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Preface

This PhD thesis has been carried out at the Depattrof Pharmaceutical Sciencesima Mater
StudiorumUniversity of Bologna (Italy), under the superaisiof Prof. Vincenzo Tumiatti.

The whole PhD thesis is devoted to the study of Maiti-Target-Directed Ligands (MTDLS) for the
treatment of complex pathology such as Alzheiméisease and Cancer.

This thesis is organized in two main sectionsfitts¢ section is focused on the developed of newDMF
for the treatment of Alzheimer’s disease, while $eeond one concerns the development of new MTDLLs f
the cancer treatment.

Every section is organized in different chaptete first chapter is a briefly introduction aboue th
physiopathological aspects and the current appesafdr the treatment of the disease. The secongtartha
concerns the aim of the thesis focused on the desgyn. Chapter three contains the synthetic msthod
the biological evaluation assays of the new symtkedscompounds. Results and discussions are dedanb
the chapters four and conclusions are presentathapter five. Finally, in chapter six the experitan
procedures are described.
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Abstract

Alzheimer’s disease (AD) and cancer represent tivthe main causes of death worldwide. They are
complex multifactorial diseases and several bioébaintargets have been recognized to play a fundtahe
role in their development. Basing on their compi&ture, a promising therapeutical approach could be
represented by the so-called “Multi-Target-Directedand” approach. This new strategy is based @n th
assumption that a single molecule could hit sevtargets responsible for the onset and/or progregsithe
pathology.

In particular in AD, most currently prescribed dsugjm to increase the level of acetylcholine intihan
by inhibiting the enzyme acetylcholinesterase (ALhHowever, clinical experience shows that AChE
inhibition is a palliative treatment, and the simphodulation of a single target does not address AD
aetiology. Research into newer and more potentAddtiagents is thus focused on compounds whose
properties go beyond AChE inhibition (such as iitlih of the enzymeB-secretase and inhibition of the
aggregation op-amyloid). Therefore, the MTDL strategy seems aerappropriate approach for addressing
the complexity of AD and may provide new drugstamkling its multifactorial nature.

In this thesis, it is described the design of neWwNs able to tackle the multifactorial nature of AD
Such new MTDLs designed are less flexible analogafe€aproctamine, one of the first MTDL owing
biological properties useful for the AD treatmefhese new compounds are able to inhibit the enzymes
AChE, B-secretase and to inhibit both AChE-induced antlisdlicedp-amyloid aggregation. In particular,
the most potent compound of the series is abletibit AChE in subnanomolar range, to inhipisecretase
in micromolar concentration and to inhibit both A&mduced and self-induceitamyloid aggregation in
micromolar concentration.

Cancer, as AD, is a very complex pathology and ndiffgrent therapeutical approaches are currently
use for the treatment of such pathology. Howewvee, t its multifactorial nature the MTDL approadiuld
be, in principle, apply also to this pathology. Airhthis thesis has been the development of nevecodés
owing different structural motifs able to simultangly interact with some of the multitude of taset
responsible for the pathology. The designed comgeulisplayed cytotoxic activity in different canassil
lines. In particular, the most potent compoundghefseries have been further evaluated and they alde
to bind DNA resulting 100-fold more potent than tleference compound Mitonafide. Furthermore, these
compounds were able to trigger apoptosis througipases activation and to inhibit PIN1 (preliminary
result). This last protein is a very promising &rgecause it is overexpressed in many human cancer
functions as critical catalyst for multiple oncogepathways and in several cancer cell lines deplebf
PIN1 determines arrest of mitosis followed by apsi# induction.

In conclusion, this study may represent a promistagting pint for the development of new MTDLs

hopefully useful for cancer and AD treatment.
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1.1 Introduction

Alzheimer’s disease (AD) is the most common causéementia, accounting for 50-60% of all cases.
According to the World Health Organization, morartt87 million people worldwide have dementia and AD
affects 18 million of therh

AD has been first described on Novemb®r #0906, when Alois Alzheimer gave a lecture atiagress in
Tubingen, Germany, showing the results of his pesttem studies on a 51-years old woman from
Frankfurt, called Auguste D. She showed progressiognition and memory impairment, reduced
comprehension, aphasia, disorientation and unpedlé&behaviodr What has been reported in that clinical
description exemplified cardinal features of theodiler still observed nowdays. For many years, Ad3 w
considered a rare dementia occurred in presenilechand only in late 60’s it was recognized aygical
senile dementia.

AD is a late-life dementia and, therefore, incregsage is one of the greatest risk factor. Duehéo t
increasing life expectancy and the strong incredsage people, the number of people affected byi&\D
going to rise dramatically. In the next years, tnenber of people in Europe and in USA aged 80-%0sy/es
expected to double and about one-third of the @djud will be older than 65 years and, thus, & ab
dementia diseases. It is estimated that currentlgl and USA the number of demented patients is 7-8
million and 4-5 million, respectively; these numbevill increase up to 14 million in EU and 16 nohi in
USA by 2056.

With the expected increased in number of AD-affécpeople it will be observed an increasing in
financial a social cost; according to Alzheimer’'ss@ciation, costs for beneficiaries with AD areentpd to
increase of about 75% from 91 million USA Dollans2005 to 160 million USA Dollars in 2010. Thus, AD
is becoming an enormous public, social and ecorarpioblem.

For these reasons, a growing number of scientilstsrar the world are focusing their investigatians
finding new therapies to combat this devastatirgpase. Since the first AD description, little pexy in
defining the pathogenesis of AD occurred. In thdye#0s, two characteristic lesions of this disehage
been described and they are considered as typatlatdrks of the disease: the presence of neutitigyes
and neurofibrillary tangles. At the same time, échme clear that neurons involved in the biosyighefs
acetylcholine (ACh) went to a severe degeneratspecially in limbic and cerebral cortices. Basedhmse
two findings, the oldest theory about the AD’s majbnesis has been developed: the cholinergic hgpisth
which asserts that a serious loss of cholinergiction in the Central Nervous System (CNS) contgHu
significally to the cognitive symptoms associatethwAD*. Until now, the only drugs approved by FDA for
the treatment of AD are based on the cholinergmolhyesis: they are drugs which increase the ACéldan
the CNS.

Within the last decades, a lot of studies have lmsoted to identify the composition and the origfn

the amyloid plagues and neurofibrillary tanglessdzhon these studies another new theory appeatkd an



becomes dominant in the AD research, the amylojmbthesid The amyloid plaques were found mostly in
the neocortex and contained a polypeptide knowfasayloid protein. Because dense-core amyloid plsque
are a specific lesion of AD, whereas neurofibrifldangles are seen in a variety of neurodegenerativ
conditions, it has been argues that the accumulatid\s in the brain is the key step in the pathogenefsis o
AD. But, it is not completely clear how amyloid metoxicity induces neuronal death and how these
mechanisms are linked with oxidative stress andxadetal imbalance, phenomenon that have assumed a
pivotal role in AD.

However, the basic pathophysiology of AD is stilbtrwell understood. Different pharmaceutical
approaches, targeting the several hypotheses, uarentdy under investigation; nevertheless, theranir
registered drugs for AD are very limited and they ot able to alter or to prevent disease progresnd
they were approved only for the symptoms manageément

Considering the complexity of AD and the involvemerd multiple and interconnected pathological
pathways, a combination of therapeutic agents neaulr in a more effective strategy of cure than the
monotherapy. Besides the combination of known dragsing on different imbalanced mechanisms, new
therapeutic approaches are based on the develomhemiltipotent molecules able to interfere with nmo
than one pathological event. In principle, thisesgesh guideline would lead to the discovery of Hactive

strategy of cure of AD and other neurodegeneratisease’s

1.1.1 Alzheimer Disease

AD is clinically characterized by a global decliogé cognitive functions, together with behavioural
disturbances and decreasing ability to perform dastivities of daily living. The cognitive symptem
include memory loss, disorientation, confusion,bpems with reasoning and thinking, while behavibura
symptoms include agitation, delusion, depressialutinations, insomnia and wandering.

Although the pathogenesis of AD is not yet fullydenstood, a lot of evidences show that it is a
multifactorial disease caused by environmental andogenous factors and with a significant genetic
background.

Two forms of AD exist: a familial one (multiple faljm members are affected) and a sporadic one, in
which one or few members of a family develop theedse. However, epidemiological studies suggest tha
more than 80% of AD cases are familigt least 10 genes are associated with AD, ancerti@n 50 genes
are potentially involved in dementia.

Familial AD is an autosomal dominant disorder; fiist mutation causing this form of AD has been
identified in the Amyloid Precursor Protein (APRNng on chromosome 21 even if this kind of mutatioly
explains very few familial cases. For the most saddamilial disease, mutations are observed enhilghly
homologous presenilin 1 (PS1) and presenilin 2 JPS2oncerning the sporadic form of AD, the
apolipoprotein E (ApoE) plays an important rolespiée its mechanism of action is not well clear,0Ep

seems to be essential fop Meposition, promoting Afibrillisation and plaques formatinHowever, these



mutations account only for 10% of AD cases an@énss clear that other genetic factors may be ieebim
AD.

Since Alois Alzheimer's seminal report, pathologighave considered the defining characteristic
hallmarks of the disease to bg Aeposits in senile plaques and neurofibrillarygtas (NFT), derived from
filaments of abnormally phosphorylategrotein. These two lesions are implicated in tearanal functions
disruption observed in the post mortem brain of A8&tients. Despite the growing number of studies
concerning the AD pathogenesis, the mechanism Hweset two events lead to dementia is not fully
understood yet.

Different neurotransmitter systems go towards degwion in AD progress; in particular, cholinergic
neurons and synapses in the nucleus basalis, lipgmes and entorhinal cortex. Many evidences
demonstrated that ACh is deeply involved in menfanctions. Almost all the drugs currently in market
the treatment of AD have the cholinergic systeniaaget of their pharmacological activiy. Moreover,
other neurotransmitter systems are involved in Az pathology development such as serotoninergic,
dopaminergic and glutammatertficThe last system represents also an importanéttdog AD treatment;
over-activationN-methyl-D-aspartate-sensitive glutamate (NMDA) peoes leads to excessive intracellular
cd”" influx and the subsequent production of damagieg fradicals contributing to cell injury and death.
Moreover, both oxidative stress and increased dathalar C&", generated in response t@,Ahave been
reported to enhance glutamate-mediated neurotgxitivitro. Furthermore, it has been suggested that A
can also increase NMDA responses and thereforéogoxicity. There is increasing evidence that ghudide
excitotoxicity is associated with oxidative stresel AS formatiort?>. For these reasons, Memantine, a non
competitive NMDA receptor antagonist, is commeigiavailable in US and Europe for the treatment of
moderate to severe AD. This drug acts by redudiegctlcium-mediate neurodegeneration in severat bra
area¥’.

Accumulating evidences suggest that oxidative stian early event in Afh Extensive literature points
to oxidative stress as pivotal in the pathogenefiaD, suggesting that it occurs prior to the oneét

symptoms in AD, and that oxidative damage occufsrbeplaques formatidn

Cholinergic hypothesis

The “cholinergic hypothesis” have been developegOis when the importance of the cholinergic system
in the process of memory have been clearly undedst®ased on these evidences, different studiesesho
how reduction of the cholinergic transmission ie ofthe causes of AD.

This theory have been proposed after the observtiat low doses of natural cholinergic agentshas
atropine and scopolamine, could induce the santerpadf cognitive disorder seen in elderly volumsee
Different other studies using non human primatesvgdl how scopolamine induces the same memory loss
observed in aged monké$sThese studies first showed that age memory losklde reduced using drugs

able to increase the cholinergic activity



The *“cholinergic hypothesis” has been further \aiidi by the observation that AD pathology is
associates with a significant loss of presynapliolioergic markers, such as Choline AcetilTransera
(ChAT), a key enzyme in the biosynthesis of ACH-urthermore, other studies have demonstrated a
reduction in the number of nicotinic and muscaridigreceptors subtype and acetylcholinesterase (AChE)
in patients affected by Alzheimer Dise&$& Moreover, disruption of the coupling between féceptor and
its second messenger G protein has been obsérved

These studies clearly demonstrated that cognitivkteehavioural disorders associated with AD derived
from the reduction of ACh and cholinergic transhgesand, therefore, the “cholinergic hypothesis”
represents the principal therapeutic approach t&AD

Acetylcholine is the neurotransmitter that intesawatith cholinergic receptors and modulates differen
physiological function in the CNS e in the Periglddervous System. It is produced in the cytoplagm
cholinergic neurons by the enzyme ChAT from cholind coenzyme A and it is stored in synaptic vesicl
After it is releasing in the synaptic cleft, it caave excitatory or inhibitory effect dependingtbe type of
tissue and the nature of the receptor activatets fhetabolized into choline and acetic acid byyere
Acetylcholinesterase (AChE). Cholinergic receptaran be divided in two types based on the
pharmacological response to various agonist arabantst:

1) nicotinic receptors (NAChR), which have nicotinenasural ligand;
2) muscarinic receptors (mMAChR), which bind muscarine.
These two receptor systems have different strustuoealization, functions and are associated with

different biochemical pathways.

Acetylcholine
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Figure 1. Schematic representation of one subtype of nACIR7jgand mAChR***

Both these two receptor systems are implicatedDn A

Several experimental evidences have reported actieduin central nicotinic receptdfsand M
muscarinic subtype receptors both located in prgstyn cholinergic terminals in AD patients. Howevar
relative preservation of postsynaptic Mind M; receptors has been observed. In addition, sonuereees

showed a disruption of the link between Mceptor and its coupled G-prot&in



Therefore, such receptors system could be considerealuable target for the treatment of AD (see

section 1.2 for more detailed discussion).

Acetylcholinesterase

Cholinesterases are a ubiquitous class of serideolyges that hydrolyze choline esters. Two forhs o
cholinesterases, encoded by two distinct genesir @@egnammalian:

» Acetylcholinesterase (AChE) which selectively hygres ACh and its main role is the
termination of impulse transmission at cholinergynapses, by rapid hydrolysis of ACh in both
central and peripheral nervous system;

» Butyrylcholinesterase (BChE) which hydrolyzes othkoline ester (BChE is less selective than
AChE) but its role is not completely understoodynfr recent experimental evidences, BChE

seems to be able to redygamyloid precipitatioff*’.

Figure 2. Representation of the secondary structure of A&hE

AChE is present in nervous tissue, muscle, plasmialbdood cells and it displays also non-cholinergic
function, such as hydrolysing of encephalines anbstnce P. Since the discovery of “cholinergic
hypothesis”, AChE has been widely investigated iatés become one of the most well known enzymatic
systems.

On the other hand, the functions of BChE are nongletely clear; in brain, BChE has been found in
association with dopaminergic system while in pgegiy it is abundant in liver as well as in the Gacd
muscle. BChE has been suggested to act as a fwetenozymatic system to guard AChE against intahiti
by false substrates, preserving the critical fumctiof AChE in its regulation of cardiovascular,

neuromuscular and central cholinergic activities.
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In 1991 Sussman and co-workers solved the threerdiional structure oforpedo CalifornicaAChE
(TCAChE) that is structurally homologue to the musodel nerve AChE of vertebrate. The enzyme monomer
is ao/P fold protein, MW 65612, which contains 537 amirida. It consists of a 12-strained central mixed
B sheets surrounded by d&elices and bears a striking resemblance to selvgieolase®.

AChE is characterized by the presence of two maudiibg sites:

1) catalytic active site, where the hydrolyse of thbstrate ACh takes place;
2) peripheral anionic site (PAS), which presents natalgtic functions.

(d) Peripheral
_— binding site

(b} Acyl pocket

) ."\.\ =
A \ \
B o
(&) Catalytic \ R
triad of '

AChE . Ewm

Figure 3Structure of ACh®,

TcAChE active site was found to be at the bottomaadeep and narrow gorge, lined by aromatic
residues. AChE has been always classified as @eskydrolase and it presents at the end of theegbigso-
called catalytic triad formed by Asp-His-Ser. S€¥2€ the residue responsible of the nucleophiliackt of
carbonyl moiety of ACh and the following esterasmivity. The nucleophilic properties of Ser2@bde
enhanced by His residue in the active site, idiedtids His440 by mutagenesis studies. The thiiduesas
been indentified as Glu32ather Asp by site-directed mutagenesis studietwuiman AChE KAChE) the
catalytic triad includes Ser198, His483 and Glu38&ar the bottom of the cavity there is Trp84 which
represents the anchoring site of the cationic pomif AChE, through a catiominteractior.

The Peripheral Anionic Site (PAS) is located at tiine of the gorge and it is formed by several amino
acids such as Tyr72, Tyr123, Tyr341, Glu285, Aspiid Trp288".

AChE presents many non-catalytic functions and ds Hbeen suggested that PAS could mediate
heterologous protein association processes in $ygepesis, neuronal differentiation and
neurodegeneration. Several studies demonstratéd\@fzE could play a key role during the formation o
senile plaques because it is able to accelerat@gh#deposition. This process is affected by PAS inbibi
and not by active site inhibitors suggesting theciad role of PAS in the senile plaques formatiooges¥’.

In 2003, Bartoliniet al. examinated different well known AChE inhibitorsdamo correlation between AChE
inhibitory activity and the ability to preventgfaggregation have been fodhdMoreover, BChE, which
lacks the PAS, was not able to affect the amylohiation’”. AChE-Ag interaction has been characterized
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in vitro: they form a complex that presents a fibrillogesmitivity and determines also an increase in toxici
of the fibrils**.

Figure 4. Docking simulation of & on AChE®,

Hence, AChE inhibitors able to interact with bo#tatytic and peripheral sites could offer an effect
therapeutic approach for AD treatment.

Indeed, with the exception of Memantine, all théi-Atzheimer drugs currently in therapy are AChEI
(see section 1.2 for further details).

Amyloid hypothesis

Amyloid S peptide was isolated for the first time 20 yeays ftom the brain of patients affected by AD
and Down’s Syndrome and some years later this ¢geeptas been recognized as the primary component of
senile plaques of AD brain tisstié&”. Amyloid g peptide derived from an Amyloid Precursor Pro(@RP),

and the gene encoding for this protein is locatedlidomosome 21.

The amyloid hypothesis states thaf plays a central role in the pathogenesis of ADisit
hypothesized that Aaccumulation in plaques or as partial solublenféats initiates a pathological
cascade leading to neuronal dysfunction, tanglesdton, inflammation, and oxidative damage,
with neurodegeneration and dementia as the finedoowe. The amyloid cascade hypothesis is
based on a complex of subsequential events, gjantith ASZ overproduction and/or a decreased
clearance, which results in oligomerization and cd@mn as diffuse plaques. Several lines of
evidence have recently demonstrated that soluliderokrs of AG, but not monomers or insoluble
amyloid fibrils, might be responsible for synapdigsfunction (Figure 5§,

In any case, & aggregates might directly injure the synapses raeutites of brain neurons, activate

microglia and astrocytes, modify kinase/phosphatastvity and ionic homeostasis, and promote a

heterogeneous state of oxidative stress.
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Senile plaques are extracellular deposits of amyfibrils formed by different fragments of peptidethe
major component of the amyloid core is the 42 anaicids residue Ay,".

Ap after being released from its precursor APP caalesge into deposit called “diffuse plaques”; these
plaques induce further deposition of other Amylpldques. Then, such plaques could reorganisefinto
pleated sheets and fibrilise into neuritic plagl@esling to different events which culminate in reeal loss
and synaptic dysfunctiéh

N ——y APP PS| and

i P52 mutations
R T Unknowm
Non-Amyloidogenic pmfé/' Amylaicagenic pathweay N genes
)

o p H_.J-!CE cleavage
i fir 3 [ - \
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ot mE
reecrelase S q |‘- '&42 e "1&|$ clearance
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\ =jull=
\ As diffuse plagues
Aggregation of ARA0 onto diffuse
AR42 plagues Accrual of
certain plague associated proteins
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Altered neuronal, metabolic
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Altared kinase/phosphalase aclivilies
Hyperphosphorylation of lau-=tangle fermation

Dementia

Figure 5. The amyloid cascade hypothddis

Amyloid plaques are deposit gfamyloid insoluble peptides derived from the preoarAPP°® which is
widely expressed in cells throughout the body @aadimounts are influenced by the physiologicalestdt
the cells. Several isoforms of APP exist but thestadundant form in brain is constituted APP895

APP could be processed following two different paiiss: the amyloidogenic and the non-amyloidogenic
pathway®. The non-amyloidogenic pathway involved the enzymsecretase while the amyloidogenic
involved two other secretasds,andy-secretase. The APP cleavageobsecretase releases a large soluble
fragment ¢-APP) and the retention of an 83 amino acid fragmén the amyloidogenic pathwa-
secretase (BACE) cleaves APP generating an eXubkelsoluble fragment calle@-APP and an
intracellular COOH-terminal fragment called C99.cBuragment is further processed tgecretase to

produce peptides of different length such #s,And the pathogenicy'®*".
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Very interesting, the APP intracellular domain ded from the cleavage of C99 hysecretase could

translocate into the nucleus and modulate the egfme of different genes, such as apoptotic gefigsire
6)48
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Figure 6. Pathways of APP processfig*

However, other factors could contribute tg fsrmation such as high level of cholesterol in ¢iaés”.

Regarding the enzymes involved in pramyloid formation, BACE ang-secretase have received many
attentions as possible therapeutical targets.

BACEL1 is an aspartyl protease that requires twardsges, Asp93 and Asp 289, for its activity. BACE-

RNAm is highly expressed in the brain and in otheman tissues and it is mainly expressed in thgiGol
and in endosomg®™.
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Figure 7. Ribbon model of the crystal structure
of B-secretase catalytic domaii®

y-secretase has a central role in AD pathogenesisobwa long time it has been a mystery for all the
scientists. Now, it is known thatsecretase is a multiprotein complex of Presen(i#s1 or PS2), Nicastrin,
Aphl and Pen2. Both PS1/2 regulate the activity-ekécretase. However, studies carried out in animal
lacking PS1 but not PS2 showed a decreased lef/élsamyloid suggesting that PS1 has a major role in
APP processing than P32°. Indeed, also PS1 is an aspartyl protease.

Figure 8.y-secretase compl&k

Fundamental foy-secretase activity is Nicastrin and the N-termipeatt of its transmembrane domain is
involved in interaction with PS1. Nicastrin worksyasecretase receptor since it binds the N-termidal af
APP and recruits it within thg-secretase complex for further cleavdgéen2 and Aphl seem to be
necessary to stabilize the mature PS1-Nicastrirptext

y-secretase complex has several different substotites than APP, including NOTCH 1-4, and ErbB-4

receptor”. The finding that knockout of thesecretase component PES-1 caused a lethal phersityjar
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to a NOTCH 1 knockout, indicate thgtsecretase cleavage of NOTCH 1 is essential dwingryonic
development. However, NOTCH signalling is also imanot in adult tissue and its inhibition might affe
haematopoiesis and thymocyte differentiation. Regerchronic in vivo administration of a poteny-
secretase inhibitor at doses that inhibite@ production was shown to block thymocyte differatitin,
inhibit splenic B-cell maturation, and cause sewdranges in the gastrointestinal tPact

Recently it has been found that caspases couldcdswe APP leading to a second apoptosis-promoter
peptide called CT31 (Figure®)
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Figure 9. Probable processing of APP by casp¥ses

S-amyloid is able to induce neurotoxicity throughvesal mechanisni§ It has been demonstrated thak A
induces formation of Reactive Oxygen Species (RB&) cause lipid peroxidation and protein oxidation

Moreover, A5 causes accumulation of hydrogen peroxide in cedtimyppocampal neurons.
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Figure 10.Neurotoxic action of & involving ROS generatidh

Furthermore, & has effect on calcium homeostasis. Calcium isajrtbe most important messengers in
the brain and it is essential for neuronal develpnand signal transmissiongAncreases calcium influx
through voltage-gated calcium channel, forms aonaielective ion channel afteppAeptide incorporation
into the cell membrane and reduces magnesium kdeclat NMDA receptors to allow increase of
intracellular calciurf.
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Figure 11.Neurotoxic mechanisms ofg.
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Neurofibrillary tangles

In addition to amyloid deposits, neurofibrillaryngies (NFTs) are typical AD markers and the discpve
that AG in the vicinity of neurons enhancedghosphorylation in cellular cultures and in branggested a
link between the two lesions.

NFTs, which are insoluble filamentous accumulationnd in degenerating neurdfisare composed of
highly phosphorylated aggregates of a microtubgkneiate protein, self associated into paired helical
filaments (PHFe).

In AD, © becomes hyperphosphorylated and self-aggregatgd@eh resulting tangles accumulate within
neurons leading to neuronal death. However, théhamésm of such aggregation is still not well untterd
even if it is clear that phosphorylationwf a key factor.

7, when is “normally phosphorylated”, plays many gibjogical roles in regulating neurite growth, aabn
transport and microtubule stabifityt is a neuronal protein that could exist in 6 diéferisoforms in adult
brain. It possesses many sites that can be phodatea:: for example, the longest adult brain foras h
almost eighty Ser and Thr and five Tyr residtiePhosphorylation is essential forproper functions,
however, its hyperphosphorylation has been observatny neurodegenerative disedSes
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Figure 12.Physiological and pathological roleswophosphorylatioff.

PHF< induces neurotoxicity through several mechanismesh as:
1. disassembly of microtubul®s

2. comprising microtubule stability and functidhs
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3. disruption of intracellular compartments esseritiahormal metabolisff.

Oxidative stress

Neurodegenerative diseases, such as AD, are chdzad by an extensive evidence of oxidative sfress
which might be responsible for the dysfunction auronal cells death contributing to the disease
pathogenesis. Oxidative stress is the result afrdalance in pro-oxidant/antioxidant homeostasid thads

to the generation of toxic ROS, such as hydrogeoxide, nitric oxide, superoxide and the highlyatbae
hydroxyl radicals.

g f-. P ;
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Oxidative
Reactions
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Figure 13. Imbalance in pro-oxidant/antioxidant in normatigrathological conditiofi.

Although many questions about the mechanism of emygegulation remain unanswered, it has been
widely confirmed that oxidative stress contributethe neurodegeneration process, and plays adkeynr
A neurotoxicity®™">">" zr?* CLf* and F&" have been found in high concentration in diffemegions of

brain andn vitro studies showed that Zncould induce aggregation and precipitation gf°AThe same A
aggregation can be induced by’Cand F&" "°.
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Figure 14.Oxidative stress in AD.

Ap possesses histidine residues at 6, 13 and l4qoosihich are able to coordinate metal ions. Such
interaction has been confirmed by spectroscopidisti. Accordingly, it has been demonstrated that
methylation of the histidine side chain abolishHesmetal coordination.

When such metals coordinate t@ Aedox reaction takes place that reduces the oaidatate of the

metals and produces hydrogen peroxide from atmospbreygen.

Oxygen is in a triplet-spin state and thereforenattion with most of the organic molecules is fdden.
However, different metallo-proteins could activ&lgto ROS following different pathways, such as Fanto
and Haber-Weiss reactitn

Ap reduces Ct and F&" and leads to production of ROS. The chemical i@astoccur are the

following:
AR, + M™ — 5  AgAT + M
Then, reduced metals €wand F& react with molecular oxygen to produce superoxidera

M+ o) I— (m—l) + O

Superoxide anion can undergo to dismutation leattiftydrogen peroxide.
20, + 2H EE— 2B + Q
Reduced metals then react with hydrogen peroxitlewimg Fenton reaction to generate the highly

reactive hydroxyl radical (OH-):
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Mo+ 4o, —— ®@Y + on + OH
Furthermore, OH- could be formed by the Haber-Wiastion catalyzed by f#1*/M™":

0, + KO, —_— GH +OH + Q

Once generated, ROS can react with a multitudeiféérent molecules leading to impaired cellular
functions, formation of toxic species, and neurar&l death. Lipid peroxidation, resulting fromaatk by
radicals on the double bond of unsaturated fatiggsacuch as arachidonic and linoleic acids, igrssible
marker of oxidative stress. This reaction generdighly reactive lipid peroxy radicals that produce
downstream products, such as 4-hydroxy-2,3-nongilIE), acrolein, malondialdehyde, and,- F

isoprostanes which have been detected at highilewerebrospinal fluid of AD patierits
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Figure 15.ROS generation by abnormal reaction @fv@ith protein-bound Fe or Ct

Moreover, HNE and acrolein generate further toyitiy cross linking to cysteine, lysine, and higtili
residues via Michael addition, leading to an atleruptake of glutamate and by promoting excitaioy
and stimulating apoptotic cascade. The benefidfakcts of memantine, a NMDA receptors antagonist, i

rescue AD pathology are thought to be relatedéadduction of these excitotoxic phenomenons.

Glutamate-induced toxicity

Excessive activation of glutamate NMDA receptorsi(DAR) plays a fundamental role in A%
Glutamate is the most important excitatory neurcnaitter and exerts its physiological and pathaali

binding to specific glutamate-receptors. Two classesuch receptors exist:

1. metabotropic receptors, that belong to a G-prateirpled receptor family
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2. ionotropic receptors, which are ion-channel recepb@longing to the ionotropic famffy

The latter receptors system could be further dividasing on their sensitivity to synthetic agomsto-
amino-3-hydroxy-5-methyl-4-isoxazole propionic a¢lMPA) receptors N-methyl-D-aspartate (NMDA)
receptors and kainate receptors. In particular, NMDA receptor is a cornerstone in AD pathogenesis.
Pathological overactivation of NMDAR causes an ssoe influx of C&" triggering several cell-damages
biochemical pathways, which include (Figure 16):

» mitochondrial ROS formation leading to caspasevatibn and apoptosis;

e activation of nitric oxide synthase leading to acrease production of toxic peroxinitrite (ONQO

» stimulation of p38 MAPK that induces transcriptiminproapoptotic factoré.

o
© 0g ?
i \
\___i__/

Apoptosis - romatin condensat

Figure 16.Death pathways triggered by excessive NMDAR agfitit

Furthermore, several links exist betweefi &nd NMDA-mediates events. In particular Aeems to
increase NMDA responses and, therefore, exicititiFurthermore, A& could inhibit glutamate reuptake
leading to an increase concentration of such nemsinitter in the synaptic cl&ft In addition, NMDA
hyperactivation seems to increase the hyperphogplaion of t-proteirf” However, NMDAR present
several binding sites that could represent potietatiget for blocking excitotoxicity.
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1.1.2 Therapeutical Approaches to AD

In the past years, important progresses have beele m understanding the pathomechanism leading to
AD and new therapeutic targets have become availabtlesign new molecular entities able to preteat
disease progressiti®

However, to date the therapeutic strategies fortthatment of AD have been mainly centred on the
restoration of cholinergic functionality and un8D03, the only drugs licensed for AD treatment were
acetylcholinesterase (AChE) inhibitors (AChEIs) suas Donepezil, Galantamine, Rivastigmine and
Tacrine. This last AChEI, however, has been regenithdrawn from the market due to its serious side
effect$®.

More recently, the role of an overactivation oftglaate receptors in neuronal death has been adyinit
cleared out, and the NMDA antagonist Memantine leen approved in the US in the late 2003 (Figure
17)°.
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Figure 17. Anti-AD drugs currently approved.

Cholinomimetic Therapy

Based on the “cholinergic hypothesis”, a drug abl@otentiate central cholinergic function should b
useful in the treatment of Af The treatment of the cholinergic deficit in ADubo be addressed through
several strategies.

One of the first attempts to treat AD was focusadnzreasing the synthesis of ACh by supplying its
precursors as lecithin and choline; however, thgr@ach failed probably because there are suftidéaels
of ACh precursor in AD brain and other factors mgponsible for the cholinergic defféit

Another useful approach is directed toward the rfaiohin of cholinergic receptors. In particular, el
pharmacological studies showed that Muscarinic receptor subtypes mediates many of tdumiton-
enhancing effects of ACh and;Mctivation could inhibit deposition of#through different pathwa$t™
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Therefore, many selective ;Ngonists have been developed as cognition-entgdeigs. Some of these
drugs, such as Milameline, Sucomeline and SDZ BK)-Gespite of exerting cognition-enhancing effects
showed several side effetts

Furthermore, M muscarinic receptor subtypes are important imiegf memory and neuronal plasticity.
Presynaptic autoreceptors;Mhediate inhibition of hippocampal and corticalesse of ACH. Therefore,
blockade of M autoreceptors should lead to an increase in A@hI Iby negative feed-back effétt
Selective M antagonists, such as BIBN-99 increase extracellalaels of ACh and cognitive function in
both memory-impaired aged rats and normaftatsnew class of Mantagonists has been developed in the
Schering-Plough laboratories, and the lead comp@@H 57790, although showing a promisingvivo
profile, was not further developed because of flesgnce of a metabolic labile moi€tySeveral analogues
of SCH 57790 have been synthesized with a bettarnpdcokinetic profiles and improved,Melectivity,
and among others, SCH 76050 emerged as a potentseledtive M antagonist, but with a poor

pharmacokinetic profif&,
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Figure 18.Chemical structure of MmAChR antagonists.

Unfortunately, in the late stages of AD a severg rkteptors degeneration is observed limiting the
potential use of Mantagonists in AD treatment.

AD patients are characterized by a significant ease of a wide number of nicotinic receptors (NAChR
and several experimental evidences show a stdotipection between AD and nAChR.

Nevertheless, nowdays only few molecules intergatiith the nAChR system are under investigation for
the treatment of AD. ABT418 developed in the Abbaboratories is a4f2 agonist actually in phase Il
clinical trials and many its analogues are curgentider investigatioi. In addition, analogues of alkaloid of

Epibatin, such as SIB1553A, are currently studyADrtreatment™.
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Figure 19.Structure of NnAChR agonists.

However, several problems limit the developmenn&&hR ligands for AD therapy; perhaps, the main
problem associate with the use of nAChR agonitedastdesensitisation of these receptors to the effect of
these agonists.

ACh, after its release in the synaptic cleft, ipidly hydrolyzed by the action of AChE and BChE.
Inhibition of such enzymes should lead to an ingega concentration of ACh leading to an enhancémien
the cholinergic tone.

Nowdays, the most effective method to improve cteljic deficit is to inhibit AChE even if clinical
experience shows that cholinesterases inhibitignsisa palliative treatment, which does not adsli&B’s
etiology'***%

The first inhibitor of AChE (AChEI) approved in 13%y FDA to treat AD was Tacrine (Coghéx
Tacrine was synthesized more than 40 years ag®aitreversible inhibitor of AChE with a strongiaify
for the catalytic site but it is not able to interavith PAS. Furthermore, it is active towards mamine
oxidase. Tacrine appears to improve cognitive fonst and behavioural deficits but, unfortunatelious
adverse side effects have limited its use: it dpplhepatotoxic effects and for this reason it besn
withdrawn from the mark&¥.

Three other commercial drugs available for thettneat from mild to moderate AD in US and Europe

are Donepezil, Rivastigmine and Galantamine.
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Donepezil (Aricept) is a piperidine reversible inhibitor of AChE thdisplays increased activity and
selectivity that means it has fewer adverse effaci$ can be tolerated in higher dose with limitete s
effects such as nausea and diartfe®ivastigmine (Exelon) is a long-acting pseudo-irreversible AChE
inhibitor generally well tolerated; indeed, theesiffects usually concern the gastrointestinalesgst

Galantamine (Reminy) has a more complex biological profile, becaussides AChE inhibitory activity
it is able to activate nicotinic acetylcholine rptas. This dual mechanism of action could potdigtia
increase its potency as cognitive enhancer'ftug

Several other natural compounds potentially adtivAD treatment are currently under investigatien a
cognitive enhancing agents. Among these, Huper&inan alkaloid isolated from the Chinese traditiona
herbHuperzia Serratais a potent, selective, and long-acting AChEbitbr, and it is endowed with high
efficacy in improving memory in different animal oes and clinical trials. (see section 1.3 for Hart
discussion about AChE inhibitors)

The palliative nature of AChE inhibitors based teigy is the most commonly objection against
cholinergic hypothesis and, although reduction @hApathways has been shown in biopsies from AD
patients within a year of onset of symptdffisit is not completely clear if the cholinergic wéf occurs
early in the course of the disease or it is a aqusece of other pathological events. It seems ¢thesrthe
AChEIls capability to relieve symptoms of AD may deg on the integrity of the neuronal cholinergic
system and, in severe cases, it could result icgerfit. Moreover, significant variability exists ithe
response to the AChE inhibitors treatment, with esaubjects apparently resulting unresponsive at any
tested dose. While the ultimate goal for AD treaitmevould obviously involve the pathogenesis and
aetiology of the disease, clinical use of AChE liitioirs have shown a temporary stabilization of dtgm
impairment. Despite the controversial debate upercholinergic hypothesis and the development wérsd
new approaches for AD treatment not related tartbdulation of cholinergic activity, this theoryfer from
being considerate merely an historical approachmeSmvestigators have recently reported an apparent
retardation of the progression of the neurodegéneraprocess in patients treated with AChEIs.
Furthermore, the finding that non classical modoakadf AChE activity can interfere with the accutibn
and precipitation of & hence, downstream, with the deposition of sepidgues, could afford a rational
link between the two more important strategies &f therapy®’. Therefore, it seems that the cholinergic
hypothesis will continue to drive drug discoveryttwihe aim to design and synthesize new multipotent
AChEIs combining the ability to increase the chetijic response with inhibition of thefaggregation

deposition.

Anti-amyloid Strategies

Within the years, the so called “Amyloid hypothédmss assumed a central role in understanding the

mechanisms leading to neuronal death in AD. Theeefd is not surprising that many efforts have
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concentrated in reducing/modulatings-productio*'° Indeed, the decrease offAn the brain should
ameliorate the symptoms offAand this could be achieved by interfering at défe level of the & cascade.

* Lowering A8 production: Secretase inhibition

Two secretases are involved in the cleavage of BBing to A6 release and formation gfamyloid
plaguesg-secretase (BACE1 and 2) apdecretase.

In particular, BACE1 seems to be an attractive darget since BACE1 knockout mice do not produce
A and its crystal structure has been recently sélved

To date, many peptidomimetics and non-peptidomiceeBACE 1-inhibitors have been developfgd® In
particular, several new peptidomimetifssecretase inhibitors were developed starting frtonmcated
polypeptides bearing non-cleavable transition stateicking groups.

The prototype of BACE1 peptidomimetic inhibitors tbfe first generation is represented by OM99-2
designed as transition-state analogue and endowtedaw 1G, of 0.002uM. Furthermore, using X-Ray
structure-based modification of OM99-2 new low noollar weight peptidomimetics BACEL inhibitor have
been developed)((Figure 213"

Figure 21.a) Chemical structure of peptidomimetic BACEL1 irituks OM99-2
andl; b) crystal structure of OM99-2 with BACE{ ™

Later, cell-permeable BACEL inhibitors able to indureduction of & in human embryonic kidney
(HEK) cells have been developed by Elan/Pharmatiair lead compount showed an Ig of 0.03uM**3
truncation of the N-terminus and C-terminusllofed to the identification of the smaller peptidekibitor
I, with an IG, of 0.3 uMm. Further structural modification ofi allowed to discovetV as potent and
cell-permeable BACEL inhibitor, with an J¢of 0.12uM; the corresponding diac was more potent (kg
= 0.02uM) but, due the poor cell permeability, it showemlinhibition of A in HEK cell (Figure 22)*
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In 2006, a potent BACEL inhibitor have been dedgigimewhich the tetrazole ring were introduced as
bioister of the carboxylic acid to giwél andVIl , which displaied an I§ of 4.8 and 1.2 nM, respectively
(Figure 23§".

Furthermore, in order to obtain better pharmacdldn@rofile, compounds, characterized by an
hydroxyethylamino residue, were developed on tilsaimgtion that basic nitrogen could lead to an insee
in inhibitory potency. The most potend compoundshif series wer¥lll andXl which displaied an I
of 5 nM and 20 nM, respectivel.
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Figure 23.Chemical structure df1-VIl and hydroxyehtylamino-based BACEL1 inhibitofl -1X.
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Inhibitors based on the peptidomimetic strategyfesufrom well-known difficulties typical of
polypeptides, such as poor blood—brain barrierstngsand poor oral bioavailability.

Despite many BACEL1 inhibitors peptidomimetics hdeen designed, also many non-peptidomimetic
BACE1 inhibitors have been develop¥d

In 2001, aminoethyl-substituted tetraline have bdetovered and the most potent compound of the
series wa¥ with an IG, of 0.35uM™® Also Vertex disclosed several BACE1 inhibitordeato inhibit the

enzyme in a micro molar range and the most potestiv'™®.

Halogen

Figure 24. Most potent compound based on the aminoethyl-
substituted tetraline scaffol, and Vertex’s inhibitoiXI .

A series of derivatives endowed with an aminoquotiae scaffold were discovere&Xl{ andXlll ) all
characterized by high BACE1 inhibitor activity;&0.9uM and K= 11uM, respectivelyy’.
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Figure 25. Aminoquinazoline-based BACEL1 inhibitors.

As reported before, BACEL represents a better pheotogical target thap-secretase. Indeed, despite
many efforts in designing-secretase inhibitors, interferences with Notchmaliing lead to several side
effects that precluded the clinical developmentso€h inhibitors. However, compounds that inhipit
secretase with little effect on Notch could resiseful in AD therapy.

One of the firsty-secretase inhibitor is the dipeptidic compound DARat inhibits A¢ production with
an 1G of 115 nM in human primary neuronal cultufés

A very interesting inhibitor developed by Bristolyits Squibb is BMS-299897 that displayed ag I

7 nM and seemed to be selectiveyfarecretase over Nottf
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However, the most poteptsecretase inhibitor was LY-411575 with ard6f 119 pM>%. Unfortunately,
this compound in mice interferes with maturatiorBefand T-lymphocytes once again due the inhibibén

Notch signalling®>.

LY-411575

Figure 26.Somey-secretase inhibitors.

Recently, an allotter binding site on theecretase has been discovéféd

Interestingly, some nonsteroidal anti-inflammatdrygs (NSAIDs), such as ibuprofen, indomethacin and
sulindac sulfide, are able to reduce the releas@fef and to increase the release of less amyloidogenic
Apss%. The effect of NSAIDs on amyloidogenic-pathwayit mediated by interaction with COX but they
interact directly with thg-secretase complex. However, despite the mechavfisiotion of the NSAIDs on

y-secretase is not elucidated, seems that NSAID®timterfere with the NotcH'.

'r-\[fertain NEAIDs
38 42

.M

I\ 4pPP ( AR peptide '.\ /,-

B 40 49
BACE1 -Secretase

Figure 27.Modulation ofy-secretase cleavage by NSAff)s

Thanks to these studies, the NSARHlurbiprofen (Tarenflurbif) is now in Phase Il clinical trials in the
US for AD treatment. It modulates thg-Aroduction without interacting with COX; howevéris important

to point out, that the other enantiom®&i#jurbiprofen, is the active inhibitor of Cca®
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Figure 28.NSAIDs modulators of-secretase.

Recent studies led to the discovery of a nucledbitheling site on the-secretase complex; this site
allows to allosteric modulation of-secretase without affecting the Notch pathways. Ai¢tease A
production and, therefore, compounds interactirtfp tie ATP binding site could be potential usefulD.
Among these compounds, Imanib, an Abl kinase itdiipis able to inhibit the Aproduction and it does not
interact with the Notch pathw&y.

* p-sheet breakers

Amyloid plaques are one of the characteristic hatka of AD leading to neuronal death. Therefore,
compounds able to interfere with the refold andtbe formation of A&-aggregates should have
neuroprotective effects™*°

Soto and coworkers proposed that short peptide tbleind A3 may destabilize, in principle, the
amyloidogenic /& conformer and preclude amyloid formatiinThey developed a series of peptides based
on the structure of the central hydrophobic regiwithin the N-terminal domain of Aprotein; in order to
disruptp-sheet formation they inserted a proline moiety.ofug the different small polypeptides designed,

the most active on different models way .

XV

Figure 29. Structure of Soto’s pentapeptide.
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These peptides initially bind tofAand the formed complex is stabilized by hydropbadhteraction.
Then, the peptides induce conformational changdiseii-sheet structure. This is probably due the presence
of proline which can interconvert itss andtrans conformation.

However, it is well known that peptides have poangdiike profile mainly due their pharmacokinetic
characteristics.

Nevertheless, other compounds are able to indusaggregation of Adfibrils such as the antibiotic

Rifampicin and Daunomicif? .

Rifampicin Daunomycin

Figure 30.Chemical structures of Rifampicin and Daunomycin.

* Cholesterol-reducing approach

Several experimental evidences show that choldstendulated the A productioﬁe’los. Although the
mechanism of how cholesterol can influence thisatmelic pathway is not well clear, it seems thathhig
cholesterol levels favourites the BACE-mediate ARBteolysis (the amyloidogenic pathway) while low
cholesterol levels increase the APP processiiag o-secretasé® Indeed, agents able to reduce the
cholesterol concentration, such statins, show sedse level of &in mice and guinea pi§§**>

A very promising approach could be the use of indiib of acyl-coenzyme A cholesterol acyltransferas
this enzyme catalyzes the formation of cholestesgers from cholesterol and its inhibition leadato

reduction in A formatiori”®.

* Af immunotherapy
This new approach directed towardg,;Aderived from the first observation, by Shenk andarkers,
about the reduction of APP levels in transgenic seaafter vaccination with aggregatefL,A®.
The mechanism of how this reduction takes placends well known, however, three different
mechanisnfs have been proposed in order to explain such fgsdin
1. antibodies bound to /Ain the brain and trigger microglia tgfAhagocytose via Fc-receptors;
2. antibodies may behave as chaperone and destrogwem A8 aggregatioti” ;

3. antibodies may sequestep & the plasma inducing a rapid efflux op A&rom the braift®***
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Noteworthy, the first &, 4oantigen in clinical trial displayed very promisingsults in ameliorate thefA
associated AD’s signs; however, it had to be stdppe Phase Il because it induces T-cell mediate

autoimmune respongé’

¢ Metal-chelating approach
High concentrations of metal ions, such ad'Cie€*, and Zi*, have been found withinAdeposits in AD
brains. Metal ions have been shown to modify thep&ptide and to induce its aggregation. Therefore,
metal-chelators can solubilisggAn AD brains*2
Several metal chelators developed, such as digthiylaminepentaacetic acid (DTPA), triethylenetatnane
(TETA), and desferrioxamine (DFO), beside theirligbito chelate metal ions, were able to reduce the

production of hydrogen peroxide derived from theriaction of C&" and F&" with AS;.4, '
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Figure 31.Chemical structure of different metal-chelators.

Another metal-chelator is clioquinol. Clioguinolready known as antifungal and antiprotozoal disg,
able to chelate metal ions and to induce reductfolys accumulatioh,

However, although a metal chelator could repreagmtomising agent to reduced metal-mediated brain
injury, their protracted use could present serisgie effects by interfering with the normal functiof

physiological metalloenzymes.

» z-hyperphosphorylation directed strategies

Neurofibrillary tangles (NFTs) are typical AD markeand are aggregates composed of highly
phosphorylatedr protein. Inhibition of the formation of such aggaées could represent a promising
approach in AD’s treatment. This goal could be eedd following different approaches.

The first one is the development skinases inhibitor; indeed:-protein posses many phosphorylation

sites and many important kinase targetuch as glycogen synthase kinaB€@SK-3), microtubule-affinity-
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regulating kinase (MAPK) and protein kinase A. Utifioately, not so many inhibitors of these kinasage
been developed.

At the same time, activation of phosphatases ctedd to a restoration of correctfunctionality.
Nevertheless, also in this field the research didpnovide significant progress yet; on the othend it was
reported that Memantina inhibits hyperphosphorylation by restoration of protein Rinagases PP2A
activity*,

Molecules that can inhibit-aggregation should be useful to protect neuroranat neurofibrillary
tangles. Therefore, many small molecules-aggregation inhibitor have been develdjj&d

An appealing class afaggregation inhibitors is based on the rhodaniaéfald. In 2007 Waldmann and

coworkers reported several derivatives of rhodan{@ethioxothiazolidin-4-oneY.

a) b)

Figure 32.a) Structure of the hit compound rhodanine
b) Variations of the cof&’.

In general, the presence of a carboxylic acid foncis important for the disassembly activity vitro
because its esterification or its replacement w&ithimidazole or benzimidazole group lead to a deszé
activity. The modification of the heterocyclic siaddain leads to reduction of the activity as wedl a
modification of the aromatic side chain. These sl@ments seem to be important to establish hydtdpho
or n-stacking interactions with-protein. Structure-Activity Relationships based ridanine-derivatives

designed by Waldmann and coworkers are summanizEayure 33:

Chain length important

1T

A
Carboxylic acid /

Electron-rich B ot triaryl groups
heterocycle

Sulfur optimal

Figure 33. Structure-activity relationships
of rhodamine derivativé¥.
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Furthermore, N-phenylamines and Anthraquinones laspnhibitory effects onr-aggregation. In
particular, in the anthraquinone series, it is ingnat to point out that all derivatives, endowedhwihis

particular biologica property, present a tricyalructure with one or mozhydroenone group¥.

NOz 4 oo
OH!O  OH
Ress
1.0 OH;
B4D5 PHF016

Figure 34.Selected examples of N-phenylamines (B4D5) and
Anthraquinones (PHF016).

FMoreover, Benzothiazole-based compounds have teesloped. Such compounds present a cationic
charge that could interact by electrostatic bonth whe target and the benzothiazole ring may establ
additional hydrophobic interactions. Among thesevagéives, N744 displays the higher activity with K5,
of 300 nM**,

N744

Figure 35.Chemical structure of the Benzothiazole N774.

Phenothiazine derivatives also display inhibitogtivaty toward z-aggregation; in particular, Thionin
display an 1G, of 12uM and its activity is probably due to the plananfithe central core (Figure 3%5

Porphyrin, such as Hemin, is the only organometaliample ot-aggregation inhibitor. The metal ion is
fundamental for the activity since its analoguekiag the metal, is less active. The mechanisnctba is
not clear; however, it is also able to inhibjf,Aaggregation by coordinating histidine residue #misl could

explain also the-aggregation inhibitory effetf,
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HOOCC,H,

Thionin

Hemin

Figure 36. Structure of Thionin and Hemin.

» Targeting NMDAR-mediated neurotoxicity:

Among the several biochemical pathways leadingetaronal death in AD, NMDAR plays a key r&le
Ilts excessive activation, leading to toxic level€e* in the cells, has been observed and thereforeshef
NMDAR antagonist may represent a useful therapaut@pproact. However, many NMDA receptor
antagonists also produce highly undesirable siflectsf at doses within their putative therapeuticgea
Nevertheless, the only drug approved for AD treatintieat does not interfere with the cholinergictegsis
an antagonist of NMDAR, Memantine. It was approwed003 in US for the treatment of moderate to
severe cases of AP. It is a non-competitive NMDAR antagonist derivédm amantadine, an anti-
influenza agentMemantine exerts its effect on NMDAR activity bynding at or near the Mgsite within

the ion receptor channel.

+ Na*
® Ca™

NH,

+ 4+ Out

Amantadine i ol

I |

NH, T

Mg
H3C CHj memantine

Memantine

Figure 37.Chemical structure of Amantadine and Memantine and
its binding site on NMDAK.

* Antioxidant therapy
ROS and other radical species are deeply involmethé cellular damage leading to neuronal death.

Radical scavenger would protect cells from fregaad because they are able to accept a radicalfare
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electron. Many free radical scavengers are knownoh sas vitamin E and C, melatonin, flavonoids and
carotenoids, and none of them shows serious sidet&.
Vitamin E (@-Tocoferol) and its analogue Raxofelast and MDL 8B3DA, exerts antioxidant and anti-

apoptotic properties in various experimental modé¢|#\D; they have been successfully tested in cihi

. 51
trials™".
Ublqumon NAD(P)H
meumol NAD(P)
Dehydro
Dehydroascorbate X Lipoic acid
M Lipoic acid

\%/_/

Lipophilic
scavenger

ROS

Figure 38.Radical scavenger actitbh

Furthermore, it has been reported that derivatoegstradiol, as I¥estradiol and its isomer &7
estradiol and their analogues, block the intratail@accumulation of ROS. Interestingly, ft&stradiol
reduces the formation of, and A4, from APP*2,

Perhaps, the most promising radical scavenger itatbten. It is a hormone able to react with
hydroxyradical forming non-toxic derivatives thateaeasily metabolizétf. In addition, it reacts with
peroxynitrile and ROS and displaing other interestctivities, such as the inhibition of the amgldibril
formation and anti-apoptotic effett$

N-acetylserotonin, a melatonin precursor, inhibigsd peroxidation and shows higher anti-amyloid

activity than melatoniti®.
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Figure 39.Selected examples of antioxidants.
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1.1.3 The “Multi-Target-Directed Ligand” approach in AD

The “one-molecule-one-target” paradigm has lecheodiscovery of many successful drugs, and it will
probably remain a milestone for years to come. Handt should be noted that a highly selectivaitid for
a given target does not always result in a clihjogfficacious drug. This may occur because:
a. the ligand does not recognize the taigetivo,
b. the ligand does not reach the site of action,
c. the interaction with the respective targets dodshage enough impact on the diseased system to

restore it, effectively.

Reasons for the latter might lie in the multifa@bnature of many diseases. Drugs hitting a sitaylget
may be inadequate for the treatment of diseaseskkirodegenerative syndromes, diabetes, cardidaeasc
diseases, and cancer, which involve multiple pathagfactors. When a single medicine is not sudfitito
effectively treat a disease, a multiple-medicattberapy (MMT) (also referred to as a “cocktail” or
“‘combination of drugs”) may be used. Usually, an W4 composed of two or three different drugs that
combine different therapeutic mechanisms. But #gproach might be disadvantageous for patients with
compliance problems. A second approach might beskeof a multiple-compound medication (MCM) (also
referred to as a “single-pill drug combination”)hish implies the incorporation of different drugga the
same formulation in order to simplify dosing regmseand improve patient compliance. Finally, a third
strategy is now emerging on the basis of the assamfhat a single compound may be able to hit iplelt
targets.

In the Multi-Target-Directed Ligand (MTDL) approadb drug discovery, a drug could recognize (in
principle, with comparable affinities) different¢gets involved in the cascade of pathological evégading

to a given disease. Thus, such medication wouigigy effective for treating multifactorial disezss'*°

(a) (b)
Drug Drug

! o S S

Target Target 1 (Target2 (Target3
i ™ : o !

.

o O Y Y
Side effects?

Therapeutic

_ Therapeutic effe
+ side effects POt o

Figure 40. Pathways leading to the discovery of new medioatio
(a) Target-driven drug discovery approach; (b) MBDApproach
to drug discove
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Although the pathogenesis of AD is not yet fullydenstood, it is a multifactorial disease caused by
genetic, environmental, and endogenous factors. cEmeral event in AD pathogenesis is an imbalance
between £ production and clearance. The enhanced activifl ahdy-secretases leads to increased release
of amyloidogenic £4,, which forms oligomers and then extracellular d#so(senile plaques). One way to
confront AD pathogenesis may be to combat the pigyazation by means of small molecules. A role for
metal ions and ROS in thegAoligomerization has also been advanced. Therefostal chelation and
antioxidant activities are two general mechanismise considered in the search for disease-modifgirig
AD drug candidates. Alsgi- and y-secretase inhibitors may be promising lead comgelwecause they
tackle an early event in AD pathogenesis. Mitoch@hddysfunction plays a fundamental role in the
neuronal death associated with AD, as it is likblgt intracellular & could compromise the function of this
organelle.r hyperphosphorylation leading to tangle formatiomeigarded as a downstream event but could
contribute to reinforcing neuronal dysfunction aradynitive impairment. Moreover, neuroinflammatioh o
CNS cells has been recognized as an invariablaireaif all neurodegenerative disorders. Therefore,

MTDLs emerge as valuable tools for hitting the ripldt targets implicated in AD aetiology.

inhiitors

!

p-secretase -

inhibitors

i

y-secrelase

extracellular

intracellular

Inhiitors

/ A
f AP aggregation
A oligomerization %ﬁ)

Hyperphosphorylated
tau

L]

GEK-JQ and cd ks inhibifom

Neuronal Death

Figure 41. Possible molecular causes of neuronal death and
protective mechanisms in AD.

To obtain novel MTDLs, a design strategy is usuapplied in which distinct pharmacophores of
different drugs are combined in the same structiareafford hybrid molecules. In principle, each

pharmacophore of these new drugs should retaiathity to interact with its specific site(s) onetharget
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and, consequently, to produce specific pharmaccdbgesponses that, taken together, should slavlook
the neurodegenerative process. One of the mostyadi®pted approaches in the field has been to fmodi
the molecular structure of an AChEI in order tovide it with additional biological properties uskfar

treating AD. Some MTDLs developed for the treatn@nAD are following reported.

Dual Binding AChEI

In the MTDL design strategy context, major reseaftbrts have been devoted to the developmenteof th

so-called “dual binding site” AChEIls. By simultanesty interacting with AChE catalytic and peripheral
sites, these AChEIls might address the disease misamaby reducing Aaggregatiofr’. Indeed, Inestrosa
and coworkers discovered that AChE exerfspho-aggregating actioi. AChE promotes the formation of
Ap fibrils by PAS of the enzyme and therefore, AChthilbitors able to bind at PAS can block pro-
aggregating action of the enzytfe**®

Several molecules are able to bind PAS such asidiwop, decametonium, ambenonium, and also
donepezil.

The above mentioned involvement of AChE in non-tlesbic action drives medicinal chemists to
design molecule able to bind simultaneously batssif AChE®.
Pang and coworkers developed dimers of tacrine thighaim to increase its affinity towards AChE. The
most potent of the series wAY, which resulted 500-folds more potent than taciimimhibiting hAChE'®",
Furthermore, this compound acts NMDAR as antag8hisis inhibitor of the nitric oxide synthase andit
able to reducen vitro Ag formation by inhibition of BACE-1
Several structure-activity relationships have bearmied out on these compounds that are summaiized

Figure 42.

decreased potency when tacrine unit is replaced by

other basic groups
N /

optimal tether lenght: 7 methylens NH
dual site binding: 5-10 methylenes

S

/)

¢—— CH;— N(R), greatly increases potency when R= Me but not
when R is a larger group

NH— CH, decreased activity

HNT &=
N NH—— S selectivity toward BChE
.
N N
Cl at C6 increases potency
XV Cl at C6 and C8 decrease potency

Figure 42. Structure-Activity relationships of Bis-tacrine detives®.

In 2003, Sharpless and coworkers developed anrelégaet-guidedn situ click-chemistry approach to

obtain new dual-binding AChE inhibitdf4 In this approach, they chose tacrine as catadytécinhibitor
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and phenylphenanthridium and other molecules as-iRASitor and these compounds were decorated with
alkyl-azide and alkyl-acetylene of varying chaimdéh to allow to undergo to a Huisgen 1,3-dipolar
cycloaddition leading to 1,2,3-triazole ring. Theaction was carried out in the presence of AChE to
facilitate the formation of the desired product.efidfore, a series of 49 binary mixture of reageatew
incubates irElectrophorus electricu\ChE potentially give rise to 98 products but oolye was formed
(XV1) (Figure 43 and 44).

Alibrary of
acotylone
reagants

Peripheral R, Peripheral R
Anlonic Site =g Anionic Site \
{PAS) ; {PAS) N—Ry
R, (_\ ha e
N*L\JZN Rl\N/ N\\N . 5 o \,
= elick ehomisty /\4/
<' ) )_—_< 2 mifticomponent N7
0 R @ "Ng; mitures N—N
RZ I R3 2 R I\"'\IH “HH
Active LN Active P
Center C Sheta: Qi)
g N
#
Tanchor molecue® AChE AChE

Figure 43.a) Huisgen 1,3-dipolar cycloaddition; I) situ AChE-mediated click chemisti§/:*¢>16°

XVI is one of the most potent AChE inhibitor having Walues between 77 fMTorpedo Californica
AChE) and 410 fM rfhurine AChE) while tacrine and propidium are 18 and 1100 on murine AChE
respectively. It is important to point out that i€l antiisomer was not obtained using this approach and it
was chemically synthesized and resulted less abtvevo-order of magnitude in comparison with st
isomer.

X-Ray structure of botsynandanti isomer ofXVI complexes with murine AChE confirmed thé¥l is
a dual-binding inhibitor and the triazole ring istjust a passive linker but establish hydregending and

stacking interactions with amino acids in the AGhig gorge®>'®
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AChE - o
2N NH, Trp-EBﬁ/,-)/; /,
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Site

syn-XVI anti-XVI

Figure 44. a) Chemical structure oXVI; b) X-Ray of XVI in mouse
AChE164'165’16(.5

Caproctamine represents one of the first exampfea successfully designed dual-binding AChEI
endowed with additional pharmacological effects dfimmal in AD. Caproctamine,developed from
Benextramine using the universal template apprg¢kijure 45), emerged as an effective pharmacolbgica
tool in AD because of a well-balanced affinity pimfas AChEIl and competitive muscarinic, Meceptor
antagonist’. Caproctamine is able to interact with both AChEessitand antagonism of muscarinic M

autoreceptors would facilitate the release of ACthe synapse.
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Figure 45. Design of Caproctamine and derivatives.

SAR studies carried out on Caproctamateicture were expanded the role of the octametkeyspacer
separating its two amide functions. This was pentat by its replacement with less flexible dipiperedand
dianiline moieties (Figure 45). Compouk¥Il andXVIIl were the most potent AChEIls and they displayed
significant muscarinic Mreceptor antagonism. Although all the derivaticassed a mixed type of AChE
inhibition (active site and PAS), onkNVIl andXVIIl , which bear an inner constrained spacer, weretable
inhibit AChE-induced /& aggregation to a greater extent than donepezilgseton 1.4 for further details
about caproctamine and derivatives).

Another interesting compound is AP2238 that wadgtesl by combining in the same molecule two
different moieties for an optimal interaction wittoth AChE sites (Figure 46). It showed the abitity
counteract /& aggregation with a higher potency than other teAeHEIs®
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peripheral binding
site
catalytic binding
spacer site

AP2238
AChE ICsq: 44.5 "M
Abeta (AChE) 35% at 100 uM

Figure 46.Design strategy leading to AP2238.

Dual binding site AChEIls were designed by linkingapmacophoric groups of both AChE sites ligand
with a polyamine chain as spacer. The structuraltifmof propidium was linked to the
tetrahydroaminoacridine system of tacrine affordnmayel heterobivalent polyamine ligands (Figure.47)
Heterodimerization resulted in a remarkable inaeéasAChE potency. Indeed, compouktX was nearly
20000-fold more potent than propidiusnd 300-fold more potent than tacrine in preventihg
proaggregating effect of AChE towargh’A’.
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Figure 47.Design strategy leading XiX .

An improved AChE-induced Aaggregation inhibitory profile was shown by a seé heterodimers in
which a 1,2,3,4-tetrahydroacridine moiety of taerimas linked through a proper spacer to an indakg r
suitable for PAS interaction (Figure 48). In pautér, compoundXX andXI emerged as the most potent
AChEls of the series, displaying ¢values of 20 and 60 pM, respectively and theytheemost potent
derivatives so far reported to inhibit the AChE-tia¢ed A8 aggregatiof®.
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AChE ICs: 60 pM

Abeta (AChE) 6 pM
Abeta self 65% at 100 pM

Figure 48.Design strategy leading to dual binding site AChEls

AChEIs Targeting Other Neurotransmitter Systems

There is a well-documented link between neurotrasnsystems changes occurring in the brain of AD
patients and clinically observed symptoms, sucltagitive decline and neuropsychiatric abnormalitie
However, behavioural change is related not onlhwlie severity of cholinergic loss but also to raltens
in the serotoninergic and noradrenergic systems.

Ladostigil is an important example of multimodalugrwhich combines in a single molecule the
neuroprotective effects of a selective monoaminidase (MAO)-B inhibitor (rasagiline), with the AChE
inhibitory activity of the anti-Alzheimer drug rigiigmine. Ladostigil is now finishing phase Il éGal
studies for the treatment of dementia with PD-Benptoms and depressi6h. It was rationally designed
by assuming that the ability to inhibit AChE actyvmight be conferred by the introduction of a earate
moiety in the structure of rasagiline, which is &®B inhibitor with in vitro andin vivo neuroprotective
activity (Figure 49). MAO inhibition is an inter@sfy property to be taken into account when desmgnin
MTDLs against AD. Indeed, MAOs during their catalyfctivity of deamination of neurotransmitters
(noradrenaline, dopamine, and serotonin), prodagesogen peroxide, which represents a source of ROS

for vulnerable neurons affected by AB
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MAO-B ICsq 4.4 nM MAO-B ICs5 120 nM

Figure 49. Drug design leading to Ladostigil.

In addition to MAO inhibitors, depression in AD atts has been successfully treated with inhibitdrs
serotonin transporter (SERT), antidepressants |#tit anticholinergic action. Thus, it was reasomieat
combining SERT and AChE inhibitory activities coutfer greater therapeutic benefits in AD. Sucagssf
design strategy was based on coupling rivastigrif@hEl) and fluoxetine (SERT inhibitor), which were
chosen as lead compounds to design AChE/SERT tahsbfFigure 50Y% Compounds of the A series were
designed by linking the methyleneoxyphenyl moietly fluoxetine to the ethylamine function of
rivastigmineé’, whereas ring-closed compounds of the B serieg wesigned to explore the effect of the
conformational restrictior’. Between the obtained compoundd;RS-1259 exhibited potent inhibitoig

vitro activities against AChE and SERT §Gralues of 101 and 42 nM, respectively) and, foitayvoral
administration in mice, in the brain as well.
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Figure 50. Drug design leading to dual inhibitors of AChE
and SERT.

Oxidative stress is recognized as a central featAdD pathogenesis. Treatments that specificalhget
sources of ROS have, therefore, attracted parti@aitantion. On this purpose, the structure of Idpacid
(LA), an antioxidant, was combined with that of iahibitor of the AChE catalytic site, such as taeti
moreover, it has argued that the cyclic moiety 8f dould interact with AChE PAS, which is associated
with Ag aggregation. Thus, this strategy allowed to combieeantioxidant properties of LA with the AChE
inhibition ability of tacrineto improve cholinergic transmission, inhibitfAaggregation, and control

oxidative damagdé® this led to a new class of compounds whose prpéowas Lipocrine (Figure 51).

48



///;\\
.
I
N

NHy/

- (0]
m (ol
)
N S-s

Tacrine Lipoic Acid
AChE ICs: 424 nM AChE ICs: > 1 mM
Abeta (AChE) 7% at 100 uM Abeta (AChE) < 5% at 100 uM

Cl N
Lipocrine
AChE ICs: 0.25 nM
Abeta (AChE) ICsq: 45 pM
ROS 51% at 10 pM

Figure 51.Design strategy leading to Lipocrine.

Lipocrine is a potent, mixed-type AChE inhibitor, exhibitiag 1G value of 0.25 nM. It also inhibits
AChE-induced #& aggregation with an kg at 45 pM and, as expected, the fragment of dghfers
antioxidant properties, as revealed by the ahilit§0 pM,to inhibit ROS formation in a cellular ass&y

Dishomeostasis of cerebral metals in brain is arotkear-cut factor contributing to the neuropatlgl
of AD. On the basis of a novel “pharmacophore cgajion” concept, the bifunctional molecuxXill
(Figure 52) has been reported as an innovative lfoetaplexing agent that specifically targets amgloi
XXIl contains in its structure one metal-chelating amd amyloid-binding moieties and fieduced Zfi-

induced A8 precipitation andn vitro APP expression and attenuated cerebyalafyloid pathology in
PS1/APP transgenic mouse madel

COOH

(

T OHD

COOH ( COOH

s H kN/\/N
N
Ly
(0]
Figure 52. Structure oXXII .
In 2007, Melchiorre and coworkers reported on ategy to convert dual-binding AChEI, bis-(7)-taesin
in triple function agents. The inner polymethylespacer of big7)-tacrine, a well known AChEI, has been

replaced by the inner spacer characteristic of w28 and ambenonium. These spacers have beenmoosi

because they are endowed with carbonyl and oxafuidgions characterized by metal-chelating properti
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Figure 53.Design strategy leading to bis-tacrine metal-cliredat

Indeed, the designed compounds, beyond their ba@bgroperties mediate by AChE-inhibition, have
additional properties by acting as metal-chelatrs

A very promising MTDL developed in the Melchiorregroup is Memoquin. It derives from the
incorporation of the benzoquinone fragment of cgere Q10 into the flexible chain of caproctamine
(Figure 54). The selection of this moiety was basedhe finding that coenzyme Qh@s been reported to
have two different beneficial actions against At nly coenzyme Q10 scavenges ROS, but it migtt al
directly inhibit the deposition of Ain the brain®.
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Figure 54.Drug design for Memoquin.

The biological profile of Memoquinvas then widely explored by means of bathvitro andin vivo
assays to assess its therapeutic potential as Mdbtombating AD. The antioxidant activity of Memaq
was confirmed by itén vitro ability to neutralize radicals and to act asubstrate for the NADPH quinone
oxidoreductase 1 (NQO1an enzyme responsible for thevivo transformation of Memoquiimto the more

antioxidant hydroquinone form. Memoquimaintained a nanomolar inhibitory potency againsman
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AChE, and it was able to inhibit the AChE-induced@ Aggregation, inhibited self-assembly of;.A
Moreover, the antiamyloidogenic profile of Memoquias also investigated by testing its ability to @&stan
inhibitor of BACE-1. The compound was found to haae 1G, value of 108 +23 nM. In addition,
Memoquin has been testéd vivo in an AD 11 transgenic mouse model: it was ablanwliorate the
cholinergic and cognitive impairment, and to redége deposition and hyperphosphorylation at three
different stages of neurodegeneration (2, 6, ananb&ths of age). Moreover, Memoqushowed other
promising properties, such as good oral bioavditgbiefficacy in crossing the blood-brain barriemd a

favourable safety profile in preclinical non-regoly acute and chronic toxicology studfég®?
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1.1.4 Caproctamine and derivatives

In 1998, Melchiorre and coworkers published a stagtyed to produce novel ligands based on a
polyamine backbone having affinity for both AChEiae and PAS sites and for M\ChR receptor, as well,
useful for the treatment of Af.

This study started from the observation that Beaexiné® a tetraamine disulfide developed as an
irreversible a-adrenoreceptor antagonist, displayed also a signif affinity for cardiac muscarinic M

receptor and potentiate the effect of ACh on tbg fiectus muscle, as well.

OMe H H
N/A\V/A\V/A\v/N\V/A\S/S\V/A\N/A\V/A\V/A\V/N
H

H OMe

Benextramine

Structure-Activity Relationships studies on Benawime have been performed by studying the effect of
the disulfide bridge, the distance between thenitrogen atoms and the conversion of the seconclamiral

amines into amide functions.

Table 1.Biological activities of compoundslil -XXX .

Ra Ra

RI\EWNWYNNWE;&
XXHI-XXX
PIGo PA2
no R RR R X Y AChE BChE M M, M;j

Benextramine 2-MeOgsCH, H H H S-S 5.14 5.21 nd nd nd
XX H H H H, S-S 3.30 3.19 nd nd nd
XXIV 2-MeOGHsCH, H H H, CH, 5.14 5.06 nd 6.67 5.89
XXV 2-MeOGHsCH, H H H, (CH,, 5.19 5.86 nd 6.98 b5.76
XXVI 2-MeOGHsCH, H H H, (CHpy)s; 535 543 nd 7.64 5.92
XXVII 2-MeOGHsCH, H H H, (CHy, 5.27 6.01 6.85 7.92 6.06
XXVII 2-MeOGHsCH, H H O (CH); 573 494 nd 630 5.35
XXIX 2-MeOGHsCH, H Me O (CH), 6.51 5.22 nd 6.67 5.21
XXX 2-MeOGHsCH, Me Me O (CH), 6.77 493 566 6.39 555
tacrine 6.66 6.44 nd nd nd

All the polyamines designed were effective inhilstof AChE and BChE with the exception XXII|
suggesting that the 2-methoxybenzyl group on theiteal nitrogen of benextramine contribute sigrafdy

to the binding with the enzyme. Replacement ofdiselfide bridge of benextramine with two methylene
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units led to XXV that was more potent than benextramine in inimbitboth enzymes. Chain length
modification between the two inner nitrogen>oXV, affording XXIV -XXVII , did not affect significantly
the affinity for AChE. Transforming the inner amifumctions ofXXVIl (methoctramine) into amide groups
affording XXVIII resulted in a reduced affinity for Mind My muscarinic receptors and an increase potency
as AChEI. Furthermore, N-methylation XKVIII , affording XXIX andXXX (caproctamine) resulted in a
further increase in affinity for AChE. Caproctamimsulted 42-fold more potent at AChE than benexitna

and a weak antagonist at both lind M receptors while displaying an affinity towards masnic M,
receptor similar to the affinity for AChE.

Caproctamine is a mixed type inhibitor able to ithboth sites of AChE. Docking studies showed that
caproctamine was able to simultaneously contadt bibés and to establish favourable interactiortd w&i
number of residues in the gorge. At one end ohtb&ecule, the 2-methoxybenzylamine moiety can auder
with a set of residues near Trp84, while, at thposjie end, the secorfdmethoxybenzylamine group can
reach the peripheral binding site that was postdi&t correspond to Trp2*#8

SAR studies on caproctamine structure were perfdrineorder to determine the effect of different
substituents on the phenyl rings andthsubstituents on the four nitrogen atomix :

* the 2-methoxy groups have been replaced with skwénar groups in order to determine the
influence of the steric and the electronic effemts AChE inhibition. Their replacement with
halogen atoms, such chloringX]) or bromine XXXII ), do not increase the affinity towards
AChE suggesting that variations of electronic dignsn the aromatic rings are not important in
the interaction with AChE. In order to determine thossibility of establish H-bond with the
enzyme, the methoxy group has been shifted fromo2ition to 3- andi- position leading to
derivative XXXIII, XXXIV  respectively.Compound XXXV , without any substituent on the
phenyl ring is slightly more active thagXXIll andXXXIV .

» in order to investigate the role of the methyl gitbents on the two basic functions, they were
substituted with ethyl groups obtaining an ethyleseof derivativesXXXVIl -XLI ) in which the
most potent resultedL| . The relative free bas€l. was chosen as lead compound thanks to its

better pharmacokinetic profile.
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Table 2.Biological activities of compound$XXI -XL .

‘/: E/MJN\/\/\/\AEMEZ NNy
X 2
XXX-LX
No. R R; R, X pICsoAChE
caproctamine Me Me H 2-OMe 6.77
XXXI Me Me H 2-Cl 6.68
XXXII Me Me H 2-Br 6.57
XXX Me Me H 3-OMe 6.30
XXXIV Me Me H 4-OMe 5.34
XXXV Me Me H H 6.97
XXXVI H Me H 2-OMe 6.06
XXXVII H Et H 2-OMe 6.66
XXXV Me Et H H 7.15
XXXIX Me Et Me H 7.77
XL Me Et H 2-OMe 7.73
XLI Me Et Me 2-OMe 7.92

Further optimization studies were performedXin by replacing the amide groups by an oxygen atom,
leading toXLIl andXLIll that were less potent toward AChE. Furthermore,réplacement of the ethyl
group on the two basic amine nitrogen atoms with-propyl residue did not affect the AChE inhibition
activity (XLIV ).

Finally, to verify whether the 2-methoxy functioa6XL have a role in the interaction with the enzyme,
they were replaced by selected groups that havereiift values ofr and ¢ parameters based on the
liphophilic (r) and electronicd) characteristic of the substituent, respectivéince again the most potent
compound resulte¥L , indicating the important role of the two aromadubstituents to improve the basicity
of the two amide functions. This property allows firotonation of the two basic functions at physyaal
pH, for an optimal interaction with AChE, as confed by a directed correlation between AChE inmfpiti
activity and the pKof different substituted compounds. The betterssulent was found to be 2-methoxy,
probably because it increases the percentage ¢tbrai® amine at physiologically pH by increasing th
basicity of nitrogen through mesomeric and inductiffects. Indeed, a direct correlation between gd

AChE-inhibitory activity has been found for composaiXLV -LI 3,
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Table 3.Biological activities of compoundsLIl -LVIII .

Ra
\
‘ SN X/\/\/\/O @AXWN
= A o]
OMe ) R{ 2
LI-XLIH XLIV-LVII
no R: X R, p|C50 p|C50 AChE/BChE
AChE BChE
caproctamine  2-OMe NMe Me 6.77 4.93 68

XL (1) 2-OMe NEt Me 7.73 5.65 121

XLII NEt 6.69 5.58 13

XL N*(Me)Et 7.11 6.12 10
XLIV 2-OMe NEt iPr 7.74 5.67 118

XLV H NEt Me 7.31 5.97 21
XLVI 2-Cl NEt Me 6.95 5.39 37

XLVII 2-CFK; NEt Me 5.34 3.78 36

XLV 2-OnPr NEt Me 7.47 6.78 5
XLIX 2-Me NEt Me 7.25 5.13 132

L 2-NO, NEt Me 6.10 4.26 69
LI H N*(Me)Et Me 7.43 5.60 69
LIl 2-Cl N*(Me)Et Me 7.71 5.59 133
LI 2-CR;  N'(Me)Et Me 7.93 5.12 640
LIV 2-OMe  N'(Me)Et Me 7.92 5.85 118

LV 2-OnPr  N'(Me)Et Me 7.76 7.08 5
LVI 2-Me N'(Me)Et Me 7.78 5.19 388
LVII 2-NO, N'(Me)Et Me 7.91 5.62 196
LVIII 2-OMe  N'(Me)Et iPr 8.09 5.78 204

A previous docking study carried out on the dipnated form of caproctamirrevealed that its able to
interact simultaneously with both active and pegnalh sites of AChE and to establish favourableragdtons
with a number of residues in the gorge thanks ¢offéxibility of the molecule, which allows it tossume
many conformations. To reduce the conformatione¢dom of the polymethylene chain of polyamines, a
series of compounds have been designed in whichnthex octamethylene chain ofL is incorporated

partially or totally into a more constrained moiety/shown in Figure 55.
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Figure 55.Design strategy leading to less flexible derivagio€XL .

These structural modifications would afford compasiin which the inner diamide moiety is forced to
assume a more definite arrangement that would at@ixtwo basic terminal chains to orient themselues
different spatial regions relative to each othdrerEfore, the highly flexible polymethylene chaomoecting
the two amide functions fL was replaced by the less flexible dipiperidine i@ndine moieties, affording
LIX-LXII or LXII-LXV , respectively.

Table 4.Biological activities of compounddX -LXV .

OMe OMe H

N (CHy), N (CH2)n
LIX-LXII LXIN-LXV
no n pICso pICso % inhibition
AChE BUChE  AB (AChE)
caproctamine 6.77 4.93 <5
LX 7.73 5.65 <5
LIX (2 0 8.48 5.07 41
LX 1 8.48 5.19 nd
LXI 2 8.13 5.44 15
LXI 3 8.18 5.47 nd
LXI1 0 7.55 5.73 35
LXIV 1 7.20 5.74 nd
LXV 2 6.77 5.77 nd
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Replacements of the octamethylene inner spacerapfoctamine with bicyclic moieties lead to an
increase of activity towards AChE. In particulahet most active compounds were the dipiperidino
derivativesLIX andLX and the dianiline derivativieXlll . All the new compounds designed inhibited both
catalytic and peripheral binding sites, but onlg tless flexibleLIX andLXlll were able to inhibit AChE-
induced Ag-aggregation. In additiom,XI also inhibited the self-inducedsfaggregatiotf.

Caproctamine is able to interact with PAS but itesianot inhibit AChE-induces /Aaggregation.
Therefore, the authors hypothesized that the itibibiof PAS is not sufficient condition to inhib®ChE-
induced Ag-aggregation and the insertion of less flexible eties in the structure of caproctamine is

required to gain the ability to inhibit/Aaggregation induced by AChE.
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1.2 Drug Design

The “one-molecule-multiple-targets” paradigm suggédbat a single molecule could hit several targets
responsible for the onset and/or progression of ADTo this end, the design and synthesis of several
examples of MTDLs for combating neurodegeneratiseases have been publistfédThis seems to be the
more appropriate approach for addressing the cotityplef AD and may provide new drugs for tacklirget
multifactorial nature of AD, and hopefully stoppiitg progression.

In 1998, Melchiorre and coworkers reported on ddives displaying affinity for (i) AChE active and
peripheral binding sites and (ii) muscarini¢ Mceptors. The prototypes caproctamine and it8 atfalogue
(1) directly derived from methoctramine, an irrevBlsi muscarinic M antagonist. The methoctramine
structure was modified in order to improve its [pdicity, by replacing the two inner amine funet®with
amide groups and by introducing a methyl substitaenthe four nitrogen atoms. These studies lethéo
discovery of caproctamine, a new lead in the rebeaf MTDLs because endowed with the ability toilixith
AChE and M muscarinic subtype receptors, in order to impritneerelease of ACh in the synaptic cleft by
blocking the presynaptic Mmuscarinic receptor respectivély Further studies carried out on caproctamine
demonstrated that the AChE inhibitory potency wabka@ced by the replacement of the methyl groups
located on the two side nitrogen atoms with twoylettie groups leading tb. In the same study, was also
demonstrated that a 2-methoxy group on the two ylmémgs of 1 conferred the highest AChE inhibition
potency by improving the basicity of the two basiitogen atong* '

Because AChE may act as a chaperone in inducifigaggregation through the interaction of its
peripheral anionic site (PAS) with the peptide, thieibition of PAS might be relevant to the seafoh
AChEIls endowed with A antiaggregating properti€d Although caproctaminand 1 contacted PAS and
active AChE binding sites, they did not inhibit tA€hE-induced & aggregation. To verify whether this
failure was due to their high structural flexihjlittheir inner octamethylene spacer was partiatlyotally
incorporated into a more constrained moiety. Tédstb the discovery of the dipiperidino derivat/avhich
displayed improved AChE inhibitory potency and thbility to partially inhibit AChE-induced A
aggregation, suggesting that inhibition ofs Aaggregation is achieved by polyamines incorporating
constrained spacer between the two inner nitrogemsarather than a flexible polymethylene ci&int is
known that aromatic residues may give additionatractions with the aromatic rings lined in AChE
gorge® and may confep-sheet-breaking properties that might lead to tiebition of self-mediated A
aggregatiolf*. Thus, to obtain new AChE-inhibiting MTDLs endowwith additional properties such as
inhibition of AChE-induced & aggregation anfl-sheet-breaking ability, the dipiperidino moiety o8 has
been replaced with less flexible cyclic systemadieg to3-15 (Figure 56). Monoamin&5 was included in

this study to verify the importance, if any, of ttveo aminoalkyl side chains in the interaction wREhE

and Ag.
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Figure 56.Drug design leading to compoungi4 5.
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1.3 Methods

1.3.1 Synthesis

Diamine diamides34-38 were obtained by reacting-[(benzyloxy)carbonyl]-6-aminocaproic acid with
piperazine, ciscyclohexane-1,2-diamine, (#)anscyclohexane-1,2-diamine, transcyclohexane-1,4-
diamine, and ethane-1,2-diamine, respectively. Ramof the N-(benzyloxy)carbonyl group by acidic
hydrolysis gave diamine diamid&®9-43 which were treated with 2-methoxybenzaldehydéo¥edéd by
reduction with NaBH of the formed Schiff base to the correspondingendyl derivatives44-48
Diethylation of44-48with diethyl sulphate gavé-6 and49 (Figure 56). Reduction &f9 afforded50, which
was condensed with diethyloxalate to gB&Scheme 1).

Acylation of 1,2,3,6,7,8-hexahydrobenkofi[3,8]phenanthrolin€® with 6-bromohexanoy! chloride gave
51, whereas N-alkylation of piperazine-2,5-dione -didydroquinoxaline-2,3-dione, and imidazolidin-8eo
with the appropriate dibromoderivative affordecemediate$2-54 which were diaminated with ethyl-(2-
methoxybenzyl)amine to givg 9-11, respectively (Scheme 2).

Finally, 12-15 were obtained through the condensation of the ocertigdly available anhydrides
[5,5]biisobenzofuranyl-1,3/13-tetraone, benzo[1,24,5¢|difuran-1,3,5,7-tetraone, isochromeno[6,5,4-
deflisochromene-1,3,6,8-tetraone,berdgisochromene-1,3-dione,  respectively,  withN-ethylN-(2-
methoxybenzyl)hexane-1,6-diamifie(Scheme 3). Different salts (dioxalates 28, 11, and14 and dipara

toluenesulfonates fdrl, 12, 13and15) were prepared to obtain derivatives easier tallean
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Scheme 1

Cbz—N—(CH,)s~COOH
H

9 iii OMe
R—N—(CH)s—C+X
H
2

I
CHp~N—(CH,)s—C1X
R

34:R=Cbz, X=A 44:R=H,X=A
35:R=Cbz, X=B 45:R=H,X =B
36:R=Cbz, X=C 46:R=H,X=C
37:R=Cbz, X=D 47:R=H,X=D
38:R=Cbz, X=E 48:R=H X=E
i iv
39 R=H X=A 3R=ELX=A
40:R=H,X=B 4 R=Et X=B
41:R=H,X=C 5 R=Et X=C
42:R=H,X=D 6:R=Et X=D
43:R=H,X=E 49:R=Et, X=E
OMe 9 v OMe vi
CHp~N—(CHp)s—CX CHfH*(CHz)G*m*CHz - . 5
Et
2 (Figure
, 56)
49: X =E 50
—NH HN—  —NH HN—
A= —N N \ E = —N-CH,—CH, N
D T T e S
_—y H H H H

Conditions: Cbz = CgH5CH,OCO-; (i) EtzN, EtOCOCI, dioxane, room temp, 72 h; (ii) 30% HBr
in CH3COOH, CH3COOH, room temp, 4 h; (iii) (a) 2-MeOCgH4CHO, toluene, reflux, 6 h; (b)
NaBHj,, EtOH, room temp, 6 h; (iv) (EtO),SO,, toluene, reflux, 48 h; (v) a)
borane-N-ethyl-N-isopropylaniline complex, diglyme, reflux, 4 h; (b) 6 N HCI, reflux, 1 h; (vi)
diethyloxalate, EtOH, reflux, 12 h.
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Scheme 2

(]
i W
Br—(CHy)s—C—cCl + HN O NH Br—(CHy)s—Br

FSOSW.
] ]
Br—(CH,)s—C—N O N—C—(CH,)s—Br Br—(CHg)g—Y—(CHyp)g—Br
52:Y=F
51 53:Y=G
54:Y=H

OMe
H Q
Et
—N
\ 7/
(e}
7, 9-11 (Figure 56) H= \NXN/
/

Conditions: (i) Et3N, CH,Cl,, room temp, 96 h; (ii) 60% NaH, anhydrous DMF,
piperazine-2,5-dione or 1,4-dihydroquinoxaline-2,3-dione or imidazolidin-2-one, room
temp for 36 and 51 and reflux for 52, 24 h; (iii) for 9 and 10, KI, K,CO3, 1-pentanol,
reflux, 40 h; for 7 and 11, CH3CN and Et3N, reflux, 64 h.
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Scheme 3

w W
l‘\l*(CHz)G*NHZ Ty <

Et

~
i
OMe
N—(CHp)s—Z
Et
(6] (@] (@] (0]
~ W
12:Z = 13:Z= —N N—W
e Va Ua
O O
(@]

» e
)

: O
14:2= —N 15:2= —N - T (CHz)g—N
0 o

Conditions: (i) amine and anhydride molar ratio, 2:1 for 12-14 and
1:1 for 15, EtOH, reflux, 60 h.
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1.3.2 Biology

To determine the potential interest of compouBds for the treatment of AD, their inhibitory potency
against recombinant human AChE and BChE was ewaluat studying the hydrolysis of acetylthiocholine
(ATCh) following the method of Ellmast al The inhibitory potency was expressed ag Malues, which
represent the concentration of inhibitor requiredi¢crease enzyme activity by 50%. To allow congoari
of the results, caproctaming 2, donepezil, galantamine, and donepezil were usedha reference
compounds. The nature of AChE inhibition causedh®ge compounds was investigated by the comparison
of the graphical analysis of steady-state humanRCihibition data of the most potent compound a$ th
series 14).

The ability of such compounds to inhibit both datiuced and AChE-induced ffaggregation was
assessed by purposely optimized Thioflavin T-bdkexdimetric assaf’*%

The ability of some compounds to inhibit BACE-1 veasesses through FRET-as&ay

1.3.3. Computational studies

To disclose a possible binding modeldfat the AChE, BChE, and BACE-1 binding pockets, kilog
simulations were performed using the availabletafiggraphic structures of the three enzymes (PDBées
1B41 for AChE®® 1POM for BChE”, and 1FKN for BACE-T. Furthermore, calculation of electrostatic

potential maps for compoun8sand14 have been performé&d
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1.4 Results and Discussion

To determine the potential interest 35 for AD treatment, their inhibitory potency was avated on
recombinant human AChE and isolated BChE from husgom in comparison with caproctamite? and
the marketed drugs donepezil and galantamine.

An analysis of the results (Table 5) reveals thedlacement of the dipiperidino moiety &fwith
constrained moieties strongly influenced the abitiv inhibit AChE and BChE. The new derivatives
inhibited AChE activity in the nanomolar range wilte exception ofi-6. The low affinity of4-6 for AChE
might be due to the difficulty of the two amide étions to assume a planar arrangement to each oethés
probably possible fo3, 8, 9, and 11, which were only slightly less potent thdn The most potent
compounds of the present serigsX0, 12-14) were characterized by an aromatic residue inmiuglle of
their structure. This suggests the possibility stablishing morer-z interactions with several aromatic
residues located in the AChE gorge. In particulzk, endowed with a 1,4,5,8-naphthalenetetracarboxylic
diimide (NTD) moiety, showed a very high AChE inibiloy activity and a 9-fold improvement in poternioy
comparison witl2. All the synthesized compounds showed a seleatividitory activity for AChE relative
to BChE, andl4 was the most selective and potent of the seridsantAChE/BChE selectivity ratio greater
than 5000, perhaps relevant when considering therging role of BChE in AEf® and the importance of
selectivity toward AChE in AD treatméfit Finally, 15, characterized by only one side chain, was 14d-fol
less potent that4, highlighting the importance of the presence af side chains for an optimal interaction
with both sites of AChE.

PAS is well-established as important fofibrils formation mediated by ACHE?°% thus, compounds
able to interact with amino acids located in theSR#ea may reduce the formation of neurotoxidiBrils.
PAS may thus be an attractive target when devejopaiential AD-modifying drugs. A Lineweaver-Burk
plot obtained at increasing concentrations of sabsstand inhibitor showed tha# interacted with the
catalytic site and PAS (Figure 57). Therefore, dbdity of 3 and6-15 to inhibit AChE-induced & (1-40)
aggregation was assessed through a thioflavin Eebésorometric assay’. 4 and 5 were not evaluated
because of their poor AChE inhibitory activi§. 7, and8 were as active a8 (Table 5), while9-14 were
more potent thal. It appears that an inner spacer bearing aromadidues may be optimal for inhibiting

AChE-induced 4 aggregation.
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Table 5. Inhibition of AChE and BChE Activities and of AChHediated and Self-Induced A

Aggregation by3-15and Reference Polyamings?

Compound ICso (NM)° Inhibition of A8 aggregation (%) AChE/BChE"
AChE BChE AChE-inducéd self-induced
caproctaming 170+Z 11600 + 300 <5 20.3+1.9 69
1(XL) 16.1+0.5 2250 + 66 <5 nd 138
2 (LIX) 3.32+0.12 8490 + 616 41.2+2.0 13.7+6 2570
3 25.7+1.9 10700 + 1900 38.9+4.0 <5 417
4 4160+ 200 30800 + 2300 hd nd’ 7.0
5 5470 £ 240 36800 + 3300 hd nd’ 6.7
6 8550 +40 25300 + 4200 25.6 +4.6 "nd 3
7 4.83+0.16 1040+ 30 42.1+2.2 12.7+2.9 219
8 68.9+2.4 10300 + 400 475+1.6 "nd 148
9 159+0.6 2090 + 130 61.4+4.4 48+1.3 132
10 1.41+0.03 958+15 70.8+3.2 8.8+2.9 68
11 72.4+3.2 876 + 24 53.8+3.7 <5 12
12 14.0+0.6 293 + 23 70.2+4.83 16.5+1.3 21
13 7.70+0.27 3000 * 200 51.1+0.3 <5 389
14 0.37+0.02 1910+ 120 >00 54.5+5.4 5129
15 53.5+5.7 416 + 32 19.5+2.8 <5 8
donepezil 23.1+4.38 7420 + 390 k22 <5
galantamine 2010 + 150 20700 + 1500  17.9+0.1 <5
propidium 32300 13200 82.0+2% 61.1+4.6
Congo Red nd nd' nd' 78.8+0.9

& 1, dihydrochloride;1-9, 11, and 14, dioxalate;10, 12, 13, di-para toluenesulfonatel5, para-
toluenesulfonate. See Figure 56 for structutétuman recombinant AChE and BChE from human
serum were used. kgvalues represent the concentration of inhibitqubeed to decrease enzyme
activity by 50% and are the mean of two independesdsurements, each performed in triplicate.
Inhibition of AChE-induced A& (1-40) aggregation. The concentrations of the ¢esthaibitor and
Ap (1-40) were 100 and 230M, respectively, whereas thefA1-40)/AChE ratio was equal to
100:1. Inhibition of self-induced A& (1-42) aggregation (56M) produced by the tested compound
at 10uM concentration® Data from ref 167! Not significant.? Data from ref 168" nd, not
determined' ICso = 8.13 + 0.92M. ' IC5 = 9.69 + 1.0:M. ¥ Data from ref 189' Data from ref
196" The AChE/BChE selectivity ratio is the antilogdifference between plg values at AChE
and BChE.
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14 was the most potent inhibitor with anskGower than that of the reference compound propidfit
Notably, neither2 nor any of the marketed AChE inhibitors, when tédstethe same conditions, showed
comparable antiaggregating activiy®2 The most potent published compounds acting asEA@Huced
Ap aggregation inhibitors display a potency in theesaange ad4'%**°?% The low inhibitory activity
shown byl4 emphasizes the importance of the two aminoalky sidains for an optimal interaction with
the two AChE binding sites.

0.208 nM

0.154 nh

0.062 nM

v (minaau?)

[ATCh]™ mar

Figure 57. Steady-state inhibition byl4 of AChE hydrolysis of
acetylthiocholine. Lineweaver-Burk reciprocal plafsinitial velocity and

substrate concentrations are presented. Recipptatal of initial velocity in

the absence of inhibitor gave an estimajgfor acetylthiocholine of 170 +
15 uM (four experiments). Lines were derived from a giied least-
squares analysis of the data points.

Since it was previously reported that compoundoeed with a polyamine scaffold may interfere with
Ap polymerization and aggregatidf) the ability of3, 7, 9, 10, 12 14 to inhibit self-promoted A& (1-42)
aggregation was also determined (Tabf@°5Again, 14, although less potent that the reference compound
Congo red, displayed and§&xomparable with that of propidium. This activityght be due to the ability of
14 to behave as f-sheet breaker because of its planar and constrairemnatic systeffi. Unfortunately,
because of its low solubility, the contribution,aifiy, of the NTD moiety benZain|[3,8]phenanthroline-
1,3,6,8-tetraon@® and, consequently, its possible contribution te different biological properties df4
could not be determined.

Moreover the ability of some compounds to inhilgtBACEL was also investigated. The founded value
for 14 was 392 *+ 31 nM, whereas the most known BACE i, based on peptide structure, showed
higher potency in the same rafje The other compounds tested), 7, 9, showed inhibition values in
micromolar ranged, 6% inhibition at 500 nM7, 8% inhibition at 500 nM anfl, 16% inhibition at 500 nM).

To disclose a possible binding modeldfat AChE and BChE binding pockets, docking simulaioere
performed using the available crystallographic ctires of the two enzymes (PDB codes: 1B41 for
AChE™® 1POM for BChE”). Because ofl4s flexibility, several docking runs were carrieditowith
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GOLD*®. The outcomes were clusterized by ACTAPIn Figure 58 a low energy pose representativa of
statistically populated cluster is reported foramncomplexes of AChE ant4 (Figure 58A) and of BChE
and 14 (Figure 58B). The binding mode &# at the AChE gorge shows that the ligand can intessit
Trp86 of the internal anionic site and with Trp286PAS. The latter could explaitd's ability to inhibit
AChE-induced 4 aggregation14 might also interact with several aromatic residaeshe enzyme mid-
gorg€®. In particular, the NTD moiety could establish davable z-z stacking or simple hydrophobic
interactions with Tyr341, Phe338, and Phe295.
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Figure 58. Docking model ofl4 at the binding sites of AChE (A), and BChE
(B). The residues relevant for the interaction lestwl5 and the biological
counterparts are reported.

Moreover, Tyr72 may interact by H-bonding with thmethoxy substituent of one of the
benzylammonium ends. This could account for thé hithibitory potency ofi4 against human AChE.
Conversely, although4 could favourably interact with several BChE amimada (Figure 58A), the lack of
the same pool of aromatic residues at the BChE goide may explairild4s AChE/BChE selectivity.
Indeed, besides a catiarinteraction betweet4 and the Trp82 indole ring of BChE, the only othteiking
interaction was betweeld and Tyr332. Moreoveil4 seemed unable to interact with Phe278, a fundainenta
residue for inhibiting BChE activif§f. The presence of BChE Asp70 close to one of tlweitnide moieties
of the NTD scaffold may further decrease the mdkeswaffinity toward this target.

To identify a possible binding mode d4 in BACE-1 docking simulation were performed (Figim9). It
can be seen tha# was actually able to interact with Asp32, onehaf &spartic acids of the catalytic dyad of
the enzyme. In particular one carbonyl oxygenléfcould accept a proton H-bond interaction with the
residue. Moreover the naphtalentetracarboxylic idiénmoiety could establish H-bond interaction with

Thr231 and Thr72 side chains. Finally the benzylaionm groups could interact with Phe47 and Tyr198.
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Figure 59. Docking model of14 at the binding sites of
BACE-1. The residues relevant for the interactietweenl4
and the biological counterparts are reported.

Furthermore, electrostatic potential study has besmied out onl4 and 7 in order to explain their
different inhibitory activity on BACE-%Figure 60). It has been observed a different ahaensity in the
two aromatic moieties, in particular the naphtatemaicarboxylic diimide moiety seemed to presentoaem
positive charge density thanks to the presenceheffour carbolyl groups which exerted an inductive
electron withdrawing effect. This different poteriticharge could facilitate the interaction betweba
negative charged aspartic residue of BACE-1 Bhdl'he same did not happen fowhich is characterized
by a more negative charge density. Finally, théndignhibition potency ol4 in comparison witt¥ might
be due by the complete planar disposition of th@raénucleus which could better fit in the enzycawity.
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Figure 6Blectrostatic potential study carried outBhand?.
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1.5 Conclusion

In this work it has been demonstrated that constrgithe dipiperidino moiety o? led to derivatives
with a better biological profile. The most poterds#4, endowed with an NTD moiety. It inhibited AChE in
the subnanomolar range, AChE induced and self-ptednds-aggregation in micromolar concentration and
BACEL in nanomolar concentration. Thug, emerges as an MTDL able to hit several targethi®fAD
pathogenesis cascade.

However, the rational design of compounds that kaneously modulate different protein targets at a
comparable concentration for each target remagtmbenging task. In the present case, proof ottmeept
of the biological profile ofL4 in vivois needed to confirm the relevance of the NTD ityoie the design of
new derivatives for AD treatment.

71



1.6 Experimental section

1.6.1 Chemistry

Melting points were taken in glass capillary tulmesa Buchi SMP-20 apparatus and are uncorrected.
ESI-MS spectra were recorded on Perkin-Elmer 297 \AtatersZQ 4000'H NMR and**C NMR were
recorded on Varian VRX 200 and 300 instruments.n@ibal shift are reported in parts per millions (gpm
relative to peak of tetrmethylsilane (TMS) and gminltiplicities are given as s (singlet), br s @uainglet),
d (doublet), t (triplet), q (quartet) or m (mulép) Although IR spectral data are not included fose of the
lack of unusual features), they were obtained flocampounds reported, and they were consisterit thi¢
assigned structures. The elemental compositiotiseofompounds agreed to within £0.4% of the catedla
value. Where the elemental analysis is not incluydgeade compounds were used in the next step withou
further purification. Chromatographic separatiorerevperformed on silica gel columns by flash (Kligske
40, 0.040-0.063 mm, Merck) or gravity (Kieselgel 8063-0.200 mm, Merck) column chromatography.
Reactions were followed by thin layer chromatogsaffL.C) on Merck (0.25 mm) glass-packed precoated
silica gel plates (60 F254) and then visualize@rnniodine chamber or with a UV lamp.The term “dtied

refers to the use of anhydrous sodium sulfate.

General Procedure for the Synthesis of 34-3&thyl chloroformate (0.95 mL, 10 mmol) in dry dioa
(20 mL) was added dropwise to a stirred and coded’C) solution of N-[(benzyloxy)carbonyl]-6-
aminocaproic acid (2.65 g, 10 mmol) angMNE{1.4 mL, 10 mmol) in dioxane (30 mL), followedtexf
standing for 30 min by the addition of the suitathi@mine (5 mmol) in dioxane (20 mL). After the rire
was stirred at room temperature for 72 h, the stlwas evaporated, affording a residue that wagesutked
in water (100 mL). The solid residue was filterdtiland washed with 2 N NaOH, 2 N HCI, and brine, to
afforded the desired crude produ8ts38
{6-[4-(6-Benzyloxycarbonylamin-hexanoyl)piperazin-1yl]-6-oxohexyl}carbamic acid benzyl ester (34)
from anhydrous piperazine as starting diamine; giolid; 93% yield; mp 123-125 °GH NMR (200 MHz,
CDCly) 6 1.24-1.79 (m, 10H + 2H exchangeable wityO] 2.34 (t,J= 6.0, 4H), 3.14-3.28 (gl = 9.0, 4H),
3.39-3.54 (m, 4H), 3.64-3.76 (m, 4H), 4.64-4.744p2H),5.10 (s, 4H), 7.29-7.42 (m, 10H).
cis-{5-[2-(6-Benzyloxycarbonylamino-hexanoylamino)-cylohexylcarbamoyl]-pentyl}carbamic acid
benzyl ester (35) from cis-cyclohexane-1,2-diamine as starting diamine; velolid; 49% yield; mp 103-105
°C; '"H NMR (200 MHz, CDC}) § 1.22-1.73 (m, 20H), 1.85 (br exchangeable with f, 2H), 2.19 (tJ =
6.0, 4H), 3.18 (gJ = 4.0, 4H), 4.08 (br s, exchangeahlih D,O, 2H), 4.96 (br s, 2H), 5.20 (s, 4H), 7.22-
7.38 (m, 10H).
(¥)-trans-{5-[2-(6-Benzyloxycarbonylaminohexanoylamino)cyclbexylcarbamoyl]pentyl}carbamic acid
benzyl ester (36) from (z)4rans-cyclohexane-1,2-diamine as starting diamwvhijte solid; 60% yield; mp
112-115 °C;*H NMR (200 MHz, CDCI3) 1.16-1.90 (m, 20H), 1.97-2.20 (m, 4H + 2H exchate with
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D,0), 3.16 (q,J = 6.0, 4H), 3.60-3.78 (m, 2H), 5.18 (s, 413)88-5.95 (m, exchangeable with@ 2H),
7.29-7.42 (m, 10H).
trans-{5-[4-(6-Benzyloxycarbonylaminohexanoylamino)cycloexylcarbamoyl]pentyl}-carbamic  acid
benzyl ester (37) from transcyclohexane-1,4-diamine as starting diamine; gelitl; 89% yield; mp 123-
125 °C;'"H NMR (300 MHz, DMS0)5 1.12-1.52 (m, 16H + 2Hexchangeable with JD), 1.63-1.82 (m,
4H), 2.03 (tJ = 6.0, 4H), 2.98 (q) = 4.0, 4H), 3.45 (br s,2H), 3.88 (br s, exchangeabth DO, 1H), 4.52
(br s, exchangeable with,0, 1H), 5.03 (s, 4H), 7.25-7.43 (m, 10H); MS (B$h/z= 631 (M+NaJ.
{5-[2-(6-Benzyloxycarbonylaminohexanoylamino)ethylarbamoyl]pentyl}carbamic acid benzyl ester
(38): from ethane-1,2-diamine as starting diamine; evsiblid; 64% yield; mp 172-174 °&4 NMR (200
MHz, DMS0)4 1.10-1.62 (m, 12H + 2H exchangeable witOR 2.15-2.19t, J = 6.0, 4H), 2.89-3.15 (m,
8H), 5.02 (s, 4H), 7.17.7.42 (m, 10H), 7.76-7.84gexchangeablgith D,O, 2H).

General Procedure for the Synthesis of 39-42\ solution of 30% HBr in acetic acid (25 mL) wadded
to a solution 0f34-38 (3.1 mmol) in acetic acid, and the resulting migtuwvas stirred for 4 h at room
temperature. Ether (100 mL) was then added, yigldisolid, which was washed with ether (3 x 20 @uhJ
dissolved in water (50 mL). The solution was madsidwith KOH pellets and extracted with €, (3 x
30 mL). Removal of the dried solvent gave compoB8343in quantitative yields.
6-Amino-1-[4-(6-aminohexanoyl)piperazin-1-yllhexant-one (39) white solid; mp 109-111°CH NMR
(300 MHz, CDC}) 4 1.08-1.27 (br s, 4H), 1.38-1.76 (m, 8H + 4H exdw®able with RO), 2.39 (tJ = 6.0,
4H), 2.70 (tJ = 7.0, 4H), 3.43-3.54 (m, 4H), 3.61-3.73 (m, 4H).
cis-6-Aminohexanoic acid [2-(6-aminohexanoylamino)cyohexyllamide (40) yellow foam solid;'H
NMR (200 MHz, CDC}J) 6 1.25-1.71 (m, 20H + 4H exchangeable witfOp 2.19 (tJ = 6.0, 4H), 2.69 (t)
=7.1, 4H), 3.87-4.08 (m, 2H), 6.19-6.31 (br s,f@mgeable with ED, 2H).

(¥)-trans-6-Aminohexanoic acid [2-(6-aminohexanoylamino)cyohexyllamide (41) white powder; mp
75-77 °C;*H NMR (200 MHz, CDC}) 5 1.18-1.82 (m, 20H + 2H exchangeable witkO} 2.05 (br s,
exchangeable with f», 2H), 2.18 (tJ = 6.3 4H), 2.68 (tJ = 7.2, 4H), 3.58-3.71 (m, 2H), 6.31 (br s,
exchangeable with @, 2H).

trans-6-Aminohexanoic acid [4-(6-aminohexanoylamino)cyohexyllamide (42) grey powder; mp 87-89
°C; 'H NMR (300 MHz, CDC}) 5 1.05-1.72 (m, 20H + 4H exchangeable witjO} 2.18 (t,J = 6.2, 4H),
2.70 (t,J=7.1, 4H), 3.75 (m, 2H), 5.38 (br s, exchangealik D,O, 2H).

6-Aminohexanoic acid [2-(6-aminohexanoylamino)ethjamide (43) foam solid;:'"H NMR (200 MHz,
CDCly) 6 1.18-1.47 (m, 4H), 1.56-1.77 (m, 8H + 4H exchamheavith D,O), 2.16-2.21 (t,J = 6.3, 4H),
2.70-2.81 (tJ= 7.2, 4H), 3.35-3.47 (m, 4H), 6.38-6.45 (br s,lewgyeable with gD, 2H).

General Procedure for the Synthesis of 44-4& mixture 0f39-43 and 2-methoxybenzaldehyde (in a 1:2.2
molar ratio) in toluene (50 mL) was stirred at teuxing temperature in a Dean-Stark apparatusfbr

Following solvent removal, the residue was takemuitOH (30 mL), NaBH (0.19 g, 5 mmol) was added,

73



and the stirring was continued at room temperédturé h. The mixture was then made acidic with Bi@l,
filtered, and evaporated. The residue was dissoinedater, and the resulting solution was washeith wi
ether, made basic with 2N NaOH, and extracted @hhCl, (3 x 30 mL). Removal of the dried solvent gave
the desired crude produetd-48, which were purified by flash chromatography.
6-(2-Methoxybenzylamino)-1-{4-[6-(2-methoxybenzylammo)hexanoyl]piperazin-1-ylthexan-1-one (44)
yellow oil; 66% yield; eluting solvent, toluene/MeEtOAc/aqueous 33%ammonia (2:6:2:0.1%);NMR
(300 MHz, CDC}) 6 1.20-1.75 (m, 12H), 2.10-2.22 (brexchangeable with @, 2H), 2.30 (t,J = 6.0, 4H),
2.57 (t,J=7.1, 4H), 3.29-3.40 (m, 4H), 3. 49-3.60 (m, 4Bl){4 (s, 4H), 3.81 (s, 6H), 6.77-6.94 (m, 4H),
7.11-7.24 (m, 4H); MS (ESIm/z= 553 (M+H)'.

Cis-6-(2-Methoxybenzylamino)hexanoic acid-{2-[6-(2-mébxybenzylamino)
hexanoylamino]cyclohexyllamide (45) yellow oil; 84% vyield; eluting solvent, CHgpetroleum
ether/MeOH/toluene/aqueous 33% ammonia (5:2:2:3)0*H NMR (200 MHz, CDCJ) & 1.28-1.91 (m,
20H), 2.08-2.28 (m, 4H + 2H exchangeable witd©p 2.62 (t,J = 6.0, 4H), 3.78 (s, 4H),3.84 (s, 6H), 3.95-
4.08 (m, 2H), 6.56 (br s, exchangeable wit®D2H), 6.82-6.96 (m, 4H), 7.15-7.32 (m, 4H).
(¥)-trans-6-(2-Methoxybenzylamino)hexanoic acid {2-[6-(2-
methoxybenzylamino)hexanoylamino]cyclohexyllamide 46). yellow oil; 82% vyield; elutingsolvent,
CHCly/petroleum ether/MeOH/toluene/aqueous 33% ammdn2a;1:0.15);'H NMR (200 MHz, CDC}) §
1.18-1.72 (m, 20H), 1.82-1.98 (m, exchangeable WD, 2H), 2.06 (tJ = 6.0, 4H), 2.52 (tJ = 6.0, 4H),
3.42-3.61 (m, 2H), 3.68 (s, 4H), 3.73 (s, 6H), 68635 (m, 4H + 2Hexchangeable with @), 7.06-7.18 (m,
4H).

trans-6-(2-Methoxybenzylamino)hexanoic acid {4-[6-(2-mébxybenzylamino)
hexanoylamino]cyclohexyllamide (47) yellow oil; 71% vyield; gravity column chromatogtay, eluting
solvent, CHCJpetroleum ether/MeOH/toluene/aqueous 33% ammdni2:1:0.15);'"H NMR (200 MHz,
CDCl) 6 1.18-1.71 (m, 20H), 1.82 (br s, exchangeable BB, 2H), 2.07-2.3%t, J = 6.0, 4H), 2.53 (t) =
6.0 4H), 3.75(s, 4H), 3.82 (s, 6H), 3.95-4.06 (iH),26.22 (br s, exchangeable with@ 2H), 6.81-6.93 (m,
4H), 7.13-7.28 (m, 4H); MS (EQIm/z = 581 (M+H)}.

6-(2-Methoxybenzylamino)hexanoic acid {2-[6-(2-metbxybenzylamino) hexanoylamino]ethyl}amide
(48). yellow oil; 65% vyield; gravity column chromatogtay, eluting solvent,
toluene/MeOH/CHCl,/aqueous 33% ammonia (3:3:4:0.08% NMR (300 MHz, CDCJ) § 1.35-1.66 (m,
12H), 1.93-1.99 (br s, exchangeable witfOD2H), 1.15-2.2 (tJ = 7.0, 4H), 2.582.63 (t,J = 7.0, 4H),
3.31-3.33 (m, 4H), 3.78 (s, 4H), 3.85 (s, 6H), 667/82 (br s, exchangeablith D,O, 2H), 6.87 (m, 4H),
7.22-7.26 (m, 4H).

General Procedure for the Synthesis of 3-6, and 48. mixture of44, 45, 46, 47 or 48 and diethylsulfate
(1:2.5 ratio) was heated at the refluxing tempeeatar 48 h in toluene. Following removal of thdvemt,
the residue was taken up in water and made bagick@H pellets and immediately extracted with CEICI

(3 x 20 mL) or directly purified by column chromgtaphy toavoid the quaternarization of amine functions.
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Removal of the dried solvent gave a residue that puaified by gravity column chromatography, prongl
the desired compour6, and49. 3-6 were finally converted into the dioxalate salt (foaolid).
6-[Ethyl-(2-methoxybenzyl)amino]-1-(4-{6-[ethyl-(2methoxybenzyl) amino] hexanoyl} piperazin-1-
yl)hexan-1-one (3) yellow oil; 54% yield; eluting solventyleOH/toluene/EtOAc/aqueous 33% ammonia
(6:2:2:0.2);'"H NMR (free base, 300 MHz, CDI§ 1.08 (t,J = 5.4, 6H), 1.21-1.77 (m, 12H), 2.29 Jt=
7.4, 4H), 2.20-2.44 (m, 8H), 3.25-3.4 (m, 88)60 (s, 4H), 3.82 (s, 6H), 6.79-7.01 (m, 4H), #7125 (m,
2H), 7.39-7.48 (m, 2H)**C NMR (freebase, 300 MHz, CD@)J & 11.95, 25.37, 27.11, 27.55, 33.52, 41.62,
45.45, 47.85, 51.51, 53.585.49, 105.32, 120.27, 127.58, 128.16, 130.09,58624.72.95; MS (ES) m/z =
609 (M+H)". Anal. (CioHeoN4O12) C, H, N.

cis-6-[Ethyl-(2-methoxybenzyl)aminolhexanoic acid (2-{gethyl-(2-methoxybenzyl)amino]
hexanoylamino}cyclohexyl)amide (4) yellow oil; 30% vyield; eluting solvent, CHégjpetroleum
ether/toluene/MeOH/aqueous 33% ammonia (4:3:2:0)0' NMR (free base, 300 MHz, CDgI5 1.08 (t,
J=6.3, 6H), 1.22-1.83 (m, 20H), 2.18 = 7.0, 4H), 2.42-2.58 (m, 8H), 3.58 (s, 48)78 (s, 6H), 4.01 (br
s, 2H), 6.71-6.67 (br s, exchangeable wit®P2H), 6.78-6.93 (m, 4H), 7.1 (m, 2H), 7.41 & 6.0, 2H);
MS (ESI) m/z = 637 (M+H). Anal. (G,HeN,O12) C, H, N.
(2)-trans-6-[Ethyl-(2-methoxybenzyl)amino]hexanoic acid (2-8-[ethyl-(2-
methoxybenzyl)aminolhexanoylamino}cyclohexyl)amide(5): yellow oil; 41% yield; elutingsolvent,
CHCly/petroleum ether/toluene/MeOH/aqueous 33% ammdn82:1:0.10);H NMR (free base, 300 MHz,
CDCl) 6 1.08 (t,J=6.3, 6H), 1.21-1.79 (m, 20H), 2.15Jt 7.0, 4H), 2.41-2.60 (m, 8H), 3.60 (s, 4H),
3.81 (s, 6H), 4.04 (br s, 2H), 6.05-6.12 (br s,hexwgeable with BED, 2H), 6.78-6.93 (m, 4H), 7.18 (m, 2H),
7,41 (d,J = 6.0, 2H);"*C NMR (free base, 300 MHz, CD{I8 13.70, 24.97, 26.02, 27.09, 27.44, 32.60,
37.13, 47.89, 51.58, 53.66, 53.87, 55.58, 110.26,58,127.75, 128.47, 130.30, 157.92, 174.05; MS (ESI
m/z = 637 (M+HJ. Anal. (C2HsN4O12) C, H,N.

trans-6-[Ethyl-(2-methoxybenzyl)amino]hexanoic acid (44-[ethyl-(2-methoxybenzyl)
amino]hexanoylamino}cyclohexyl) amide (8)colorless oil; 26% vyield; eluting solver@HCly/petroleum
ether/EtOAc/MeOH/ aqueous 33% ammonia (4:3:2:1)085NMR (free base200 MHz, CROD) § 1.12
(t, J=6.3, 6H), 1.18-1.71 (m, 16H), 2.18 1t 7.0, 4H), 2.41-2.62 (n8H), 3.52-3.64 (m, 6H), 3.82 (s, 6H),
4.12 (g, 4H), 6.31 (br s, exchangeable witOD2H), 6.82-7.02 (m, 4H), 7.18-7.38 (m, 4FC NMR (free
base, 200 MHz, CfDD) § 9.87, 13.23, 25.1%6.38, 30.52, 30.80, 35.25, 48.66, 50.27, 52.2883%9.59,
109.57, 119.26, 125.49, 127.980.15, 157.40, 173.20. MS (EBin/z = 637 (M+H). Anal. (C2HssN4O12),
C,H, N.

6-[Ethyl-(2-methoxybenzyl)amino-hexanoic acid (2-{g§ethyl-(2-methoxybenzyl)amino]
hexanoylamino}ethyl)amide (49) yellow oil; 30% yield; eluting solvent, MeOH/Et@Aoluene/aqueous
33% ammonia (4:3:3:0.08) NMR (free base, 300 MHz, CDgI6 1.09-1.14 (t) = 7.2, 6H), 1.28-1.36 (m,
4H), 1.57-1.67 (m, 8H), 2.18-2.23 {tz 7.5, 4H), 2.53-2.58 (11 = 7.5, 4H), 2.60-2.67 (¢} = 6.0, 4H), 3.36-
3.38 (m, 4H), 3.71 (s, 4H), 3.85 (s, 6H), 6.31-6(B2s, 2H), 6-81-6.98 (m, 4H), 7.16-7.20 (m, 2A}4-
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7.47 (m, 2H);"*C NMR (free base, 300 MHz, CD{ 11.2, 25.3, 26.1, 26.8, 36.3, 40.1, 47.5, 51.11,53
55.3, 110.3, 120.4, 128.2, 129.1, 130.5, 157.8,22MS (ESI) m/z = 583 (M+HJ.

Synthesis of N-Ethyl-N'-(2-{6-[ethyl-(2-methoxybenzyl)amino]hexylamino}etlyl)-N-(2-
methoxybenzyl)hexane-1,6-diamine (50)A solution of 2 M boran&-ethyl-N-isopropylanilinecomplex
(BACH-EI) in tetrahydrofuran (2 mL) was added drogpevat room temperature tosalution of32 (0.160
mg, 0.27 mmol) in dry diglyme (10 mL) under a stneaf dry nitrogen. Whethe addition was completed,
the reaction mixture was heated at the refluxingpterature for 4 hAfter cooling at room temperature,
excess borane was destroyed by cautious dropwiidcedof water (10 mL) and 6 N HCI (12 mL). The
resulting mixture was then heated at the refluxargperature for 1 h. After solvent evaporation, ¢chede
product was washed with ethyl ether (3 x15 mL)nttie mixture was made basic with aqueous 35% NaOH
and extracted with CHgI(4 x50 mL). Removal of the dried solvent gave sidee that was purified by
gravity column chromatography, eluting with MeOHIEc/toluene/aqueous 33% ammonia (4:3:3:0.1), to
give 33 as colorless oil (0.035 g, 23% yield)y NMR (200 MHz, CDCJ) & 1.09-1.14 (tJ = 7.2, 6H), 1.27-
1.51 (m, 16H), 1.96-2.09 (m, 2H), 2.43-2.65 (m, L2H75 (s, 4H), 3.61 (s, 4H), 3.84 (s, 6H), 6.8955(m,
4H), 7.11-7.31 (m, 2H), 7.40-7.45 (m, 2HJC NMR (300 MHz, CDG)) 5 11.7, 26.827.2, 27.4, 29.4, 47.5,
48.3, 49.5,51.3, 53.4, 55.3, 110.1, 120.1, 12136,1, 157.6; MS (ES) m/z= 555 (M+HY)'.
1,4-Bis-{6-[ethyl-(2-methoxybenzyl)amino]hexyl}pipeazine-2,3-dione (8) Diethyloxalate (9ul, 0.063
mmol) was added to a solution®® (0.035 g, 0.063 mmol) in EtOH and the resulting tonig was heated at
the refluxing temperature for 12 h. The crude maltebtained, after the evaporation of the solverds
purified by flash cromatography eluting solvent, ®W/EtOAc/toluene/aqueous 33% ammonia (3:4:3:0.05)
to give8 as colorless oil, which was finally converted itite dioxalate salt; 42% yiela;—| NMR (300 MHz,
CDCl) 6 1.09-1.14 (t) =7.2, 6H), 1.35-1.63 (m, 16H), 2.53-2.58J& 7.5, 4H), 2.60-2.67 (¢}, = 6.0, 4H),
3.45-3.53 (m, 8H), 3.81 (s, 4H), 3.87 (s, 6H), (m, 4H), 7.29-7.31 (m, 2H), 7.50-7.53 (m, 2K¢
NMR (300 MHz, CDCY) § 10.9, 25.9, 26.4, 26.9, 27.1, 44.4, 47.3, 50.88,525.4, 110.4, 120.5, 128.6,
131.0, 157.3, 157.8; MS (E$Im/z = 609 (M+H)+. Anal. (GHsN4O12) C, H, N.

6-Bromo-1-[7-(6-bromo-hexanoyl)-3,6,7,8-tetrahydratH-benzolmn][3,8]phenanthrolin-2-yl]-hexan-1-
one (51): 6-Bromohexanoyl! chloride (1.627 g, 7.6 mmol) wasleatl dropwise at 0 °@ a solution of
1,2,3,6,7,8-hexahydrobenawjn[3,8]phenanthrolin(0.800 g, 3.80 mmol) art;N (0.771 g, 7.6 mmol) in
CH,CI,. The resulting reaction mixture was stirred atmammperaturdor 96 h. The solution was washed
with 2 N HCI, HO, 2 N NaHCQ and then the solvent wasmoved under vacuum. The obtained crude
material was washed several time with petrolather/ether 7:3 and then purified by flash chromiphy
eluting solvent, ethyl acetate/petroleetier (8:2) to affordb1 as yellow foam solid (0.2 g, 9% vyield}
NMR (200 MHz CDC}) 6 1.16-1.30 (m, 4H), 1.35-1.53 (m, 4H), 1.60-1.77 @H), 2.45 (tJ = 6.0, 4H),
3,38 (t,J= 6.4, 4H), 4.90(s, 4H), 5.12 (s, 4H), 7.07-7.40 4ir).
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General Procedure for the Synthesis of 52-520owdered 60% NaH (1.6 g, 20 mmol) was added to a
cooled (0 °C) solution of piperazine-2,5-dione (@tol), 1,4-dihydroquinoxaline-2,3-dione (10 mmaihd
imidazolidin-2-one (10 mmol), respectively, in 10 ai anhydrous DMF under nitrogen atmosphere. The
resultant solution was stirred for 30 min at roc@mperature, then, the 1,6-dibromohexane (9.75 g, 40
mmol) was added dropwise and the solution wasestifor 24 h at room temperature (or at refluxing
temperature fob4). After evaporation of the solvent, the resultangde material was washed with ether and
purified by flash chromatography.

1,4-Bis-(6-bromohexyl)piperazine-2,5-dione (52foam solid; 46% vyield; eluting solvent,EtOAc/petroin
ether (8:2)*H NMR (200 MHz, CDC}) § = 1.27-1.62 (m, 16H), 3.32-3.51 (m, 8H), 3.974(4).
1,4-Bis-(6-bromohexyl)-1,4-dihydroquinoxaline-2,3-tbne (53): yellow oil; 18% yield; eluting solvent,
EtOAc/petroleum ether (8:23 NMR (300 MHz, CDCJ) § 1.48-1.58 (m, 8H), 1.78-1.92 (m, 8H), 3.42](t,

= 6.6, 4H), 4.23 (1) = 7.5, 4H), 7.16-7.26 (m, 2H), 7.44-7.48 (m, 2H)SNESI) m/z = 511 (M+Na).
1,3-Bis-(6-bromohexyl)imidazolidin-2-one (54)yellow oil; 22% yield; eluting solvent, EtOAc/peteum
ether (5:5);H NMR (300 MHz, CDC}) § 1.27-1.83 (m, 16H), 3.03-3.20 (m, 4H), 3.35-3.4% 4H), 3.60-
3.65 (t,J=6.0, 4H); 13C NMR (200 MHz, CDCI3)25.8, 27.4, 27.8, 33.5, 33.7, 42.6, 44.0, 161.3.

General Procedure for the Synthesis of 7 and 1A mixture of ethyl(2-methoxybenzyl)amine (0.125 g,
0.76 mmol) and triethylamine (0.077 g, 0.76 mmo#jsvadded to a solution of the dibromoderiva&teor
54 (0.38 mmol) in CHCN (20 mL). The reaction mixture was stirred at teé#uxing temperature for 64 h.
After solvent evaporation, the crude material wasred in water, made basic, and extracted withGIH3

x 50 mL). After evaporation of the solvent, thedwumaterial was purified by flash chromatography.

The two purified compounds were converted intodiosalate salts as described 86.
2,7-Bis-{6-[ethyl-(2-methoxy-benzyl)-amino]-hexyl}penzo[lmn][3,8]phenanthroline-1,3,6,8-tetraone

(7): It was synthesized from 51 yellow oil; 27% vyield; eluting solvent,
toluene/EtOAc/MeOH/CH2CI2/aqueous 33% ammonia (4140.05): *H NMR (free base, 200 MHz,
CDCl;) 6 1.01 (t,J=5.4, 6H), 1.17-1.68 (m, 12H), 1.68-2.51 (m, 12BiB8 (s, 6H), 3.58 (s, 4H), 4.88 (s,
4H), 5.06 (s, 4H), 6.68-6.96 (m, 4H), 7.17-7.42 @H); 13C NMR (200 MHz, CDCI3} 11.9, 25.3, 27.0,
27.5,44.7,47.8, 48.8, 51.4, 53.5, 55.4, 110.8,3,2127.6, 127.9, 128.2, 130.2, 157.7, 198.1; BISI) m/z
733 (M +HY. Anal. (GoHeiN4O10), C, H, N.
1,3-Bis-{6-[ethyl-(2-methoxybenzyl)amino]lhexyl}limiczolidin-2-one (11).It was synthesized frons4;
yellow oil; 30 % yield; eluting solvent, EtOAc/MeQtdluene/aqueous 33% ammonia (5:1:4:0.68)NMR
(free base, 300 MHz, CDgIl5 1.51-1-93 (tJ = 7.2, 6H), 1.29-1.56 (m, 16H), 2.48-2.57 (m, 8B{)8-3.21
(m, 4H), 3.29 (s, 4H), 3.61-3.64 (m, 4H), 3.856H), 6.82-6.98 ( m, 4H), 7.17-7.26 (m, 2H), 7.388/(m,
2H); MS (ESI) m/z= 581 (M+HY. Anal. (GgHsoN4O11), C, H, N.

General Procedure for the Synthesis of 9 and 1&I (1.6 g,10 mmol), KCO; (4.7 g, 17 mmol), and
ethyl(2-methoxybenzyl)amine (0.313 g, 1.9 mmol) evadded to a solution of the dibromoderivataor
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53 (0.38 mmol) inn-pentanol (20 mL). The resulting mixture was heatethe refluxing temperature for 40
h. After evaporation of the solvent the crude pridvas washed with water and taken up with a 1xture

of ether and ethyl acetate (50 mL). The organicsphaas dried and the solvent evaporated. The crude
mixture was purified by flash chromatography tooedf the desired compounfl.was converted into the
dioxalate salt as described &6, and9 was converted into the gHoluenesulfonate salt by adding 2 equiv
of p-toluenesulfonic acid in ether to an ether solubbthe free base.
1,4-Bis-{6-[ethyl-(2-methoxybenzyl)amino]lhexyl}pipeazine-2,5-dione (9).It was synthesized frorb2;
yellow oil; 57% yield; eluting solvent, toluene/EAQYMeOH/CH,Cl,/aqueous 33% ammonia (4:4:1:1:0.05);
'H NMR (free base, 200 MHz, CDgI5 1.08 (t,J = 6.8, 6H), 1.28-1.34 (m, 8H), 1.52-1.56 (m, 8HAX(t,
J=17.4, 4H), 2.55-2.59 (m, 4H), 3.38 {t= 7.4, 4H), 3.60 (s, 4H), 3.84 (s, 6H), 3.95 (s),46185-6.96 (m,
4H), 7.23-7.26 (m, 2H), 7.42-7.44 (m, 2HC NMR (200 MHz, CDG))  11.6, 24.6, 26.5, 26.6, 46.1, 47.7,
50.0, 51.3, 53.1, 55.4, 110.4, 120.5, 126.9, 12130,1, 157.8, 163.5; MS (E$Im/z = 631 (M+Na). Anal.
(CaoHeoN4O12), C, H, N.
1,4-Bis-{6-[ethyl-(2-methoxy-benzyl)-amino]-hexyl}1,4-dihydro-quinoxaline-2,3-dione  (10). It was
synthesized frons3: yellow oil; 11% yield; eluting solvent, toluené®Ac/MeOH/ aqueous 33% ammonia
(4:5:1:0.03);'"H NMR (free base, 200 MHz, CDgld 1.07 (t,J) 6.0, 6H), 1.38-1.77 (m, 16H), 2.50 {t)
15, 4H), 2.55 (gJ) 7.5, 4H), 3.61 (s, 4H), 3.83 (s, 6H), 4.191(,7.8, 4H), 6.85-7.44 (m, 12H})*C NMR
(200 MHz, CDC}) ¢ 11.7, 26.8, 26.9, 43.2, 47.6, 51.3, 53.2, 55.3,2,1115.1, 120.3, 124.0, 126.7, 127.6,
130.1, 151.0, 154.1, 157.6; MS (EQtVz 657 (M + Naj. Anal. (G4H7:N4040S;) C, H, N.

General Procedure for the Synthesis of 125. A solution of N1-ethylN1-(2-methoxybenzyl)hexane-1,6-
diamine (0.08 mmol, fol5 0.04 mmol) and the appropriate anhydride (0.4 mrmoBthanol (40 mL) was
heated at the refluxing temperature for 60 h. Afiter mixture was cooled to room temperature, ttheesd
was evaporated to give a crude material which wa#igd by flash chromatography.2 and 13 were
converted into the di-toluenesulfonate salts, wherebéand 15 were converted into the dioxalate aod
toluenesulfonate salt, respectively.
2,2'-Bis-{6-[ethyl-(2-methoxybenzyl)amino]hexyl}-[§5biisoindolyl-1,3,1',3'-tetraone  (12). It was
synthesized from [5,57biisobenzofuranyl-1,3,1te®raone; yellow oil; 51% yield; elutingsolvent,
CH2CI2/MeOH/aqueous 33% ammonia (9:1:0'H;NMR (free base, 200 MHz, CDgI5 1.45-1.22 (tJ =
7.0, 6H), 1.27-1-70 (m, 16H), 2.58-2.73 (m, 8HKB&3.75 (tJ = 7.4, 4H), 3.81 (4H), 3.85 (s, 6H), 6.87-
7.01 (m, 4H), 7.24-7.30 (m, 2H), 7.50-7.53 J& 5.8, 4H), 7.97-7.98 (dI= 1, 2H), 8.10 (s, 2H); MS (ESI
m/z = 787 (M+H). Anal. (G,H74N401,S,), C,H,N.
2,6-Bis-{6-[ethyl-(2-methoxybenzyl)amino]hexyl}pyriolo[3,4f]isoindole-1,3,5,7-tetraone  (13).lt was
synthesized from benzo[1¢24,5-c]difuran-1,3,5,7-tetraone; yellow oil; 35% yielckluting solvent,
CH,Cl,/MeOH/aqueous 33% ammonia (9:1:0.08);NMR (free base, 200 MHLDCL) 5 1.22 (t,J = 6.8,
6H), 1.36-1.43 (m, 8H), 1.68-1.71 (m, 8H), 2.67&(, 8H), 3.74 (tJ =7.0, 4H), 3.86 (s, 10H), 6.88-7.03
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(m, 4H), 7.27-7.35 (m, 4H), 7.53-7.57 (m, 2H); MSS(+) m/z =711 (M+H)+. Anal. (H-oN401.S,), C, H,
N.

2,7-Bis-{6-[ethyl-(2-methoxy-benzyl)-amino]-hexyl}enzo[lmn][3,8]phenanthroline-1,3,6,8-tetraone
(14). It was synthesized from isochromeno[6,8gflisochromene-1,3,6,8-tetraone: colorless oil; 43&tdy
eluting solvent, toluene/EtOAc/GBI,/MeOH/aqueous 33% ammonia (4:4:1:1:0.05);NMR (free base,
CDCl3) 6 1.05 (t,J) 7.4, 6H), 1.43-1.76 (m, 16H), 2.43-2.59 (m, 8Bip8 (s, 4H), 3.82 (s, 6H), 4.19 {t)
7.6, 4H), 6.18-6.96 (m, 4H), 7.15-7.28 (m, 2H), ¥B43 (m, 2H), 8.77 (s, 4H)’C NMR (free base,
CDCl) 0 1.12, 11.96, 27.07, 27.16, 27.37, 28.22, 41.0Z451.44, 53.58, 55.41, 110.25, 120.35, 125.38,
126.69, 127.52, 128.29, 128.40, 129.10, 130.13,943057.73, 162.85; MS (ESInVz 761 (M + H). Anal.
(CsoHeoN4O14) C, H, N

2-{6-[Ethyl-(2-methoxybenzyl)amino]hexyl}benzofldisoquinoline-1,3-dione (15). It was synthesized
from benzofigisochromene-1,3-dione; yellow solid; 41% yield; utaig solvent,
toluene/CHCYMeOH/aqueous 33% ammonia (4:0.5:0.5:0.68)NMR (200 MHz, CDC}) & 1.06-1.13 (t,]
=7.0, 3H), 1.41-1.75 (m, 8H), 2.48-2.62 (m, 4HR73(s, 2H), 3.84 (s, 3H), 4.15-4.23 3¢, 7.4, 2H), 6,84-
6.99 (m, 2H), 7.16-7.20 (m, 1H), 7.45-4.48 {& 6.6, 1H), 7.78 (tJ = 7.6, 2H), 8.21-8.25 (dl = 7.4, 2H),
8.61-8.64 (dJ = 7.2, 2H); MS (ES) m/z = 445 (M+H). Anal. (GsH4N20sS) C, H, N.

1.6.2 Biology

Determination of the Inhibitory Effect on AChE and BChE Activities

The method of Ellmaret al?®® was followed. Prototypes caproctamirk, and 2 and the AChEls
donepezil, galantamine, and propidium were usef@sence compounds. Five different concentratiins
each compound were used to obtain inhibition of B@h BChE activity comprised between 20% and 80%.
The assay solution consisted of a 0.1 M phosphatierh pH 8.0, with the addition of 340M 5,5'-
dithiobis(2-nitrobenzoic acid), 0.02 unit/mL humagcombinant AChE or human serum BChE (Sigma
Chemical), and 55@M substrate (acetylthiocholine iodide or butyrytitinoline iodide). Test compounds
were added to the assay solution and preincubat8@ &C with the enzyme for 20 min followed by the
addition of substrate. Assays were done with akbt@mtaining all components except AChE or BChE to
account for nonenzymatic reaction. The reactioasratere compared, and the percentage of inhibdien
to the presence of test compounds was calculatech Eoncentration was analyzed in triplicate, @80l

values were determined graphically from log con@itn-inhibition curves.

Determination of the Mode of Action

To obtain estimates the mode of actionldf reciprocal plots of 1/V versus 1/[S] were consted at
relatively low concentration of substrate (below hM). The plots were assessed by a weighted $gastre
analysis that assumed the variance of V to be atanhpercentage of V for the entire data set. Ba#dysis
was performed with GraphPad Prism 4.03 softwarePad Software Inc.). Reciprocal plots involviryg

inhibition show both increasing slopes (decreaseda¥ at increasing inhibitor's concentrations) and

79



increasing intercepts (high&tm) with higher inhibitor concentration. This patteindicates mixed-type
inhibition, arising from a significant inhibitor teraction with both the free enzyme and the actgla

enzyme.

Determination of the Inhibitory Effect on Ap Aggregation Induced by AChE

Aliquots of 2 pL of A3(1-40) (Bachem AG, Switzerland), lyophilized frormiy/mL HFIP and dissolved
in DMSO at a final concentration of 23M, were incubated for 24 h at room temperature .RLH M
sodium phosphate buffer (pH 8.0). For coincubaggperiments, aliquots of AChE (2.30/, ratio 100:1)
and AChE in the presence of the tested compounl (i) were added. Blanks containindd AAChE, A3
plus the tested compound, and AChE plus the testethbound in 0.215 M sodium phosphate buffer (pH
8.0) were prepared. The final volume of each viakv20uL. To quantify amyloid fibril formation, the
thioflavin T fluorescence method was uS&&"?** Thioflavin T binds to amyloid fibrils, giving risto an
intense specific emission band at 490 nm in iterBacent emission spectrum. Therefore, after intaha
the samples were diluted to a final volume of 2with 50 mM glycine-NaOH buffer (pH 8.5) containing
1.5uM thioflavin T. A 300 s time scan of fluorescenogensity was carried outéxc = 446 nmjem = 490
nm), and values at the plateau were averagedsafl#raction of the background fluorescence of thqi

thioflavin T solution.

Determination of the Inhibitory Effect on the SelfMediated Ag(1-42) Aggregation

HFIPpretreated B(1-42) samples (Bachem AG) were resolubilized wathCHCN/NgCOy/NaOH
(48.4:48.4:3.2) to have a stable stock solutiorB[[A500uM). Experiments were performed by incubating
the peptide in 10 mM phosphate buffer (pH 8.0) ammg 10 mM NaCl at 30 °C for 24 h (finalpA
concentration 5@M) with and without the tested compound atyM. To quantify amyloid fibril formation,
the thioflavin T fluorescence method was used. rAfieubation, the samples were diluted to a firdbmne
of 2.0 mL with 50 mM glycine-NaOH buffer (pH 8.5pmtaining 1.5uM thioflavin T. A 300 s time scan of
fluorescence intensity was carried ougXc = 446 nmiem = 490 nm) 490 nm), and values at the plateau

were averaged after subtraction of the backgrolumtdscence of the 118V thioflavin T solution.

Inhibition of BACE-1 activity

Purified Baculovirus-expressed BACEd-gecretase) and rhodamine derivative substrate pugohased
from Panvera (Madison, WI, U.S). Sodium acetate BMSO were from Sigma Aldrich (Milan, Italy).
Purified water from Milli-RX system (Millipore, Mibrd, MA, USA) was used to prepare buffers and
standard solutions. Spectrofluorometric analysesewaarried out on a Fluoroskan Ascent multiwell
spectrofluorometer (excitation: 544 nm; emissio®d fim) by using black microwell (96 wells) Clinipta
plates (Thermo LabSystems, Helsinki, Finland).

Stock solutions of the tested compounds were peeparDMSO and diluted with 50 mM sodium acetate
buffer pH=4.5.
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Specifically, 20uL of BACE-1 enzyme (25 nM) were incubated with 20 of test compound for 60
minutes. To start the reaction, 20 of substrate (0.2M) were added to the well. The mixture was
incubated at 37 °C for 60 minutes. To stop thetr@ac20uL of BACE-1 stop solution (sodium acetate 2.5
M) were added to each well. Then the spectroflu@toin assay was performed by reading the fluoreszen
signal at 590 nm.

Assays were done with a blank containing all conemis except BACE-1 in order to account for non
enzymatic reaction. The reaction rates were contpanel the percent inhibition due to the presendesif
compounds was calculated. Each concentration walyzeu in triplicate. The percent inhibition of the
enzyme activity due to the presence of increasesy tompound concentration was calculated by the
following expression: 100-(f, x 100), where Ms the initial rate calculated in the presencenbfbitor and
V, is the enzyme activity. To demonstrate inhibitioh BACE-1 activity, statine-derived inhibitor
(Calbiochem, Darmstadt, Germany) was used as referi@hibitor (1IGe=18 nM)"2

1.6.3 Computational studies

Docking simulations were carried out by means & @OLD softwarg? (v. 3.0.1) and using the
crystallographic structures of AChE, BChE, and BACBbtained by the Protein Data Bank (PDB codes
1B41 for AChE®, 1POM for BChE®’ and 1FKN for BACE-1°). BACE-1 was always simulated in the
monoprotonated state, namely with a proton on @pardc acid of the catalytic dyad. Therefore, diogk
simulations were carried out either with BACE-1 A2pnner oxygen or with BACE-1 Asp228 inner oxygen
protonated.14 was built in Sybyl 7.1.1 (Tripos Associates; Irft. Louis; MO 2001, USA) and then
geometry optimized optimized at density functiofalel of theory (B3LYP/6-31G**) by means of the
Gaussian03 softwaré?* 14 was always modeled and docked in the diprotonstite.14 was docked 100
times at the active site of the three enzymes dued poses ranked according two scoring functions:
GOLDSCORE and CHEMSCORE. As suggested by the GHtauthors, genetic algorithm default
parameters were set: the population size was h@0Osedlection pressure was 1.1, the number of apesat
was 10, the number of islands was 5, the nicheveae2, migrate was 10, mutate was 95, and cross@ase
95.

Both sets of poses (i.e., those ranked with GOLDBE@nd those ranked with CHEMSCORE) were
then clustered with ACIAP v.228/*> Briefly, ACIAP is a newly developed clustering ofcol
implemented in a MATLAB metalanguage program, whicimbines a hierarchical agglomerative cluster
analysis with a clusterability assessment methatl amser independent cutting rule. In particulangmw
applied to docking outcomes, we demonstrated thetcombination of the average linkage rule with the
cutting function developed by Sutcliffe and co-wen&™ turned out to be an approach that meets all of the
criteria required for a robust clustering protocol.

Finally, a low energy docking pose representatif’ea statistically populated cluster was taken into
account to identify a possible binding modeldfat AChE, BChE, and BACE-1 active sites.
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All molecular modeling studies were performed aifualcore Intel(R) Xeon(TM) CPU 3.00GHz running
Linux Fedora Core 5.

1.6.4 Elemental Analysis of Reported Compounds

Calcd, % Found, %

No. Formula C H N C H N
3 CuoHsoN4O12 60.90 7.67 7.10 60.95 7.61 7.06
4 C42HegN4O1 61.75 7.90 6.86 61.79 7.95 6.81
5 Cs2HegN4O12 61.75 7.90 6.86 61.80 7.85 6.82
6 C42HeaN4O12 61.75 7.90 6.86 61.77 7.87 6.80
7 CsoHp4N4O12 65.77 7.07 6.14 65.78 7.04 6.12
8 CuoHs0oN4O12 60.90 7.67 7.10 60.85 7.65 7.06
9 CuoHs0oN4O12 60.90 7.67 7.10 60.86 7.68 7.05
10 Cs4H7:N4010S; 64.77 7.25 5.60 64.78 7.23 5.58
11 Cs9HeoN4O011 61.56 7.95 7.36 61.57 7.94 7.33
12 Cs2H74N4012S; 65.82 6.59 4.95 65.80 6.60 4.93
13 CseH70N4012S, 63.73 6.69 5.31 63.74 6.68 5.30
14 CsoHeoN4O14 63.82 6.43 5.95 63.93 6.45 5.90
15 C3sH4oN206S 68.16 6.54 4.54 68.15 6.53 452
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Section 2
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2.1 Introduction

Cancer is a term generally used to describe a grbdseases characterized by uncontrolled celivgro
Cancer is a leading cause of death worldwide: regponsibly for 7.9 million deaths, around 13%abf
death, in 2007 and deaths from cancer worldwidgegojected to continue rising, with an estimatehligaf
12 million in 2030. The main types of cancer legdia overall cancer mortality each year are lungcea
(1.4 million deaths/year), stomach cancer, (866,08@ths/year), liver cancer (653, 99 deaths/yeaiin
(677, 00 deaths/year) and breast cancer (548,0asigear). In Italy, in 2005 cancer killed approately
157,000 people, 57,000 of them were under the &g® @nd it is predicted that it is going to rigerh
26.5% of all death in 2005 to 26.8% of all deat200F"’.

4,40% 3,70%

Cardiovascular Disease
43,40% Cancer

Other Chronic Diseases
M Injuries

Communicable Disease

21,90%

26,50%

Figure 61.Main causes of death in Italy in 2665

Cancer arises when cells escape from their norordta mechanisms and being to grow and to spread i
different part of the organism through a procedledanetastasis. Cancer begins from one singleacellthe
transformation from a normal cell into a tumourlcsl a multistage process that involved several
biochemical pathways.

Cancer therapy is based on surgery, radiotheragychemotherapy. Killing cancer cells with chemical
agents is a very difficult challenge because suwahstormed cells do not present different biochainic
characteristics from normal cells. Treatment ofcesrhas mainly involved the use of agents diretbed
target that are not specific and, therefore, chberapeutic agents are in most of the cases aspaaifi this
lead to a wide spectrum of side effects in patients

The drug resistance is another problem associdte agincer chemotherapy. Cancer cells are able to
develop many mechanisms that make them resistamtimancer drugs, by increasing the efflux ofdhag,
and/or the enzyme-mediated deactivation of the ,dang/or by altering the binding site or the metizbo
pathways. Furthermore, many drugs which showed igingnactivity in preclinicaln vitro studies did not
confirm the same results in clinical trials. This associate with the difficult to find clinical estant

preclinical models.
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Along time, many different classes of antiprolifera drugs have been developed and they are alli¢ to
several biochemical pathways implicated in the eadevelopment.

Cancer is a multifactorial disease and, therefargingle medicine is not sufficient to effectivéigat it.
Among different therapeutically approaches useafulcancer treatment, an emerging strategy is repted
by the so called “Multi-Target Direct Ligand” apah (MTDL). This approach is base on the assumption
that a single drug may simultaneously modulateetargnvolved in the cascade of a pathological eent
leading to a multifactorial disease. This approsefims to be the more adequate for cancer treatment.

Herein, it is reported on the development of paéémew MTDLs as anticancer drugs able to hit défe
target involved in cancer pathogenesis. In padicuhe MTDLs described in the present study shbeld
able, in principle, to act as:

= intercalator agents;
= apoptosis activators:
. PIN1 inhibitors.

2.1.1 Polyamines

Polyamines are simple organic compounds havingrnfmlecular weight and two or more amino groups
charged at physiologically conditions. Natural @oiynes, such as putrescine (Put), spermine (Spah) an
spermidine (Spd) are widely distributed in livingganism and they are involved in several ways ih ce
proliferation and in homeostasis preser¢ifigt#°2%

NH
H2N/\/\/ 2 put

NH
HZN/\/\N/\/\/ 2 spd
H

H
HZN/\/\N/\/\/N\/\/NHZ spm
H

Figure 62. Chemical structure of Putrescine
(Put), Spermidine (Spd) and Spermine (Spm).

Metabolism of Polyamines and their involvement in ellular homeostasis

In mammalian cells, the natural polyamines are dosmmillimolar concentration and their intracedul
concentration is tightly regulated by multiple pa#lys such as synthesis from amino acids precursor,
cellular uptake which provide polyamines from diatl intestinal microorganism as well as degradadimh

efflux. In eukaryotic cells, Put, Spd and Spm ayatlsesized from the amino acids L-ornithine and L-
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methionine. Put derives from decarboxylation ofithine by ornithine decarboxylase (ODC); this i th
rate-limiting step in the polyamine’s biosynthed®th Spd and Spm derived from Put; Spd is syntleelsi

by the addition of an aminopropyl group thanks per&idine synthase. Adding another aminopropyl grou
to Spd yields to Spm by the action of Spermine I&3s®. The two aminopropyl groups used in this
biosynthetic pathway directly derived from decardated S-adenosylmethionine; such compound comes
from methionine that is firstly transformed in Seadsylmethionine and then decarboxylated by S-

adenosylmethionine decarboxylase to give decarbteg!S-adenosylmethionine (Figure%3)

Argining Intraceliular [} Extracellular

l Arginase

Methionine

I MAT

-Ornithis
S-adenosylmethionine L-Umithine J_

SAMDC
co,

Decarboxylated
S-adenosylmethionine

Spermidine
synthase

Methylthioadenosine

Spermidine
e :/\/\;/\/\/x””o

| SMO
\

Spermine ,'

synthase N'-acetylspermine

Methylthicadenosine
SSAT
Spermine

WSS

Figure 63.Polyamines metabolisit.

Polyamines catabolism is driven by Spd/Spralsetyltransferase (SSAT). Such enzyme system use
acetyl-CoA as acetyl source to obtaihatetylspermine and'Macetylspermidine. The acetylation removes
the positive charge on the amino group and, thezefacetylated polyamines are less potent than non-
acetylated compounds. These two acetylderivatieesdcbe either extracted from the cell or oxidized
FAD-dependent polyamine oxidase (PAO): acetylajgth & cleaved into Spd and acetylated Spd is ctbave
into Put?®. Polyamines could also be degradated by oxidatsmination catalyzed by a copper dependent
amino-oxidase. Oxidation of acetylated polyaminesdbs to a great quantities phminobutiric acid, 3-
acetamidopropanal, hydrogen peroxide and ammamigaiticular, hydrogen peroxide and aminoaldehydes
are very toxic compounds and could lead to oxi@atitress and apoptotic-induction; moreover, hydroge

peroxide positively modulates the enzymatic agtiot SSAT (Figure 64%+2%
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Apoptosis
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H,0 Acetylpolyamines CoA

Figure 64.Polyamine metabolism and cell d&th

Furthermore, cells possess uptake and efflux systiem polyamines. It has been suggested that the
Polyamine TransportePAT) is carrier-mediated, energy-dependent and sdwurbioreover, despite some
cells posses just one carrier for all three natpmyamines, some other cells are characterizedway
classes of carrier: one for Put and the other fod 8nd Sprit>**% PAT are more expressed in rapidly
growing cells, such as cancers cel&\T is not so selective and, therefore, different aolines analogues
could use such carrier to get into the ¢&liFurthermore, cells posses systems able to trangplyamines
outside the cells. This system is tightly reguldigdhe growth status of the ¢éfl

Concerning all the enzymes involved in polyaminestabolism ODC resulted one of the most
interesting. It is a highly inducible enzyme with axtremely short half-life. It requires for itstady
pyridossal 5-phosphate as cofactor which bind&ya69; moreover, a thiol-group reducing agents are
necessary for the enzyme acti%ity ODC activity is dependent by the formation of imer and critical
residues in the active site were Lys169 and Hi€29®DC'’s expression could be regulated by oncogenes
and its activity is controlled by polyamines thrbugositive or negative feedback: high polyamines
concentration reduces its activity while low polyages levels increase it. Furthermore, differentdisi
show an increase in ODC activity after inducing@peis and this suggest its involvement in prograshm
cell deatf®. ODC binds to a small regulatory protein inducgdan increase of polyamines level, called
Antyzime AZ%%,

SSAT is a homotetramer of molecular mass aboutB@;Ht is induced by a number of stimuli including
various toxic agents, hormones, growth factors polgamines themselvE& SSAT acetylates specifically
primary amino group and its substrates are Spdsana but not Put. Acetyl-CoA is used as acetyl-damat
its binding site is located in a highly conservatedion of 20 AA and Argl42 and Argl48 play a cati
role for its binding*.

Polyamines are deeply involved in regulation ofliudat functions and they are able to modulate cell
growth and death. During cell cycle, changing ifypmines and ODC levels has been observed. In G&ine
Hamster Ovary (CHO) during the progression of thik @ycle, Put levels are increased in S angpases,
Spm concentrations are increased for the peridd afd G phase and Spd is increased during all the cell
cycle®
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Cellular growth is critically regulated by the ngior the reduction of proteins and kinase-protkisvn
as cyclin and cyclin-dependent kinase (Ckds) andynavidences show a link between such proteins and
polyamines. Growth factors and hormones cause eelaation of cell cycle by increasing the level of
cyclins. Different cyclins have been identified ahdy act on specific phases of the cell cycle;eiaample,
in the G phase, cyclin D1, D2, D3 and E activate the apmatp Cdk that is responsible for the
phosphorylation of particular substrates leadingél cycle progressigit. Polyamines have a critical role
in cell growth and, therefore, interaction occuesaeen them and cyclin/Cdks. Changes in expressitme
cyclin and Cdks take place during the differentsgisaof cell cycle together with changes in ODC and

polyamines concentration (Figure 65).

POLYAMINES

Figure 65. Effect of polyamines on cell cyéf&.

The exact mechanism of how polyamines affect tliir\Cdks system is still not completely defined bu
seems that polyamines regulated cyclin degraddtiothomas and coworkers showed as polyamines were
able to modulate cyclin D1. They treated MCF-7 gellth polyamine analogues causing a decreasetjin Pu
Spd and Spm levels. Such decrease has been asdowsitlt a decrease in cyclin D1 level and cell eycl
arrest in G. Furthermore, they valuated the effect of diflunathylornithine (DMFO), an inhibitor of ODC,
and CGP 48664, an S-adenosylmethionine decarb@xyfdsbitor, on cyclin D1 and E in MCF-7 cells
(Figure 66). In this study, DMFO induces a decra#sgyclin D1 whereas CGP 48664 led to an incredse
two-fold in Cyclin D1: these results suggested asfile regulation of cyclin D1 by Put. Moreover, BM
had no effect on cyclin E while CGP 48664 increaisedevel suggesting that Spm has a role in cyElin

regulatiof®.
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Figure 66.Chemical structure of DMFO and CGP 48664.

This and other studi&¥ demonstrated a strictly link between polyamines eell cycle regulation and
how polyamines could be involved in cell growth dgsilation. Therefore, it is not surprising thathie last
decades many efforts have been performed to determdlationships between polyamines and cellular
proliferation in order to develop drugs able to @ttpolyamines-mediated biochemical pathways.

In the early 70’s, several studies revealed thegmree of high levels of polyamines in serum andeuoif
people affected by leukaemia, melanoma, adeno@menand myeloma and, therefore, polyamines have
been suggested as biochemical cancer marker. Fudhe an increase in polyamines level have be&neno
in patients having cystic fibrosis, psoriasis andpregnant girls; all these evidences point out #haost
every pathological condition leading to a celludaath or pathological growth, such as inflammatipeld
to an increase in polyamines concentratioriPolyamines and cancer are deeply connected @ddtress
the research in finding new therapeutical entitteat, inhibiting enzymes involved in polyamines
biosynthesis could reduce their intracellular coiion leading to a cytostatic effect.

In addition to their connection with cell cycle udgtion, polyamines, being generally charged at
physiological pH, can interact with nucleic acidedain particular, with DNA in non-sequence specifi
mannef®®. Polyamines are able to stabilize duplex andexB-DNA structuré® and to promote B- to Z-
DNA transition in recombinant plasnifd Furthermore, it has been demonstrated that pohesrhave an
important role in the formation of nucleosdifie

Beyond their interaction with DNA, polyamines irdet also with phospholipids, and membrane
proteirf*. In addition, natural and synthetic polyamines icaeract with several important receptor systems,
such as muscarinic, nicotinic and glutamate recsi}té*>

Recently, it has been demonstrated that polyamiaesact as protector agents against ROS by acting
directly as free radical scavengfér*’2*®

An increasing number of evidences are linking poliyees with programmed cell death. Nevertheless, the
biochemical pathways that connect such compounttsiméreasing or decreasing of the apoptotic pmtes
quite complex and some results appear contradfétory

Apoptosis is a programmed cell death that invojustla single cell and polyamines are importantoiiesc
in its control. Packham and Cleveland discoverathgked increase of ODC activity after inducing aptp
cell death suggesting a direct role of ODC as ntediz apoptosis. Furthermore, they suggested@xt is
an effector of c-Myc induced apoptosis (c-Myc igeme which encodes for transcription factors; aateat
version of c-Myc is found in many cancers). Inceeas ODC activity will lead to an increase in patyae

synthesis and, therefore, in their metabolism leguthh an increase of ROS formation (Figure’67)
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Figure 67.Model for c-Myc-induced apopto$.

On the other hand, in human leukaemia cells HL-fOptotic induction has been blocked by using
DMFO whereas adding exogenous polyamines restaeafoptotic process; therefore, an increase of
polyamines could revert the inhibitory effect of B on ODC>. Moreover, addition of exogenous
polyamines prevens the apoptotic induction by DM#gmentation caused by etoposide (apoptotic-
inductor); these evidences support the hypothésisgolyamines act as apoptotic-inhibitors. In ssicn
HL-60 cells treated with etoposide, an increase®@DE’s activity has been observed, in the first Redirs,
followed by an almost completely inhibition of igtivity; this may indicate that an increase of OBC
necessary for apoptosis induction while its dednggis fundamental for holding the apoptotic praces

Thein vitro cytotoxicity of Spm and Spd is well documentedséveral experiments it is shown how they
could be metabolized by a serum amine oxidase tearytotoxic compounds such as amino aldehydes,
ammonia and hydrogen peroxitfe Moreover, the oxidation of polyamines catalyzed RAO lead to
hydrogen peroxide which is implicated in the inductof apoptosis; however, in several rat tissud® has
been localized only in peroxisome where hydrogenmyéde could be reduced by the action of peroxidoma
peroxide and other detoxifying enzyrfidsRecent studies suggested that polyamines theessebuld exert
cytotoxic effects. Spm at millimolar concentratisrcytotoxic to baby-hamster kidney cells; thiseffis not
due to the formation of toxic amino aldehydes beeazerum amino-oxidases were not present. It hers be
observed that inhibitors of amino-oxidase, suchamsnoguanidine, could partially prevent the obsérve
toxicity while treatment of the cells with MDL 7282a PAO inhibitor, enhances the toxi(’:?ﬁl

s N e N

N
H

MDL 72527

p53 is the major tumor suppressor protein of thaybdt is a transcription factor involved in celfate
regulation, the initiation of apoptotic death and/Mrepairing™>.

Li et al investigated the mechanism of regulation of pBBegexpression by polyamines. In intestinal
mucosal epithelial cells, they found that polyamsineegatively regulated post-transcription of p53. |
particular, depletion of polyamines enhances esgiwasof p53 gene. Moreover, accumulation of p53

activates the transcription of cell cycle arrestageleading to growth-inhibition (Figure 68)
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Figure 68. Regulation of expression of the p53
gene by cellular polyamin&%.

Some authors reported the influence of polyamimeshe activity of nuclear factatB (NF«B). Such
factor could have either pro- and anti-apoptotieat depending on cell type and kind of death wdiim
They found that polyamines depletion induced ameiase in NReB activity probably due the decrease of
IKBa protein levels (IKB bound NFxB in the cytoplasm keeping it in an inactive fofth)In contrast, in
another study, Shadt al.reported that Spm has a stimulatory effect ondBRMICF-7 breast cancer cefl§

Nowdays, it is clear that polyamines and caspasestectly connectéd”***?°* Caspases are proteases
that play a fundamental role in signalling and eieg apoptosis®2°*?®? They posses in their active site a
cysteine residue which cleaved substrates at Aspbund and acted in concert in a cascade triggeyed
apoptotic signalling. At least 14 distinct mammalieaspases have been identified and 11 of them are
humans (Figure 69). Of these 11 caspases notealhaolved in apoptotic cascade: caspases-1, -45ack
mediator of inflammation and cleaved proinflammgptoytokines. The other seven caspases are apoptotic
and generally are divided in two classes:

e initiator caspases, which includes caspases-29-&nd -10;

» effector caspases, which includes caspases-3d-67an
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Figure 69. Apoptotic caspases in mammafi&h

The initiator caspases activate the effectors whighable to degrade several substrates such ssanuc
protein and cytoplasm. The activation of caspafextfrs could be carried out also by non-caspasegses
such as catepsin and calpafis

All caspases are produced in cells as inactiveragaes that contain three domains: an,ftitminal
domain, a large subunit (~20 KDa) and a small sitbi#i0 KDa). Proteolytic cleavage of the caspases
precursor results in the separation of large arallsuabunit.

The caspases-cascade may initiate by differeniagth depending on the origin of the death stinfitiie
extrinsic pathway is initiated by the binding ofl@ath ligand such as Fas-I to the respective deatptor.
This pathway is receptor-dependent and severahdeageptors family has been identified such as RYf-
Fas and NGF-R. Among these families the Fas idb#s¢ characterized. Fas activates procaspase-thand
active caspase-8 can activate caspase-3, hydrglgewveral apoptotic substrates.

Alternatively, caspases-cascade could be triggeradeceptor-independent pathway by different gkim
including chemotherapeutic agents.

The intrinsic pathway is mediated by mitochonddpoptotic signals can influence the permeability of
mitochondrial membrane inducing release of some-apaptotic proteins into the cytoplasm, such
cytochrome &°. Cytochrome C released in the cytoplasm becomesopthe apoptosome which mediates
activation of caspases-9; this pathway is strictiyulated by Bcl-2 family protein. In addition, @ner pro-
apoptotic factor released by mitochondria is thepagtic inducing factor (AIP) which can activatespase-3
or can move into the nucleus and induces DNA fragat®rf®®. Both receptor-dependent and mitochondrial

pathways converge at level of caspases-3 (Figure 70
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Figure 70.Involvement of caspases in apopt63is

How caspases kill cells is not fully understood se¢ms that they could inactivate proteins thatepto
cells from apoptosis or they could destroy impartadl structures as nuclear lamina.

Due to their fundamental role in homeostasis masntee, caspases could represent an attractive
pharmacological target for the treatment of patbiel® caused by cell growth desregulation. For examp
caspases inhibition could be helpful in all theedses triggered by an excessive apoptosis such as
neurodegenerative diseases. On the other handsesspctivation could be useful in cancer treatnvbiete
an excessive cell proliferation occurs. Therefdihey may be promising biochemical target for deisign
new therapeutical instrument for the treatmeniuchsdiseasé¥.

Stefanelli and coworkers studying the link betwpetyamines and caspases observed that in HL60 cells
polyamines induce activation of caspases; in pdeticthey showed that Spm was more efficient thad in
activation of caspases-3 while Put resulted inactMoreover, they observed that Spm is able to bind
mitochondria and to induce the release of cytockr@f***°?’°. On the other hand, Nittt al. showed that
in different cell lines depletion of intracellulolyamines caused disruption of mitochondrial meanbr
potential leading to caspases activation

As above discussed, many evidences link polyanminasfferent apoptotic pathways; nevertheless, the
exact role of such molecules in these biochemiaatades is still controversial. The overall pictigrquite
complicate and seems that polyamines may behaypeocaapoptotic or anti-apoptotic agents depending on

the particular physiopathological condition.

Biochemical and Medicinal Chemistry aspects of pohmines

Polyamines are essential in maintaining homeostasis variation in their concentration is associated
with different pathological conditions. Therefosmveral groups have focused their research in \disicm
new molecular structures able to interfere with tak biochemical pathways in which polyamines are
involved. For example, agents able to inhibit potiiges biosynthetic enzymes will prevent cell growatid,
therefore, could be used as antiproliferative agyevibreover, polyamines analogues have been deaetiiop

order to induce apoptosis in transformed cellsaddition, polyamine residues could be used as elahy
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agents by usingolyamines Transporter SystéPAT) to facilitate the entreance of different drug®ithe
cellg’>%"3

The discover of molecules targeting the enzymeslwad in polyamines metabolic pathways has been

the first approach used in order to developed piaietherapeutic agents (Figure 71).
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Figure 71.Targets in the polyamine metabolic path#/ay

Perhaps the most known enzyme involved in polyamimetabolism is ODC and one of the most
important inhibitor of such enzyme is 2-difluromdtirnithine (DMFO) that acting as suicide inhibitor
induces the arrest of cell growth DMFO is an enzyme-activated irreversible inhibitio first competes
with ornithine for the binding site and then itdecarboxylated by the enzyme to create a highlgtinea
intermediate that forms a covalent bind with Cys®BQ.ys69 leading to enzyme inactivatiéh In vitro,
DMFO induces arrest of cell growth by depletionRaft and Spd even if the levels of Spm are variable.
However,in vivo DMFO was found to display cytostatic effect and ogtotoxic effect; nevertheless, it is
under investigation as chemopreventive agent istate and colon cancer in combination with nonesteit
anti-inflammatory drugs.

Moreover, several inhibitor of S-adenosylmethioni8B&M) decarboxylase have been developed. One of
the earliest inhibitor developed is methylglyoxa fguanylhydrazone (MGBG). It has been reported that i
is active as antileukemic agent but its clinica s been limited due to its severe toxi€iyMGBG is a
competitive inhibitor of SAM and, moreover, it seeto be able to interact with mitochondria. Neveldhss,
MGBG could be considered as lead compound for #neeldpment of additional agents. For example,
SAM486A developed by Novartis is a potent inhibitof AdoMetDC and it does not present any

mitochondrial activity and its possible use as dpeutic agent is currently under investiga%f(gnln

94



addition, some S-adenosyl methionine (AdoMet) amads have been developed but, unfortunately, these
compounds could not be usiedvivo due their insufficient methabolic stabifity;

Other target enzymes are Spd and Spm-synthassehfon analogues of the transition state have been
designed. S-adenosyl-3-thio-1,8-diaminooctane (ANBD) is a specific inhibitor of Spd synthase;
unfortunately, it causes depletion of Spd but iases Put and Spm leading to few growth-inhibitdfga
(Figure 72§%27°
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Figure 72.Chemical structure of DMFO, MGBG,
SAM 486A and AdoDato.

A more recent approach to inhibith polyamine bidkgsis is based on the design and synthesize new
polyamines analogues. Such compounds should beaplatry into the cells using tHAT, downregulate
biosynthetic enzymes and/or upregulate cataboligrapg’??"

The first generation of these polyamines analogwese the N,N'-bis(ethyl)polyamines; they are
terminally alkylated analogues of Spd and Spm (feigi8). The more active of these polyamines analogu
are  BESpd  N!NPbis(ethyl)spermidine), BESpm  N{N“bis(ethyl)spermine), DENSpm
(N*N"bis(ethyl)norspermine) and BEHSprN'(N**bis(ethyl)homospermine) which induce depletion of
intracellular polyamines and exhibit several amttE activities against cancer cells. These anabget
into the cells througfAT and induce depletion of polyamines by acting on QBGoMetDC and SSAT.
For example, BESpd was found to be active on DMES$istant human non-small-cell lung-cancer line, NCI
H157%. Very important was the discovery that the respanthese agents was dependent by phenotype of
the cell: DMFO-sensitive human non-small-cell lwagicer line NCI H82 is more resistant to BESpd than
NCI H157 cell§®. In NCI H157 cells, bis-ethylpolyamines have shawrincrease the activity of SSAT in
dose- and time-dependent manner and, in additi@y, tause down-regulation of ODC and AdoMet3C
In particular, SSAT induction seems to be stritithked with cell death even if such connection depen
the type of polyamines analogues and of cell lif@sexample, DMSpm (1,12-dimethylspermine) in hama
large-cell lung carcinoma cells is a very poten&B$ducer but it shows no-toxicty’. How the induction
of SSAT leads to cytotoxicity is not totally cledrseems that a high induction of SSAT causes yrrtioh
of substrates for PAO whose activity is responsilfleytotoxic concentration of hydrogen peroxide.

Among the different analogues synthesized, DENSpaniery active SSAT-inducer, it is taken up by the

polyamines transporter, it downregulates ODC arati&iosyl methionine decarboxylase (AdoMetDC) and
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it upregulated polyamines catabolism; for thesesara it has been recognized to be a good candiolate

clinical trials but, in such tests, unfortunatelgtiowed an unacceptable neurotoxfts?
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Figure 73.Chemical structure dfl,N"-bis(ethyl)polyamines: BESpd,
BESpm, DENSpm, BEHSpm.

Furthermore, asymmetrically substituted polyamiaesalogues have been synthesized and tested (Figure
74). Derivatives such as PENSphi-propargyIN'-ethylnorspermine), CPENSpri{cyclopropylmethyl-
N'!-ethylnorspermine), CHENSpniNt-cycloheptylmethyN'*-ethylnorspermine) and IPENSpnS{N*-(2-
methyl-1-butyl)N'!-ethyl-4,8-diazaundecane) exert significant antifexative activity by inducing SSAT,
downregulating ODC and AdoMetB¥?®” Among these compounds, CHENSpm, despite its |OATS
inducing activity, induces apoptosis in non-small-tung cancer producing 3/ block by interfering with

normal tubulin polymerizaticf®*
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Figure 74. Chemical structure of asymmetrically substituted
polyamines: PENSpm, CPESpm, CHESpm, IPENSpm.

In addition, several derivatives have been devaldpereplacing the polymethylene chain between the
amine functions with conformational restricted gr@able to reduce the free rotation around the Gt
(Figure 75¥° Two “frozen” polyamines analogues are CGC-1104ii £GC-11093 in which the
replacement of the polymethylene chain with a nimjied double bond and cyclopropane moiety affecthb
the activity and the toxicity***2> Despite the similar structure, only CG-11047b&eao induce SSAT and
SMO; moreover, CGC-11093 is in phase-1 trial agpaniiferative agent while CGC-11047 is in phasasl

single agent and in phase-1b in association wittaBieumab, docetaxel or gemcitabin.
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Despite their effect on their own metabolism, patyaes are able to interact DNA and chromatine and,

therefore, many efforts have been made in ordefeielop compounds able to target them. Oligoamines
with many amine functions in the side chains haeenbdeveloped and they displaied antiproliferative
activity in submicromolar range in human prostagél tine (Figure 7652 In particular, CGC-11444 was
active also against human breast cancer @eligtro andin vivo by inducing cytochrome C release and

caspase-3 activation and, in addition, it seemeadtén the expression of estrogen receptor
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Figure 76.0Oligoamines CGC-11157, CGC-11159, CGC-
11144.

Bis(benzyl)polyamine MDL 27695 showed the abilibyimhibit proliferation of HeLa cells. Interestiygl
no correlation between DNA binding properties andtamor activities of MDL 27695 and its analogues
was detected”.

MDL 27695

In addition, MDL 27695 seems able to gain into £elsing PAT or some other specific polyamine
transporter.

Recently, it has been demonstrated that diffesgréd of cancers showed an increased activity odP&iE
due to the increased requirement of polyamines.eblM@r, several studies reveal that many polyamines

analogues usBAT to enter into cells and such transport systemsladkselectivity. Therefore, such system
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could be used to selectively deliver polyamine@icer drug conjugate preferentially into cancdisce
avoiding the side toxic effects towards normalsatbrmally exerted by anticancer agents.

Unfortunately, not only cancer cells but also samemal cells system such as bone marrow, intestinal
epithelium and hair folliculi, are rapidly growingells; however, the real therapeutic effectivenafsthis
strategy needs to be verify.

Both Spd and Spm have an high affinity toward DNAd éhe development of conjugate between
polyamine and structure able to interact with DNAld lead to an increase of affinity toward DNAtka
to the establishment of additional electrostatieractions. One of the first example of applicatadrthis
strategy is represented by the conjugate clorartd@gid (Figure 77); this derivative showed a DNAntly
10000 times higher than clorambucile alone sugggdtie role of polyamines chain to establish addiétl

interactions with phosphate moieties of DNA: in iéidd, it penetrates into cells throu@AT systeri®®?’

NH, ///CI
HZNM<:\:<_/—QN
HN 5 \\\Cl
Figure 77.Conjugate clorambucile-Spd.

In 2000, Phanstiel and coworkers developed a sefiesnjugate polyamines-DNA intercalator in order
to target DNA and/orTopoisomerase Il (TOPOII) aityivSuch derivatives have a Spm fragment covatente
linked at its N4 position to an acridineXVI , LXVII ) or to an anthracen&XVIll , LXIX ) moiety.

O NNHZ O NNHZ
v §2
N ) H/\H:\/ ~ " NH, HAH/,‘\/N\/\/\NHZ

LXVI: n=1 LXVII: n=1
LXVII: n=2 LXIX: n=2

All these derivatives showed the ability to integfevith TOPOII in a dose- and time-dependent manner
and acridine-derivatives are more active in inhlstPOIl than anthracene-derivatives. In contrast,1i210
(murine leukaemia cell line) anthracene derivativese more potent than the acridine-based conjugate
Concerning their ability to udeAT to gain into cells, this study revealed that spdime-based ligands may
not represent the right architecture to &I whereas the activity diXX, which is based on spermine

moiety, was more efficaciod®AT ligand.
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Soon later, the same authors reported on the siathed the biological evaluation of a new series o
polyamine-DNA intercalator agentsXXI -LXXVI ).
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Such compounds have been tested in order to eeahsit inhibitory activity towards DNA-TOPOII: the
bis-Spm derivatived, XXI-LXXIV are more efficient at 5 uM than mono-Spm deriegtivMoreover, bis-
derivatives containing the C5 tether lendtXIl andLXXIV , were more active than the corresponding
containing the C4 tether lengthXXl andLXXIIl . Concerning the possibility to gain into cellsP&T, the
mono-intercalator-Spm moietXXV , had the highest affinity for the L12FAT®, Basing on the high
cytotoxicity of anthracene moiety over the acridamalogue, a series of tetraamine-anthracene tiggsa
have been synthesized and evaluated for theirciglttdar uptake vidPAT. Furthermore, in this study it has

been evaluated also the affinity of unsubstitutelglgmines system for tHeAT.

HZNAH/\NA@/\NH

m H n

EUR A A AT oS
m H n H o

unsubstituted
polyamines

HZNAﬁ/\NH2 O NAﬁ/\NAﬁ/\NHZ LXXVII
' L o

NAH/\NAH/\NAH/\NHZ LXXVII
H m H n H o

LXXIX: m=1, n=1 ICs= 5120 nM
HzNAﬁ/\NAﬁ/\NHz LXXX: m=1, n=2 IC50= 2460 nM
mH n LXXXI: m=2, n=2 ICs= 2300 nM

LXXXII: m=1, n=1, 0=1 IC5;=1510 nM
HzNAH/\NA@/\NAH/\NHz LXXXIII: m=1, n=2, 0=1 ICs0= 1340 nM
m H n H o

LXXXIV: m=2, n=2, 0=2 ICgzy= 730 nM
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From this evaluation appeared that in L1210 c&dlsaamines showed more affinity RAT than triamine
and diamines; moreover, it was observed that titerb@istance between two nitrogens atoms correfgabn
to 4 carbon atoms.

However, such cell line results to be more susbkpto triamines conjugateXXVIl than tetraamines
LXXVIII . Of course, these results depend on polyaminetectire; in particular in terms of vector design,
the 4,4-triamine motif was found to be optimal cieahsignal to gain into cells viRAT. That could be
explain considering that tetraamines are high-a§fiRAT ligands that slowly dissociate from the receptor
while triamines have lower binding affinity and stieiate rapidly fromPAT to exert the cytotoxic effect.
Indeed, a deconvolution microscopy study in A373amema cells reveled a rapid internalization fog th
intercalator-4,4 triamine conjugate whereas theraatlator-4,4,4 tetraamine remained mostly at e c
surfacé®.

In addition, in 2004 Phanstiet al. synthesized a new series of anthracene-polyanuingigate in order
to prove the sensibility dPAT to small changes in its substrates. Based on twms@ounds and previous
works, they presented a model which related polgarainthracene conjugate R&T-mediated cytotoxicity
(Figure 78).

50A (x=1) 6.4 A (y=2)
64 A((x=2} 7BAW=3)
//

—

Figure 78.Architecture of PAT®.

They showed that the best results were obtainedh whe equal to 1 or 2 and when y is 2 or 3; insiteg
y value from 3 to 4 in anthracenyl-containing caygte lead to a dramatically decrease of selectiaity
PAT. This decreasing in uptake and cytotoxicity resdhhat the hydrophobic cavity cannot accommodate
groups bigger than the anthracenyl ones. In addiiioR is a smaller group then antracenyl, as mdpt
moiety, it is possible to increase the length oftlither from methyl to ethyl holding a good selétyi
toward PAT. Furthermore, based on a computational model dped studying compoundsXXXV ,
LXXXVI and LXXXVII they proposed a two-step model, “where first tl@jegate binds primarily
through its polyamine portion t8AT and then hydrophobic substituent seeks out itsceegd pocket to
initiate the receptor-mediated endocytosis el&nt
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LXXXV: n=1

LXXXVI: n=2
LXXXVIl:n=3

compound n NHY(A) N™-H* (A)

LXXXV 1 6.0 6.7
LXXXVI 2 7.5 7.9
LXXXVII 3 8.4 8.7

Figure79.Model for polyamineRAT interactiori®.
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2.1.2 Peptidil-prolyl cis/transisomerase (PIN1)

PIN1 is a member of evolutionarily conserved enzgnpeptidyl-prolyl isomerase (PPlase family) and
catalyze thecis/trans isomerisation of peptidyl-prolyl amide bonds. PREs by changing the
conformation of the peptide bond, may alter thefaonation of their substrates and, therefore, their
function. PPlases are highly expressed and havedigieled in three groups differing in the aminadac
sequences of their catalytic domain and their satesspecificity:

1. cyclophilins, which bind the immunosuppressant diygjosprin A;
2. FK506 binding proteins, which bind the immunosugpent drugs FK506 and
Rapamycin;

3. parvulins, which do not bind any immunosuppressamgs®.

PIN1 belongs to a parvulin subfamily of PPlaseshie subfamily belong also PAR10 in bacteria,
PAR14 and PAR10 in eukaryotfé

PIN1 is an 18 kDa protein form by 163 AA, it is cpased by two domain organized around a
hydrophobic cavity: an amino-terminal WW domain {jaonacids 1-39) and a carboxylic-terminal
domain (amino acids 45-163) (Figure 80). The am@rminal domain is involved in protein-protein
interaction while the carboxylic-terminal domairpresented the PPlase domain which catalyzed the

isomerisation of the proline peptide bond betwd®tis-transconformations.

Ww PPlase PINI

Figure 80. Stucture of PIN¥*,

The crystal structure of PIN1 reveals that thevacsite is located at the surface of the enzymis;at
hydrophobic pocket composed by Leul22, Met130,Rimell 34 which binds the cyclic side chain of the
prolyl residue. The peptide bond undergoing thalgaédcis/transisomerisation is surrounded by His59,
Cys113, Serl54, and Hisl57; Lys63, Arg68, and Ardé@m a basic cluster, which binds the
phosphorylated Ser/Thr of the substrate (Figurd®81)
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Figure 81.a) Ribbon representation of PIN1. b) Ribbon andeswar surface
representation of the PIN1 interdomain cavity. W&/ domain is orange and
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A closer look to the crystal structure of PIN1 wéh Ala-Pro dipeptide shows an important role for
two structural motifs: the loop between residuesaii 77 and Cysteinel13. This loop is involved in
binding the phosphate moiety of the subsifatand, in yeast, Lys63 is essential for the anclgorin
function of the phosphorylated substrate. Cyslisp#ially close to the Ala-Pro bound; this sugegst
possible catalytic mechanism through a nucleophitiack on the carboxylic carbon of the substrgte b
the sulphur of Cys113. Later, it has been showh @®s113 has a very low pKa suggesting that this
residue is ionized under physiologically conditioMoreover, the local environment around Cys113,
particularly Serlll and Serll5, would maintain Ggsivith a negative, full or partially, charge;
therefore, Cys113 will present its negative chdaaythe carbonyl atom of the substrate when it isnoo
to thecis-conformation. This negative charge would weakendbuble bound character of the substrate
pSer-Pro peptide bond allowing rotation from €@%)to 180° {rans)®**3%

The peptide bond linking two amino acids can eid@mwptcis or trans conformation but for all amino
acids except prolingrans conformation is thermodynamically more favourednitis conformation;
moreover, rotation around the peptide bond is ertmaly disfavoured due its partial double bond
character. For proline the energy difference betwtke two conformations is far smaller and themfor
the motifs Xxx-Pro could exist in both conformasomothcis andtrans conformation are substrates and
product and, therefore, PIN1 acts catalysingcibérans and therans-cis conversior®.

The WW domain only recognizes phosphorylated Serfittifs followed by a Proline; PIN1 is the
only PPlase having the WW domain and thereforexdusively bind Ser/Thr-Pro motifs. Due to its
affinity to phosphorylated Ser/Thr-Pro motifs, PINdorks in concert with kinase and phosphatases
proteins; the phosphorylatios carried out by different proteins which play onfant roles in many
important biological processes such as cell-cyetpilation and cellular stress response. Kinasesdvies

in these phosphorylation processes are i.e. thegmitactivated protein kinase (MAPK), cycline-
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dependent kinase (CDK), extracellular signal-reaaprotein kinase (ERK) and glycogen synthase
kinase B (GSK-3).

Role of PIN1 in cellular biochemical pathways

PIN1 is involved in several different biological emts and it plays important roles in many
pathological condition such as cancer, Alzheimdisgase, microbial infection, asthma and so oruf€ig
82). The reversible phosphorylation of Ser/Thr-Rratifs is a key regulatory mechanism for the cdntro

of cellular processes.
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PIN1 has been first identified in yeast as protdite to interact witever in mitosis gene @&IMA)
an essential mitotic kinase found Aspergillus nidulansNIMA overexpression induces cell death and
therefore it was suggested that PIN1 has an imporle in mitosis regulation acting as negative
modulator. Moreover, depletion of its homologue Saccaromyces cerivisiaESS1 induces mitotic
arrest®.

Several evidences show that PIN1 acts on variodstioispecific phosphoproteins. Cell cycle is
regulated by many protein kinases known as Cdkslwdrive cells through different phases of the cell
cycle. These kinases alter the function of protemnggering the mitotic process by phosphorylating
hundreds of proteins such as cyclin B-cdc2. PINt®ICdc25n vitro andin vivo which is the activating
phosphatases of cyclin B-cdc2 and inhibits itsvagti the activation of cyclin B-cdc2 is importafar the
progression from &to mitosis and such interaction between Cdc25 RNl partially explains the
ability of PIN1 to inhibit the @M transitior?””.

Moreover, PIN1 inhibits the function of mitosis-iblory kinase Weel that inactivates cyclin B/cdc2
through phosphorylation by interacting with Wee $&xn addition, PIN1 interacts with the early-mitoti
inhibitor Emil; Emil inhibits the activity of anapbe-promoting complex APC that controls the cell
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division acting on various regulatory proteins. Enmiequired to induce S-phase and M-phase entry by
stimulating cyclin B accumulation, is synthesizédsaS transition and is degraded by ubiquitin-ligase
SCH'" pathway at prometaphase; PIN1 stabilize Emi1l leygmting its association with SEpe.3%°

PIN1 also plays an important role in mitotic chr@ome condensation; it interacts with chromatin
during G/M phase and modulates the mitotic protein at phospation levei™.

All these results suggest that PIN1 is deeply im@dlin cell cycle regulation and therefore it i no
surprising that it could have an impact on diseasased by uncontrolled cells proliferation such as
cancer. Many oncogenes and suppressor are reguigt@doline-directed phosphorylation and several
evidences show that PIN1 is overexpressed in mamyah cancers such as breast, prostate, cervical,
brain, lung and colon cané&r

PIN1 overexpression is correlated with the overesgion of two of its substrates, cyclin D1 ghd
catenin. PIN1 plays a critical role in regulatidrcgclin D1. Overexpression of cyclin D1 has beeuarfd
in 50% of patients with breast cancer and it ioolagd in oncogenesis; furthermore, inhibition otlay
D1 expression causes growth arrest of tumor cellidevits overexpression induce cell transformations
PIN1 increases levels of cellular cyclin D1 mRNAlgrotein, and activates its promoter through tRe A
1 site. The AP-1 complex is formed by c-Jun andos-protein and c-Jun activity is modulated by
phosphorylation induced by growth-factors, oncogegmioteins or stress (for example, c-Jun could be
phosphorylated by JNKs, c-Jun N-terminal kinasesiclw could be also activated by oncogenic Ras).
PIN1 binds phosphorylated c-Jun and increasedilityeto activate cyclin D1 promoter (Figure §3)
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Figure 83.Role of PIN1 in regulating cyclib
Moreover, it has been demonstrated that cyclin @Y tre phosphorylated at Thr286 and PIN1 could
bind this Thr286/Pro motif stabilizing it by prewgm its nuclear export and following cytoplasmatic
degradatiof®,
PIN1 is also able to stabiliz&catenin; it is involved in cancer development #salo its ability to
induce several genes critical for the cancerogergicess such as those for cyclin D1, c-Myc and

peroxisome-proliferator-activated recepfo(PPARS). B-catenin is regulated by different proteins such
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asadenomatus polyposis cgirotein (APC) which is a nuclear-cytoplasmatictiimg protein that can
export f-catenin to cytoplasm where it is degradatgédatenin contains different Ser/Pro motifs and,
therefore, after phosphorylation of such sitesitld be bind by PIN1. Such interaction takes plaoth

in vitro andin vivo. The phosphorylation gi-catenin occurs at Ser246/Pro which is next toARE-
binding site and PIN1 isomerizes this peptide bpraventing the ability of-catenin to bind APC, thus,
increasing the nuclear fraction @fcatenin. In addition, PIN1 transactivates sevérahtenin target
gened™.

Another example of how PINL1 is linked to cell grbovgathways derives from its interaction with the
transcription factor NReB. It is an ubiquitous transcription factor thantols the expression of genes
involved in immune responses, apoptosis, and gelec NF«B is a dimer of proteins belonging to the
Rel family, including p65 (RelA), p50, p52, c-Rahd the most abundant activated form consistspéba
and p60. It is normally sequestered in the cytapléy interacting with protein known as IkBs and it
could be activated by a variety of stimuli, as &jnes, viral proteins and stress inducers; degramalaif
IkBs activates NReB allowing its nuclear translocations. It has bemsiserved that after cytokine
treatment, PIN1 binds to pThr254/Pro motif in p&hibiting its bond with IkB (a type of IkBSs)

increasing therefore NEB'’s nuclear accumulation and activity
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Figure 84.PIN1 regulates multiple oncogenic signalfiffg

PIN1 plays a critical role in regulating centrosordaplication. Deregulation of centrosome
duplications leadsto abnormal centrosome numbeatsabarrant mitosis. This duplication is modulate by
multiple proteins such as Cdk-2 which are Pro-d@eckinases. Suizet al. reported that PIN1 is

involved in regulation of centrosome duplicatiomsl dts deregulation lead to centrosome amplificegjo
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chromosome instability and oncogenesis. It is beliehat PIN1 could modulate centrosome duplication
thought cyclin D¥*°.

PIN1 also modulates the function of different pnateinvolved in cellular response to stress injury;
for example, PIN1 is able to stabilize p53 and pdl®wing genotoxic stress. Several stresses could
activate kinases, such as members of MAP kinaseGiDids, able to phosphorylate p53. Such p53
phosphorylation occurs at Ser33, Ser46, Thr81 a@15 generating sites for PIN1 recognition. The
binding of PIN1 generates conformational changgsbi® “leading to activation of genes required tib-ce
cycle checkpoint or promote apoptodts®® Moreover, the activity of p53 is also controllbg the
apoptosis inhibitor iIASPP which blocks p53 binditgg cell-death related promoter: in presence of
cytotoxic stress PIN1 induces dissociation of iASfRfh p53™°.

Furthermore, PIN1 is able to bind che-1, an RNAypwrase ll-binding protein that plays an
important role in transcriptional activity of pS8hich is down-regulated during the apoptotic precés
response to various stimuli che-1 is phosphorylagedi it could be negatively modulated by
HDM2/MDM2 proteins. The interaction between HDM2/MRand che-1 is regulated by PIN1; che-1
interacts with PIN1 following apoptotic DNA damaaged it increases che-1 degradatfn

PIN1 seems to be able also to regulate phosphoz3eetinoic Acid Receptoré (RAR o). RARa
activity is regulated by phosphorylation that caow at different sites:

1. Ser369: protein kinase A phosphorylates Ser369 gtiogn heterodimerization and DNA
binding;

2. Serl57: Serl57 is phosphorylated by protein kin@sdeading to destabilization of
heterodimer-DNA complex;

3. Ser77: Ser 77 is phosphorylated by cdk7 leadingteptor stabilization in presence of the
ligand.

The latter AA is located in a region whit severab Pesidues and represents a substrate of PINZ1;
phosphorylation of Ser77 is moreover importantRéRa stability; indeed, RAR is able to activate the
fibroblast growth factor promotdgf8 which is a gene involved in cancerogenesis. TheseBIN1 is
able to modulate RARRdegradation and so it is able to down regulate &A&ivity onfgfg®*,

In addition to all above presented connections wihgrowth regulation and desregulation processes
PIN1 is deeply involved in neuronal funct®®n PIN1 is expressed in neurons and although its
physiological functions are still not totally eldaited, it is clear that PIN1 interacts with severatteins
involved in the neuronal homeostasis, suchr asotein and Amyloid Precursor Protein APP* 1
phosphorylation precedes the formation of neurifiioy tangles while from the phosphorylation of RP
derived the & peptide which leads to the formation of senilegpks. Extracellular senile plaques and
intracellular neurofibrillary tangles are the neuaithological hallmarks of Alzheimer’s Disease (Addd
therefore PIN1, targeting and APP, results to be involved in AD. PIN1 birglpiThr231¢ restore the

functions of phosphorylated to bind microtubules and to promote microtubuleeasbly. Moreover,
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PIN1 binding to pThr231 inducesdephosphorylation by promoting the action of PR@Aich is the
physiological t phosphatas€. Furthermore, PIN1 is involved in theAproduction acting on
phosphorylated APP. APP is a transmembrane protein that could be ggsed by two distinct
pathways; the non-amyloidogenic pathway which iagsla proteolytic cleavage bysecretase and leads
to non-toxic product and an amyloidogenic pathwdycl consists a sequential cleavagepbyandy-
secretase which leads to production of peptideslynaf 40 or 42 amino acids in length, calleg.Aand
Apa4, respectively. Of the two released productg,,As the more toxic even if both have been found in
senile plaques. APP could be phosphorylated at6Bhiy different kinases, such as stress-activated
protein kinase 1b, cyclin-dependent kinase and Udedse, and such phosphorylation increasgs A
secretionin vitro. The effect of PIN1 on APP cascade is more corafdit. In 2005 Akiyama and
coworkers demonstrated, by studying the produatioAs in both wild-type and PIN1-null mice, that
PIN1 promotes A& productionin vivo. This is because the levels offand AS,, were reduced in PIN1-
null mice compared with wild-tyg&. Soon later, Pastorino and coworkers showed tthit B able to
bind pThr668 bothin vitro andin vivo experiments. Moreover, it has been shown that T&® APP is
largely in transconformation with a small amount ais-conformation that could increase after the
phosphorylation of Thr668. Thdrans-conformation is more susceptible to non-amyloidoggrocess
while thecis-conformation favours the amyloidogenic process plresence of PIN1 keeps the fraction
of cisThr668-Pro APP low whereas a loss of PIN1 functeads to an accumulation o-Thr668-Pro
APP and promotes amyloidogenic production gt fFigure 85§,
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Figure 85. Effect of the presence and the absence of PINIPR A
processingf®

Moreover, oxidative stress may play an importate io the pathogenesis and in the progression of
AD. Such oxidative stress is manifested by nuclamds oxidation, proteins oxidation, lipids
peroxidations and ROS formatiBh Butterfieldet al showed that protein oxidation was increased in the
hippocampi of Mild Cognitive Impairment (MCI) sulsis (MCI is a transition zone between normal
cognitive aging and early dementia), suggesting #hah protein oxidation is important in AD
development. Specifically they found thaenolase, glutamine-synthetase, pyruvate kinasem2PIN1

were more oxidized in the hippocampi of MCI subJ&dPIN1 activity was found to be reduced in AD
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hippocampus due to its oxidative modification. Pidduld be oxidazed both vitro andin vivo and the

resulting reduced activity seems to be responsibiie increased concentration of phosphin-AD*".

PIN1 inhibitors

An increasing number of evidences suggest that leiNdd be an attractive new target for anticancer
drug developmerit; as above discussed PIN1 is overexpressed in mamgn cancers, it acts as critical
catalyst for multiple oncogenic pathways and inesalvcancer cell lines depletion of PIN1 determines
arrest of mitosis followed by apoptosis-inductidMoreover, it has been shown that PIN1 knockout mice
developed normally suggesting that an anti-PINtame could not generate toxic effetta

Up to now the only successful strategy leadingld1Rnhibition in vitro andin vivo derived from the
use of antisense strategies, dominant negativeegtes, RNA interference and gene knockd{t*3333¢
Not so many small-molecule PIN1 inhibitors have rbédentified, and unfortunately none of them is
clinically useful.

The most known PIN1 inhibitor is the natural prodiieglone (5-hydroxy-1,4-Naphtoquinone) which
specifically inactivates the activity of parvuliiké PPlase fronk. coli, the homologous PPlase Essl in
yeast and the human PIN1 while it does not affeet other families of PPlase, cyclophilins and

FK506BPs.

o

OH O
Juglone

Juglone covalently bind to the side chain of Cygfdbably by a Michael addition which occurs
between the sulfhydryl group of the Cys and th@unsaturated carbonyl system of the jugfhe
Juglone induces apoptosis in Hela cells in doseigent manner and prevents cells from entering in

apoptosis (Figure 88} 3%
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Figure 86.Ability of Juglone to inhibit PIN$*

109



Moreover, Juglone blocks transcription by interagtivith RNA polymerase Il but the results show
that such effect is not mediated by the inhibitmnPIN1**% furthermore, Juglone inhibits also other
enzymes such as pyruvate carboxylase and glutatiSetnansferad¥.

In 2003 Uchidaet al. identified new PIN1 inhibitors by screening a cleahlibrary of compounds
with double ring structure and compounds previoustyeloped as potential anticancer (Figure 87).
Among the different compounds tested, three of thesulted potent PIN1 competitive inhibitors: PiA
which inhibits PIN1 with an I¢ of 2.0 uM, PiB and PiJ with both ansy®f 1.5 uM. These derivatives
are more potent than Juglone which showed apdC5 uM and they did not bind DNA or other target
protein such as Topoisomerase |. Moreover, thectsffef PiB and PiJ on cancer cell proliferation ever
tested in many cancer cells, such as HSC2, HCTOMK2, SKOV3, and they were the most potent

inhibitor of cell proliferation showing an kgin UM range.
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Figure 87.PIN1 inhibitors developed by Uchidsa al;
in brackets are reported theirsi@xpressed ipM3%.

Most of the compounds tested have symmetrical tstreicand this might lead to an increase in
potency; moreover, docking studies on PiB have hmsformed showing how PiB inhibits PIN1: the
aromatic rings of PiB may establighr interaction with the protein’s amino acids whiteethydrogen
atom of Arg69 and His157 and the backbone amidedgh of Lys57 form an H-bond with the oxygen
atoms of PIN1 suggesting that the aromatic ring$ e oxygen atoms are crucial for the PIN1-PiB

interaction (Figure 88%°
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Figure 88.Docking model of PiB in PIN*°.

In 2005, Bayeret al. discovered new peptidomimetic PIN1 inhibitors ded from the natural product
Pepticinnamin E, an inhibitor of farnesyltransfera¥hese new derivatives synthesized by combirstori
synthesis were able to induce apoptosis but in stases the connection between apoptosis-inductidn a
farnesyltransferase inhibition was not clear; hosvewmany evidences suggested a possible involveaient
PIN1. Among all the Pepticinnamin analogues syritleels the most potent resulted compoub®XXVIII-

XC which showed an I§ values in micromolar range (Figure 89). These ammgs seem to inhibitPIN1
by decreasing the thermodynamic stability of thatgin and/or lowering its solubility in aqueous r@ednd

are able to induce apoptosis in mammalian transfdroell liné*"
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Figure 89.PIN1 inhibitors derived from Pepticinnamii*E
In 2006 Wildemann and coworkers reported the sangeof a combinatorial peptide library leading to
the discovery of very potent PIN1 inhibitors. Stagtfrom the structure of PIN1 bound to Ala-Proepgide,

they generated fifteen compounds having the folh@wgeneral structure: Ac-Lys{-biotinoyl)-Ala-Ala-
Xaa-Thr(PQH,)-Yaa-Zaa-Glm-NH where Xaa, Yaa, Zaa could be either natural aramds, non-natural
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amino acids or N-alkyl amino acids. The most potrpound of the series was the peptide Ac-Nis(
biotinoyl)-Ala-Ala-Bht-Thr(PQH,)-Pip-Nal-GIm-NH, which showed an 1§ value of 0.21 pM (Bthj-(3-
benzothienyl)alanine; Nab-(2-naphthyl)alanine; Pip, piperidine-2-carboxydicid).

Another group of peptidomimetics able to inhibiNRIhas been developed by Waetgal. using alkenes
as amide isosters (Figure 90). This approach hais peeviously used by the same research groupler ¢o
obtain hCyPA inhibitors: for example, they showhdttthe peptidomimetic Alais-Pro (Z)-alkene inhibited
hCyPA with an 1G, of 6.5 uM*% moreover, the dipeptide Leu-trans-Pro (E)-alkeras able to inhibit
FKPB with an 1G, of 8.6 pM*. Therefore, Wang and coworkers developed threéoomationally locked
PIN1 substrate isosters: Ac-Phe-Phe-péZ- and E)CH=C]-Pro-Arg-NH, XCI and XCIl, and N-
methylamideXClIl .
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Figure 90. PIN1-mediated pSer-Pro amide isomerisation andbittrs
cis-isosterXCl, trans-isosteXCll and XCIIl and endocyclic isomer of
XCIV 3*,

Both peptidomimeticXCl andXCIl are competitive inhibitors of PIN1 and this-isostereXCl (ICso
1.3 puM, competitive inhibitor constantskL.74 M) was more potent themans-isostereXCll (ICso 28 uM,

Kis 40 pM respectively). These results suggestedRiMl catalytic domain binds thes-isostere stronger
than thetransisostere and that PIN1 preferentially binds tieisostere in acqueous solution. Moreover,
XCIIlI which is more hydrophobic derivative Il did not improve the biological activity as well te
endocyclic isomeKCIV is a very poor inhibitor showing that the locatifrthe double bond is fundamental
in the protein-substrate recognition. In additi®&l andXCll has been tested again A2780 ovarian cancer
cells displaying an 1§ of 8.3 and 140 puM, respectiv&

In 2006 Daum and coworkers designed a series dflAdanyl Ketones as transition-state analogues of
PIN1: they assert that the aryl 1-indanyl ketonesifncould mimicked the “twisted-amide” transitiatates
and the change of hybridization about the ringogieén atom (Figure 91).

All the aryl indanyl ketones synthesizE€V -C showed Kvalues in the micromolar range. The methoxy
group in a adjacent position to the carbonyl gro(@y, was better than the hydroxy groCVI, leading
to the more potent derivative (B.7 uM forXCV and 15.0 uM foiXCVI ); moreover the introduction of a
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nitro group on the phenyl ringkCIX, caused an improvement of PIN1 inhibition to subromolar range
while the reduction of the nitro group to aminogppC, did not influence the inhibition values;(B.5 pM
for XCIX and 0.4 pM forC). The two enantiomers ofCVIIl showed different Kvalues (K5.6 pM for
(R)-XCVIII and 51.0 pM for®-XCVIII ). (R)-XCVIII, (§-XCVIII andrac-XCVIII have been found able
to reduce the activity of p53 reporter gene in esige treated MCF-7 cells (human breast adenocarnsiy
moreover, these compounds were able to decreadevitieof -catenin (in tumor cells, PIN1 regulates the

B-catenin turnover) in SH-SY5Y cell lines (hurrmuroblastomﬁﬁ“r’.
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aryl 1-indanyl ketones
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Figure 91.Selected aryl 1-indanyl ketones designed by Datiaf*.

Some of the PIN1 inhibitors showed above are phaspdited compounds that penetrate with difficulty
the cellular membrane due to the negative charcgtdd on the phosphate group. In 2007, Zhao andri&zk
presented PIN1 inhibito€l and its prodrug fornCll; the phosphate group was masked by bis (bis-
pivalyloxymethyl) (POM) group that is enzymaticallgmoved after its entry in the cell to give itsiae
form (Figure 92).

113



jj@ O WL

Figure 92.PIN1 inhibitorCl and its prodrug forncil 3.
Cl inhibits PIN1 in uM range and both compounds haenitested in A2780 ovarian celld; shows an

ICs00f 46.2 UM andCll shows an Igy of 26.9 UM suggesting that the introduction of POMphosphate
group ofCl may help the entry into the cells by improving Hyalrophobicity of the inhibitdf®.
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2.1.3 DNA as Target for anticancer drugs
DNA plays a fundamental role in cell proliferatiand cancerogenetic processes and therefore a large
percentage of anticancer agents are moleculesatieatible to interact with it. Based on their pdssib

interaction with DNA, such molecules have beengifeesl in four wide groups:

» Alkylating agents, which are able to covalently bdiDNA;
» Agents able to truncate DNA double helix;
» Agents that reversibly interact with double helbXONA,

» Agents that intercalate between the DNA bases.

Among decades many efforts have been made in toddiscover new molecules and new biochemical
pathways which could be targeted by these molec@e® of the most important reported anticancer
compounds is represented by the intercalator ag8utdh kinds of molecules are typically characestiby a
planar heterocycle of approximately the size arapsihof DNA base pair. They insert perpendiculanty i
the DNA without forming any covalent bonds and fimened complex is stabilized by hydrophobic, Van de
Walls , hydrogen bonding and charge transfer forltdgas been reported that these interactions affayt

the cells replication processes leading to celldéatA*’.

Figura 93. Deformation of DNA by an intercalating ag&it

Although their ability to insert directly into thmolecular structure of DNA, this is just the first
mechanisms used by this molecule to induce cytoityxiIndeed, many DNA-intercalators are able to

induce changes in DNA-associated proteins, such D&BA-polymerase, transcription factors and
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Topoisomerasé’. The latter interaction is probably the most intppt mechanism of cytotoxicity induces
by such molecules. They are able to stabilize @meary complex DNA-drug-Topoisomerase, therefore,
blocking the action of this important enzyme; ottoe ternary complex is detected by the cell as danita
will triggers a series of events, such as p53 atitin, leading to apoptosf&

DNA-Intercalalator

Genotoxic
-l dnn\age
Apoptosis
Cell death

Figure 94. Schematic representation of the mechanism of ayitity of
a DNA-Intercalatot®.

Intercalators represent a wide group of compounalisdould be classified in two main groups:
» Classical intercalators, which display their cyatty by inhibiting Topoisomerase |,

* Non-classical intercalators, developed more regentl

The most important differences between these tassels of intercalator concern the chemical strestur
classical-intercalators contains bi- or tri-cydiiegs fused while non-classical intercalators pnesen fused

rings systent®.

Classical intercalators could further be classiéidain subfamily, based on the nature of their
chromophore unit, in:
* Naphthalimide and related compounds, such as MitigaAmonafide, Azonafide and Elinafide;
* Intercalators based on the pyridocarbazole systanh as Ellipticine and 9-methoxyellipticine;
» Anthracycline, such as Doxorubicine, Daunomicing Btitoxantrone;
» Antibiotics of the Echinomycin family, such as Botiminine and Triostina;
» Acridine and related compounds, such ad Amsacrine;
e Actinomycin;

 Analogues of Benzimidazo-[1,2,c]quinazofire
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Figure 95.Selected examples of classical intercalators.

These compounds so different from the chemical tpoin view, exert their cytotoxic effect by
intercalating into DNA and by inhibiting Topoll; meover, some of them could have different mechanism
of action: for example, Anthracyclin thanks to thekidoreductive properties are able to induce DNA-
damage through ROS-formation or Acridine could itreither TOPOI and TOPOII.

Non-classical intercalators are characterized leypfesence of a huge aromatic planar system able to
intercalate and to stabilize triple-helix DNA moatfgan duplex-helix. Also non-classical intercalatare

divided in different groups:

= Threading intercalators;

= Tris-interacalator, such as triacridines.
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Figure 96.Chemical structure of non-classical intercalators.

Among all the intercalators developed, Bradad coworkers in 1970s published a series of
Naphthalimides as anticancer agé&titsSAR studies carried out on these structures stidhat the presence
of a basic terminal group is essential for actiabd that such activity is maximal when the nitrogéom on
the side chain is two methylene units far fromdhamatic ring; furthermore, it has been discovehed the
better substituent on the nitrogen atom is a digiethes and substitution in position 5 on the naglit ring
is resulted the best for the activity; the protetypof this series are Amonafide and Mitonafide \Fég
97)352,353.

General structure Mitonafide Amonafide
of Naphthalimides

Figure 97.Naphtalimides developed by Brafia and coworkers.
The chemical structure of such compounds derivednfthe combination of chemical motifs that

characterized other anticancer compourfidsitronaphthalene from Aristocholic Acid, the ring CG-630

and the basic chain of Tilorone (Figure 98).
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OCH;

Aristocholic acid

CG-630

Figure 98.Chemical motifs included in the anticancer druggtes

Both Amonafide and Mitonafide have been testedlimioal trials; Amonafide is active against murine
lymphocytic leukemia (P338) cells and lymphocytiouse leukemic L1210 cells while Mitonafide is aetiv
against human epidermoid carcinoma KB cells andicar cancer HelLa cefi§**> Both compounds
intercalated into DNA® and are able to induce a TOPOIl-mediated DNA agavat Nucleotide No 1830
on pBR322 DNA*. In particular, it has been seen that such clemiggot observed in compounds without
the basic side chain.

Amonafide is substrate of a specific metabolic emzyN-acetyltransferase 2 (NAT2) that catalyzed the
acetylation of a wide range of amines, includinganines and heteroaromatic amines. Substrate AO2N
are also isoniazide, procainamide, hydralazine satnamides. Amonafide could be metabolized thhoug
two different pathways: the first one by cytochro@¥P1A2 leading to a formation of oxidized derivati
and the second one by NAT2 leading to N-acetylafid@avhich is still metabolically active. Recently,

has been demonstrated that the most important efféets of Amonafide are caused by its acetylated

o]
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N
oSl

]
N oxidized-Amonafide
oSl
(o]

e S
2 N
Amonafide o CHs
o 4§ )
L °
HiC~ HN

N-Acetyl-Amonafide

metabolites (Figure 98},

Figura 99. Metabolization of Amonafide.

Amonafide and Mitonafide are the most active conmaisuin the series of Naphthalimides and the only

difference between them is constituted by the #uiestt on the aromatic ring: Mitonafide presents an
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electron-donating amino group while Amonafide presen electron-withdrawing nitro group. It hasrbee
suggested that the nitro-group promotes the foomaif a charge transfer complex with DNA-bases avhil
the amino-group promotes the stabilization of DNglcomplex through the formation of hydrogen bond
with the phosphate group of the DNA-backbone. Tioeeg a number of SAR studies carried outon thg-rin
substituent have been carried out leading to thepoainds having an amino-group in 8 and a nitro{griou

5: such derivatives were more active than Mitorefiehd Amonafide on Human colon carcinoma cell line
CX-1 and human hepatic stellate cell line LX-1. Blaver, a series of dinitro- and diamino-derivatieés
Amonafide and MitonafideClll andCIV have been described and they showed botlitro andin vivo

antileukemia and antimelanoma activitfés

HaC.,-CH
3 N 3
R
1%R3 \
O;N;O OYNYO
ON ‘ l NH, XY

General formula Clll: X =Y = NH, 5,8-diaminonaphthalimides
of 5-amino-8-naphthalimides CIV: X =Y = NO, 5,8-dinitronaphthalimides

Another modification is represented by the replazetof the naphthalene moiety by an anthracene
obtaining Azonafide, which result more active th&monafide on the cell lines of human melanoma
UACC375, human ovarian cancer OVCAR3 and Lf#1®nalogues of Azonafide have been synthesized
by replacing the anthracene moiety with phenanthrd@V) and azaphenanthreneC\{lI, CVII):
unfortunately these compounds were less potent thzonafide pointing out that linear anthracene

chromophore is better than other rings systém

HaC. ) -CHa HSC\,\QCHs HaC-CHs HaC..-CHa
0. N o o._N__O o._N__O 0. _N. _O

|OOO OO ) )
O 2 )

|
Ry N ~

Azonafide CV: Phenanthrene CVI: Azaphenanthrene CVII: Azaphenanthrene
derivative derivative derivative

In order to improve the antiproliferative actividy these compounds, other analogues have beemddsig
where the naphthalene rings were fused to othardemtomatic systems. Despite the introduction of an
imidazolic ringdid not lead to any improvement, the introductida a-deficient pyrazine ring lead to a new
series, Pyrazinonaphthalimmid€¥Ill andCIX, endowed with a more potent intercalatangivity; such

compounds have been screened against human codmocmicinome HT-29, HeLa and human prostate
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cancer PC-3 cell lines showing ansd@ micromolar range. Compour@X having a -Ck group is less

active tharCVIIl : this result could be explained by the steric hande of the trifluoromethyl grod{>2

v
R

CVII:R=H
CIX: R=CFs

Based on these promising results given by the doizton of a pyrazine ring, other similar compounds
have been synthesized in which the aromatic systeAmonafide has been conjugated withlr-deficient

ring, such as furane and thiophe@x¢(CXIIl) .

H3C. _CH
Hj 3CsN 3

N
c, G

— R

<-C
NH

HaC
O«_N__O o

o

/

CX: R=0 CXll: R=0
CXI:R=S CXIll:R=S

All these compounds have been screened against9HB&la and PC-3 cell lines resulting to be more
potent than Amonafide; in particul@X is active in a submicromolar concentration. Inesrthb explain the
activity of CX, Brafia and coworkers proposed a model to claniyinteraction between it and DNA (Figure

100). This model calculates four different possifrfientations ofCX into DNA:

a. orientation with the side chain in the major groavel the furan ring stacking between
the bases T and G;

b. orientation with the side chain in the major groawel the furan ring stacking between A

and C;

c. orientation with the side chain in the minor gro@rel the furan stacking between T and
G;

d. orientation with the side chain in the minor gro@vel the furan ring stacking between A
and C.
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CX

Figure 100. Possible interaction model a2X with DNA; the
black square represents the orientation of thenfuiag, and the
sphere represents the protonated dimethylaminopgoduhe side
chairt®®

The more stable orientation is the one where tiie shain remains in the major groove of the DNA and
the furan ring is stacked between the bases A a8t

Furthermore, a series of molecules derived fromftlson of the aromatic rings of Amonafide and
thiazolidine rings, calledThioazonaphthalimideggwged a very potent activity as intercalat@X( -CXIlIl) .
In this case, the better length of the side chais lbeen found to correspond to three methylenagpgro
which allowed the nitrogen atom to stay at the trigistance from DNA in order to establish H-bond,
outlining the importance of the basic side chain.

GHs

H3C/Nj\

(@) N._O

o,
s/
R

CXI: R=H

CXIl: R=CHs
CXIIl: R = CF3

All these compounds result to be more active thenoAafide against different cancer cell lines, sash
A-549 human lung adenocarcinome and P388 lymphtiblasll lines. In particularCXIl is more active
against P388 an@XlIl is more active against A-549 cell lin&s

In order to improve the binding activity toward DN&Anew series of bisintercalating agents have been
designed basing on the structure of Amonafide aitdridfide. Such compounds, called bis-naphthalisiide
are structurally characterized by the presencewaf haphthalimide units bound together by a chain

containing at least one nitrogen atom and withedifit substituent on the aromatic rings.
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Y = H, 6-NOj, 6-NH;

X =H, 3-NO,, 3-NH;, 3-NHCOCH3,
3-Br, 2-OH, 3-OH, 4-OH

Z = aminoalkylic chain

In HT-29 cell lines all the bis-naphthalimides riésth more potent than Amonafide and Mitonafide; the
susbstituent on the aromatic rings sensibly infb@ehnthe antiproliferative activity: 3-NHCOGH 3-NH, <
3-NG,. However, the more active compound was that witheubstituents on the aromatic rings; such
compound called Elinafide showed an excellent asiiferative activity against HT-29; moreoven, vivo
Elinafide has shown to be able not only to inhthi cellular growth but also to induce regressibthe
cancer cell mass; furthermore, the absence of ithe group on the aromatic ring seemed to reduee th

neurotoxicity associate with Mitonafitfé >

8%anwnw;’
ﬂo () O

Elinafide

Elinafide acts by forming a sequence-specific caxplith an exanucleotide d(ATGCAgortion where
two naphtalimide units bisintercalate at TpG andGfeps of the DNA, stacking with G and A. Moregver
the N,N-bis(ethylene)-1,3-propylenediamine linker lies tile major groove; furthermore, one of the
protonated amino groups of Elinafide is hydrogendsm to O6 of guanine in the major groove while the
other one could form an hydrogen-bond to guanineoD&he opposite strand or establishes a weaker

hydrogen-bond with N7 of the same base (Figure®1 0§
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Figure 101. Stereoview of the complex elinafide-
d(ATGCAT),; Elinafide is in blue, guanine in
yellow and the oxygen atom is in f&Y

Moreover, a series of symmetrically and non-symitaity Linefeed derivatives have been developed
by replacing the naphthalene system with an acehepé one. However, the latter compounds were less

active than the symmetric homologtfég™

-~ RR
Hris RS
(0] o] o (6]

Symmetrical bis-derivatives Asymmetrical bis-derivatives
of Elinafide of Elinafide

In order to find compounds more potent than Eloaficompound DMP-840 has been developed and it
displaied biological effects similar to those oirafide; it binds DNA forming a stable ternary cdempwith
DNA and TOPOII but it did not poison TOP&

A further development of this series of derivativess represented by the replacement of the
naphthalendiimide structure with the 1,4,5,8-tearboxylicnaphthalendiimide (NDI) moiety to obtaisvm

and more active intercalator agents. Indeed, dutke features posses a big aromatic system andawo
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planar carbonyl groups. Therefore, new intercalatmiety has been esigned (N-BDMPrNDI, DMe-
NDI,Phen-NDI) and, in addition, such compounds viiBI structure, beside their ability to intercalatéo
DNA, stabilize the triple helix DNA. Instability afriple-helix DNA is due to the repulsion betwedre t
nucleotides of these triple helix and such structare strictly implicated in the genes regulatiSeveral
studies point out that an increase in the stabilitthese structure could be useful in anti-gemesamtisense

therapy

Phen-NDI
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2.2 Drug Design

Design and synthesis of new anticancer agentssepi® one of the most challenging field in medicina
chemistry. Cancer is one of the main causes ohdeatldwide and despite several efforts have beadan
by scientists, anticancer drugs currently in theragesent a wide range of side effects due to taek of
selectivity™®.

One of the most interesting group of antiprolifer@atcompounds used in therapy is represented by
molecules targeting DNA, such as intercalators.s€heompounds, thanks to their chemical structumes,
able to intercalate into the double helix of DNAdamigger different biochemical cascades leadingetb
death.

Furthermore, it is known that natural polyamines aktremely important as regulator of cell growth
because they control the progression of the ceallecwand regulate the cellular entry in apoptosis. |
particular, their strictly relationship with apopis is emerging as an important target to focudrateed, it
has been demonstrated that natural polyamines, aschpermine and spermidine, are able to trigger
apoptosis acting on caspases and mitochondrialatesti apoptotic pathway. Moreover, given their
importance in maintaining cellular homeostasis,yauolines are widely distributed in all kind of cells
Polyamines could be either synthesized by celleould be provided from outside sources by using a
specific transport systeniPAT). This active transport system is more expressedancer cells, because,
thanks to their fast reproduction, they need higlels of polyamines. ThereforBAT represents an ideal
target to hit selectively cancer cells and to d®ligpecific anticancer drugs. As reported beforersed
polyamines-intercalators conjugate have been dpedland are actually under clinical investigation.

Another recent and important cancer cell targetoisstituted by the enzyme called prolyl-peptidig-
trans isomerase (PIN1). Current experimental evidendeswsthat PIN1 is deeply involved in the
development of carcinogenesis process. In particliN1 is able to recognize specific phosphorgate
Thr/Ser-Pro motifs of several proteins and to irdisomerisation of the peptide bound leading tangbkdn
protein structure and function. It has been shdwat PIN1 inhibition prevents entry into mitosis acell
division and it is overexpressed in numerous hugsnters. Therefore, PIN1 is proposed as a theiliapeut
target for cancer treatment and PIN1-inhibitors megresent promising anticancer ag%‘qﬁtsThe aim of
this work is to design and synthesize new molecelatities acting as Multi-Target-Directed Ligands
(MTDLs)"*** able to hit different biochemical targets involiedcancerogenesis. Cancer can be considered
a multifactorial disease and a single drug hiténgingle target (one molecule-one target approauay) be
inadequate for the treatment of such disease. Wikwrcompounds able to hit more than one therapeut
targets could be effective in treating of this céempdisease (one molecule-multiple targets approddte
rational design of new MTDLs, that is compoundd thienultaneously modulate different protein targets
either positively or negatively, at a comparablecamtration for each target, remains a challenggsg.

Normally, the starting point to design new MTDLsrépresented by a scaffold endowed with a particula
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biological profile which can be widened by insegtinew pharmacophoric units responsible of additive
pharmacological properties.

In literature there are several examples of syitipetyamines characterized by antiproliferativé\aty,
one of them is represented by MDL 27695 This compound showed a good antiproliferativavagt
against HeLa and MCF-7 cell lines, probably duetsoability to interfere with intracellular polyamés
pathways. Although its basic functions, protonaaéghysiological pH, it is capable to entry intdisdy
using PAT or other alternative transport systems. This camdo although investigated some years ago,
called our attention for its particular chemicadtf@res very similar to many other polyamines sysittesl by
Melchiorre and coworkers. It is structurally chdesized by a polyamine backbone endowed with two
benzylic groups inserted on the outer nitrogen atowie thought to design new anticancer MTDLs by
applying the “universal template approa%ﬁ”on the MDL 27695 structure with the aim to enlaitge
biological profile. This approach has been sucedlgspplied in the past and it asserts that tiseition of
different pharmacophores onto the polymethylen@aaetine backbone can tune both affinity and seiégti
for any given receptor and/or enzyme sysfé‘r‘hSNith this in mind, we searched some pharmacophtore
introduce on the template, represented by the poh@ backbone, of MDL 27695. Two structures called
our attention: N-BDMPrNDI and PiB. The first onekisown as DNA intercalator, the second one reptesen
a PIN1 inhibitor discovered by random screeningUshida and coworkers. Both structures seem very
similar, and in particular are characterized by,4518-naphthalenetetracarboxylic diimide (NTD) etpi
With the aim to widen the biological propertiesMDL 27695, in order to obtain new MTDLs endowed
with antiproliferative activity together with théitity to intercalate in DNA structure and to inhHiPinl, we
inserted the NTD moiety, peculiar chemical featoféN-BDMPrNDI and PiB, on the template structure of
MDL 27695, obtainindl6-24, which differ by side chains length (Figure 10B)e presence of the methoxy
groups inorto positions on the two aromatic rings is justifieg ddectronic effects exerted by these two
substituents which contribute to increase the bgsaf the two basic nitrogen atoms and the retativ

protonation at physiological pH, facilitating théinding with the phosphate groups of DNA
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Figure 102.Drug design of compounds-24.

Finally, the molecular simplification approach Hsesen applied td6-24 structures, obtaining5-33, in
order to verify the importance of the two basicesithains. To note that these derivatives resentide t

structure of mitonafide, a well known anticancexglin phase Il of clinical trials (Figure 103).
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Figura 103.Drug design for compound®s-33.
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2.3 Methods

2.3.1 Synthesis

Compounds16 and 17 have been synthesized following the procedure sHoimescheme 4. The
appropriate diamineg5 and56, have been monoprotected at the nitrogen atom teftFButhoxycarbonyl
group obtain amine§7 and58 as reported in literatut€. 61 and62 have been synthesized following the
procedure reported in literatdfé 57 and 58 were directly condensated with naphthalenetetbaoatic
dianhydride to give conjugat&9 and 60; removal of the protecting group by acidic hydsgd led to
diamines61 and62. These diamines were treated with 2-methoxybephglide followed by reduction with
sodium borohydride of the formed Schiff base todbeesponding dibenzyl derivativié and17.

Compounds 18-24 have been synthesized following the procedure edown scheme 5.
Naphthalenetetracarbocylic dianhydride was condkmnsth the corresponding diaminé8-69to obtain the
derivatives70-76 such compounds were treated with 2-methoxybeehglde to form the Schiff base that is
then reduced by sodium borohydride to give theaspronding diamine diimides3-24

Finally, 25-33were obtained by reacting 1,8-Naphthalic anhydviith the corresponding diaminés-
69 leading to77-85 following the procedure reported in literatiifethen, 77-85were condensate with 2-
methoxybenzaldehyde and then reduced by sodiunhpdriale giving the producta5-33.

Saltptoluenesulfonates of all compounds were preparethtain derivatives easier to handle.
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Scheme 4
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Condition: (i) Boc,O, CHCI3, room temperature; (ii) Naphtaletetracarboxylic dianhydride Et3N, i-PrOH,
reflux; (i) CF3COOH, CH,Cl, ; iv) (a) Et3N, 2-MeOCgH4CHO, MeOH, reflux, (b) NaBH4, MeOH, room
temperature
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Scheme 5
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Condition: (i) Naphtalenetetracarboxylic dianhydride, EtOH-Toluene 1:1, reflux; (ii)
2-MeOCgH,4CHO, MeOH, reflux, (b) NaBH4, MeOH, room temperature.
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Scheme 6
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2.3.2 Biology

Derivatives were tested fan vitro antiproliferative activity in human breast can¢&KBR-3) and
leukemia (CEM) cell linesGrowth inhibition induced by tested compounds weeeated by the MTT [3-
(4,5-dimethylthiazolyil-2)-2,5-diphenyltetrazoliubtomide] assay.

The DNA-binding activity of the strongly cytotoxa@ompoundsl6, 17 and mitonafide was determined
using a fluorometric intercalator displacement e’ and it s expressed as the drug concentration
reducing by 50% the fluorescence of DNA-bound Ethidbromide. From these data, an apparent binding
constant K.,y can be calculated, that roughly estimate theigfiof the drug for calf thymus DNA**""

All the experimental part of the biology assays Ib@sn reported in other PhD thesis. However, itlvail

described in a paper which will be published assaopossible.
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2.4 Results and Discussion

Derivatives16-33 were firstly evaluated byn vitro assays for their antiproliferative activity in huma
breast cancer (SKBR-3) cell and leukemia cell (CHi@s to identify the lead compound of the series
Growth inhibition induced by tested compounds waseased by the 3-(4,5-dimethylthiazolyil-2)-2,5-
diphenyltetrazolium bromide (MTT) assay, based be fassessment of mitochondrial dehydrogenase
activities. In particular, the cells were treateithvthe test compounds at concentration rangingféol to
10 uM for 24 h, 48 h and 72 h. Each quoted value isniean of sextuple experiments. To compare the
antiproliferative potencies in terms of concentmasi required for 50% of the effect, all analoguesen
tested in dose-dependent manner, and the obsé&ygdalues are listed in Table 6.

From an analysis of the result3 (n=3) emerged as the most potent compound ofrttieeeseries on the
two cells lines (IG values of 0.2 and 0.4M, respectively). From the general point of vielge tbis
substituted derivatives are generally more potbat tthe related mono substituted derivatives, ith
exception of22 and23 which showed comparable activity values with tbitorrespondin@1 and32. It
can be observed that in the first series of thebigstituted derivatives, the growing homologatbthe side
chains influenced the cytotoxic activity. Indeduk tytotoxic activity on the two cells lines, sitagtfrom17,
which was the most potent, showed a minimum leoePf (n = 7), raising again with the increase of the
chain length from 822) to 10 £3) methylene units. To note tha4 showed a comparable biological profile
with the most potent7 on SKBR-3 cell line, but not on CEM one, whergligplayed however a notable
value of 0.7uM. The same pattern was not observed in the mobstisuted series, in which the only notable
derivative was32 endowed with an 1§ value on SKBR-3 of 0.5M.
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Table 6.Cytotoxyc activity 0f16-33 on SKBR-3 breast cancer and
leukemia cells (CEM) after 72 hours compounds expas

Compound ICso SKBR-3 tM)® |CsoCEM (uM)°®

16 0.7 13
17 0.2 0.4
18 0.7 0.8
19 11 1.1
20 1.2 2.2
21 1.7 2.5
22 1.0 1.6
23 0.4 14
24 0.2 0.7
25 2 N.A.
26 N.A. N.A.
27 1.7 3.2
28 N.A. N.A.
29 N.A. N.A.
30 N.A. N.A.
31 14 1.2
32 0.5 13
33 2 8

2 1633 paratoluensulfonatt ICs, values represent the

concentration causing 50% growth inhibition. Theyerev
determined by linear regression method.

After this first screening investigatiod6 and 17 were selected for further investigation about their
cytotoxic molecular mechanisms. DerivatiVé because was the most potent of the series1érikcause
characterized by similar chemical features, inipaldr for the same chain length, of mitonafide.cbmfirm
the cytotoxic action 016 and17, their effects against HL60 leukemia cells wergeased. In particulat6
and 17 confirmed their antiproliferative activityl6, 1Cso = 0.93uM; 17, IC5o = 1.21uM) toward this cell
line with a comparable pattern with that of mitadaf(IG, = 1.60uM). (Figure 104).
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Figure 104. Toxicity of 16 and 17 against HL60
leukemia cells. The cells were incubated 24 h i th
presence of the indicated concentration of comppund
afterward cell death was determined by dye exctusio

As reported in the introduction part, mitonafidel alimides derivatives, are well known intercalatofo
verified if 16 and17 are able to interact with DNA, DNA-binding studiesre carried out using mitonafide
as reference compound. For this purpose the DNAHbinactivities of16 and 17 were determined by
applying a fluorometric intercalator displacemengthod and it is expressed as the drug concentration
reducing by 50% the fluorescence of DNA-bound Ethidbromide. From these data, an apparent binding
constant K.pp can be calculated, that roughly estimate thenigaffiof the drug for calf thymus DNA. Table
7shows the ability 016, 17 and mitonafide to bind DNA by Ethidium displacemeassays. Both synthesized
derivatives showed a more potent activity in corguer with the reference compound mitonafide. In
particularl6 (EGs, about 90 nM) resulted 100 times more potent theormafide.

Table 7. Determination of binding to DNA by
Ethidium displacement assay.

Compound EGCso (NM)° Kapp(M™)°

Mitonafide 11500 + 320 2.20 x 10
16 93+4 2.07 x 18
17 122 +6 2.72x 19

216, 17, par&toluensulfonaté.ECso values are defined as the drug
concentrations which reduce the fluorescence of DiNA-bound
ethidium by 50%, and are reported as the mean oéeth
determinations * serfi.Apparent binding constank{,) values have
been calculated taking as’Id*theethidium binding constant.

To verify if the cytotoxic effects 016 and 17 were caused by apoptosis induction caspase dotivat
experiments were carried out. To this aim the agise treated with a 5 pM concentration of the conmals
and after 4 and 24 h the activity of caspase pseteacting on the substrate sequence Asp-Glu-al-As

(DEVD), i.e. mainly effector caspases, were meaku@aspases activation represents a marker of @tpopt
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cell death. Figure 105A shows thk6 and 17, as well as mitonafide, triggered caspase actiuatihe
analysis by Western blotting of protein extractexhf cells treated 4 h with the aforementioned camps,
confirmed the activation of caspase-3, the maipase effector (Figure 105B). Actually, in treatedls; it
can be observed a reduction of the inactive precymocaspase 3 (32 kDa), associated with the appea

of the proteolytic fragments, costitutive of theiee enzyme (Figure 105B). It is noteworthy thas thovel
compounds trigger caspase activation rapidly, after @ few hours of treatment a large part of the
procaspase 3 is processed into the active forrdjrigdo apoptosis. The caspases activation caoigdy

16 was confirmed by further assays on different lbedls. These results reported in Figure 105C, stiaw

16 caused caspase activation in different cell lisesh as SH-SY5Y neuroblastoma cells, H9c2 hedlg, ce

and Jurkat T-cells. To note the behaviour of mificleawhich caused, quite surprisingly, caspasesatain.
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Figure 105. 16, 17 and mitonafide trigger caspase-
dependent cell death.

The involvement of some putative signal transducpathways involved in apoptosis induction by the
strongly cytotoxic compound$6 and 17 and by reference compound mitonafide, was examinegH-
SY5Y neuroblastoma cells (Figure 106). The treatroéthe cells withl6 or 17 (5 uM) for 20 hours caused
a large accumulation of p53 protein, that was aleskalso in mitonafide-treated cells. At the saime}16,

17 and mitonafide caused a profound down regulatibthe survival kinase Akt and also abolished its
phosphorylation. In the case of the ERK1/2 mitogetivated protein kinases, the effectsl6fand17 were

completely different with respect to mitonafidedéed, mitonafide caused a decrease of the p42 &f0d p
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ERK proteins, but did not block their phosphorydati On the other handf and17 caused a decrease of the
p42 ERK2 protein, and completely inhibited the gitasylation of both p42 and p44 ERKs.
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Figure 106. Effect of 16 and 17 on signal transduction
pathway correlated to cell survival.

Furthermore, compounds, 17 and juglone, a well known PINZ1-inhibitor, have bdested on HCT116

(colon carcinoma cell line) and MDA-MB-231 (humarmeast adenocarcinome) (Table 8).

Table 8.1Csq values of compount], 2 and4 and juglone on HCT116 and
MDA-MB-231 cell lines.

Compound IG HCT116 (1M) ICso MDA-MB-231(uM)
Juglone n.d 5.48
16 1.11 1.27
17 1.01 0.84

Both compounds confirmed antiproliferative activity these cell lines in micromolar range; in

particular,16 and17 were more active than Juglone on MDA-MB-231 ceks$.

In order to determine a possible interaction withlP16 and17 have been tested in murine embrional
fibroblastsPIN1+/+ and PIN1-/-. Figure 107 shows that PiB,and17 determine an effect on cell growth
stronger in cells PIN+/+, in comparison with PINdcell line, suggesting that their effects on egthwth

could be dependent by PIN1 inhibition.
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This last experiment experiment points out, in vergliminary fashion, that6 and17 could interact

with PIN1. However, to confirm the direct activion PIN1 byl16 and17, further additional experiments

are necessary.
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2.5 Conclusion

This study allowed us to discover of new MTDLs emdd with different biological activities as
anticancer agents. All the compounds designedaliedl a citotoxic activity against SKBr-3 and CEMI ce
lines in micromolar range. In particular, compourddisand 17 emerged as the most potent of the series
showing a profile of activity similar to that of Mnafide, choose as reference compound. They shawed
affinity toward DNA (16, EG, = 93 nM; 17, EGy = 122 nM) nearly 100 times higher than that of
Mitonafide. Furthermorel6 and17 were able to rapidly trigger caspases activatiouifferent cell lines
(SH-SY5Y, H9c2, and Jurkat T-cells). During thisidst was discovered that Mitonafide is also able to
trigger caspase activation: such biological prgpeftMitonafide was not reported in literature limow.
Moreover,16 and17 caused a large accumulation of p53 protein in SI3¥6¥ells. In addition, they seemed
able to interact with the protein PIN1 as sugge$tegreliminary assays performed in murine embidiona
fibroblasts PIN1+/+ and PINE. However, further tests should be performed ireotd elucidate a possible
interaction betweefh6 and17 compounds and PIN1.

All together these data point out that 16 and I@éract/activate several targets involved in vcancer
development, therefore this study may representoaiging starting point for the development of new

MTDLs hopefully useful for the cancer treatment.
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2.6 Experimental Section

2.6.1 Chemistry

Melting point were taken in glass capillary tub@ssoBuchi SMP-20 apparatus and are uncorrected. ESI
MS spectra were recorded on Perkin-Elmer 297 anteis2Q 4000'H NMR and**C NMR were recorded
on Varian VRX 200 and 300 instruments. Chemicédit stie reported in parts per millions (ppm) relatio
peak of tetrmethylsilane (TMS) and spin multipiest are given as s (singlet), br s (broad singkt),
(doublet), t (triplet), g (quartet) or m (multipledlthough IR spectral data are not included (bseaof the
lack of unusual features), they were obtained focampounds reported, and they were consisterit thi¢
assigned structures. The elemental compositiotiseofompounds agreed to within £0.4% of the catedla
value. Where the elemental analysis is not includgeade compounds were used in the next step withou
further purification. Chromatographic separatiorerevperformed on silica gel columns by flash (Kligske
40, 0.040-0.063 mm, Merck) or gravity (Kieselgel ©063-0.200 mm, Merck) column chromatography.
Reactions were followed by thin layer chromatoggafrL.C) on Merck (0.25 mm) glass-packed precoated
silica gel plates (60 F254) and then visualize@rniodine chamber or with a UV lamp.The term “dtied

refers to the use of anhydrous sodium sulfate.

General procedure for the synthesis of derivatived6, 17: the appropriate diamingl, 62(1.15mmol)
was dissolved in MeOH at 0° C and the solution wasle basic adding f&; the 2-methoxybenzaldehyde
(2.3 mmol) was added and resulting mixture wasuxeftl for 4h and the formation of a yellow solid was
observed. After cooling down, NaBK23 mmol) was added at 0° C and stirred overnighe mixture was
then made acidic with 3 N HCI and the solvent wasaved under vacuum. The residue was dissolved in
water, and the resulting solution made basic wgG®, and extracted with C}&l, (3 x 30 mL);the organic
phase was dried and the solvent was evaporatedcriile product was purified by flash chromatograjghy
afford the desired compount6é and 17. The two purified compounds were converted irp-tiluen-
sulfonate (foam solids).

2,7-bis(2-(2-methoxybenzylamino)ethyl)benzo[Imn][8]phenanthroline-1,3,6,8(2H,7H)-tetraone
(16): yellow oil, 26% vyield from61 as starting diamine, purified by flash chromatogsagluting with
toluene/EtOAc/CHOH/aqueous 28% ammonia (5:4.5:0.5:0.0M)NMR (free base, 300MHz CDgI5 1.83
(br s, 2H exchangeable with,0), 3.02 (t,J = 6.3, 4H), 3.85 (s, 4H), 3.88(s, 6H), 4.40](t; 6.6, 4H), 6.84-
6.92 (m, 4H), 7.19-7.25(m, 4H), 8.78 (s, 4H); MS(B m/z= 593 (M+H)'. Anal. (G4H3N.O¢), C, H, N.

2,7-bis(3-(2-methoxybenzylamino)propyl)benzo[Imn][8B]phenanthroline-1,3,6,8(2H, 7H)-tetraone
(17): yellow oil, 27% vyield from62 as starting diamine, purified by flash chromatogsagluting with
toluene/EtOACc/CHCI,/CH;OH/aqueous 28% ammonia (4:4:1:1:0.08):NMR (free base, 300MHz CDg}!
0 1.99-2.07 (m, 4H + 2H exchangeable witp}, 2.77 (tJ = 6.9, 4H), 3.83 (s, 4H), 3.87 (s, 6H), 4.33](t,
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= 7.2, 4H), 6.86-6.91 (m, 4H), 7.20-7.25 (m, 4H)7@ (s, 4H); MS (ES) m/z = 621 (M+H)". Anal.
(CzeHz6N4Og), C, H, N.

General procedure for the synthesis of derivative30-76: the appropriate diamin@3-69 (25 mmol)
was dissolved in a mixture of toluene/ethanol 1lrider a stream of dry nitrogen and a solution of
isochromeno[6,5,4-deflisochromene-1,3,6,8-tetra@enmol) dissolved in toluene/ethanol 1:1 was added
the mixture was refluxed for 24h. Then, the solweas evaporated, affording a residue that was saige
in water. The solid residue was filtered off andstved several times with water to afforded the ddsirude
produc0-76

2,7-bis(4-aminobutyl)benzo[Imn][3,8]phenanthrolinei,3,6,8(2H,7H)-tetraone (70).was synthesized
from 63; brown solid; quantitative yield; m.p 213-215°C;

2,7-bis(5-aminopentyl)benzo[Imn][3,8]phenanthrolinel,3,6,8(2H,7H)-tetraone (71)was synthesized
from 64; red solid; quantitative yield; m.p 213-215°C;

2,7-bis(6-aminohexyl)benzo[Imn][3,8]phenanthrolinet,3,6,8(2H,7H)-tetraone (72)was synthesized
from 65; red solid; quantitative yield; m.p 216-219°C;

2,7-bis(7-aminoheptyl)benzo[Imn][3,8]phenanthrolinel,3,6,8(2H,7H)-tetraone (73)was synthesized
from 66; red solid; quantitative yield; m.p 203-206°C;

2,7-bis(8-aminooctyl)benzo[lmn][3,8]phenanthrolinet,3,6,8(2H,7H)-tetraone (74):was synthesized
from 67, red solid; quantitative yield; m.p 144-147°C;

2,7-bis(9-aminononyl)benzo[Imn][3,8]phenanthrolinet,3,6,8(2H,7H)-tetraone (75)was synthesized
from 68; red solid; quantitative yield; m.p 115-118°C;

2,7-bis(10-aminodecyl)benzo[lmn][3,8]phenanthrolinel,3,6,8(2H,7H)-tetraone (76)was synthesized
from 69; red solid; quantitative yield; m.p 110:112°C.

General procedure for the synthesis of 18-24a mixture of the appropriate diamin®-76 and 2-
methoxybenzaldehyde (in a ratio 1:2.4) in toluems vefluxed in a Dean-Stark apparatus for 3 h.okatig
solvent removal, the residue was taked up in Et&BH, (in a 1:5 molar ratio) was added, and the stirring
was continued at room temperature for 4 h. Theuréxtvas then made acidic with 6N HCI and the sdlven
removed. Then, the residue was dissolved in watdrtlae resulting solution was washed with etherlena
basic with KOH and extracted with GEl, (3 x 30 mL). Removal of the dried solvent gave tssired
productsl8-24 which were finally converted in thgara-toluenesulfonate salts (foam solid).

2,7-bis(4-(2-methoxybenzylamino)butyl)benzo[lmn][B]phenanthroline-1,3,6,8(2H,7H)-tetraone
(18): it was synthesized from0; brown solid; 25% yield*H NMR (free base, 300 MHz, CDgb 1.46-1.77
(m, 8H+ 2H exchangeable with,0), 2.62 (t,J = 6.7, 4H), 3.82 (s, 4H), 3.86(s, 6H), 4.21(t 7.2, 4H),
6.86-6.96(m, 4H), 7.27-7.31(m,4H), 8.77(s, 4H); [ESI) m/z= 649 (M)'

2,7-bis(5-(2-methoxybenzylamino)pentyl)benzo[lmn][B]phenanthroline-1,3,6,8(2H,7H)-tetraone
(19): it was synthesized from1; brown solid; 37% yield'H NMR (free base, 300 MHz, CDgb 1.41-1.82
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(m, 12H+ 2H exchangeable with@®), 2.57 (t,J = 6.9, 4H), 3.87 (s, 4H), 3.92(s, 6H), 4.2t 7.2, 4H),
6.73-6.91(m, 4H), 7.29-7.33(m,4H), 8.74(s, 4H); IESI) m/z=677 (M)’
2,7-bis(6-(2-methoxybenzylamino)hexyl)benzo[lmn][8]phenanthroline-1,3,6,8(2H,7H)-tetraone
(20): it was synthesized from2; brown solid; 23% yield'H NMR (free base, 300 MHz, CDgb 1.35-1.87
(m, 16H+ 2H exchangeable with,®), 2.85 (t,J = 6.7, 4H), 3.79 (s, 4H), 3.88(s, 6H), 4.3WUt7.1, 4H),
6.84-6.99(m, 4H), 7.30-7.37(m,4H), 8.78(s, 4H); IESI) m/z=705 (M)'
2,7-Bis-[7-(2-methoxy-benzylamino)-heptyl]-benzo[Im][3,8]phenanthroline-1,3,6,8-tetraone (21)it
was synthesized from3; brown solid; 27% yield'H NMR (free base, 300 MHz, CD{ld 1.29-1.72 (m,
20H+ 2H exchangeable with,D), 2.93 (tJ = 6.6, 4H), 3.83 (s, 4H), 3.90(s, 6H), 4.26]t= 7.2, 4H), 6.80-
6.99(m, 4H), 7.28-7.42(m,4H), 8.75(s, 4H); MS (B$h/z= 733 (M)’
2,7-Bis-[8-(2-methoxy-benzylamino)-octyl]-benzo[Im}i3,8]phenanthroline-1,3,6,8-tetraone  (22):it
was synthesized from4; brown solid; 21% yield'H NMR (free base, 300 MHz, CD{ld 1.37-1.73 (m,
24H+ 2H exchangeable with,D), 2.79 (tJ = 6.8, 4H), 3.87 (s, 4H), 3.94 (s, 6H), 4.31(t 7.3, 4H), 6.75-
6.97(m, 4H), 7.29-7.41(m,4H), 8.71(s, 4H); MS (BSh/z=761 (M)’
2,7-bis(9-(2-methoxybenzylamino)nonyl)benzo[lmn][8]phenanthroline-1,3,6,8(2H,7H)-tetraone
(23): It was synthesized from5; brown solid; 30% yield*H NMR (free base, 300 MHz, CDgW 1.25-1.63
(m, 28H+ 2H exchangeable with,®), 2.69 (tJ = 6.9, 4H), 3.85 (s, 4H), 3.96 (s, 6H), 4.27( 7.3, 4H),
6.75-7.01(m, 4H), 7.28-7.47(m,4H), 8.78(s, 4H); EESI) m/z=790 (M)'
2,7-bis(10-(2-methoxybenzylamino)decyl)benzo[lmn][8]phenanthroline-1,3,6,8(2H,7H)-tetraone
(24): It was synthesized fror6; yellow solid; 70% yield;H NMR (free base, 300 MHz, CDgIl5 1.19-
1.75 (m, 32H+ 2H exchangeable with@), 2.76 (tJ = 6.7, 4H), 3.93 (s, 4H), 4.01 (s, 6H), 4.29(t 7.2,
4H), 6.83-6.97(m, 4H), 7.29-7.45(m,4H), 8.74(s, AM¥B (ESI) m/z=818 (M)

General procedure for the synthesis of 77-85compounds/7-85have been synthesized following the
procedure reported in literatdfe

2-(6-aminohexyl)-1H-benzo[de]isoquinoline-1,3(2H)4dne (81): it was synthesized froms5; yellow
oil; 77% yield;"H NMR ( 200 MHz, CDC)) 6 1.45-1.77 (m, 8H), 2.71 (8,= 7.0, 2H), 4.21 (t) = 7.6, 2H),
7.78 (tJ=7.9, 2H), 8.22-8.26 (d,= 8.0, 2H) 8.61-8.65 (d,= 7.4, 2H).

2-(7-aminoheptyl)-1H-benzo[de]isoquinoline-1,3(2H¥tone (82): It was synthesized froré6; yellow
oil; 85% yield;"H NMR ( 200 MHz, CDCJ) ¢ 1.42-1.77 (m, 10H), 2.71 @,= 7.1, 2H), 4.21 (t) = 7.2, 2H),
7.79 (t,J=7.6, 2H), 8.23-8.27 (d,= 8.0, 2H) 8.62-8.66 (d} = 7.4, 2H).

2-(8-aminooctyl)-1H-benzo[delisoquinoline-1,3(2H)-dne (83): It was synthesized frord7, yellow
oil; 20% vyield;*"H NMR ( 200 MHz, CDGJ) 6 1.35-1.65 (m, 12H), 2.69 {d,= 6.6, 2H), 4.20 (t) = 6.6, 2H),
7.78 (t,J=7.2, 2H), 8.22-8.26 (d,= 8.0, 2H) 8.61-8.65 (d} = 7.4, 2H).

2-(9-aminononyl)-1H-benzo[de]isoquinoline-1,3(2H)-dne (84): It was synthesized fror8; yellow
oil; 55% vyield;*"H NMR ( 200 MHz, CDGJ)) 6 1.32-1.64 (m, 14H), 2.69 {d,= 7.0, 2H), 4.20 (t) = 7.8, 2H),
7.78 (t,J=7.6, 2H), 8.22-8.26 (d,= 8.0, 2H) 8.61-8.65 (d, = 7.4, 2H).
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2-(10-aminodecyl)-1H-benzo[de]isoquinoline-1,3(2HJione (85): It was synthesized fror@9; yellow
oil; 82% yield;'"H NMR ( 200 MHz, CDCJ) 6 1.30-1.64 (m, 16H), 2.69 {,= 7.0, 2H), 4.19 (tJ = 7.8, 2H),
7.77 (t,J=7.8, 2H), 8.21-8.25 (d,= 8.0, 2H) 8.61-8.64 (d = 7.4, 2H).

General procedure for the synthesis of derivatives25-33: a mixture of 77-85 and 2-
methoxybenzaldehyde (in a ratio 1:1.2) in tolues wefluxed in a Dean-Stark apparatus for 3 hokatig
solvent removal, the residue was taked up in EtQBBH, (in a 1:2.5 molar ratio) was added, and the
stirring was continued at room temperature for 1ZHe mixture was then made acidic with 6N HCI &l
solvent removed. Then, the residue was dissolvedhier and the resulting solution was washed vittlere
made basic with ¥CO; and extracted with CHEI(3 x 30 mL). Removal of the dried solvent gave the
desired product25-33which were purified by flash chromatograp@p-33were finally converted into the
paratoluensulfonate salt (foam solid).

2-(2-(2-methoxybenzylamino)ethyl)-1H-benzo[delisoqunoline-1,3(2H)-dione (25): was synthesized
from 77; yellow oil; 24% vyield; eluting solvent petroleugther/CHCYMeOH/ aqueous 33% ammonia
(6:3.5:0.5/0.1)*H-NMR (free base, 200 MHz, CDgI5 1.92 (br s, 1H exchangeable with@), 2.97 (tJ =
6.6,2H), 3.77 (s, 3H), 3.84 (s, 2H), 4.32)(t 8.0, 2H), 6.76-6.88 (m, 2H), 7.12-7.24 (m, 2HRZ~7.70 (m,
2H), 8.08-8.13 (m, 2H), 4.48-8.52 (m,2H); MS (BSh/z =361 (M+HY)'.

2-(3-(2-methoxybenzylamino)propyl)-1H-benzo[de]isoginoline-1,3(2H)-dione (26):was synthesized
from 78, yellow oil; 24% vyield; eluting solvent petroleusther/CHC}/MeOH/ aqueous 33% ammonia
(6:3.5:0.5/0.1)!H-NMR (free base, 200 MHz, CDgI§ 1.91-2.05 (m, 2H), 2.36 (br s, 1H exchangeable
with D,0), 2.73 (tJ = 7.0, 2H), 3.81 (s, 3H), 3.84 (s, 2H), 4.25)(t;, 7.0, 2H), 6.82-6.90 (m, 2H), 7.15-7.25
(m, 2H), 7.65-7.74 (m, 2H), 8.13-8.17 (M, 2H), 8&35 (m, 2H); MS (ES) m/z =375 (M+H)".
2-(4-(2-methoxybenzylamino)butyl)-1H-benzo[delisogunoline-1,3(2H)-dione (27): was synthesized
from 79 yellow oil; 29% yield; eluting solvent petroleunther/CHCLMeOH/ aqueous 33% ammonia
(6:3.5:0.5/0.1)!H-NMR (free base, 200 MHz, CDgI5 1.60-1.82 (m, 4H), 2.45 (br s, 1H exchangeable
with D,0O), 2.67 (tJ= 7.0, 2H), 3.79 (s, 3H), 3.83 (s, 2H), 4.17J( 7.4, 2H), 6.81-6.92 (m, 2H), 7.16-7.25
(m, 2H), 7.69 (tJ = 8.0, 2H), 8.12-8.17 (m, 2H), 8.51-8.55 (m, 2M)S (ESI) m/z =389 (M+HY)'.
2-(5-(2-methoxybenzylamino)pentyl)-1H-benzo[delisaginoline-1,3(2H)-dione (28):was synthesized
from 80; yellow oil; 34% vyield; eluting solvent petroleugther/CHCYMeOH/ aqueous 33% ammonia
(6:3.5:0.5/0.1)'H-NMR (free base, 200 MHz, CDgIld 1.27-1.80 (m, 6H+1H exchangeable withD),
2.65 (t,J = 7.4, 2H), 3.81 (s, 2H), 3.84 (s, 3H), 4.17)(t 7.8, 2H), 6.84-6.94 (m, 2H), 7.19-7.30 (m, 2H),
7.72 (t,J= 8.2, 2H), 8.15-8.19 (m, 2H), 8.53-8.57 (m, 2HC NMR (free base, CDg) d 24.76, 27.91,
29.18, 40.19, 48.57, 48.76, 55.15, 110.11, 12(32,57, 126.58, 127.18, 127.98, 128.35, 130.02,0R31
131.45, 133.72, 157.55, 164.02;MS (BSh/z =403 (M+H)'".
2-(6-(2-methoxybenzylamino)hexyl)-1H-benzo[de]isodooline-1,3(2H)-dione (29): was synthesized
from 81, yellow oil; 25% vyield; eluting solvent petroleusther/CHC}/MeOH/ aqueous 33% ammonia
(6:3.5:0.5/0.1)!H-NMR (free base, 200 MHz, CDgIl6 1.22-1.74 (m, 8H+1H exchangeable withCD),
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2.68 (t,J= 7.3, 2H), 3.85 (s, 2H), 3.89 (s, 3H), 4.18])(t 7.9, 2H), 6.89-6.99 (m, 2H), 7.15-7.26 (m, 2H),
7.73 (t,J= 8.0, 2H), 8.13-8.19 (m, 2H), 8.50-8.55 (M, 2H)SNESI) m/z =417 (M+HY)'.
2-(7-(2-methoxybenzylamino)heptyl)-1H-benzo[delisagnoline-1,3(2H)-dione (30):was synthesized
from 82 yellow oil; 27% yield; eluting solvent petroleunther/CHCLMeOH/ aqueous 33% ammonia
(6:3.5:0.5/0.1)!H-NMR (free base, 300 MHz, CDgIls 1.22-1.74 (m, 10+1H exchangeable withQOD),
2.68 (t,J= 7.3, 2H), 3.85 (s, 2H), 3.89 (s, 3H), 4.18])(t 7.9, 2H), 6.89-6.99 (m, 2H), 7.15-7.26 (m, 2H),
7.73 (t,J= 8.0, 2H), 8.13-8.19 (m, 2H), 8.50-8.55 (M, 2MB (ESI) m/z =431 (M+H)'".
2-(8-(2-methoxybenzylamino)octyl)-1H-benzo[de]isodnoline-1,3(2H)-dione (31): was synthesized
from 83; yellow oil; 36% yield; eluting solvent petroleugther/CHCYMeOH/ aqueous 33% ammonia
(6:3.5:0.5/0.1)’"H-NMR (free base, 200 MHz, CDgld 1.27-1.73 (m, 12H+1H exchangeable witfCD),
2.63 (t, J= 7.7, 2H), 3.86 (s, 2H), 3.88 (s, 3H), 4.18)(t 7.8, 2H), 6.85-6.96 (m, 2H), 7.22-7.29 (m, 2H),
7.76 (t,J= 8.0, 2H), 8.19-8.23 (m, 2H), 8.58-8.62 (M, 2H)SNESI) m/z =445 (M+HY)'.
2-(9-(2-methoxybenzylamino)nonyl)-1H-benzo[delisoqgnoline-1,3(2H)-dione (32): was synthesized
from 84; yellow oil; 25% vyield; eluting solvent petroleugther/CHCYMeOH/ aqueous 33% ammonia
(6:3.5:0.5/0.1)’H-NMR (free base, 300 MHz, CDgld 1.32-1.81 (m, 14H+1H exchangeable witfCD),
2.62 (t,J= 7.5, 2H), 3.83 (s, 2H), 3.87 (s, 3H), 4.20)&47.8, 2H), 6.88-6.97 (m, 2H), 7.24-7.30 (m, 2H),
7.78 (t,J=8.1, 2H), 8.21-8.25 (m, 2H), 8.61-8.64 (m, 2MB (ESI) m/z =459 (M+HY)'".
2-(10-(2-methoxybenzylamino)decyl)-1H-benzo[de]isainoline-1,3(2H)-dione (33):was synthesized
from 85; yellow oil; 32% vyield; eluting solvent petroleusther/CHC}/MeOH/ aqueous 33% ammonia
(6:3.5:0.5/0.1)!H-NMR (free base, 300 MHz, CDgI6 1.28-1.77 (m, 16H+1H exchangeable witsOD),
2.59 (t,J = 6.6, 2H), 3.80 (s, 2H), 3.84 (s, 3H), 4.18](7.8, 2H), 6.85-6.95 (m, 2H), 7.20-7.28 (m, 2H),
7.75 (t,J= 7.8, 2H), 8.18-8.22 (m, 2H), 8.58-8.61 (m, 2H)SNESI) m/z =473 (M+HY)'.
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