethyl 6.76 38.00 0.18 5.00
15d 4-Methoxyphenyl  4.63 11.14 0.42 6.25
15e 3-Methoxyphenyl 6.25 9.63 0.65 6.25
15f 3,4-Dimethoxyphenyl5.10 9.09 0.56 5.93
14 - 6.34 4.75 1.33 5.37
15g Phenyl 6.04 3.88 1.56 6.74
15h Benzyl 6.58 5.02 1.31 5.38
15i Phenethyl 6.29 40.00 0.16 5.72
15j 4-Methoxyphenyl 5.79 4.91 1.18 6.96
15k 3-Methoxyphenyl  5.92 19.30 0.03 6.96
15l 3,4-Dimethoxyphenyl6.18 5.75 1.07 6.64
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Tacrine - 0.16 0.04 4.00 2.27

Donepezil - 0.04 3.60 0.01 4.60
Galaatamine - 2.59 66.47 0.04 1.02
Ebselen - 6.24 4.65 1.34 3.70

%Cso values are average of two to three independent experiments (n = 3) with deviation <10% of
mean value”SI = hBuChEhAChE ICs,. °ClogP was determined using ChemDraw Ultra version

11.0 Cambridge Software Company.

4.4 Conclusion

Both the PTZ and PSZ scaffolds serve as viable core templates as dual cholinesterase
inhibitors. Among the PTZ derivatives, compoufidwas indentified as the most potent AChE
inhibitor (AChE 1Go = 4.67 uM); compound ; compoung as the best dual ChE iibftor
(AChE 1G5 = 5.89 uM, BuChE Igy = 5.35 uM); and compoundh as the best BUuChE inhibitor
(BuChE 1Go = 3.64 pM). This indicates that-Bicylation enhances ChE inhibition compared to
t he wunsubs bantleuAmeny the PSZ @erivatives, compoubsld was identified as
the most potent AChE inhibitor (AChE 4€= 4.63 uM); compoundl5g as the best dual ChE
inhibitor (AChE 1G( = 5.79 uM, BUChE I, = 4.91 uM); and compounti3 as the best BUChE
inhibitor (BUChE 1@, = 3.88 puM). This indicates that -Bcylation enhances ChE inhibition
compared to t he 13andd4 The dlectronictefedt of Adflidgdaschlorine at the
2-position of the PTZ and PSZ scaffold helped increase its potency towards BuChE greatly

without loss of AChE activity. Thedst compounds are highlighted belowFigures 4.4and4.5.
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(7K) - AChEI (7j) - Dual ChEI (7h) - BuChEI
AChE ICg, = 4.67 uM AChE IC5, = 5.89 uM AChE IC5y=7.51 uM
BuChE ICs) = 30.84 uM BuChE ICy, = 5.35 uM BuChE ICsy = 3.64 pM
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methoxyphenyl)methanone (4-methoxyphenyl)methanone phenylethanone

Figure 4.4Top candidates from the PTZ series from cholinesterase inhibition

(15d) - AChEI (15j) - Dual ChEI (13) - BuChEI
AChE ICs, = 4.63 uM AChE ICsy=5.79 uM AChE ICsy = 5.63 uM
BuChE ICs5, = 11.14 M BuChE ICs) = 4.91 pM BuChE ICs, = 3.00 uM

0 0L .
: Sadices
Poalon i

(4-methoxyphenyl)(10H- (2-chloro-10H-phenoselenazin-10-yl) 10H-phenoselenazine
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Figure 4.5: Toandidates from the PSZ series from cholinesterase inhibition
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4.5 Amyloid Aggregationinhibition Studies

4.5.1 Assay Principle

The ADb aggregation assay is based on the bio
exhibit. Thioflavin T (ThT), a fluorescent dye was used. Its fluorescence is monitored, and the
change in fluorescence istdeted when ThT is bound Wwiti n t h esheetrfansagon b

(Figure 4.6. Normally ThT exhibits fluorescence at 446 nm but when bound to the rigid
structures of Ab t he ate!90inm. Fram thehcampeundt sereeming,ttiec r e
relative fuorescence units (RFU) are monitored over a 16 hour p&fiddhe compounds with
antFamyloid aggregation properties promote more free unbound ThT, and this is indicated by the

lower RFU values at 490 nm ThT emission wavelength.

Amyloid

S /  aggregates XS /

/ N N l />- -N

N \ Z~N \
@\ Beta sheet D\

Cle structures CI@

Thioflavin T (446 nm) Rigid AR bound

thioflavin T (490 nm)

Figure 4.6: Antiamyloid aggregation assay principle
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4.6 Results and Discussion

4.6.1 PTZ Derivatives SAR

The unsub s t5ands)tare dheirBin@thoxyenzoylderivative 7f) was evaluated

for their ability to inhibit seHi n d u c g.chggredation at four diéfrent concentrations (1, 5,

10 and 25 pM). Their activity was compared to known aggregation inhibitor, orangjab (

4.3). The unsubstituted PTZ5)X exhibited superior arfiggregation activity compared to
reference orange G at all concentratiafisvasalso screened, but showeeak ant-aggregation
potency(< 4% aggregation inhibition at all concentratiorfSimilarly, the 2chloro analogs,

and7l were also screedeand the unsubstituedchloroPTZ (6) showed a lower degree of anti
aggregation property at 1, 5, and 10 uM compares #&t 25 uM both5 and6 exhibited similar
antiaggregation properties. (61.9 and 60.8% aggregation inhibition respectively). Congpound
exhibited comparable ardiggregatn activity to control orange G, showing similar percent
inhibition across each concentration. The chlorinateddBpethoxybenzoyl compound?Ij

again showed poor inhibition values at each concentration of 1, 5, 10 and 25 pM (6.2, 4.5, 6.5,
5.9% aggregabin inhibition respectively) indicating that the activity was independent of
concentration. It appears that for PTZ derivatiegdylation was detrimental to arstggregation

activity with both the unsubstituted compoursiand 6 exhibiting superior ardaggregation
properties. Figure 4.7 shows the aggregation kinetics of compburid the absence of
compound, a typical AD aggregation curve is seen
corresponds to nucleation dependent aggregation, fadlovy a rapid growth phase and a
saturation phase corresponding to Ab fibril f
5was clearly able to reduce the formation of

phase.

52



Table 4.3Selfinducedamyloid  (;-4) lmhibition data for PTZ derivatives

Where X =H, CI
S8S!
N X
R
(0]
Where R=H or J’L@OMe
BLL OMe

5,6, 7f, 7l
Compd R X % Inhibition at: 2
1puyM 5uM 10 uM 25 uM
5 H H 18.3 37.2 59.1 619
7f 3,4-Dimethoxybenzoyl H NA NA NA NA
6 H Cl 10.3 22.0 33.7 60.8
7 3,4-Dimethoxybenzoyl Cl 6.2 45 65 59
Orange G - - 86 204 31.0 57.2

%Percent aggregation inhibition values are average + s.d < 10% (n = 3) for two independent

experiments. NA = not actiy&b inhibition < 4%

53



Selfinduced Amyloid 142 inhibition Profile of
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Fi gur e isdaggregatioA kinetic data for compouriat 37'C, 16 hr incubation in sodium

phosphate buffer at pH 8.5

4.6.2 PSZ Derivatives SAR

The unsubst 13 and B)andPitS ZBddanethoxypenzoyl derivative (@5f) was
evaluated for their ability to inhibiselti n d u c e, aggkdpation at four different
concentrations (1, 5, 10 and 25 uM). Their activity was compared to known aggregation inhibitor,
orange G Table 4.4. At the lower concentrations of 1 and 5 pM, the unsubstituted RYZ (
(16.3 and 24.1%ggregation inhibition respectively) exhibited superior-agtiregation activity
compared to reference orange G (8.6 and 20.4% aggregation inhibition respectively). However, it
was less potent at 25 uM (45.55%3 vs 57.24%, orange G)5f was also screed and showed

a 34 fold decrease in arfiggregation potency comparedli®at each concentration. Similarly,

the 2chloro analog4d4, and15l were also scened. The unsubstituedchloroPSZ (4) showed

similar anttaggregation activity relative t@3 at all concentrations (Table 4.4). At 1 piy
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(14.50% aggregation inhibition) exhibited greater -aggregation activity compared to orange
G (8.63% aggregation inhibition), but showed decreased activity at higher concentrations. The

chlorinated 3,4dimetroxybenzoyl compound1fl) version showed poor inhibition values at

each concentration of 1, 5, 10 and 25 uM (8.4, 7.9, 9.1, 5.9% aggregation inhibition respectively).

The most potent antiggregation compound was the unsubstituted ASY, éhowing that N

acylation was detrimental to afstggregation activity. The aggregation kinetic profile &

(Figure 4.8) shows that 1t was able to .decrea

It affectedbotht he growth and saturation phase of
bioisostere.
Table 4.4Selfi nduced amynhilmtiorddatd fér ®SZ derivatives

Where X =H, CI
)
N X
R
0
Where R=H or J'L@OMe
"Ll OMe

13, 14, 15f, 15l
Compd R X % Inhibition at: 2
1uyM 5uM 10 uM 25 uM
13 H H 16.3 24.1 30.7 45.6
15f 3,4-Dimethoxybenzoyl H 6.3 57 87 111
14 H Cl 145 185 25.1 45.0
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151 3,4-Dimethoxybenzoyl Cl 84 79 91 59

Orange G - - 86 204 31.0 57.2

®Percent aggregation inhibition Values are average + s.d < 10% (n = 3) for two independent

experiments.

Seltinduced Amyloid 142 inhibition Profile of
PSZ
> 1600 -
L
o 1400 -
2 1200 - "h,‘
5 Ik M —_—1pM
3 1000 - /~ A M‘M
& 800 - 1 “,AA oM
3 / ——10 pM
5 600 / —5 M
E 400 o5 —ThT
E 200 - —100 Abeta
£ o . . . . .
0 200 400 600 800 1000
Time (min)

Fi gur e 144ag@egatioh kinetic data for compounti3 and at 37CC, 16 hr incubation
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4.7 Conclusion

The nonacylated PTZ%) and PSZ 13) compounds exhibited good aatygregation properties
compared to Macylatedderivatives. The addition of the 3gdmethoxybenzoyl substituent to
both unchlorinated and chlorinated derivatives led to poor-aggiregation properties. The
unsubstituted PTZ5) showed superior inhibition compared to ethedompounds screened

including the reference agemrange G.
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(3)-PTZ (13)-PSZ

% inhibition at 25 uM = 61.9% % inhibition at 25 pM = 45.6%
U0 O
N N
H H
10H-phenothiazine 10H -phenoselenazine

Figure 4.9: Chemicaitructures of top compounds with aAtif.4» aggregation activity

4.8 Antioxidant Assay

4.8.1 Assay Principle

The antioxidant assay measures the compounds ability to scavenge free radica32-The
diphenytl-picrylhydrazyl radical DPPH) is avell-knownstandard used to measure antioxidant
properties. It actasa stable free dical due to the electron deldization around the molecule,
which exhibits a deep purple solution and strong absorgit 517 nm. When it gets neutralized
with an antioxidant sourcgethe solution becomes a pale yellokigure 4.10. The monitoring

of the change in absorbance at 517 nm allows for measurement of antioxidant &etivity.

O.N 02N
Antioxidant
source
O.N O,;N
DPPH radical (Strong DPPH (Weak
absorption at 517 nm) absorption at 517
nm)

Figure 4.10DPPH radicakcavenging assay principle
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4.9 Results and Discussion
4.9.1 PTZ Derivatives SAR

The antioxidant properties of some representative compounds from the PTZ library was
evaluated using DPPH assay and the results were compared with reference agent ebselen and
trolox (Table 4.5. The basic PTZ templa{®) exhibited potent antioxidant activity at 50 uM
(92% inhibition) and its antioxidant activity was similar to trolox (96% inhibition). The addition
of a G2 chloro substituent i6 reduced the antioxidant property (76% inhibition). Interestingly,
acylation of the PTAN-10 led to a dramatic decline in their ability to scavenge DPPH radical.
For example both compoun@gand7| with 3,4dimethoxybenzoyN-acyl substituents exhibited
44 and 46% inhibition at 50 puMT@able 4.6 and were less potent compared to the-aoylated
compounds5 and 6. These results indicate that the presence of a free NH group plays an
important role in DPPH scavenging ability. Nevertheldsacylation did noabolish antioxidant
properties altogether and compourfdsand 71 did retain antioxidant properties which indicates
that N-acylated PTZ derivatives can be considered as suitable systems to design multifunctional

agents to target the oxidative stress hypsithof AD pathophysiology.
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Table 4.5: DPPHadical scavengingy PTZ derivatives

Where X =H, CI
SNH!
N X
R
0
Where R=H or JL@OMe
‘11. OMe

5,6, 7f 7l
Compd R X % Inhibition at 50 uM 2
5 H H 92.1
7f 3,4-Dimethoxybenzoyl H 44.3
6 H Cl 76.4
71 3,4-Dimethoxybenzoyl Cl 46.5
Trolox - - 99.2

%Percent inhibition values are average of two independent experiments (n = 3) with deviation <10%

of mean value.

4.9.2 PSZ Derivatives SAR
The ability of PSZs to scavenge DPPH radical was evaluated. Unsubstitutefl3p,SZ (

CI-PSZ (@4) andN-acyl PSZ derivatives16f and 151) were evaluatedT@ble 4.6. The trend
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obtained was similar to PTZ series. PSZs with a free NH group exhibited potent antioxidant
activity (compoundl13, 84% inhibition and compound4, 73% inhibition at 50 uM). Both
compounds were much more potent compared to the selenium containing reference agent ebselen
(33% inhibition) although were less potent compared to trolox (96% inhibition). The presence of
an electron withdrawing @ chlorire group in compound4, reduced its ability to scavenge
DPPH radical compared to the nohlorinated PSZ compound3. The N-acylated PSZ
derivatives with a 34limethoxybenzoyl substituents (compouts and15I) exhibited reduced
activity (39 and 38% inbition respectively) with almost 2-@ld reduction in their ability to
scavenge DPPH radical relative to the +amylated compound.3 (84% inhibition). These
studies indicate that-acyl PSZ derivatives exhibit antioxidant properties and representa usef
template in the design of mutirgeting agents with antioxidant properties to treat AD.

Table 4.6 DPPH radical scavengiry PSZ derivatives

Where X = H, CI
CrL
N X
R
o}
Where R=H or J-L@[OMe
921' OMe

13, 14, 15f, 15I
Compd R X % Inhibition at 50 uM 2
13 H H 84.4
15f 3,4-Dimethoxybenzoyl H 39.0
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14 H Cl 73.2

15l 3,4-Dimethoxybenzoyl Cl 38.3
Trolox - - 99.2
Ebselen - - 34.7

®Percent inhibition values are average of two independent experiments (n = 3) with deviation <10%
of mean value.
4.10 Conclusion

The DPPH based antioxidant screen for PTZ and PSZ compounds demonstrates that both
class of tricyclics exhibit antioxidant properties. The study also shows that the presence of a free
amine (N-10) provides excellent antioxidant properties wheiaeyl substitution can leao a
reduction in their DPPH scavenging ability. This coulddbe to the fact that neacylated PTZ
and PSZ6s with a free NH group could be more
formation of a resonance stabilized radi¢agj(ire 4.11) wheread\-acylation might compromise
this stability leading to aeduction in the antioxidant properties. It should be noted that selenium
metal itself is known to exhibit antioxidant properties suggesting that in vivo metabolites of PSZ
derivatives have the potential to exhibit antioxidant propeftfed™® These stuigs show that
both PTZ and PSZ derivatives exhibit antioxidant properties and could serve as bioisosteres in
the design of novel tricyclics as potential disease modifying agents to treat AD. The two best

antioxidant compounds are highlightedrigure 4.12
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L0 C’LJ@

X =S or Se
R
Figure 4.11 Mechanismof PTZ and PSZ based antioxidants
(3)-PTZ (13) - PSZ
% inhibition at 50 uM =92.1% % inhibition at 50 uM = 84.4%
N N
H H
10H -phenothiazine 10H -phenoselenazine

Figure 4.12Chemical structures of top PTZ and PSZs with antioxidant properties

4.11 Evaluation of Cell Viability

4.11.1 Assay Principle

The cell viability assay for some PTZ and PSZ derivatives were carried out to evaluate their
toxicity. By using3-(4,5-dimethylthiazol2-yl)-2,5-diphenytetrazolium bromide (MTT) and the
activity of the mitochondrial reductase in metabolically active c#lls cytotoxic effects of test
compounds can be quantifi€fd.MTT is a yellow tetrazole that is reduced to a purple formazan

in living cells Figure 4.13. The monitoring of the absorbance of the formazan at 570 nm allows
for the measurement of celliability. Compounds with reduced cytotoxicity do not affect

formazan reduction by living cells.
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N~ /© Mitochondrial l
@—{’ \ ® reductase N

- =N
(S] N _N
Br S % I{—
Formazan
MTT Strong absorption

at 570 nm

Figure 4.13MTT based cell viability assay principle

4.12 Results and Discussion

4.12.1 PTZ Derivatives

The unsub s thiandg)ara ds 3RdIm&ldogy dérivatives {f and 15f) were evaluated

for their viability towards the S¥BY5Y neuroblastoma cell line at 50 uMdable 4.7). The
unsubstituted PTZ5] (63.72% cell viability) exhibited moderate to good tolerance by the
neuroblastoma cells. THE derivative was also screened and showed similar tolerance. (64.4%
cell viability) Similarly, the 2chloro analog$, and7| were also scened. The unsubstitued 2
chloraPTZ ) (64.0% cell viability) showed comparable values to d#nd 7I. Interestingly

the 3,4dimethoxybenzoyl group in the chlorinatedl)( version was identified as a PTZ

deirivative with good cell viabiltf71.6% cell viability)
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Table 4.7: Percentiability of SH-SY5Y cell line after treatment with PTZs

Where X =H, CI
S8H!
N X
R
o]
Where R=H or J'L@OME
ULL OMe

5,6, 7f, 71
Compd R X % Cell viability at 50 uM 2
5 H H 63.7
7f 3,4-Dimethoxybenzoyl H 64.4
6 H Cl 64.0
7 3,4-Dimethoxybenzoyl Cl 71.6

®Percent inhibition values are average of two independent experiments (n = 3) with deviation <10%

of mean value.

4.12.2 PSZ Derivatives

The unsubstituted PSZ3 and14) and its 3,4dimethoxy derivativeslGf and15l) was evaluated
for their viability towards the S¥BY5Y neuroblastoma cell line at 50 uM. Their activity was
compared to known organoselenium compound, ebsélablg 4.8 The unsubstituted PSZ3J)

(76% cell viability) exfbited better tolerance compared to ebselen (59.3% cell viability). The
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15f derivative was also screened and showed an even higher tolerance. (93.69% cell viability)
The 2chloro analogd4, and15| were also scened. The unsubstituedchloraPSZ (4) (43.0%

cell viability) showed a decrease in cell viability. Interestingly, the chlorinated 3,4
dimethoxybenzoyl compound%l) exhibited the best tolerance (100% cell viability).

Table 4.8:Percent viability of SHBYS5Y cell line after treatment with PSZs

Where X =H, CI
)
N X
R
(o]
Where R=H or J'L@OMe
"Ll OMe

13, 14, 15f, 15l
Compd R X % Cell viability at 50 uM 2
13 H H 76.0
15f 3,4-Dimethoxybenzoyl H 93.7
14 H Cl 43.0
15l 3,4-Dimethoxybenzoyl Cl 100
Ebselen - - 59.3

%Percent inhibition values are average of two independent experiments (n = 3) with deviation <10%

of mean value.
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4.13 Conclusion

The MTT cell viability assay performed on the PTZ and PSZ series demonstrated moderate to
good cell viability at 50 uM in SEBY5Y neuroblastoma cell line. The PTZ series showed
moderate cell viability (63-71.6% cell viability). In the PSZ series, the ubstituted derivates
showed similar results to the PTZ derivates (4%M% cell viability). Interestingly, the addition
ofthe3,4di met hoxybenzoyl group demonstr at €00%an
cell viability), and demonstrated superviability to control ebselen as well.

(71) - % cell viability at 50 pM = 76.1% (151) - % cell viability at 50 pM = 100%

X0 U0
N N
Cl N Cl N
| NS AO | N /J§ (@)
= =
MeO MeO
OMe OMe
(2-chloro-10H -phenothiazin-10-y1)(3,4- (2-chloro-10H -phenoselenazin-10-yl)
dimethoxyphenyl)methanone (3.,4-dimethoxyphenyl)methanone

Figure 4.14Chemical structures of top PTZ and PSZ with good cell viability
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Chapter 5: Molecular Docking Studies
5.1 Introduction

This chapter describes the investigation of the binding interactigm®wiising PTZ and
PSZ derivatives with human AChE and BuChE enzymes. Thay xcoordinates of
cholinesterase enzymes were obtained from protein data bankIQpdbEY7 and 1POI,
respectively, PTZ and PSZ ligands were built using computational softwarck dotked
enzymeligand complex were ranked usingbnilt scoring function to identify key interactions
responsible for cholinesterase inhibition. In addition, the ability of some PTZ and PSZs to
prevent amyloid aggregation was investigated by dockingiestudsing an amyloid dimer
assembly as a modgddb ID: 2LMN).

5.2 Principle

Two methods are employed in the mP$S2cwu; ar
LibDock and CDocker both of which are used for molecular dockingLiii2ock protocol was
devdoped by Diller and MerZz?' This method employs the use of protein site features referred to
as HotSpots. HotSpots are classified into two types: polar and apolar or nonpolaib¥oek
method matches each specified ligand with the characterized receptor to generate different poses
that are ranked based on the type of contact observed (polar/apolar) anddiggetdr complex
energy.

CDocker is a refined docking protocol developed by ‘tual?® Unlike Libdock,
CDocker employs a gribased molecular docking method that utilizes CHARMmM. While the
receptor is held rigid, the ligands docked are allowed to be flexible during the docking process.
Through iterative steps the ligand posesthem optimized by gridbased simulated annealing to

generate the top tsi The ligand poses obtained aaeked based on polar and nonpolar contacts
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as well as ligandeceptor complex energy. ThébDock protocol is useful to conduct rapid
screening of cmpound libraries to determine potential binding modes with the target receptor
whereas CDocker provides refined models to assist SAR optimization.

Both LibDock and CDocker programs were used to determine the potential binding
modes and interactions of sel¢ PTZ and PSZs with humarn AChHE
assembly. Discovery Studio StructtBasedDesign software package from BIOVIA/Accelrys
Inc. was used. The results were validated by conducting molecular docking studies of known
cholinesterase inhibitdacrine by comparing with its solved cryssalucture Figure 5.1 givesa
summary chart on the application of molecular docking in conjunction with compound library

synthesis and biological evaluation.

?uud ligand Synthesize molecules
ragments

Perform molecular docking Screen with biological assays
using Libdock or CDocker ivi

for potential activities
Validation

Studies
Output of —> Output of
theoretical results {— experimental results

Figure 5.1:Schematics of moleculaiocking in conjunction with experimental methods

.l

68



5.3 Results and Discussion

5.3.1 Mol ecul ar docking of PTZ derivatives wi

Ala277

N

A Trp286 B

Ser203

Ser198

g
B SIRSN

His447 a?/ Trp82

His438

Figure 5.2:Docking of 10H-phenothiazineX) in the active site diAChE (A) andhBuChE (B).
Hydrogen atoms are not shown for clarity. Red: catalytic triad, Green: cationic site, Blue: PAS.
The binding mode 06 in hAChE (pdb ID: 4EY7) Figure 5.2) demongates that its
tricyclic core wa sandwiched between the catalytic triad andoatibinding site with multiple
hydrophobic pipi stacked interactions with Trp86 (distandes 4 i. 4098 A). A similar docking
study of5 within the hBuChE (pdb D: 1PO0I) active site shows th#te tricyclic core was in a
planar geometry closer to thatmnic site of Trp82, with all three rings participating in multiple
pi-pi stacked interactions (distancés 3 i 6.89 A) as shown irFigure 5.2 The closer
proximity to the cationic site might account for its superior BUChE inhibithd@hE 1Cso = 7.37

UM, BUCHE IGs = 5.80 uM).
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Ala277

X

Trp286

Ser203 Ser198

Figure 5.3:Docking of1-(2-chloro-10H-phenothiazinl 0-yl)-2-phenylethanonérh) in the active
site of hAChE (A) andhBuChE (B). Hydrogen atoms are not shown for clarity. Red: catalytic
triad, Green: cationic site, Blue: PAS.

The binding mode ofh in hAChE (pdb ID: 4EY7) Figure 5.3 shows that its tricyclic
core wa oriented across the cationic binding site with multiple hydrophobm ptacked
interactions with Trp86 (distancés 4 1. 5504 A). One of the phghrings of the tricyclic core
was able to interact with His447 through appistacked interactiond{stanced 4. 94 ) . |t
also interesting to note that theld phenylacetylgroup was in close proximity to the Trp286
which is part of the PASd(stanced 3. 87 ) . L o o kBuGhg (pdbtD:1P0t),s bi nd
the tricyclic core wacloserto the cationic site of Trp82, anghsmore equidistant between both
the cationic site and the catalytic triad. Keyppistacked irgractions are seen with Trp82
(distancest 4 i @6F A) but its proximiy to His447 also allowedbr a favorable ppi T-
shaped interactiond{stanced 5 . Qhencg providing better BUChE inhibition over AChE

(AChE ICso = 7.51 uM, BUChE 16 = 3.64 UM).
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A Trp286 B
Ala277

~

Ser203

1

{3 *
LG8 g

His447 Trp86 Trp82

Ser198

His438

Figure 5.4:Docking of 2-chloro-10H-phenothiazinl0-yl (4-methoxyphenyihethanong7j) in
the active site ohAChE (A) andhBuChE (B). Hydrogen atoms are not shown for clarity. Red:
catalytic triad, Green: cationic site, Blue: PAS.

The binding mode o¥j in hAChE (pdb ID: 4EY7) Figure 5.4 demongates that its
tricyclic core wa complegly shifted away from cationic binding site at a perpemlar angle
where it stretchedipwards reaching towards the PAS compared to bahd 7h (Figures 5.2
and5.3). 7] hadits chlorine participating in multiple hydrophobic-lpalogen interactions with
Trp86 (distanced 4 1. 5504 A). Thebottom portiorof the tricyclic core allowedor a pipi T-
shaped interactiordistanced 5. 09 ) wi theluppdiporfiodeas oriented dloser to
the Trp286 of PAS (distanced 5. 59 ) . The 7kveagwith itstNel® 4 ct i on
methoxybenzoyl substiémt, where the 4nethoxy formedH-bonding with Ser203d{stancea
2.89 A) the catalytic site whicimay accounfor its better AChE inhibition compared to bdh
and 7h (AChE 1G5 = 5.89 {7j) vs 7.37 and 7.51 pMespectively). Its binding mode towards

hBuChE (pdb ID: 1POI) shows thahe tricyclic core adoptea planar conformation while
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interacting with Trp82, anavas equidistant from both the cationic site and the catalytic triad
(Figure 5.4). Key pi-pi stacked interactions were seen with Trp82 (distafices4 i 3836 A).

An interesting note wathat the 4nethoxybenzoyl group was oriented away from the catalytic
triad, but was in close proximity to Trp82 with the carbonyl oxygen participatingbortding
interaction ¢listanced 2 . 9whergag the phenyl ring underwentppistacked interaction
(distanced 5 . 5Thus,jwhile the tricyclic core vganot in an deal positiontowards the
cationic sites of both AChE and BuChE, thel®l 4methoxybenzoyl groupsade up for lost
interactionsby providing key cortactsbetween the catalytic and cationic sitesafford a dual

ChE inhibition profile AChE 1G5, = 5.89 puM, BUChE 16, = 5.35 pM).
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5.3.2 Molecular docking of PSZ derivatives wi

A B Ala277

Trp286

Ser203 Serl928
& Glu325 F
Glu334 ? M
His438
Tro86
His447 4/ Tibie

Figure 5.5: Dockingf 10-H-phenoselenazind ) in the active site diAChE (A) andhBuChE
(B). Hydrogen atoms are not shown for clarity. Red: catalytic triad, Green: cationic site, Blue:
PAS.

The binding mode o3 in hAChE (pdb ID: 4EY7) Figure 5.5 demongates that its
tricyclic core was closer to the cationic binding site than treatytic triad and underwent
hydrophobic pipi stacked interactions with Trp86 (distandes 4 i. 4059 A).Interestingly the
PSZ template exhibited a flipped conformation unbkand the selenium moiety was away from
His447.1ts binding mode ttnBuChE (pdb ID: 1PO0I), showethat the tricyclic core was flipped
back with the selenium moiety facing His447. The tricyclic core able to participate in multiple
pi-pi stacked interactions with Trp82 (distandes 4 1 B.55 A). that accounts for its better

BuCFE inhibition (AChE 1Cs = 5.63 UM, BUChE 16 = 2.96 UM).
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A Trp286 B Ala277

Ser203 Ser198

)
GlumY i , Guszs 37 2 a/‘%

Trp86 His438
His447

Figure 5.6: Dockingof 2-chloro-10H-phenoselenaziaO-yl(phenyl)methanong15¢g in the
active site ofhAChE (A) andhBuChE (B). Hydrogen atoms are not shown for clarity. Red:
catalytic triad, Green: cationic site, Blue: PAS.

The binding mode o15gin hAChE (pdb ID: 4EY7) Figure 5.6) demonstrates that its
tricyclic core was oriented away from both the catalytic triadl @he cationic sitelt is
interesting to note that the-N) benzoyl group wamteracting with His447 through a-pi T-
shaped hydrophobic interactiodigtanced 4. 83 | ) . hBUCBE (jdb DdiPOl)g t o
shows that the N.O benzoyl group underwent a i T-shaped interaction with His44distance
a 4 . 3The carbonyl oxygen of the-M0 benzoyl group also formed abdénd with Ser198
(distanced 3. 10 ) . that WCh& ansl B@h® activity is not only dictated by the
cationic site of Trp86 or Trp82 respectively, blatthe catalytic triad plays a key role as well

(AChE ICs = 6.04 UM, BUChE 16 = 3.88 UM).
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Figure 5.7: Dockingof 2-chloro-10H-phenoselenazii0-yl(4-methoxyphenyinethanong15))
in the active site diAChE (A) andhBuChE (B). Hydrogen atoms are not shown for clarity. Red:
catalytic triad, Green: cationic site, Blue: PAS.

The binding mode o15j in hAChE (pdb ID: 4EY7) Figure 5.7) demonstrates that its
tricyclic core was closer to the cationic binding site than the catalytic triad and underwent
hydrophobic pipi stacked interactions with Trp86 (distandes 4 i. 5102 A).The tricyclic ring
with the selenium moiety of5j, exhibited a similar conformation aks3, whereashe N-10 4
methoxybenzoyl group was oriedt away from the catalytic sit@vith hBuChE (pdb ID: 1POI),
15j exhibited an almost identical orientation likBg with its tricyclic core oriented away from
both the catgtic site and he catalytic triad Kigure 5.7). The N10 4methoxybenzoyl group
underwent a ppi T-shaped interaction with His438 (distangde 4 . 3 1 i) . Further
addition of the 4methoxy group underwent hydrophobic contacts with Trpi@dnced 3. 74 ) .

The carbonyl oxygen dhe 4methoxybenzoyl group formed-bondng with Ser198(distancea
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