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Abstract

The neuromodulator adenosine affects a wide variety of physiopathological
processes through activation of four receptors, classified as A1, Aoa, Aop, and
Az subtypes. Adenosine receptors (ARs) belong to family A of G protein-
coupled receptors (GPCRs) and are ubiquitously expressed in the human
body. Activation or blockade of ARs is responsible for a wide range of effects
in numerous organ systems; and therefore the regulation of ARs can have
many potential therapeutic applications.

The main objective of this project has been the investigation of the in
silico molecular pharmacology of adenosine receptors and, in particular, of
the human Asy and Ajz adenosine receptors to guide the discovery and the
structural refinement of new potent and selective AR antagonists.

Relevant potential therapeutic indications of human As 4 AR antagonists
are neurodegenerative diseases, such as Parkinson’s and Alzheimer’s, restless
legs syndrome, depression and addiction. On the other hand, antagonists for
the human A3AR subtype have been tested as therapeutic agents for asthma
and chronic obstructive pulmonary disease (COPD), glaucoma, stroke, car-
diac hypoxia and cerebral ischemia; but, unfortunately, there are currently
no human A3AR antagonists in clinical phases.

The recently published crystal structures of the human As, adenosine
receptor (hAp4AR) provide detailed three-dimensional information useful
to support homology modeling studies and receptor-based drug design ap-
proaches. Structural models can be used to describe the interatomic inter-
actions between ligand and receptor, and how the binding information is
transmitted through the receptor. In particular, the 2.6 A crystallographic
structure of the hAs 4 AR in complex with the potent and selective antagonist
7ZM241385 was used as template to build a homology model of the hAsAR.

The hA3AR three-dimensional model was constructed and refined using
a conventional template-based homology modeling approach. This model
was used to probe specific ligand-receptor interactions, also considering site-
directed mutagenesis analysis, in order to guide docking of ligands into the
receptor binding pocket.

In order to validate the molecular docking protocols for the adenosine re-
ceptors family, the hA; 4 AR crystal structure was used to perform in parallel
molecular docking studies using different docking software (such as GOLD,
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Glide, MOE-Dock, and PLANTS). In particular, the antagonist ZM241385
was re-docked to the hAs s AR binding site, using different docking algo-
rithms and scoring functions. Then RMSD values between predicted and
crystallographic poses of ZM241385 were calculated to select the docking
protocol able to better reproduce this molecular system and to be used in
the following molecular docking studies.

Subsequently, molecular docking studies of different ARs antagonists
were performed at the hA3AR model and at the hAs4AR crystal structure,
enabling the exploration of the potential effects of chemical modifications of
these compounds, and thus facilitating the lead optimization process. Dock-
ing simulations were useful for the pharmacological characterization in terms
of structure-activity relationships of several new series of adenosine receptor
antagonists, and for the selection of novel potential antagonist candidates.

Different series of new compounds belonging to known adenosine antag-
onists classes, including triazolo-triazines and pyrazolo-triazolo-pyrimidines,
have been analyzed and modified with the aim to modulate their affinity to-
wards different adenosine receptor subtypes, to increase their solubility, or to
overcome their metabolic instability. Moreover, several compounds with sim-
plified scaffolds have been proposed as new adenosine receptor antagonists;
such as pyrazolo-pyrimidinones, phthalazinones and triazolo-pyrimidines.

Finally, the knowledge gained through the docking studies led to the
identification of structural features of antagonist compounds important for
the interaction with the hAsAR and was applied to the design of fluorescent
ligands for this subtype, of particular interest as pharmacological probes.

In conclusion, the integration of in silico studies with synthetic work and
pharmacological tests resulted to be a good strategy for the development
of new compounds as adenosine receptors antagonists and led to a better
understanding at the molecular level of this class of GPCRs.



Riassunto

L’adenosina ¢ un neuromodulatore che regola molti processi fisiopatologici
attraverso l'attivazione di quattro diversi recettori accoppiati a proteine
G (GPCRs), classificati come sottotipi A1, Aga, Asp e As. I recettori
adenosinici sono ubiquitari nell’organismo umano e la loro attivazione é re-
sponsabile di numerosi effetti in diversi organi. Proprio per questo motivo la
regolazione dell’attivita di questi recettori puod avere interessanti applicazioni
terapeutiche.

Il principale obiettivo di questo progetto é stato ’analisi in silico a livello
molecolare dei recettori adenosinici, ed in particolare dei recettori adenosinici
umani Ass e Ag, per guidare la scoperta e l'ottimizzazione strutturale di
nuovi antagonisti adenosinici potenti e selettivi.

Le piu rilevanti indicazioni terapeutiche degli antagonisti del recettore
adenosinico umano As4 sono rappresentate da malattie neurodegenerative,
quali Alzheimer e Parkinson, depressione e dipendenza. Antagonisti del re-
cettore adenosinico Ag sono stati testati, invece, come agenti terapeutici per
il trattamento di asma e broncopneumopatia cronica ostruttiva, glaucoma,
infarto, ipossia cardiaca e ischemia cerebrale; tuttavia, ad oggi, non sono
presenti in fase clinica antagonisti di questo recettore.

Le strutture cristallografiche del recettore adenosinico umano A4, re-
centemente pubblicate, forniscono dettagliate informazioni strutturali utili
per supportare studi di homology modeling e approcci di drug design di tipo
structure-based. Infatti, i modelli strutturali possono essere molto utili per
descrivere le interazioni interatomiche tra ligando e recettore.

In particolare, la struttura cristallografica del recettore adenosinico umano
Aoy, in complesso con I'antagonista potente e selettivo ZM241385, é stata
utilizzata come templato per la costruzione di un modello per omologia del
recettore adenosinico umano Ags.

Il modello tridimensionale del recettore A3 umano ¢ stato costruito e
perfezionato utilizzando un convenzionale approccio di homology modeling.
In seguito, il modello é stato utilizzato per esplorare specifiche interazioni
ligando-recettore, anche grazie all’analisi dei dati di mutagenesi sito-specifica
disponibili, con lo scopo di guidare studi di docking di ligandi all’interno della
cavita recettoriale.

Inoltre, con l'intento di selezionare il protocollo di docking molecolare

il
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pit adatto per la famiglia dei recettori adenosinici, la struttura cristallo-
grafica del recettore adenosinico Asy € stata utilizzata per effettuare simu-
lazioni di docking con diversi softwares in parallelo (GOLD, Glide, MOE-
dock, PLANTS).

In particolare, 'antagonista ZM241385 ¢ stato riposizionato all’interno
della cavita di legame del recettore Asa attraverso 'utilizzo di diversi al-
goritmi di ricerca e diverse funzioni di scoring. Successivamente, le con-
formazioni ottenute dal docking sono state confrontate con la pose cristal-
lografica di ZM241385 per selezionare il protocollo di docking che fosse in
grado di riprodurre al meglio questo sistema molecolare e che potesse quindi
essere usato per i successivi studi di docking.

Sono stati quindi effettuati studi di docking molecolare di vari antagonisti
adenosinici sul modello del recettore Ag e sulla struttura cristallografica del
recettore As4, in modo da ricavare informazioni che potessero facilitare il
processo di ottimizzazione dei composti. Le simulazioni di docking sono state
utili per la caratterizzazione farmacologica, in termini di relazione struttura-
affinita, di numerose serie di antagonisti adenosinici e per la selezione di
nuovi potenziali candidati antagonisti di questi recettori.

Sono stati infatti analizzati numerosi nuovi composti appartenenti a classi
note di antagonisti adenosinici, tra cui composti triazolotriazinici e pirazolo-
triazolopirimidinici, in modo da suggerire modifiche strutturali in grado di
modularne 'affinitd nei confronti dei vari sottotipi recettoriali adenosinici,
di aumentarne la solubilita o di superarne i punti di instabilitd metabolica.
Diversi derivati con strutture semplificate, come per esempio composti pi-
razolopirimidinonici, ftalazinonici e triazolotriazinici, sono stati inoltre pro-
posti come nuovi composti con attivita antagonista nei confronti dei recettori
adenosinici.

Le informazioni ricavate grazie agli studi di docking hanno permesso
Iidentificazione di caratteristiche strutturali degli antagonisti adenosinici
fondamentali per I'interazione con questi recettori. Queste informazioni sono
state quindi applicate alla progettazione di derivati fluorescenti per il recet-
tore adenosinico Az, che risultano particolarmente interessanti per il loro
potenziale utilizzo in saggi farmacologici.

In conclusione, quindi, questo studio sui recettori adenosinici dimostra
come l'integrazione di metodologie computazionali con il lavoro sintetico e
farmacologico risulta essere una strategia efficace per lo sviluppo di nuovi
ligandi dei recettori adenosinici, a potenziale interesse terapeutico, e per
il chiarimento di importanti aspetti strutturali riguardanti questa famiglia
recettoriale e pit in generale tutti i GPCRs.
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Chapter 1

Introduction

Contents

1.1 G protein-coupled receptors . . . ... ... ... 1

1.2 Adenosinereceptors . . ... ............
1.2.1 As, adenosine receptor . . . . .. ... ... ... 4
1.2.2  Aj adenosine receptor . . . . ... ... ... .. 5

1.3 Adenosine receptors antagonists . .. ... ... 8
1.3.1 A,y adenosine receptor antagonists . . . . . . . . . 8
1.3.2 Aj; adenosine receptor antagonists . . . . .. . .. 10

1.1 G protein-coupled receptors

The family of G protein-coupled receptors (GPCRs), also known as seven-
transmembrane (7TM) receptors, is the largest and most important group
of signal transduction transmembrane proteins. GPCRs represent a very
efficient signaling system used by cell to transmit information from the ex-
tracellular side to the intracellular side. [1] These receptors play a crucial
role in many physiological processes through the interaction with a wide
number of bioactive molecules, including ions, lipids, aminoacids, peptides,
proteins and small organic molecules. Physiological processes regulated by
the activation of GPCRs are, for instance, the transmission of the light and
of odorant signal, the mediation of neurotransmission and hormonal action,
the cell growth and the immune defense. 2]

The GPCRs mediated signal transduction process starts with the bind-
ing of the agonist to the receptor that promotes conformational changes in
the intracellular domains of the receptor resulting in the activation of a gua-
nine nucleotide-binding protein (G protein). G proteins are heterotrimeric
structures, made up of an « subunit, with both catalytic activity and sig-
naling function, and a 7 heterodimeric subunit complex, which targets the
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G-protein to the appropriate membrane receptor and also interacts with
downstream effectors. [3] A G protein is considered to be in an “inactive”
state when its « subunit is bound to GDP and associated with its respective
(B~ subunit. Therefore, after the agonist binds to the receptor the o subunit
of the G protein catalyzes the GDP-GTP exchange and this promotes the
dissociation of the 5~ subunit. Subsequently, the free GTP-a and 87 sub-
units can transfer the signal to their intracellular effectors, such as enzymes
and ions channels. [4]

The signaling pattern mediated by GPCRs can be generated bypassing
the G protein intervention. In fact, it is generally accepted that GPCRs can
form homodimers or heterodimers that play a role in G protein independent
signaling, although the exact mechanism is not entirely elucidated. It is still
unclear the relevance of this oligomerization process in various tissues and its
pharmacological implications. |5, 6, 7| G protein-coupled receptors signaling
pathways are described in Figure 1.1. [§]

? ' - = N
——
~ GPCRs™ - ’ N
. N - ~
> oligomerization « € ~ 4 «

Effectors

Effectors
Internalization

Figure 1.1: G protein-coupled receptors signaling pathways. From the in-
active to the active GPCR and to the internalization of the phosphorylated
GPCR; and possible GPCR oligomerization. Abbreviations: Ago, agonist;
GRK, G protein-coupled receptor kinase; P, phosphate moiety; Ga, 3, v, G
protein subunits.

All GPCRs possess highly conserved structural features even though the
sequence identity among them is low. In particular, these receptors have in
common a central domain consisting of seven transmembrane helices (from
TM1 to TM7), connected by three intracellular (IL1, IL2 and IL3) and three
extracellular (EL1, EL2 and EL3) loops, an extracellular N-terminal domain
and an intracellular C-terminal domain. The seven transmembrane helices
are the most conserved regions of GPCRs, while their intra- and extracellular
regions (N-term, C-term and loops) greatly differ in terms of length and
function and therefore provide very specific properties to each receptor.

The human genome encodes thousands of G protein-coupled receptors;
among these, about 350 are receptors for endogenous ligands, while about 150
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have unknown functions. [9, 10| According to sequence similarities, GPCRs
have been clustered in different families: family A or rhodopsin-like class,
family B or secretin class, family C or metabotropic glutamate and pheromone
class, family D or fungal pheromone class, family E or cAMP receptors class,
family F or frizzeled /smoothened class. [11, 12, 13] Among these, family A
is the largest and the currently most studied.

Family A GPCRs show specific common fingerprints even though the se-
quence similarity is not very high. In particular, identifying motifs defined
by highly conserved residues in this class are for instance the DRY motif at
the cytoplasmic end of TM3 and two highly conserved cysteine residues, one
in TM3 and one in EL2, that form a disulfide bridge. Moreover, each TM
helix contains at least one highly conserved residue. These residues are used
as references for the Ballesteros and Weinstein amino acids numbering sys-
tem. Following this scheme, every residue of the T'M regions is identified by
two numbers: the first refers to the TM helix, the second refers to the amino
acid position relative to the reference residue of that helix. The number 50
has been arbitrarily assigned to each reference residue: Asnl.50, Asp2.50,
Arg3.50, Trp4.50, Pro5.50, Pro6.50 and Pro7.50. [14]

As above described, the activation of native GPCRs is usually initiated
by the agonist binding; however GPCRs can achieve the active state inde-
pendently of agonists and become constitutively active. These constitutively
active GPCRs can be involved in the pathogenesis of many diseases. [15]
Moreover, dysregulation of GPCRs has been found to be associated to a
large number of human disease. [16, 17|

It has been estimated that GPCRs constitute the target of about half
of the drugs in clinical use today. Therefore, studies aimed at a better un-
derstanding of GPCRs at a molecular level are of great interest in medicinal
chemistry.

1.2 Adenosine receptors

The neuromodulator adenosine affects a wide variety of physiopathological
processes through activation of four family A GPCRs, classified as A, Agg,
Asp, and Ajs subtypes. [18, 19] These receptors are ubiquitously expressed in
the human body and many cells express several adenosine receptor subtypes,
although in different densities.

Adenosine receptors (ARs) are coupled to different kind of G proteins
that can modulate various second messenger systems. In particular, acti-
vation of adenosine receptors can induce inhibition (A;AR and A3zAR) or
activation (Ag4AR and AspAR) of the adenylate cyclase. Even though the
modulation of adenylyl cyclase activity could be considered the principal sig-
nal mediated by these receptors other second messenger signaling pathways
can be associated with stimulation of ARs (see Figure 1.2).
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Figure 1.2: Signal transduction pathways associated with the activation
of the four human adenosine receptors. Abbreviations: ATP, adenosine
triphosphate; cAMP, cyclic adenosine monophosphate; PKC, protein ki-
nase C; PLC, phospholipase C; DAG, diacylglycerol; IP3, inositol (1,4,5)-
trisphosphate; P, phosphate moiety; G;, Gg, Gq, G,, different families of G
proteins.

Activation or blockade of ARs is responsible for a wide range of effects
in numerous organ systems; and therefore the regulation of ARs can have
many potential therapeutic applications.

The physio-pathological roles of ARs and their clinical potential have
been exhaustively reviewed. [20, 21, 22| Due to the potential therapeutic
applications of ARs ligands, in recent years, a large variety of adenosine re-
ceptors agonists and antagonists has been synthesized and has helped the
pharmacological characterization of this family of G protein-coupled recep-
tors. |23]

In particular, in this study we have taken in consideration the As4 and
A3 subtypes and their potential antagonists.

1.2.1 A,, adenosine receptor

The human Asy adenosine receptor (As4AR) has been mapped on chro-
mosome 22 and it is composed of 409 amino acids [24]; its size is larger
than the other human adenosine receptors (hA; AR 326 residues, hAsp AR
328 residues, and hA3AR 318 residues) because of its carboxyl-terminal tail,
which is much longer than those ones of the other AR subtypes.

The Ay 4 adenosine receptor has been found in both the periphery and
the central nervous system (CNS) and it is abundant in basal ganglia, T
lymphocytes, vasculature and platelets.

In the peripheral system the As 4AR is mainly coupled with G, proteins,
while in the striatum with G,y proteins. Both of these two G proteins in-
crease adenylyl cyclase activity and therefore the intracellular concentration
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of cyclic adenosine monophosphate (cAMP). [18] The cAMP generation lead
to the activation of protein kinase A, which can activate various receptors,
ion channels, phosphodiesterases and cAMP responsive element binding pro-
tein (CREB) that is critical for many neuronal functions.

Neurons that express the As4AR also express dopamine Do receptors
and one of the role of dopamine is to suppress the A4 AR signaling. This
interaction have interesting implication for the treatment of patologies re-
lated to an abnormal function of dopamine neurons, such as schizophrenia
and Parkinson’s disease.

Moreover, in the brain, the As4 receptor subtype can form various func-
tional heteromers with other G-protein coupled receptors. In particular, het-
erodimers consisting of receptors for adenosine Aj/Ag4, dopamine Do /Ag 4
and D3/Asy, glutamate mGluR5/As4 and cannabinoid CB;1/As4 have all
been observed, as well as CBj/Ag4 /Dy heterotrimers.

In the central nervous system As 4AR plays a role in neuroprotection and
is implicated in several patologies such as Parkinson’s disease, Huntington’s
disease, Alzheimer’s disease.

As4 AR activation is protective against ischemic reperfusion injury in
mice, probably due to its actions on lymphocytes. [21] As4AR is found in
several immune cells and its activation inhibits early and late events occuring
during an immune response.

Therefore, Ao4AR ligands have been studied for various therapeutic ap-
plications; in particular its agonists have been explored as anti-inflammatory
drugs while its antagonists for neurodegenerative diseases, e.g., Parkinson’s
disease.

1.2.2 Aj; adenosine receptor

The Az adenosine receptor (AsAR) is the last member of the adenosine
receptors family to have been cloned. [21] Considering receptor distribution,
the highest levels of human A3AR mRNA have been found in lung and
liver. [25] However, A3ARs have been detected in various tissues including
testis, lung, kidney, placenta, heart, brain, spleen, liver, uterus, bladder,
jejunum, aorta, proximal colon and eyes. [25]

The A3AR has been mapped on human chromosome 1 and consists of
318 amino acid residues. Differently to other adenosine receptors, the C-
terminal region presents multiple serine and threonine residues, which may
serve as potential sites of phosphorylation that are important for receptor
desensitization upon agonist application. [25]

Species differences for As receptors are larger than for other AR sub-
types, particularly between rodent and human receptors (only 74% sequence
identity between rat and human Ajs sequences). The low identity reflects in
different affinity values of ligands for rat versus human Ajg receptors, making
more difficult the use of rat models for in vivo studies.
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The firstly identified second-messenger systems associated with As3AR
activation have been adenylyl cyclase (AC), which is inhibited via Gijg3
coupling, and phospholipase C (PLC), which is stimulated via Gg/1; cou-
pling. [26] In addition, other intracellular pathways have been described as
being linked with A3AR activation, as summarized in Figure 1.3.

The A3AR positively modulates phospolipase D, [27] ATP-sensitive potas-
sium channels, inositol triphosphate, and intracellular calcium. |28, 29| Ac-
tivation of this receptor subtype leads to modulation of mitogen-activated
protein kinases (MAPK), such as the extracellular signal-regulated kinase
(ERK) 1/2 and the stress-activated protein kinase p38. [30]

A3AR signaling is involved in several physio-pathological processes, but
what is known about its role it is still unclear.

The A3AR regulation of the cell cycle may induce cell protection or cell
death, depending on the degree of receptor activation, the cell type and the
toxic insult. [31, 32| As a consequence of this dual effect, both Ag recep-
tor agonists and antagonists might be effective therapeutics in cancer. [33]
Moreover, A3AR have been demonstrated to be over-expressed in some tu-
mor cell lines, thus suggesting this receptor as a potential target in cancer
therapy. |21, 25|

In the brain and in other tissues, such as kidney, lung, and eye, activation
of the A3AR may induce both pro- and antisurvival effects, determining
either protection or damage, depending on the situation. [31]

The role of A3AR in inflammatory diseases is also currently controver-
sial, and both anti- and pro-inflammatory effects have been attributed to its
activation depending on the investigated model. One of the first therapeutic
applications that was hypothesized for A3AR antagonists was the treatment
of asthma. In fact, it was reported that in rodents, AsAR activation was
responsible for mast cell degranulation. [21, 25|

Activation of A3AR leads to the regulation of chloride channels in non-
pigmented ciliary epithelial cells, suggesting that AsAR agonists would in-
crease aqueous humor secretion and thereby intraocular pressure in vivo,
whilst A3AR antagonists may represent a specific approach for treating oc-
ular hypertension. |21, 25]

Another important topic in the area of AsAR-targeted therapy is the
protective role of this adenosine receptor subtype in cardiac ischemia. To
date, several studies have pointed to the evidence that the A3AR is a key
player in adenosine-induced cardioprotection during and following ischemia-
reperfusion.

Thus, even though it is clear that the A3AR is involved in many disease
pathways, much remains to be clarified about its role. Therefore, the search
for new selective AgAR ligands, either agonists or antagonists, continues to
be attractive.
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Figure 1.3: Signal transduction pathways associated with the activation of
the human Ag adenosine receptor. Abbreviations: ATP, adenosine triphos-
phate; Calm: calmodulin; CamK-II: Ca2+ /calmodulin-dependent protein
kinase; cAMP, cyclic adenosine monophosphate; c-Raf: RAF proto-oncogene
serine/threonine-protein kinase; CREB: ¢cAMP response element-binding;
DAG, diacylglycerol; ERK: extracellular signal-regulated kinase; G;, G; fam-
ily of G proteins; G4, G4 family of G proteins; iGluR: ionotropic glutamate
receptors; IP3, inositol (1,4,5)-trisphosphate; MEK: mitogen-activated pro-
tein kinase/extracellular signal-regulated kinase kinase; P, phosphate moiety;
PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C.
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1.3 Adenosine receptors antagonists

Many efforts have been made in medicinal chemistry for the development
of selective agonists and antagonists for each of the four AR subtypes. The
availability of selective ligands helped the research on therapeutic applica-
tions of modulating the ARs and provided some clinical candidates. [22]

Of particular interest for this study is the exploration of synthetic adeno-
sine antagonists for potential therapeutic applications.

Historically, prototypical ARs antagonists were alkylxanthine derivatives.
Natural xanthines, such as caffeine and theofilline, behave as weak and non
selective antagonists for adenosine receptors.

Nowadays, many newer and highly selective ARs antagonists have been
developed; they are more chemically diverse than xanthines and contain non-
purine heterocyclic core structures. [22]

1.3.1 A,, adenosine receptor antagonists

Relevant potential therapeutic indications of A4 AR antagonists are neu-
rodegenerative diseases, such as Parkinson’s and Alzheimer’s, restless legs
syndrome, depression and addiction. [22] Several selective A34 AR antago-
nists have been evaluated in clinical trials for the treatment of Parkinson’s
disease. In Figure 1.4 some representative As AR antagonists, with their
binding affinities, are reported.

The first Ay 4-selective antagonists were developed modifying the xan-
thine nucleus at the 8-position with alkenes (notably styryl groups) and the
8-styrylxanthine istradefylline (1, KW6002) was one of the first A;4AR an-
tagonists reported.

The substitution of the xanthine core with various heterocyclic ring sys-
tems has led to some compounds with very high affinity and selectivity to-
ward the Agy subtype. The triazoloquinazoline CGS15943 (2) was one of the
early example of a heterocyclic structure showing A, 4 AR antagonist activity
but with only slight selectivity. Subsequent refinement of the triazoloquina-
zoline core by addition of a third ring or alteration of the pattern of N
inclusion in the heterocyclic system greatly improved the As 4 AR selectivity.

Examples of highly potent As4 AR antagonists of later generation are
the triazolotriazine ZM241385 (3), the triazolopyrimidine vipadenant (4),
and the pyrazolotriazolopyrimidine SCH442416 (5). Another pyrazolotria-
zolopyrimidine compound with a very good affinity and selectivity profile
at the hAs4AR is preladenant (6) that is undergoing clinical trials for the
treatment of Parkinson’s disease.

Examples of further non-xanthine As4 AR antagonists, which are being
clinically evaluated, are the adenine derivative ST-1535 (7) and the benzoth-
iazole derivative SYN-115 (8).
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1.3.2 Aj; adenosine receptor antagonists

In light of the plethora of biological effects attributed to A3AR, substantial
efforts in medicinal chemistry have been directed towards developing po-
tent and selective antagonists for the human A3AR subtype. [21, 23, 34] In
fact, a number of molecules are in biological testing as therapeutic agents
for asthma and chronic obstructive pulmonary disease (COPD), glaucoma,
stroke, cardiac hypoxia and cerebral ischemia; [21, 25| but, unfortunately,
there are currently no AsAR antagonists in clinical phases.

A large amount of human Ag adenosine receptor antagonists posses poly-
heterocyclic nucleus, which can be classified in six families of derivatives:
i) Flavonoids; ii) 1,4-dihydropyridines and pyridines; iii) Triazoloquinazo-
lines; iv) Isoquinolines and quinazolines; v) Pyrazolo-triazolo-pirimidines,
vi) various. In Figure 1.5 are summarized some representative members
of different families of A3AR antagonists, which have been extensively re-
viewed. |21, 34, 23, 35]

Xanthines, that are considered the natural antagonists for adenosine
receptors, show in general very low affinity for the As adenosine recep-
tor subtype (high micromolar range). Nevertheless, recent SAR studies
on these compounds indicated that a cyclization between the 7- and 8- or
3- and 4- positions led to A3 adenosine receptor antagonists, such as 2-
phenylimidazopurin-5-one PSB-10 (9). Other classes of extended xanthine
structures have been reported as Az adenosine receptor antagonists such
as triazolopurines (10) which proved to be potent and selective human Ag
adenosine receptor antagonists.

Optimization of flavonoid nucleus, through a classical structure-activity
relationship study led to MRS 1067 (11), the most potent and selective
compound of this series at the hA3AR subtype.

A very similar approach was utilized for studying dihydropiridines which
are typically antagonists of the L-type calcium channel, but a combination of
substitutions on the 1,4-dihydropyridine skeleton led to MRS1334 (12) which
proved to be the most potent derivative of this series. Simultaneously the
same authors studied the affinity of the pyridines, derived from the oxidation
of the corresponding 1,4-dihydropiridines, obtaining MRS1523 (13), which
showed quite good affinity at the human Ag adenosine receptor but could
be considered the first derivative which possessed discrete affinity for the rat
A3 adenosine subtype.

Acylation at the 5-position of the triazoloquinazoline derivative CGS
15943 (9-chloro-2-(2-furanyl)-[1,2,4]triazolo[1,5- c|quinazoline-5-amine), a clas-
sic unselective adenosine receptor antagonist, led to the discovery of MRS1220
(14) a highly potent and quite selective hAs adenosine receptor antago-
nist. In a screening program of compounds, quinazoline derivatives, such as
VUF5574 (15), showed good affinity at human Aj adenosine receptor while
resulted to be uneffective at A1 and Ay 4 receptor subtypes. Further library
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screenings led to novel heterocyclic As antagonists which shown quite good
affinity, such as L-249313 (16) and L-268605 (17).

The best results in terms of potency and selectivity at the human AsAR
were obtained with the pyrazolo-triazolo-pyrimidines derivatives. In partic-
ular, introduction at the N® position of a phenyl carbamoyl moiety and a
methyl group at the N® pyrazole nitrogen led to compound 18 which can be
considered one of the most potent and selective human As adenosine recep-
tor antagonists ever reported. Interestingly, the bioisosteric substitution of
the phenyl ring with a piridinium salt led to a completely water soluble (15
mM) derivative 19 and with an increased affinity and selectivity for the hAs
adenosine receptor.

Other derivatives structurally related to this family have been reported,
in particular the triazolo-quinoxalines. In this class several compounds have
been synthesized as antagonists for the different adenosine receptor sub-
types. [21, 34, 23|

Structural simplified A3 adenosine receptor antagonists have been re-
ported and in particular bicyclic scaffolds were investigated. Some simpli-
fied compounds, such as the thiadiazole (derivative 20) seem to be promis-
ing agent considering the very simple synthetic preparation and their low
hydrophobic propensities. [23]

Finally, it should be underlined that all the reported compounds showed
significant potency and selectivity at the human Az adenosine receptor in
human model, thus limiting studies in vivo. This aspect has been partially
avoided working on the adenosine core. In fact, adenosine derivatives are
considered receptor agonists for the presence of the ribose moiety, but the
introduction of extended substituents at the 8 position or the constraint of
the ribose ring led to quite potent A3AR antagonist also in rat model. [36]
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For the development of this project several computational tools have been
applied to the study of proteins, other molecules and their interactions to
predict some of their behaviors.

In this section the computational methodologies used are described along
with the structural and sequence information necessary for the development
of this project.

2.1 Amino acid sequences

Nowadays, wide information about protein sequences are available and stored
in databases. Amino acid sequences used in this study were downloaded from
the Universal Protein Resource (UniProt) database, that contains more than
500000 protein entries. [37]

In this project, sequences of adenosine receptors and other GPCRs were
analyzed and compared. In particular, UniProt identifiers of the considered
human adenosine receptors sequences are: P30542 for hA;AR, P29274 for
hAs4AR, P29275 for hAsgAR, and P33765 for hAsAR.

13
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2.2 Crystallographic structures

Three-dimensional structural information about proteins and nucleic acids
are collected in the Protein Data Bank (PDB). [38] Today, more than 78000
3D structures, solved mainly with the use of X-ray crystallography or nuclear
magnetic resonance (NMR), are available in the PDB.

However, despite the enormous biomedical relevance of GPCRs, high
resolution structural information on their active and inactive states is still
poor. In fact, being GPCRs integral membrane proteins, they are not easy
to crystallize and hence to characterize through X-ray diffraction.

Rhodopsin had represented for many years the only 3D structural infor-
mation available for GPCRs and rhodopsin-based homology modeling had
been the most widely used approach to obtain three dimensional models of
GPCRs. In fact, rhodopsin is highly abundant from natural sources and
structurally stabilized by the covalently bound ligand 11-cis-retinal, which
mantains the receptor in a dark-adapted, non-signaling conformation. In
contrast, all other GPCRs are activated by diffusible ligands and are ex-
pressed at relatively low levels in native tissues. These receptors are struc-
turally more flexible and some of them are prone to instability. [39]

The first highly resolved structure of rhodopsin was published by Pal-
czewski and collaborators in 2000. [40] This 2.8 resolution structure of bovine
rhodopsin (PDB ID: 1F88) showed all major structural features of GPCRs as
predicted from years of biochemical, biophysical and bioinformatics studies.

Subsequently, crystallographic structures of other GPCRs have been re-
ported such as the human [2-adrenergic receptor in 2007 [41, 42] and the
turkey [l-adrenergic receptor in 2008. [43]

Of particular interest for the adenosine receptors field has been the pub-
blication in 2008 of the crystal structure of the human As 4 adenosine recep-
tor (PDB ID: 3EML) [44] in complex with a high-affinity subtype-selective
antagonist, 4-(2-(7-amino-2-(furan-2-yl)-[1,2,4|triazolo|2,3-a][1,3,5]triazin-5-
ylamino)ethyl)phenol, ZM241385 (compound 3 in Figure 1.4).

Interestingly, to crystallize the 2.60 A resolution structure was applied the
T4L fusion strategy, where most of the third cytoplasmic loop was replaced
with lysozyme and the C-term tail was truncated from AIA317 to Ser412.

This crystal structure presents three features different from previously
reported GPCR structures.

First of all, the EL2 is considerably different from (£1/32-adrenergic re-
ceptors and bovine/squid rhodopsins; in fact it lacks any clearly secondary
structural element and possesses three disulfide linkages, one with TM3
(Cys77-Cys166), that is conserved among most of the members of family
A GPCRs, and two with EL1 (Cys71-Cys159 and Cys74-Cys146) that are
unique to the Ag4 adenosine receptor. Moreover, the crystallographic struc-
ture of hA; 4 AR shows a disulfide bond between Cys259 and Cys262 in the
EL3 of the receptor. The presence of all these bridges contributes to the
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formation of a disulfide bond network that forms a rigid, open structure ex-
posing the ligand binding cavity to solvent, possibly allowing free access for
small molecule ligands. [44]

Secondly, ZM241385 is perpendicular to the membrane plane, co-linear
with TM7 and it interacts with both EL2 and EL3. The ligand position
is significantly different from the position of retinal and amine ligands of
adrenergic receptors.

Finally, even though the helical arrangement is similar to other GPCRs,
the binding pocket of the As4 adenosine receptor is shifted closer to TM6
and TMT7 and less interactions are allowed with TM3 and TM5. [44] This
means that even though GPCRs share a common topology, ligands may bind
in a different fashion and interact with different positions of the receptor.

Recently, crystallographic structures of other different GPCRs have been
published including human dopamine D3 receptor, [45] human chemokine
receptor CXCR4 [46] and human histamine H1 receptor. [47]

Moreover, in 2011 other three-dimensional structures of human As4AR,
in complex with agonists or antagonists, have been solved: AssAR-T4L
bound to the agonist UK-432097 (PDB ID: 3QAK), [48]| thermostabilized
A24AR bound to its endogenous agonist adenosine and the synthetic agonist
NECA (PDB IDs: 3PWH, 3REY, 3RFM), [49] thermostabilized As4AR in
complex with ZM241385 and the xanthines XAC and caffeine (PDB IDs:
2YDO, 2YDV). [50]

2.3 Computational Methodologies

All modeling studies were carried out on a 20 CPU (Intel Core2 Quad CPU
2.40 GHz) Linux cluster.

Homology modeling, energy calculation, and analyses of docking poses
were performed using the Molecular Operating Environment suite (MOE,
version 2010.10). [51]

The software package MOPAC (version 7), [52] implemented in the MOE
suite, was utilized for all quantum mechanical calculations.

Docking simulations were performed using MOE-Dock, [51] GOLD, [53]
Glide, [54] and PLANTS. [55]

2.4 Molecular Mechanics

The field of molecular modeling is composed of several interlinked activi-
ties, including molecular graphics, computational chemistry and statistical
modeling, where the common component is the computer.

One of the approaches to molecular modeling is based on the molecular
mechanics formalism. In this formalism each atom is treated as a mass
proportional to its atomic mass and each bond is treated as an analog of a
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mechanical spring, which has a force constant associated with it. The atoms
are classified as atom-types that describe the atom features. The molecular
mechanics approach assumes that the potential energy of a molecular system
is made up of contributions derived from each atom and and each bond in
the system and is expressed by an equation called force field. Molecular
mechanics can be used to study small molecules as well as large biological
systems.

2.4.1 Empirical Force Fields

The force field is an equation expressing the potential energy of a molecular
system in a given conformation as a sum of individual energy terms. The
calculation sums the energy resulting from all interactions among all atoms,
both bonded and non-bonded.

Etotal = Ebonded + Enon—bondend

The bonded term considers the energy attributable to all the bonding inter-
actions, so this term refers to the stretching or compressing of the bonds, to
the bending of the bond angles and to the torsional (twisting) distortions of
the dihedral angles.

The non-bonded component considers the energy attributable to the non-
bonding interactions, such as Van der Waals steric interactions and electro-
static or charge interactions. The importance of the non-bonded terms in
the energy expression is strongly dependent on the distance between the
interaction atoms.

Ebonded = Ebond + Eangle + Edihedral

Enon—bondend = Eelect’/‘ostatic + EUanderWaals

Some terms are more influential than others in their contributions to the
overall energy of the system. The exact functional form of the potential
function, or force field, depends on the particular simulation program being
used. Some additional terms (e.g., H-bonding interactions) are often included
in the equation.

The force fields mainly used in this study have been AMBER99, [56]
parameterized for proteins and nucleic acids, and MMFF94x, [57| parame-
terized for gas phase small organic molecules in medicinal chemistry.

2.5 Homology modeling

The structure-based drug design requires the structural information of re-
ceptors and ligands. The 3D structure of a protein target can be taken from
the PDB, that contains protein structures determined by X-ray crystallogra-
phy or nuclear magnetic resonance (NMR) spectroscopy. On the other hand,



2.5. Homology modeling 17

the initial structure of a protein target can also be constructed by homology
modeling based on both sequence and structural information from known
families of proteins.

The homology modeling approach is the method of choice to predict the
structure of a protein, starting from the sequence of that protein and based
on the available 3D structure of an homologous protein. This computational
approach is based on the notion that the primary structure of proteins is
less conserved, through evolution, than the higher level structures, namely
secondary, tertiary and quaternary.

Therefore, using this technique, an amino acid sequence (target protein)
can be modeled on the structure of a second protein (template), which pos-
sesses the same folding. Based on the sequence alignment of the two proteins,
the pairs of residues are spatially matched with the generation of the new
coordinates for the target structure. Thus, the quality of the sequences align-
ment which determines the residues pairs is of primary importance. Usually,
conserved regions, like secondary structure elements or patterns of residues
implicated in the protein function, are identified in the structure of the tem-
plate. Later, the alignment is optimized to match these conserved regions.

It has to be noted that when the alignment reveals one ore more long gaps,
underlining structural variations between the two proteins, the generation of
the new structure requires particular care. When new loops have to be built,
meaning that the target sequence have non-correspondent stretches in the
template, coordinates can be either assigned randomly and energy minimized
or taken from experimentally known ones of other structures. The reliability
of these additional loops depends on their length and the distance between
the template extremities. The longer is the insertion, compared to the three-
dimensional gap, the less reliable is the result. [58, 59|

Finally, the out-coming homology model can be structurally refined us-
ing different protocols such as energy minimization or simulated annealing.
Finally, the resulting structure has to be checked for stereochemical quality,
considering ¢ and v angles distribution (Ramachandran plot), bond lengths,
angles etc, and also for its ability in explaining known biochemical data.

In fact, homology models are theoretical structures whose reliability has
to be checked. In order to evaluate the goodness of a model, the accordance
with available experimental data (mainly mutagenesis and ligand activity
data) and the predictive ability of the model can be considered. Therefore, a
"structural" validation can be performed through the inspection of the posi-
tion of all the residues revealed by mutagenesis studies to play an important
role in ligand binding. On the other hand, a "functional" validation is the
ability of the model to predict the activity of known ligands, to suggest the
design of new ones and to identify residues important for the interaction with
ligands.
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2.5.1 Human A3;AR homology model

On the basis of the assumption that GPCRs share similar TM boundaries
and overall topology, a homology model of the hA3 adenosine receptor was
constructed using as template the recently published crystal structure of the
hA4 receptor in complex with ZM241385 (PDB ID: 3EML). [44] The model
was built using the homology modeling protocol implemented in the MOE
suite. [51]

As previouly underlined, the first important step in the homology model-
ing protocol is related to sequence alignment. For GPCRs, the alignment is
guided by the most conserved residues in each TM helix (at least one highly
conserved residue). These peculiar residues are used as reference for the
Ballesteros and Weinstein nomenclature system: every amino acid of TM
regions is identified by a number that refers to the transmembrane segment
of the GPCR, followed by a number that refers to the position relative to the
reference residue in that helix, that has arbitrarily the number 50 (Asn1.50,
Asp2.50, Arg3.50, Trp4.50, Pro5.50, Pro6.50 and Pro7.50 in TM1-7, respec-
tively). [14]

Therefore, as first step, the amino acid sequences of TM helices of the hAg
receptor were aligned with those of the template crystal structure, guided by
the highly conserved amino acid residues, including the DRY motif (Asp3.49,
Arg3.50, and Tyr3.51) and three proline residues (Pro4.60, Pro6.50, and
Pro7.50) in the TM segments of GPCRs.

The same boundaries were applied for the TM helices of the hAg receptor
as they were identified from the 3D structure of the hAs 4 AR, the coordinates
of which were used to construct the seven TM helices for the hAj3 receptor.

The loop domains were constructed by the loop search method imple-
mented in MOE on the basis of the structure of compatible fragments found
in the Protein Data Bank. In particular, loops are modeled first in random
order. For each loop, a contact energy function analyzes the list of candidates
collected in the segment searching stage, taking into account all atoms al-
ready modeled and any atom specified by the user as belonging to the model
environment. These energies are then used to make a Boltzmann-weighted
choice from the candidates, the coordinates of which are then copied to the
model.

Missing side chains were modeled using a library of rotamers generated
by systematic clustering of the Protein Data Bank data, using the same
procedure. Side chains belonging to residues, whose backbone coordinates
were copied from a template, are modeled first, followed by side chains of
modeled loops. Outgaps and their side chains are modeled last.

Special caution has to be given to EL2 because amino acids of this loop
could be involved in direct interactions with the ligands. A driving force
to the peculiar fold of the EL2 might be the presence of a disulfide bridge
between cysteines in TM3 and EL2. Since this covalent link is conserved in
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all the adenosine receptors, the EL2 was modeled using a constrained ge-
ometry around the EL2-TM3 disulfide bridge. The constraints were applied
before the construction of the homology model, in particular during the se-
quences alignment. The cysteine residues, involved in the disulfide bridge
in the hAs4 receptor, were selected to be constrained with the correspond-
ing cysteines in the hAjs receptor sequence. In particular, Cys166 (EL2)
and Cys77 (3.25) of the hAyy receptor were constrained, respectively, with
Cys166 (EL2) and Cys83 (3.25) of the hAj receptor. During the alignment,
MOE-Align attempts to minimize the number of constraint violations. Then,
after running the homology modeling, the presence of the conserved disulfide
bridge in the model was manually checked.

After the heavy atoms were modeled, all hydrogen atoms were added
and were then minimized with MOE using the AMBER99 force field. [56]
The minimizations were carried out by the 1000 steps of steepest descent
followed by conjugate gradient minimization until the rms gradient of the
potential energy was less than 0.1 keal mol™! A1, We used the Protonate
3D methodology, part of the MOE suite, for protonation state assignment
by selecting a protonation state for each chemical group that minimizes the
total free energy of the system (taking titration into account). [60]

Protein stereochemistry evaluation of the resulted model was then per-
formed by several tools implemented in the MOE suite, such as Ramachan-
dran plot, bond lengths, bond angles and dihedrals reports, rotamer strain
energy report and clash contacts report. [51]

Finally, to check the reliability of the model, its accordance with avail-
able mutagenesis data was considered and molecular docking studies of AR
antagonists were performed.

2.6 Molecular docking

The core step of protein-based drug design is docking and scoring. Docking
is the process that place a ligand molecule into the binding site of a receptor
protein and then optimize the relative orientation and conformation of the
ligand to interact with the protein. Then each pose is scored by a proper
scoring function.

Therefore, the main aim of molecular docking is trying to predict the
3D structure of the complex between a ligand and a protein. To do this a
docking program needs two components: the search algorithm and the scor-
ing function. In the molecular docking process, the search space (the set of
all possible solutions to a problem) consists of all possible orientations and
conformations of the protein paired with the ligand. Because it is impossi-
ble to explore the search space exhaustively, is important to use of search
algorithms for sampling the search space. Then for each protein-ligand pose,
the scoring function predicts the strength of the interaction between the two
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molecules (binding affinity). In other terms, the scoring function takes a
pose as input and returns a number indicating the probability that the pose
represents a favourable binding interaction.

Obviously, reproducing the conformational space accessible to a macro-
molecule is a very difficult task and requires unavoidable approximation.
Docking procedures can thus be classified into three categories depending on
their degree of approximation:

e Rigid body docking: This is a highly simplistic model that regards
both the ligand and the protein as two rigid solid bodies.

e Semi-flexible docking: This model is asymmetric; one of the molecules,
usually the smaller ligand, is considered flexible, while the protein is
regarded as rigid.

e Flexible docking: Both molecules are considered flexible, although
clearly the extent of flexibility of either (or of both) is necessarily lim-
ited, or simplified.

Since ligands are much smaller than macromolecules, ligand flexibility is
computationally easier to handle and thus today it is standard in docking
protocols. The ideal docking method would allow both ligand and receptor
to explore their conformational degree of freedom. However, such calcula-
tions are computationally very demanding and most of the methods only
consider the conformational space of the ligand while the receptor is invari-
ably assumed to be rigid.

As previously said, the success of a docking program depends on two
components: the search algorithm and the scoring function.

The search algorithm is used to generate ligand conformations inside the
protein binding pocket. Algorithms can be grouped into deterministic and
stochastic approaches. Deterministic algorithms are reproducible, whereas
stochastic algorithms include a random factor and are thus not fully repro-
ducible. A brief description of the different docking algorithms used in this
study is here reported:

Genetic Algorithm: This algorithm is a computer program that mimics
the process of evolution by manipulating a collection of data structures
called chromosomes. Each of these chromosomes encodes a possible
solution to the problem to be solved. In case of docking, each chro-
mosome encodes a possible ligand-receptor complex conformation and
to each of them is assigned a fitness score on the basis of the relative
quality of that solution in terms of protein-ligand interactions.

Starting from an initial, randomly generated, parent population of
chromosomes, the genetic algorithm repeatedly applies two major ge-
netic operators, crossover and mutation, resulting in children chro-
mosomes that replace the least-fit members of the population. The
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crossover operator requires two parent chromosomes and combining
their features generates two children. The mutation operator requires
one parent and introducing random perturbations produce one child.
The parent chromosomes are randomly selected from the existing pop-
ulation with a bias towards the best, thus introducing an evolutionary
pressure into the algorithm. This emphasis on the survival of the best
individuals ensures that, over time, the population should move toward
an optimal solution, that is the correct binding mode.

The genetic algorithm is used by the software GOLD [53] and is avail-
able as search algorithm in MOE-Dock. [51]

Tabu search: This algorithm is characterized by the imposition of restric-
tions to enable the search process to explore otherwise difficult regions.
These restrictions take the form of a tabu list that stores a number of
previously visited solutions. By preventing the search to visit these
regions, the exploration of new search space is encouraged. While the
genetic algorithm usually converges quickly at the close proximity of a
global minimum, it can be trapped in a local minimum. Using a tabu
list helps in avoiding this drawback.

Tabu search is available as search algorithm in MOE-Dock. [51]

Simulated Annealing: It is a special molecular dynamics simulation, in
which the system is cooled down at regular time intervals by decreas-
ing the simulation temperature. The system thus gets trapped in the
nearest local minimum conformation. Disadvantages of simulated an-
nealing are that the result depends on the initial placement of the
ligand and that the algorithm does not explore the solution space ex-
haustively.

Simulated annealing is available as search algorithm in MOE-Dock. [51]

Glide Algorithm: The Glide (Grid-based Ligand Docking with Energet-
ics) [54] algorithm approximates a systematic search of positions, ori-
entations and conformations of the ligand in the receptor binding site
using a series of hierarchical filters. The shape and properties of the
receptor are represented on a grid by several different set of fields that
provide progressively more accurate scoring of the ligand pose. The
fields are computed prior to docking. The binding site is defined by a
rectangular box confining the translation of the mass center of the lig-
and. A set of initial ligand conformations is generated through exhaus-
tive search of the torsional minima, and the conformers are clustered
in a combinatorial fashion. Each cluster, characterized by a common
conformation of the core and an exhaustive set of rotamer group con-
formations, is docked as a single object in the first stage. The search
begins with a rough positioning and scoring phase that significantly
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narrows the search space and reduces the number of poses to be further
considered to a few hundred. In the following stage, the selected poses
are minimized on pre-computed OPLS-AA van der Waals and electro-
static grids for the receptor. In the final stage the lowest-energy poses
obtained are subjected to a Montecarlo procedure in which nearby tor-
sional minima are examined, and the orientation of peripheral groups
of the ligand is refined. These minimized poses are finally rescored.

Plants: The docking algorithm PLANTS (Protein-Ligand ANT System)

is based on a class of stochastic optimization algorithms called ant
colony optimization (ACO). ACO is inspired by the behavior of real
ants finding a shortest path between their nest and a food source.
The ants use indirect communication in the form of pheromone trails
which mark paths between the nest and a food source. In the case of
protein-ligand docking, an artificial ant colony is employed to find a
minimum energy conformation of the ligand in the binding site. These
ants are used to mimic the behavior of real ants and mark low energy
ligand conformations with pheromone trails. The artificial pheromone
trail information is modified in subsequent iterations to generate low
energy conformations with a higher probability. [55]

Scoring function are fast approximate mathematical methods used to

predict the strength of the non-covalent interaction between two molecules
given the 3D structure of their complex and therefore their binding affinity.
There are three general classes of scoring functions:

e Force field-based scoring functions based on the non-bonded terms of

a classical molecular mechanics force field. Usually a Lennard-Jones
potential describes van der Waals interactions and the Coulomb energy
describes the electrostatic components of the interaction. A major
disadvantage of these scoring functions lies in the fact that is unclear
to what extend they can be applied to protein-ligand complexes not
represented in the training set used for deriving the master equation.
GoldScore and MOE Energy score are some examples.

Empirical scoring functions based on counting the number of various
types of interactions between the two binding partners. They use sev-
eral terms describing properties known to be important in drug binding
to construct a master equation for predicting binding affinity. Multi-
linear regression is used to optimize the coeflicients to weight the com-
puted terms using a training set of protein-ligand complexes for which
both the binding data and the high resolution 3D crystal structures
are known. ChemScore and Glidescore are some examples.

Knowledge-based scoring functions based on statistical observations of
intermolecular close contacts in large 3D databases which are used to
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derive "potentials of mean force". This method is founded on the as-
sumption that close intermolecular interactions between certain types
of atoms or functional groups that occur more frequently than one
would expect by a random distribution are likely to be energetically
favorable and therefore contribute favorably to binding affinity.

Finally hybrid scoring functions have also been developed in which the
terms from two or more of the above types of scoring functions are combined
into one function.

2.6.1 Docking protocol selection

One of the main problem in computational chemistry is the ability to predict
the binding mode and estimate the binding affinity for each ligand, given the
structure of a protein and a list of potential small molecule ligands. The first
step to solve this problem is the application of computational methods in
trying to reproduce the bound conformation of a ligand in a high-resolution
X-ray crystal structure; so that the most accurate molecular docking protocol
for that system can be selected.

The release of the hAs4 AR crystal structure provided not only impor-
tant structural information about adenosine receptors, but also information
about ligand binding. Therefore we used these information to test different
molecular docking softwares and select the one that is able to better de-
scribe this molecular system, to be used then for the docking studies of ARs
antagonists.

Four different programs have been used to calibrate our docking protocol:
MOE-Dock, [51] GOLD, [53] Glide, [54] and PLANTS. [55]

In particular, ZM241385 was re-docked to the crystal structure of the
hA24AR (PDB code: 3EML) [44] with different docking algorithms and
scoring functions (see Table 2.1). [61]

First of all, structures of protein and ligand were prepared using MOE.
7ZM241385 was built using the builder tool part of the MOE suite and was
subjected to MMFF94x energy minimization until the rms of conjugate gra-
dient was <0.05 kcal mol~! A~!. The hA4AR structure was prepared start-
ing from the crystallographic structure and adding hydrogen atoms using the
Protonate 3D methodology implemented in MOE.

Subsequently, ZM241385 was docked to the hAs 4 AR binding site with all
the available docking softwares. Each docking was performed automatically
to the binding site of the hAs 4 AR without any constraints and without the
presence of water molecules. For all the different docking simulations, the
center of the docking box or of the docking sphere was set in the same point
(got from the experimental pose of ZM241385 inside the crystal structure
of hA34AR) and the number of independent docking runs was set to 25.
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Then, root mean square deviation (RMSD) values in A between predicted
and crystallographic poses of ZM241385 were calculated (see Table 2.1).

lowest best pose mean  no of poses

Docking Protocol RMSD RMSD RMSD with RMSD
(A) (A) (A) <25A
MOE tabu search 1.61 3.35 5.65 4/25
MOE simulated annealing  2.17 4.36 6.47 1/25
MOE genetic algorithm 2.25 9.06 6.66 2/25
GOLD (goldscore) 0.63 1.95 1.2 25/25
GOLD (chemscore) 1.31 3.9 3.13 11/25
GOLD (asp) 0.61 4.96 1.5 23,25
GLIDE 0.79 2.71 6.82 7/25
PLANTS (chemplp) 0.93 1.98 6.96 3/25
PLANTS (plp) 0.84 1.93 6.7 6/25
PLANTS (plp95) 1.97 11.8 8.22 4/25

Table 2.1: Comparison of different docking protocols in reproducing the
crystallographic pose of ZM241385 inside the hAs4 AR binding pocket. In
brackets different scoring functions for the same protocol are reported where
available.

As shown in Table 2.1, for each docking result there is at least one pose
in good agreement with the experimental binding mode (RMSD value < 2.5
A) These poses with lowest RMSD value differ from the crystallographic
pose of ZM241385 mainly for the position of the phenylethylamine chain,
while the bicyclic triazolotriazine core is almost aligned. However, the mean
RMSD value is quite high for the majority of the tested docking protocols
except for GOLD. Docking performed with GOLD gives the lowest RMSD
value, the lowest mean RMSD value and the highest number of poses with
RMSD value < 2.5 A. [61]

On the basis of these results, the software GOLD with the scoring func-
tion goldscore was selected to perform following docking studies of adenosine
receptors antagonists. In Figure 2.1 the lowest RMSD pose and the best
ranked pose of ZM241385 obtained with this protocol are displayed. From
the comparison with the crystallographic pose of ZM241385, it is evident the
good superimposition of the bicyclic triazolotriazine core that forms critical
interactions with residues of the binding site. As expected, the position of
the phenylethylamine chain in the two docking poses is different from the
crystal, especially for the best ranked pose. In fact, this portion of the ligand
does not form strong interactions with the binding site and is directed to-
wards the extracellular environment; moreover, in an other crystal structure
of the hAs4 AR in complex with ZM241385 (PDB ID: 3PWH) [49] this chain
is located in a different position and is directed towards TMI.
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Figure 2.1: Comparison of crystallographic and docking poses of ZM241385
inside the hAs 4 AR binding pocket. Crystallographic pose of ZM241385 de-
rived from 3EML crystal structure is shown in green; lowest RMSD pose
of ZM241385 obtained with GOLD (goldscore) is shown in magenta; best
ranked pose of ZM241385 obtained with GOLD (goldscore) is shown in red.

2.6.2 Molecular docking of adenosine receptors antagonists

In order to evaluate the binding modes of ARs antagonists and to rationalize
their structure-affinity relationships and their selectivity profiles, molecular
docking studies were performed at the previously built AsAR model and at
the A24AR crystal structure (PDB ID: 3EML).

Ligand structures were built using the MOE-builder tool, part of the
MOE suite, [51] and were subjected to MMFF94x energy minimization until
the rms of conjugate gradient was <0.05 kcal mol~! A=1. Charges were
calculated using PM3/ESP methodology.

On the basis of the best docking protocol, previously selected, all antago-
nist structures were docked into the TM binding sites of the previously built
hA3AR model and of the hAs4 AR crystal structure, by using the dock tool
part of the GOLD suite. [53] Searching is conducted within a user-specified
docking sphere, using the Genetic Algorithm protocol and the GoldScore
scoring function. GOLD performs a user-specified number of independent
docking runs (25 in our specific case) and writes the resulting conformations
and their energies in a molecular database file.

The resulting docked complexes were subjected to MMFF94x energy min-
imization until the rms of the conjugate gradient was <0.1 kcal mol~! A1,
Charges for the ligands were imported from the MOPAC output files using
PM3/ESP methodology.

Prediction of the antagonist-receptor complex stability (in terms of corre-
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sponding pKi value) and the quantitative analysis for nonbonded intermolec-
ular interactions (H-bonds, transition metal, water bridges, hydrophobic,
electrostatic) were calculated and visualized using several tools implemented
in the MOE suite. [51]

To analyze in a more quantitative way the possible ligand- receptor
recognition mechanism, the individual electrostatic (AE¢,) and hydropho-

bic (AE;%d) contributions to the interaction energy (AE;,;) of each receptor
residue have been calculated as implemented in the MOE suite. [51] To es-
timate the electrostatic contributions, atomic charges for the ligands were
calculated using PM3/ESP methodology. Partial charges for protein amino

acids were calculated on the basis of the AMBER99 force field. |56]
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3.1 Human A3AR homology model

The evolution of the field of computer-aided design of GPCR ligands, includ-
ing Az agonists and antagonists, has depended on the availability of suitable
molecular receptor templates. |23, 62]

Based on the assumption that GPCRs share similar overall topology, ho-
mology models of hA3AR have been proposed by different groups. [62, 63, 8|
In fact, all GPCRs have in common a central core domain consisting of seven
transmembrane helices (TM1 to TM7) that are connected by three intracel-
lular (IL1, IL2 and IL3) and three extracellular (EL1, EL2 and EL3) loops.
Aside from sequence variation, GPCRs differ in the length and function of
their N-terminal extracellular domain, their C-terminal intracellular domain

27
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and their intra- and extracellular loops. Each of these domains provides very
specific properties to these receptor proteins.

Homology models of the A3AR have been helpful in providing structural
hypothesis for the design of new ligands for this receptor. Many hA3AR
models, built using different templates, have been published describing the
hypothetical interactions with known A3AR ligands with different chemical
scaffolds.

In 2008, the solved crystallographic structures of the hAs 4 AR provided
important structural information for the adenosine receptor family and for
the contruction of hA3AR models.

The availability and the selection of a suitable template structure is a
critical step in the homology modeling process. Available GPCRs crystallo-
graphic structures are not so numerous and are summarized in section 2.2.
The human As4 adenosine receptor can be considered the best template for
homology modeling of human Az adenosine receptor according to the per-
centages of identity of the aligned sequences (hA3AR/hA34AR identity per-
centage > 40%). The alignment, built following the most conserved residues
in every helix, is displayed in Figure 3.1.

The identity percentage between the two AR subtypes is higher when
considering only the transmembrane regions. However, there are some im-
portant differences between these two adenosine receptor subtypes that have
to be considered while building homology models. [63] First of all, the se-
quence of hA3AR consists of 318 amino acids, while the hAs4 AR sequence
has 409 amino acids. The larger size of the hAs 4AR compared to the other
human AR subtypes is related to its much longer carboxyl-terminal tail.

Moreover, loops constitute the most variable regions between different
adenosine receptors. Among them, the second extracellular loop (EL2) is
of great interest, while building homology models of GPCRs used for drug
design, because of its possible role in ligand recognition process.

The crystallographic structure of hAs 4AR shows three disulfide bonds
that involves EL2: one between Cys77 and Cys166, that is conserved among
the members of family A of GPCRs and connects EL2 and TM3, and two
between EL2 and EL1, that are unique to the hAs4 AR (Cys71-Cys159 and
Cys74-Cys146). [44] This extensive disulfide bond network forms a rigid,
open structure exposing the ligand binding cavity to solvent, possibly allow-
ing free access for small molecule ligands.

In contrast, the sequences of hA3AR present only one cysteine residue
in the EL2 (Cysl66) and this residue forms the disulfide bridge common
to family A GPCRs with the respective cysteine of TM3 (Cys83). Then,
no other disulfide bonds involving extracellular loops can be formed in the
hA3AR structure. [63]

So the presence of three disulfide links on EL2 is a peculiarity of human
As4AR and the conformation of the hAs 4 AR binding pocket is influenced
by EL2 and is strictly dependent on these disulfide bonds; while, the confor-



3.1. Human A3AR homology model

hA;
hA..

hAs
hAz.

hA;
hAz,

hAs
hAz,

hA;
hA..

hA;
hAz,

hAs
hAz,

(P33765)
(P29274)

(P33765)
(P29274)

(P33765)
(P29274)

(P33765)
(P29274)

(P33765)
(P29274)

(P33765)
(P29274)

(P33765)
(P29274)

N-term T™1 L1 T™M2
MPNNSTALSLANVTYITMETFTGLCATVGEVLVICVVKLNPSLOTTTFYFTIVSLALABTA
MP------ TMGSSVYTITVELATAVLATL VLVCWAVWLNSN LQNVTNYFWSL TA

&k kkk Kk * kk ok kkokk * kkkk kkkk

1.50 2.50

EL1 TM3 IL2
VGVLVMPLAIVVSLGITIHFYSCLFMTCLLLIFTHASIMSLLAIA LRVKLTVRYKR
VGVLAIPFAITISTGFCAACHGC LFIACFVLVLTQSSI FSLLAIATI IAIRIPLRYNG
* %k

* ok ok ok * * ok %k * * kk kkkkkk kokk

3.50

T™M4 EL2
VTTHRRIWLALGLCMILVSFLVGLTPMFGWNMKLTSE - - - - - - YHRNVTFLSCQFVSVMRM
LVTGTRAKGIIAL LSFAIGLTPMLGWNNCGQPKEGKNHSQGCGEGQVAC LFEDVVPM

* * * %k * %k kkkktk Kkhkk

4.50

TM5 IL3
DYMVYESFLTWIFIBLVVMCALYLDIFYITIRNKLSLNLSN- - - SKETGAFYGREFKTAKS
NYMVYFNFFACVL LLLMLGVYLRIFLAARRQ LKQMESQP LPGERARSTLQKEVHAAKS

hok ok kA K ok kK * ok ok

5.50

LFLVLFLFAL LSTTNCTITYFN- - -GEVPQLVLYMGTLLSHANSMMNBTVYAYKTKK
LAIIVGLFALmLHIINCFTFFCPDCSHAPL‘WLMYLAIVLSHTNSWNIFIYAYRIRE
khkkhk Khkkk * Kk k Kk * B * % * % * ok ok Kk
6.50 7.50
C-term
FKETYLLILKACWYV -=----ccmmmaamam CHPSDSLDTSIEKNSE-------------

FRQTFRKIIRSHVLRQQEPFKAAGTSARVLAAHGSDGEQVSLRLNGHPPGVWANGSAPHP
* * * * * * & * *

ERRPNGYALGLVSGGSAQESQGNTGLPDVELLSHELKGVCPEPPGLDDPLAQDGAGVS

29

120
114

174
174

231
234

288
294

318
354

412

Figure 3.1: Sequence alignment of hA3AR and hA;4AR. Conserved residues

are identified by asterisks.

In grey are highlighted the transmembrane re-

gions, in red the highly conserved residues of family A GPCRs, and in yellow
cysteines that forms disulfide bonds.
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mation of EL2 and consequently of the binding pocket of the hA3AR may
be different from hAs 4 AR.

Therefore, the use of the As 4 AR as template for the homology modeling
of other AR subtypes, and in particular of hA3AR, is a powerful techniques
but for some aspects is still imprecise. Especially, more efforts are necessary
to elucidate the correct topological organization of the EL2 and its role in
the recognition of both agonists and antagonists.

Keeping in mind these considerations, we built a homology model of the
hA3AR based on the crystal structure of the hAs4 AR (PDB ID: 3EML),
following the reported alignment and using the procedure detailed in sec-
tion 2.5.1. As expected, the overall structure of the hA3AR resulted to be
really similar to the hAs s AR crystal structure with an RMSD between the
alpha carbon atoms of 1.87 A.

The high resolution three dimensional structure of human A4 adenosine
receptor elucidated the characteristic of this receptor subtype and clarified
the role of the amino acids involved in antagonist binding. Next to the struc-
tural information provided by the crystallographic data, mutagenesis studies
can help to identify the residues that are involved in ligand recognition.

It is interesting to compare the mutagenesis information available with
the three dimensional information. Site-directed mutagenesis studies high-
lighted several residues important for antagonist binding at the As4 adeno-
sine receptor.

Mutagenesis studies have involved the TM3 domain and specifically the
mutation of GIN®9 (3.37) with histidine or arginine. Experimentally the
mutant clearly affects the antagonist binding. [64] At the same time, the in-
vestigation of EL2 revealed the important role of Glul69 and Glul51 whose
mutations with alanine determine the loss of agonist and antagonist bind-
ing. [65]

Mutagenesis analysis of Ay4AR anticipated the key role of TM5, TM6
and TMY7 for agonist and antagonist interactions as successively confirmed
by the As4 AR crystallographic structure. The substitution of Phel82 (5.43)
with alanine determine the loss of agonist and antagonist binding. [66]

The important role of TM6 is supported by the fact that the mutations of
His250 (6.52), Asn253 (6.55) and Phe257 (6.59) with alanine determine the
loss of agonist and antagonist binding. [66] In the A4 AR crystal structure
TMY clearly plays a key role, accordingly to previously reported mutagenesis
data; in fact the mutations of I1e274 (7.39), His278 (7.43) and Ser281 (7.46)
with alanine determine the loss of agonist and antagonist binding. [66]

Therefore, many residues shown to be important for ligand binding in pre-
viously published mutagenesis studies, such as Glul69 (EL2), His250 (6.52),
Asn253 (6.55) and Ile274 (7.39), were also shown to have important direct
contacts with the bound ligand in the As AR crystal structure.

Very recently, some residues found to be important for the binding of
ZM241385 in the crystal structure but for which no mutagenesis data has
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been previously reported, namely Phel68 (5.29), Met177 (5.38), and Leu249
(6.51) were mutated. [67] The results of these mutagenesis studies confirm the
critical role of Phel68(5.29) and Leu249(6.51) interactions with antagonists
such as ZM241385 as observed in the crystal structure. In fact, the mutations
of Phel68 (5.29) and Leu249 (6.51) with alanine lead to loss of antagonist
binding while the mutation of Met177 (5.38) with alanine reduce the binding
affinity of ZM241385. [67]

Moreover, considering a multiple sequence alignment of adenosine recep-
tor subtypes, was noted that the lower trans-membrane part of the ZM241385-
binding cavity, is highly conserved among adenosine subtypes, and the extra-
cellular domains and upper part of the ZM241385 binding site are somewhat
less conserved. [67] This observation suggests that the interactions that de-
termine subtype selectivity reside in the more divergent “upper” region of
the binding cavity.

Considering the human A3AR, site-directed mutagenesis studies show
an important role of TM3, TM5, TM6 and TM7 for interactions with both
agonists and antagonists. [68, 69, 70, 71, 36, 72| The mutations of His95
(3.37), Met177 (5.38), Vall78 (5.39), Ser271 (7.42), His272 (7.43) and Asn274
(7.45) with alanine determine a decrease of affinity of both agonists and
antagonists in human AzAR subtype. [68] The substitution of Asn250 (6.55)
with alanine causes the loss of binding of agonists and antagonists. [71]

Antagonist binding is affected also by the substitutions of Thr94 (3.36),
Lys152 (EL2), and Phel82 (5.43) with alanine. [68, 71| Finally, the muta-
tion of Tpr243 (6.48), residue conserved among all four subtypes of adenosine
receptors and a variety of other GPCRs, with alanine or phenylalanine de-
termine a substantial decrease of antagonists affinity. [68, 71]

Therefore, as shown in Figure 3.2, the comparison of available mutagene-
sis data for amino acids affecting antagonist binding on hA5 4 and hA3 adeno-
sine receptor subtypes shows that the binding pocket of hAs receptor can
be slightly different from the one of hAg4 subtype. [35] More precisely, some
residues whose site-directed mutagenesis affects antagonist binding at the
hAs4 adenosine receptor, namely Phel68 (EL2), Leu249 (6.51) and I1e268
(7.39), are conserved at the corresponding positions in the hAg subtype.
Therefore, although no mutagenesis data are available for these residues at
the hA3AR, they could be crucial for ligand binding also at this subtype.

Nevertheless, it can be noted that Glul69 (EL2), His250 (6.52) and
Phe257 (6.59), whose mutation with alanine also affects antagonist bind-
ing at hAs4AR are not present in the corresponding position of the hAg
receptor, where these residues are replaced by Vall69 (EL2), Ser247 (6.52)
and Tyr254 (6.59) respectively. These particular amino acids could play a
key role in determining the selectivity profile of adenosine antagonists. [35]
In particular, the difference in position 169 of EL2 was supposed to influence
not only the binding mode but also the entrance of ligands to the TM region
of the receptors. [61]
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Figure 3.2: Comparison of available mutagenesis data for amino acids af-
fecting antagonists binding on (A) hAs4 and (B) hAjz adenosine receptor
subtypes. Amino acids color legend: light green: mutagenesis data available
for one subtype; dark green: mutagenesis data available for both subtypes;
light pink: conserved residues whose mutagenesis data are available only
for the other subtype; dark pink: not conserved residues whose mutagenesis
data are available only for the other subtype.

In addition, the electrostatic potentials of amino acids present at the
binding pocket entrance from the extracellular site are very different in the
two receptors. In the hA3AR model, the binding pocket gate is surrounded
essentially by side chains of hydrophobic residues including Phel68 (EL2),
Vall69 (EL2), I1e253 (6.58), Val259 (EL3), Leu264 (7.35) (Figure 3.3, panel
B). In the hAg4 AR crystal structure, there are ionic residues, such as Glu169
(EL2) and His264 (EL3) among the amino acids delimiting the binding site
access (Figure 3.3, panel A). It was hypothesized that the presence of this
charged gate may affect both the ligand orientation, while approaching the
binding pocket, and its accommodation into the final TM binding cleft. [61]

All the structural and mutagenesis information, here described, resulted
to be useful while considering the hA3AR model for drug design approaches.
In fact, the hA3sAR homology model built based on the hAs4AR crystal
structure has been used to rationalize the structure-activity relationship of
new synthesized AR antagonists, analyzing their interactions inside the bind-
ing pocket and correlating them with their affinity and selectivity profile.
The information obtained with these studies helped then the rational design
of new ligands, as described in the following sections.
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Figure 3.3: Access to the binding pocket of (A) hAs4AR and (B) hAzAR.
Receptors are viewed from the extracellular side. Gaussian surface of some
important amino acids is displayed. Surface color shows a screened electro-

static potential (where scale parameters are as follows: red, -35 kcal/mol,
white, 0 kcal/mol; blue, +35 kcal/mol).

3.2 Structure-based drug design approach

The discovery of new potent and selective adenosine receptors antagonists
is important not only for their potential therapeutic applications but also
because antagonists are preferred tools for the pharmacological characteri-
zation of receptors.

Starting from the actual knowledge about adenosine receptor ligands, a
structure-based drug design approach has been applied to the development
of new ARs antagonists.

In particular, the previously described hA3AR model and the hA;4 AR
crystallographic structure have been used to rationalize the structure-affinity
relationship profile of several classes of AR antagonists.

The molecular modeling work carried out during this project has been
integrated with the work of synthetic and pharmacological groups.

In fact, all the compounds analyzed in this study have been synthesized
thank to the collaboration of Prof. Spalluto group at the University of Trieste
and Prof. Colotta group at the University of Firenze. Moreover, all the
synthesized compounds have been tested to evaluate their binding affinity
and potency towards the four adenosine receptor subtypes. Radioligands
displacement tests and functional assays have been performed by several
groups, including Dr. Jacobson group at NIH, Prof. Klotz group at the
University of Wiirzburg and Prof Borea group at the University of Ferrara.

In general, binding affinities at the hA; AR, hAs AR and hA3AR, ex-
pressed in dissociation constant values (K;), were evaluated through the
measurement of displacement of selective radioligands, which were previ-
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ously bound to the receptors expressed at the cell surface. On the other
hand, due to the lack of a suitable radioligand for the hA;AR in binding
assay, the potency of antagonists on the hAspAR, expressed in cells, was
determined in adenylyl cyclase experiments through the measuring of the
decrease of the cyclic adenosine monophosphate (cAMP) level.

A receptor-driven molecular modeling investigation has been performed
in order to rationalize the results obtained from the pharmacological eval-
uation, in terms of both affinity at the hAsAR and hAs/hAs4 selectivity,
so that the design of new AR antagonists can be guided. To that purpose,
molecular docking simulations of all the newly synthesized derivatives were
conducted on the previously described hA3AR model and on the hAs4AR
crystallographic structure.

Different drug design strategies can be applied to the optimization of
existing ligands and to the development of new compounds, with improved
properties. Figure 3.4 summarizes the various drug design approaches ap-
plied in the present study and described in the following sections. It has to
be pointed out that each of the following sections refers to a published paper
or to a manuscript in preparation, therefore compounds numbering in each
section correspond to the numbering used in the paper.
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Figure 3.4: Structure-based drug design approaches applied for the develop-
ment of new adenosine receptors antagonists.
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Shortly, our study started from some classes of well known ARs an-
tagonists such as triazolo-triazines, pyrazolo-triazolo-pyrimidines, triazolo-
quinoxalinones and pyrazolo-quinolinones. All these scaffolds have been
studied in recent years due to their antagonist activity against adenosine
receptors. Therefore, in the present study different modifications of these
compounds have been attempted in order to improve their pharmacokinetic
and pharmacodynamic properties as well as to develop new compounds with
different scaffolds.

In some cases, with the aim to modulate the affinity towards the AR sub-
types and to develop more potent and selective antagonists, different substi-
tution points on known scaffolds have been explored with the introduction of
many substituents, such as for the triazolo-triazines (see section 3.3.1) [73]
and the pyrazolo-triazolo-pyrimidines (see section 3.4.2). [74]

Another important aspect that has to be considered while developing po-
tential drugs is the pharmacokinetic profile of the candidates. For this reason
two different strategies have been adopted. On the one hand, the triazolo-
triazine scaffold has been derivatized through the attachment of solubilizing
group to enhance both aqueous solubility and physicochemical properties
(see section 3.3.2). [75] While, on the other hand, the replacement of a furan
ring with a substituted phenyl ring in the pyrazolo-triazolo-pyrimidine series
allowed to overcome a point of metabolic instability while keeping a good
pharmacological profile (see section 3.4.1). [76]

Many known AR antagonists possess complex heterocyclic structures
that require difficult synthetic pathways with low yields. Therefore, molecu-
lar simplification approaches were applied to different AR antagonists scaf-
folds leading to more simple compounds with AR antagonist activity. In par-
ticular, pyrazolo-triazolo-pyrimidines were simplified to triazolo-pyrimidines
and styril-furanes (see section 3.5.3); triazolo-quinoxalinones were simplified
to phthalazinones (see section 3.5.2); [77] and pyrazolo-quinolinones were
simplified to pyrazolo-pyrimidinones (see section 3.5.1). [61]

Finally, the pyrazolo-triazolo-pyrimidine scaffold was modified with the
introduction of fluorophores in order to obtain fluorescent probes useful for
the pharmacological characterization of adenosine receptors, such as in vivo
localization, and as a safer and powerful alternative to radioligands in high
throughput screenings (see section 3.6).

3.3 Triazolo-triazine derivatives

3.3.1 5,7-Disubstituted-triazolo-triazines

In the last 20 years intense medicinal chemical efforts led to the synthesis
of a variety of AR agonists and antagonists for the pharmacological char-
acterization of this family of G protein-coupled receptors. With respect to
antagonists, several classes of heterocyclic derivatives have been reported as
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AR antagonists with high levels of both affinity and selectivity. Among them,
one of the most appealing bicyclic cores is represented by the triazolo-triazine
nucleus, which led in the past to the discovery of ZM241385 (compound 3
in Figure 1.4) that could be considered as one of the most potent As4AR
antagonists so far reported. [78, 79| In addition, ZM241385 also binds with
good affinity at the human Asp AR, and its tritiated form is suitable for use
as a radioligand in binding studies at this receptor subtype. [80]

Taking into account previously reported triazolo-triazine compounds,
we decided to better investigate the potential of modifying this nucleus
at the C® and N7 positions with the introduction of different substituents
to obtain compounds 5-25. |73] In particular, was previously seen that
arylacetyl or arylcarbamoyl moieties at the N7 position on the pyrazolo-
triazolo-pyrimidine nucleus enhanced affinity at the Ay and A3ARs, respec-
tively. [81, 82| Therefore similar substituents were inserted on the triazolo-
triazine nucleus.

All the synthesized compounds have been fully characterized at the four
ARs with the aim of better understand the structure-activity relationship
(SAR) profile of this class of compounds and optimizing the substitution in
order to modulate both AR affinity and selectivity.

Binding affinities at Ay, As4 and Ag adenosine receptors and I1Csy at
AspAR of all the newly synthesized 5,7-disubstituted- [1,2,4|triazolo[1,5-
a]|1,3,5|triazine (5-25) are reported in Table 3.1.

All the synthesized compounds showed affinities at the four ARs in the
high nanomolar or micromolar range without significant levels of selectivity.
The analysis of the data reported in Table 3.1, clearly indicates that in
general, with the exception of compound 7, compounds with a free amino
group at the 7 position (5 and 6) showed good affinity at the As4AR (K;
range 18.3-96.5 nM) with quite significant levels of selectivity versus the
other AR subtypes.

A significantly different selectivity profile could be noted when the amino
group at the 7 position was substituted with an acyl group, and most im-
portantly the affinities at the four AR subtypes seemed to be very sensitive
to the substitution at both the 5 and 7 positions.

In particular, when a phenylacetyl moiety was introduced at the N7 posi-
tion (9, 15, and 21) the binding profiles of the derivatives were quite different
with respect to the N7-unsubstituted derivatives (5-7), and it was also signif-
icantly modified by the substitution at the 5 position. In fact, the presence
of a methylthio (9) or phenoxy (15) group at the 5 position enhanced affin-
ity at the Ag4AR (K; range 136-429 nM), while the affinity at the other
receptor subtypes was poor (K; range 1-7 uM). In contrast, the presence of
a dimethylamino group at the 5 position (21) reduced affinity (K; range 1-7
uM) at all the ARs.
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When the phenylacetyl moiety at the N7 was substituted at the para po-
sition with a methoxy group (10, 16, and 22), a general decrease of affinity
versus all the ARs was observed in comparison to the unsubstituted deriva-
tives (9, 15, and 21).

If a bulky arylacetyl moiety, such as diphenylacetyl, (8, 14, and 20) was
introduced at the N7 position, a completely different biological profile was
evident. In fact, the presence of a bulky substituent at the N7 position, com-
bined with a methylthio (8) or dimethylamino (20) group at the 5 position,
favored A; and A3 ARs affinities (K; range 170-950 nM). In contrast, the
presence of a phenoxy group at the 5 position reduced affinity at all the ARs.

Different binding affinities were observed when an acyl chain was intro-
duced at the N7 position. In fact, a combination of an acyl chain at the
N7 position with a methylthio (11) or a phenoxy (17) groups at the 5 posi-
tion afforded good affinity at the As4 AR (K; range 180-400 nM), while the
affinities at the other AR subtypes were poor. However, the presence of a
dimethylamino group at the 5 position (23) was detrimental to affinity at
all the AR subtypes.

It was previously seen that the incorporation of an arylcarbamoyl moi-
ety at the N° position of the pyrazolo-triazolo-pyrimidine nucleus enhanced
hA3AR affinity. In general, the affinity at the AjAR was poor (K; range
from 3 pM to >10 puM) independent of the substitution at the 5 position
(12, 13, 18, 19, 24, 25). However, phenoxy (18, 19) or dimethylamino (24)
groups at the 5 position enhanced the affinity at the Ay subtype (K; range
39-580 nM).

Thus, most of these derivatives were nearly inactive at the hAgAR, with
the exception of compounds 12, 18, and 24, which showed hAg affinity in
the high nanomolar range (K; range 311-633 nM) and were characterized by
the presence of an unsubstituted phenylcarbamoyl moiety at the N” position,
independently of the substitution at the N° position. The low affinity at the
hA3AR, was quite surprising considering that triazolo-triazine derivatives
were simplified analogs of the pyrazolo-triazolo-pyrimidine antagonists of
the hA3AR. Nevertheless, a careful structural analysis of these two classes of
compounds indicated that the dimethylamino group on the triazolo-triazine
nucleus is not favored. In fact, the dimethylamino group seemed not to
correspond to the N8-methyl group of the PTP nucleus, but was similar to
its N7 pattern of substitution, which was extensively demonstrated to be
inactive at the hAgAR. [23, 83, 84]

Regarding the activity of this series at the hAsg AR, most of these com-
pounds were almost inactive at this receptor subtype. Only two compounds,
bearing a phenoxy group at the 5 position (5, 18), showed promising activity
in the adenylyl cyclase assays at the Asgp AR, with an IC5¢ ranging from 3.4
to 8.8 uM. In particular, derivative 5, which contained a free amino group
at the 7 position, was the most potent at the hAsgAR, and could represent
a starting point for new non-xanthine hAop AR antagonists. Nevertheless,
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the high affinity of this compound at the As4AR (K; = 18.3 nM) clearly
indicated that further investigation would be needed in order to delineate
the activities at these two ARs.

A summary of the most relevant structure-activity features of the novel
triazolo-triazine analogs has been reported in Figure 3.5.

R = COR detrimental for affinity
at the four adenosine receptors

R = H essential for affinity R = CONHR increase affinity at A3
at A2A and A2B receptors \ / receptor, without significant selectivity

HNR
NS N

ﬂ

Play a role only with the free amino group at the 7-position.
Dimethylamino resulted detrimental in terms of affinity at
the four adenosine receptors

Figure 3.5: Summary of the most relevant SAR features of the novel 5,7-
disubstituted-triazolo-triazine compounds.

From the data analysis it was very difficult to define a robust SAR profile
of this new class of compounds. For this reason and with the aim to better
understand these pharmacological results, docking studies of these deriva-
tives have been performed in parallel at the As 4 and As ARs. Therefore, we
built models of the rAs 4 and hAg receptors by homology modeling, using as
template the crystal structure of hAg4 receptor (PDB code: 3EML).

Then, we performed docking studies to recognize the hypothetical bind-
ing motif of the newly synthesized 5,7-disubstituted-triazolo-triazine deriva-
tives and we compared our docking results with the docking poses of the
reference ligand ZM241385 at both receptors.

As shown in Figure 3.6, the binding mode of ZM241385 at the rAs4 re-
ceptor was similar to the crystallographic pose on the hAs4 receptor; this
was consistent with the good binding affinity of ZM241385 at the two recep-
tors. [85, 86] Consistently, all the residues belonging to the binding pocket are
conserved in both receptors. From the analysis of docking of ZM241385 at
the rAs4 AR, it appeared that the bicyclic triazolo-triazine core was anchored
through an aromatic stacking interaction with Phe163 (EL2), an aliphatic hy-
drophobic interaction with 11e269 (7.39), and a hydrogen bonding interaction
with Asn248 (6.55). The exocyclic amino group, linked to the bicyclic core
of ZM241385, interacts with two polar residues, Asn248 (6.55) and Glul64
(EL2). The phenyl ring forms hydrophobic interactions with Pro262 (7.32)
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and Met265 (7.35). The phenylethylamine substituent was directed towards
the more solvent exposed extracellular region (EL2 and EL3) rather than
towards the transmembrane domains of the receptor; while, the furan ring
was located deep in the ligand binding cavity and directed towards TM5 and
TMT; it forms hydrophobic interactions with the highly conserved Trp241
(6.48), an important residue in receptor activation, His245 (6.52) and Leu244
(6.51).

TM1

Figure 3.6: Structure superimposition of crystallographic pose of ZM241385
at the hAs4AR (in magenta) and docking pose of ZM241385 at the
rAs4AR(in green). Poses are viewed from the membrane side facing TM6,
TM7, and TM1. The view of TM7 is partially omitted. Side chains of some
amino acids important for ligand recognition and H-bonding interactions are
highlighted. Hydrogen atoms are not displayed

The triazolo-triazine derivatives with a free amino group at the 7 position
(5-7) showed a similar binding mode to ZM241385 inside the transmembrane
region of the rAsy receptor, as reported in Figure 3.7. In particular, the
three H-bonding interactions with Asn248 (6.55) and Glul64 (EL2) were
conserved.

Among these, compound 5 (K; rAs4AR = 18.3 + 3.4) was the most
potent because the phenoxy group forms strong hydrophobic interactions
with side chains of the following residues: Leul62 (EL2), Phel63 (EL2),
Pro262 (7.32), Met265 (7.35), Tyr266 (7.36) and Ile269 (7.39).

The hydrogen bonding network with Asn248 (6.55) and Glul64 (EL2)
seemed to be critical both for the recognition of these antagonist structures
and for receptor selectivity versus hAs. In particular, Glu164 (EL2) of rAgy
receptor subtype (Glul69 in hAs4) was not present in the corresponding po-
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sition of hA3 receptor, where this amino acid was replaced by valine (Val169);
in fact molecular docking results on hAjz suggested that compounds 5, 6 and
7 (Ki hAsAR = 489 + 63, 2580 £+ 780, 7270 + 2230, respectively) form
only two (with Asn250) of the three hydrogen bonding interactions (data
not shown).

Figure 3.7: Structure superimposition of docked conformations of compound
5 (in red, K; rAs4AR = 18.3 + 3.4) and compound 18 (in magenta, K;
rAs4AR = 38.9 + 3.5) inside the rAs4 AR binding pocket. Poses are viewed
from the membrane side facing TM6, TM7, and TM1. The view of TM7
is partially omitted. Side chains of some amino acids important for ligand
recognition and H-bonding interactions are highlighted. Hydrogen atoms are
not displayed.

Among other compounds (8-25) the most potent at the rAg4 receptor
was derivative 18 (K; rAs4AR = 38.9 + 3.5). As shown in Figure 3.7, be-
cause of the presence of the phenylcarbamoyl moiety at N7, the binding pose
of compound 18 results to be quite different compared with the unsubsti-
tuted derivatives (ZM241385, 5-7). In fact, the R substituent was directed
towards TM2 and TM3 rather than towards TM5 and TM6 and was located
in a hydrophobic pocket delimited by Ala56 (2.57), Ile57 (2.58), Phe59 (2.60),
Ala60 (2.61), I1e63 (2.64), Phe77 (3.28), Ala78 (3.29), Phe80 (3.31) and Val81
(3.32). Nevertheless, compound 18 formed also the same hydrophobic in-
teractions as compound 5 and ZM241385, but only one hydrogen bonding
interaction with Asn248 (6.55). Moreover the bicyclic triazolo-triazine core
of the disubstituted ligand was aligned with the same region of the other two
compounds. At the hAg receptor, the presence of the less bulky side chain of
Vall169 (EL2) allowed the phenylcarbamoyl moiety of compound 18 to direct
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towards TM5 and TM6 and so it lost the interactions with the residues of
the hydrophobic pocket. Moreover, all the 5,7-disubstituted-triazolo-triazine
derivatives were located deeper in the ligand binding cavity of hAgs; conse-
quently they lost the m-7 stacking interaction with Phel68 (EL2).

With respect to the Ry moieties, the SAR at rAss was similar for com-
pounds 8-25 and compounds 5-7. It seemed that the presence of too bulky
substituents at the N7 position was not well tolerated because of unfavorable
steric interactions.

To analyze in a more quantitative way the possible ligand—receptor recog-
nition mechanism, the individual electrostatic and hydrophobic contributions
to the interaction energy of each receptor residue has been calculated.

Analyzing the results of this study (collected in Figures 3.8 and 3.9) it
was clear that, from the electrostatic point of view, two of the most critical
residues affecting the affinity at ARs seem to be the asparagine 6.55 (Asn253
in hAgy, Asn248 in rAs4 and Asn250 in hA3) and the glutamic acid located
within EL2 of both human and rat Asy (Glul69 and Glul64, respectively)
but mutated in valine in hAs (Vall69). In particular, Asn 6.55 is responsible
of two stabilizing interactions with ZM241385 in both human and rat Agy
and this is supported by the electrostatic contribution of around -13 kcal /mol
to the whole interaction energy, in particular -9.5 kcal /mol in hAs4 and -17.9
kcal/mol in rAgy4 (Figure 3.8).

In addition, the glutamic acid on EL2 can strongly interact through an
additional hydrogen-bond with the exocyclic amino group of ZM241385 as
supported by the stabilizing electrostatic contribution of around -13 kcal /mol
to the whole interaction energy, in particular -9.0 kcal/mol in hAs, and -
17.6 kcal/mol in rAgy (Figure 3.8). Consistently, this specific interaction is
missing in hAgs.

Interestingly, compound 5 presents a very similar electrostatic energy
contributions to ZM241385 supporting the hypothesis of a common TM
binding motif. Conversely, compound 18 completely abolishes the capa-
bility to interact with both asparagine 6.55 and glutamic acid on EL2 due
to the presence of phenylcarbamoyl moiety that forces the triazolo-triazine
moiety to flip 180° (around its parallel TM axis) inside the TM binding cleft.
However, the lack of these two stabilizing interactions seems to be balanced
by the presence of several additional hydrophobic interactions as mapped in
Figure 3.9. In fact, besides the three hydrophobic contributions mediated
by the conserved phenylalanine on EL2 (Phel68 in hAgy, Phel63 in rAgy
and Phel68 in hAj), the leucine 6.51 (Leu249 in hAsy, Leu244 in rAsy and
Leu246 in hA3) and the tryptophan 6.48 (Trp246 in hAgy, Trp241 in rAgy
and Trp243 in hA3), the phenylcarbamoyl moiety at N7 is surround by sev-
eral hydrophobic side chains such as, for example for the rAg4, Alab6 (2.57),
Ile57 (2.58), Phe59 (2.60), Ala60 (2.61), 1le63 (2.64), Phe77 (3.28), Ala78
(3.29), Phe80 (3.31) and Val81 (3.32).

In conclusion, the docking studies of the new series of 5,7-disubstituted-
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Figure 3.8: Electrostatic interaction energy (in kcal/mol) between the ligand
and each single amino acid involved in ligand recognition calculated from:
(A) crystallographic binding mode of ZM241385 inside the hAs4 receptor
(PDB code: 3EML); (B) hypothetical binding mode of ZM241385 inside the
rAsy receptor obtained after docking simulations; (C) hypothetical binding
mode of compound 5 inside the rAs4 receptor obtained after docking simu-
lations; and (D) hypothetical binding mode of compound 18 inside the rAs 4
receptor obtained after docking simulations.
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Figure 3.9: Hydrophobic interaction energy (in arbitrary hydrophobic unit)
between the ligand and each single amino acid involved in ligand recogni-
tion calculated from: (A) crystallographic binding mode of ZM241385 inside
the hAs4 receptor (PDB code: 3EML); (B) hypothetical binding mode of
ZM241385 inside the rAgy receptor obtained after docking simulations; (C)
hypothetical binding mode of compound 5 inside the rAs 4 receptor obtained
after docking simulations; and (D) hypothetical binding mode of compound
18 inside the rAy 4 receptor obtained after docking simulations.
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[1,2,4]triazolo| 1,5-a][1,3,5|triazine derivatives, permitted the formulation of
very preliminary hypothesis, concerning the specific roles of a few crucial
amino acids in affecting the molecular mechanism of both ligand-entering
process and T'M-recognition process for both Ay 4 and Ag ARs. The rAs4AR
and hA3AR models, based on the recently published structure of the human
As 4 receptor, provide a self-consistent framework that rationalizes the avail-
able SAR data.

3.3.2 Triazolo-triazines with improved water solubility

Most of the heterocyclic derivatives proposed as AR antagonists, suffered
from limited aqueous solubility and difficulties in their synthetic preparation.

Considering the experimental observations derived from the previous
study on the triazolo-triazine class, we decided to further investigate the
potential of this nucleus, in particular, by exploring the C® position through
the introduction of substituted amino or diamino functions (Figure 3.10),
with the aim to modulate the activity at the As4 and Asg ARs and impor-
tantly to improve water solubility, which would otherwise limit their use as
pharmacological tools.

NH,, NHCOPh, NHCH,CH,R

|

Figure 3.10: Designed and synthesized triazolo-triazine compounds 7-43.

This new class of derivatives mainly contained a free amino group at
the 7 position, but small substituents were introduced at this position in a
few compounds. The synthesized analogues (7-43) have been evaluated for
potency at all four hARs, and their receptor binding affinities or potency are
reported in Table 3.2.

As clearly indicated in Table 3.2, all the analogues were in general nearly
inactive at the hA3AR independently of the substitution at the 5 and 7
positions, with the exception of compounds 10 and 29 having affinity in the
range of 1 puM. A similar behavior, in contrast to expectations, could be
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Table 3.2: Structures and binding profile of synthesized triazolo-triazine com-
pounds 7-43.
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observed at the hAspAR; in fact all the analogues were inactive or poorly
active (e.g., compounds 11, 31, 41, 43) in the functional assay. Nevertheless,
the binding profile of this class of compounds at the hAs 4AR demonstrated
affinity in the nanomolar range with different degrees of selectivity versus
the hA; AR subtype.

Insertion at the C° position of amino or mono-Boc-diamino functional-
ity (compounds 7, 8, 10-14) led to compounds with good affinity at the
hA24AR (K; range 18-70 nM) with variable selectivity versus the AjAR. In
particular, the presence of a pyrrolidine (8) at the 5 position favored affin-
ity at the Ag4AR (K; = 59.1 nM) but poor selectivity (33-fold) versus the
A; subtype, while introduction of Boc-piperidine (7) or Boc-ethylendiamine
(10) improved both affinity and selectivity at the As4AR (e.g compound 7,
K; hAgy = 21 nM, A1 /Agy = 257). Interestingly, elongation of the diamino
chain at the C® position to 3 or 5 carbon atoms (compounds 12, 13) led to
derivatives which still retained good affinity at the hA3 4 AR but less selectiv-
ity versus the Ay subtype (e.g., compound 13, K; hAsy = 44.7aM, A1 /Agx
= 21.5), while longer chains such as a Boc-triethylenoxydiamino moiety (14)
gave good results both in terms of affinity and selectivity (K; hAgq = 17.8
HM, Al/AQA — 89).

Trifluoroacetate salt derivatives (9, 30-33) were in general less potent
than the corresponding Boc derivatives (e.g., compound 7, K; hAsy = 21
nM; A;/Agys = 257 versus compound 9, K; hAs4 = 153 nM, Aj/Agy = 65).
An exception occurred when long or bulky chains were present at the C°
position. In fact, compounds 20 and 31 were more potent at the hA;4 AR
than the corresponding Boc derivatives (e.g., compound 31, K; hAgsy = 16.9
nM; Aj/Az4 = 79; compound 11: K; hAsy = 69.7 nM, A;/As4 = 56), but
most importantly both compounds were readily water-soluble up to 10 mM.
In particular, compound 20, which displayed an affinity at the hAs AR of
11.5 nM and good selectivity versus A, was the most potent compound of
this series. Despite this relevant improvement of the water solubility other
pharmacokinetics properties, such as cell permeation or metabolic stability,
are collecting in our laboratories before setting up any further in vivo testing.

Interestingly, double substitution with diamino functions at the C® and
N7 positions led to completely inactive compounds at all four AR subtypes,
both as protected (37) or deprotected (38) forms.

An altered binding profile was observed for the piperazine derivatives
alkylated or acylated at the piperazine secondary amine. In particular, in the
N-benzyl series (15-19) good affinity at the hAs4AR was retained, but also
an increased affinity at the hA; was observed with a consequent reduction
of selectivity, independently of the type of substitution on the phenyl ring.

A more complex profile was observed when an acyl group was present
on the piperazine secondary amine. In particular, when a benzoyl group
was introduced on the piperazine nitrogen (26, 27) a significant reduction
of affinity at the hAs4AR (K; range 212-348 nM) was observed with a sub-
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sequent reduction of selectivity (35-48 fold). If the phenyl ring was replaced
with a more bulky substituent such as a naphthyl nucleus (compound 28),
a complete loss of affinity at all four hARs was observed.

If the aroyl group was replaced with an aryl acetyl moiety, significant
differences could be observed in the binding profile. In particular, introduc-
tion of a phenylacetyl (23) or a 4-substituted-phenylacetyl group (21, 29)
at the piperazine secondary amine led to compounds that still retained good
affinity at the hAs4 AR in the range of 40-95 nM with poor selectivity versus
A; (12-37 fold). In contrast, introduction of a bulky substituent such as a
diphenylacetyl moiety (34) provided a compound with a quite good affin-
ity at the hA34AR (K; hAs4 = 93 nM). Importantly, the selectivity versus
the hA; subtype (A1/A24 = 80) was high, which was exactly the opposite
observed for the nearly inactive bulky aroyl derivative 28.

A quite different profile could be observed when the piperazine secondary
amine was acylated with alkyl groups. In particular, introduction of a small
group (25) or unbranched chains (22, 24) led to compounds which proved
to be quite potent (K; range 66-280 nM) at the hAs4 AR. Branched chains
such as tert-butylcarbonyl (35) and 3,3-dimethylbutanoyl (36) increased the
affinity at the hAs4 AR and significantly increased selectivity versus the hA;
subtype. In particular, derivative 36 showed high affinity at the hAs 4AR
(11.1 nM) and 900-fold selectivity versus the hA; subtype.

The derivatives substituted both at the C and N7 positions with small
groups (39-43) showed in general weak affinity at the hAs4AR and low levels
of selectivity. Moreover, the diamino compound 41 and the corresponding
5-hydroxy derivative 40 showed hAs 4 affinity in the high nanomolar range
(K; range 160-200 nM), but the levels of selectivity versus the hA; AR were
very low, ranging from 2 to 12. When a benzoyl group was present at the N7
position, the presence at the C5 position of a hydroxy (42) or phenoxy (39)
moiety greatly reduced activity at the four ARs, with affinity at the hAgy
subtype in the micromolar range. In contrast, when an amino group was
present at the C® position, affinity at the hAssAR (K; hAgs — 44.1 nM)
was recovered with good levels of selectivity versus other receptor subtypes.

In order to rationalize the observed binding data, molecular docking sim-
ulations were performed for all the newly synthesized triazolo-triazines at
both the crystallographic structure of hA34AR and the hA3AR model. Ad-
ditionally, in order to analyze the possible ligand-receptor recognition mech-
anism in a more quantitative manner, we calculated the individual elec-
trostatic and hydrophobic contributions to the interaction energy of each
receptor residue involved in the binding with ligands. Using the calculated
electrostatic and hydrophobic contributions values, color maps of electro-
static and hydrophobic interactions per residue were constructed.

The first important consideration is that almost all the selected poses
at the hAs 4 AR of these new analogues showed some common features, as
highlighted by the calculated electrostatic and hydrophobic contributions to
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the interaction energy collected in Figure 3.11. In particular, all ligands
made contacts mainly with residues belonging to TM2, TM3, TM6, TM7,
and EL2.
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Figure 3.11: (A) Per residue electrostatic interaction energy map and (B)
per residue hydrophobic interaction score map. The maps are calculated for
a selected pose of each compound (7-43) inside the hAs4AR binding site.
Electrostatic energy values are expressed in kcal/mol, while hydrophobic
scores are expressed in arbitrary hydrophobic units (the higher the value,
the stronger the interaction).



50 3. Results and discussion

The per residue electrostatic interaction energy map (Figure 3.11, panel
A) showed two bands with negative energy (colored in green) corresponding
to Glul69 in EL2 and Asn253 in TM6, indicating that these two residues
were responsible for the main electrostatic interactions with all the tested
compounds, with a few exceptions. On the other hand, the map of the
per residue hydrophobic interaction score (Figure 3.11, panel B) highlighted
several residues involved in hydrophobic contacts with ligands, including
Leu85 in TM3, Phel68 in EL2, Trp246, Leu249, His250 in TM6 and Tyr271,
[1e274 in TMT7. Therefore, the analysis of these maps gave important pre-
liminary data concerning similarity and differences in the binding modes at
the hAs4 AR of these new compounds; this information was then confirmed
by a detailed investigation of the docking poses as reported below.

Docking of 7-amino derivatives (Compounds 7-36, 40, and 41):

From the docking simulation analysis, all the new derivatives with free
amino group at the 7 position, with the exception of compound 28, were
seen to share a similar binding pose in the TM region of the hAs;4AR. For
these compounds, ligand-recognition occurred in the upper region of the TM
bundle, and the triazolo-triazine nucleus was surrounded by TMs 3, 5, 6, 7
with the 2-furyl ring located deep in the binding cavity.

Considering Figure 3.12, it is evident that the binding poses of these
ligands were very similar to the crystallographic pose of ZM241385 bound
to the hAs4AR. [44] In fact, the triazolo-triazine cores were completely su-
perposable, while the only slight difference was in the orientation of the
substituents at the 5-position. Moreover, all the crucial interactions estab-
lished by ZM241385 with amino acid residues of the hAs4 AR binding site
were also found for all these new 7-amino derivatives.

The analysis in Figure 3.13 (panel A) showing the hypothetical bind-
ing pose of compound 36 (K; hAsy = 11.1 nM) at the hAy4AR helps to
clarify this point. It appeared that the bicyclic triazolo-triazine core was
anchored within the binding cleft through an aromatic stacking interaction
with Phel68 (EL2) and a H-bonding interaction with Asn253 (6.55). More-
over, the exocyclic amino group at the 7 position of the bicyclic core in-
teracted with two polar residues, Asn253 (6.55) and Glul69 (EL2), forming
two H-bonds. Interestingly, the important role in ligand binding of these two
residues was previously revealed by site-directed mutagenesis studies. [87, 88|
The 4-(3,3-dimethylbutanoyl)-piperazinyl chain of the ligand was directed
toward the more solvent-exposed extracellular region (EL2 and EL3) and
interacted, through a H-bond, with Tyr271 (7.36). Moreover, the furan ring
was located deep within the ligand binding cavity and formed hydrophobic
interactions with the highly conserved Trp246 (6.48), an important residue
in receptor activation. Finally, compound 36 also formed hydrophobic inter-
actions with many residues of the binding site including Val84 (3.32),Leu85
(3.33), Met177 (5.38), Leu249 (6.51), and Ile274 (7.39).

Analyzing the per residue electrostatic contributions to the whole inter-
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Extracellular side

Figure 3.12: Structure superimposition of the crystallographic pose of
ZM241385 (in magenta) and of the docking poses of all the 7-amino deriva-
tives (in white) inside the hA34 AR binding site. Side chains of some amino
acids important for ligand recognition and H-bonding interactions are high-
lighted. Hydrogen atoms are not displayed.
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Figure 3.13: Hypothetical binding modes of compound 36 obtained after
docking simulations: (A) inside the hAs4AR binding site; (B) inside the
hA3AR binding site. Poses are viewed from the membrane side facing TM6,
TM7, and TM1. The view of TM7 is partially omitted. Side chains of some
amino acids important for ligand recognition and H-bonding interactions are
highlighted. Hydrogen atoms are not displayed. Electrostatic interaction en-
ergy (in kcal/mol) between the ligand and each single amino acid involved
in ligand recognition observed from the hypothetical binding modes of com-
pound 36 inside (C) hA24AR and (D) hA3AR binding sites. Hydrophobic
interaction scores (in arbitrary hydrophobic units) between the ligand and
each single amino acid involved in ligand recognition observed from the hypo-
thetical binding modes of compound 36 inside (E) hAs4AR and (F) hAsAR
binding sites.
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action energy for the compound 36-hAs4 AR complex (Figure 3.13, panel C),
the three main stabilizing factors were found to be related to Glu169 (EL2),
Asn253 (6.55), and Tyr271 (7.36), due to the H-bonding interactions with
the ligand above described; whereas, as shown in Figure 3.13 (panel E), the
hydrophobic interaction scores pattern showed two strong stabilizing contri-
butions corresponding to the interactions of the bicyclic core with Phel68
(EL2) and Leu249 (6.51).

Therefore, as exemplified by the binding pose of compound 36, all the
newly synthesized 7-amino derivatives strongly interacted with the hA;4AR
in a manner similar to the crystallographic pose of ZM241385. Moreover,
these compounds, thanks to their different substituents at the 5 position,
could variously interact with residues of the upper region of the receptor
binding cavity, particularly in EL2 and EL3. Considering that the sub-
stituents at the 5 position were exposed to the highly plastic EL region and
to solvent, it was difficult to define a clear SAR at the 5 position for this
series.

On the other hand, the docking pose of compound 36 at the hAsAR was
located in the same region of the TM bundle as at the hAs 4 AR, but the ori-
entation of the ligand was different (Figure 3.13, panel B). In this case, the
ligand formed only two H-bonds with Asn250 (6.55) and lost the aromatic in-
teraction with Phel68 (EL2). The patterns of electrostatic and hydrophobic
contribution to the energy of hAzAR-ligand complexes (Figure 3.13, panels
D and F) showed weaker per residue contributions compared to the ones at
the hAs4AR. Moreover, the residues present at the binding pocket entrance
in the two AR subtypes possess very different features, which could affect
both the orientation of the ligand while approaching the binding pocket and
its accommodation into the final TM binding cleft, as already proposed for
other compounds. [61] Therefore, both the lack of very strong interactions
with the residues of the hA3AR and the differences at the binding site en-
trance are consistent with a lack of hAjz affinity observed for the 7-amino
derivative.

Among the 7-amino derivatives, only compound 28 (K; hAs4=7680 nM)
showed a different docking pose at the hAs4AR (Figure 3.14). This ligand,
probably due to the hindrance of the bulky and rigid R-naphthyl group, was
not able to occupy the same position as the other 7-amino derivatives and
consequently lost important H-bonding interactions with two critical residues
of the hAs4AR binding site, such as Glul69 (EL2) and Asn253 (6.55). In
fact, in this docking pose the ligand formed only one H-bond with Tyr271
(7.36). This finding explained why compound 28 showed lower hAs;4AR
affinity compared to the other 7-amino derivatives.

Docking of 7-(alkyl/acyl)amino derivatives (Compounds 37-39, 42
and 43):

With the exception of compound 43, all the 7-(alkyl/acyl)amino deriva-
tives showed low affinity for the hAs4AR (micromolar range).
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Figure 3.14: Hypothetical binding mode of compound 28 obtained after
docking simulations inside the hAs4 AR binding site. The pose is viewed
from the membrane side facing TM6, TM7 and TM1. The view of TM7
is partially omitted. Side chains of some amino acids important for ligand
recognition and H-bonding interactions are highlighted. Hydrogen atoms are
not displayed.

Docking studies revealed that compounds 37-39 and 42 possessed a dif-
ferent binding mode at the hAs4AR compared to the 7-amino derivatives
(Figure 3.15). In fact, the presence of an (alkyl/acyl)amino group at the 7
position prevented these compounds from forming a H-bonding network with
Asn253 (6.55) and Glul69 (EL2), already seen to be critical for the bind-
ing of ZM241385 at this receptor subtype. This fact led these compounds
to assume a different orientation inside the binding cavity of the receptor,
although ligand recognition occurred in the same upper region of the TM
bundle, and the triazolo-triazine nucleus was surrounded by TMs 3, 5, 6,
7 with the 2-furyl ring directed toward the inner part of the binding cav-
ity. Therefore, their binding mode showed only a weak H-bond with Glu169
(EL2) and a stacking interaction with Phel68 (EL2). These findings were
in agreement with the experimental data showing micromolar K; values for
these compounds.

In contrast to the 7-(alkyl/acyl)amino derivatives above described, com-
pound 43 (K; hAy4 = 44.1 nM), due to the presence of a free amino group at
(5, showed a characteristic mode of binding at the hA;4AR (Figure 3.16).
The triazolo-triazine nucleus was oriented parallel to the membrane plane,
and the 2-furyl ring was directed toward TM2, while the substituent at the
7 position was located in the inner part of the binding cavity. Compound 43
formed three H-bonding interactions, two with Asn253 (6.55) and one with
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Figure 3.15: Hypothetical binding mode of compound 37 obtained after
docking simulations inside the hAs AR binding site. The pose is viewed
from the membrane side facing TM6, TM7 and TM1. The view of TM7
is partially omitted. Side chains of some amino acids important for ligand
recognition and H-bonding interactions are highlighted. Hydrogen atoms are
not displayed.

Glul69 (EL2), and a -7 stacking interaction with Phel68 (EL2). There-
fore, the presence of a H-bonding network with the residues of the hAs 4 AR,
similar to the one seen for the 7-amino derivatives, seemed to explain why
compound 43, among the 7-(alkyl/acyl)amino derivatives, is the only one
that showed affinity at the hA24AR in the nanomolar range.

In conclusion, we have identified new 1,2,4-triazolo[1,5-a|-1,3,5-triazine
derivatives related to ZM241385, as promising hA;4AR antagonists with
improved water solubility.

Molecular modeling results highlighted that all the newly synthesized
1,2,4-triazolo|1,5-al]-1,3,5-triazine derivatives with free amino group at the 7
position are characterized by a common binding mode very similar to the
crystallographic one of ZM241385 bound to the hAssAR. From the dock-
ing simulations analysis, the presence of a free amino group seemed to be
critical for the hAs,4 affinity by allowing the ligands to participate in a H-
bonding network with two critical residues of the binding site, Asn253 (6.55)
and Glul69 (EL2). Another interaction found to be important for the hAg4
affinity of this series was the aromatic stacking between the triazole ring and
Phel68 (EL2). On the contrary, substitution at the 7 position was detri-
mental for the affinity at the hAs4 AR, as confirmed also by the orientation
of the 7-(alkyl/acyl)amino derivatives inside the binding cavity that led to
the loss of the stabilizing hydrogen bonding network.
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Among the most potent and selective novel compounds were a long-chain
ether-containing amine congener 20 and its urethane-protected derivative
14. N-Alkylated and N-acylated piperidine derivatives also displayed high
affinity at the human As4AR, including an N-benzyl antagonist 19 and
an N-3,3-dimethylbutanoyl derivative 36 that was roughly 900-fold selective
versus both human A; and A3ARs. Notably, compound 20 (K; hAsy =
11.5 nM) and a 5-(aminomethyl)cyclohexylmethyl-amino derivative 31 (K;
hAs4 = 16.9 nM) were readily water-soluble up to 10 mM, thus overcoming
a common limitation of other bicyclic and tricyclic AR antagonists.

Figure 3.16: Hypothetical binding mode of compound 43 obtained after
docking simulations inside the hAs4AR binding site. The pose is viewed
from the membrane side facing TM6, TM7 and TM1. The view of TM7
is partially omitted. Side chains of some amino acids important for ligand
recognition and H-bonding interactions are highlighted. Hydrogen atoms are
not displayed.

Thus, we have probed points of substitution for attachment of solubilizing
groups to enhance the aqueous solubility of this class of triazolo-triazines,
which are characterized by poor physicochemical properties. At the same
time, potent interactions with the As 4AR and, in some cases, receptor sub-
type selectivity have been maintained. We have used the As4AR X-ray
structure to propose a structural basis for the activity and selectivity of
this class of analogues and to direct the synthetic design strategy to pro-
vide access to solvent-exposed regions. In general, the strategy of grafting a
terminal polar tail, which increases the polar surface area, can have a detri-
mental effect on bioavailability and ion channel activity. Therefore, it will
be necessary to evaluate these molecules in further pharmacological testing
to see if they will be useful for in vivo studies.
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3.4 Pyrazolo-triazolo-pyrimidine derivatives

3.4.1 Overcome the metabolic instability

Among the several diverse structures that have demonstrated affinity at the
hAj3 adenosine receptor, very interesting results have been obtained with
the exploration of the pyrazolo-triazolo-pyrimidine (PTP) nucleus (2) (Fig-
ure 3.17). |89, 90] The PTP tricylic nucleus resembles the triazolo-quinoline
core of non-selective antagonist CGS15943 (1), [91] except for the phenyl ring
being replaced by a pyrazole, which has resulted in an increase of selectivity
against other receptor subtypes. [92]

Further exploitation of substituents, mainly at positions N® and N° of
such structure, [92, 82| has given rise to highly potent and moderately selec-
tive hA3 antagonists. In particular, the combination of a methyl group at
N8 and a 4-pyridyl carbamoyl chain at N® has led to the most potent hAz
antagonist ever synthesized. [93]

Conversely, substitution at position C? of the PTP tricyclic system has
not been deeply explored, being essentially limited to the introduction of a
furyl group. The furan ring has been considered as an essential structural
requirement for the binding of antagonists at all the adenosine receptor sub-
types, while its removal from the tricyclic system has been associated with
an irreversible loss of affinity and selectivity, regardless of the receptor under
investigation.

Baraldi and co-workers [94] have found that the substitution of the furan
ring in PTPs with phenyl or alkoxyphenyl rings led to a loss of affinity at
Asa, Asp, and Ag receptors, while the A; subtype in some cases displayed
a high nanomolar binding profile. Similarly, the functionalization of the
furan ring with polar substituents resulted in completely inactive derivatives,
clearly indicating that an unsubstituted furan ring at the C? position played
a fundamental role in ligand-receptor recognition.

Notably, in most cases, substitution at the pyrazole ring occurred at the
N7 rather than at the N® position; hence, these compounds might not reflect
the same binding profile as their N® analogues. This observation has trig-
gered our interest to further investigate the effect of concurrent substitution
of alkyl groups at N® position and a different moiety (other than furan ring)
at the C? position of PTPs on the affinity at hAs receptor and selectivity
over other adenosine receptor subtypes.

Interestingly, several reported hAs antagonists bearing tricyclic scaffolds
(which are also structural resemblance of CGS15943 (1), including triazolo-
quinoxalinones (3), [95, 96] pyrazolo-quinolines (4), [97] triazolo-pyrazinones
(5), [98] and triazolo-benzotriazinones (6) [99] (Figure 3.17)), comprise a
substituted phenyl moiety at the position equivalent to that of furan ring in
PTP derivatives. From the structure-affinity relationship (SAR) studies of
these derivatives, the presence of the phenyl ring seemed crucial to maintain
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good affinity at hAg receptor.

In light of the beneficial effect of this phenyl ring toward the hAg affinity,
the substitution of the C2-furyl ring with an aryl group is therefore deemed
feasible for the design and synthesis of new series of PTPs.
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Figure 3.17: Rationale for the design of 2-(para-substituted)phenyl-pyrazolo-
triazolo-pyrimidine derivatives
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Moreover, from the pharmacokinetic aspect, several studies reported that
drugs containing a furan in their chemical structure (e.g., prazosin and
frusemide) were subjected to a metabolic cleavage of the furyl ring by the cy-
tochrome P450 enzymes in the liver, resulting in remarkable hepatotoxicity
in treated mice. [100, 101, 102] Some of these intermediate metabolites, for
example epoxide groups and ~-keto-a,B-unsaturated aldehydes, were shown
to be reactive and able to form adducts with cellular proteins or DNA, there-
fore causing unpredictable effects. Although these reactive metabolites can
be detoxified by several enzymes in the body, this still poses some threat of
toxicity and should be regarded as a safety issue.

On the other hand, metabolites derived from biotransformation of the
phenyl ring through oxidation by CYP450 enzymes are expected to be rel-
atively less reactive than those found in the metabolism of furan ring. Fur-
thermore, the typical oxidation targeted at the para-position of the phenyl
ring can be bypassed through the synthesis of para-substituted derivatives,
leading to improvement of bioavailability of the new bioactive compounds.

Therefore, on the basis of potential structural and metabolic benefits of
the C2-aryl group in PTP derivatives, a novel structure-affinity relationship
evaluation was conducted through the rational design and synthesis of a new
series of pyrazolo-triazolo-pyrimidines bearing a (para-substituted)-phenyl
ring at C2?, while maintaining either methyl or phenyl-ethyl groups at N®
and a free amino, phenylacetamide or (bis-)benzamide at the N® position
(compounds 7-36).

The new series of 2-(para-substituted)phenyl-pyrazolo[4,3-e]1,2,4-triazolo-
[1,5-c|-pyrimidines was successfully synthesized and characterized. Table 3.4
summarizes the receptor binding affinities of compounds 7-36 determined at
the human Ai, Asa, and Az receptors. Moreover, compounds were tested
by measuring adenylyl cyclase activity in CHO cells which express the Asp
receptors and resulted to be completely inactive at this receptor subtype (K;
> 10000 nM).

We introduced very little modifications in the pyrazole ring in order to
focus our investigation on the exploitation at position C2. In fact, only two
compounds (compounds 13 and 17, bearing a substituent at N7 instead of
N® were strategically included in the library to confirm the necessity to have
a small alkyl group at N® for an optimal interaction with the hAs receptor
subtype. For the rest of the derivatives, we fixed the methyl (compounds
7-12), ethyl (compound 14), and phenylethyl (compounds 15, 16, 18-20)
groups at N® with concurrent introduction of different moieties at positions
C? and N° (compounds 21-36).

The binding assays results showed that the new series of 2-aryl-pyrazolo-
triazolo-pyrimidines presented good affinity at hAg receptors, as indicated
by low nanomolar range of K; values, and considerably improved selectivity
toward the other AR subtypes (Table 3.4).

C? Position: To examine the impact of the furan ring substitution with
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Compd R R, Ry hA; hA, 4 hAg
(K; nM)? (K; nM)P (K; nM)®
7 NHo H N3_-CHg 339 121 75
(319-359) (100-147) (63.1-90.4)
8 NHy F N8.-CH3 1,010 355 31.4
(815-1,240) (307-409) (26.9-36.6)
9 NH, cl NS8_-CHj3 4,860 2,020 72.4
(3,360-7,010) (1,060-3,840) (71.3-73.6)
10 NH, Br N8_CHj3 2890 1500 38.6
(2,230-3,730) (1,370-1,640) (35.9-41.5)
11 NHy OCH3 N8.CH3 9730 1,190 16.7
(7,740-12,200) (1,050-1,340) (9.80-28.3)
12 NHy NO, N8-CH3 >300,000 9,650 655
(5,490-16,900) (563-763)
13 NH, cl N7-CH,-CHs 121 83.8 565
(94.9-154) (42.3-166) (518-615)
14 NH, cl N8.CH,-CHg 1,570 843 68.7
(1,350-1,820) (566-1,260) (52.9-89.3)
15 NH, H N8_CH,-CH,-Ph 74.8 196 76.7
(51.9-108) (121-317) (59.5-99.0)
16 NHy F N8.CHy-CH;-Ph 39.1 127 50.6
(31.9-47.9) (106-151) (32.9-78.0)
17 NH, cl N7-CHy-CH,-Ph > 100,000 5,970 > 30,000
(4,090-8,720)
18 NH, @) N8_CH,-CH,-Ph 204 2,180 79.7
(159-262) (1400-3,410) (67.9-93.6)
19 NH, Br N8. CH,-CHsy-Ph 498 >30,000 221
(327-758) (152-320)
20 NH, OCH3  N8-CH,-CH,-Ph 289 1,400 25
(232-359) (895-2,210) (17.5-35.6)
21 NH-COPh H N8_CHjz 622 324 5
(498-779) (265-396) (2.93-5.56)
22 NH-COPh F N8-CHjz 2,530 >100,000 3.43
(1,550-4,120) (1.97-5.98)
23 NH-COPh @) N8.-CH;3 >30,000 >100,000 2.82
(2.24-3.56)
24 NH-COPh Br N8_CHjz >30,000 >100,000 5.24
(4.16-6.60)
25 NH-COPh OCH3 N8-CHj3 30,000 >100,000 2.1
(1.37-3.24)
26 NH-COPh NO, N8-CH;3 30,000 >100,000 56.4
(43.5-73.0)
27 N(CO-Ph)y OCH;5 N8-CH3z > 10,000 > 10,000 6.88
(3.94-12.0)
28 N(CO-Ph), cl N8_CHj3 > 10,000 > 10,000 6.94
(4.58-10.5)
29 NH-COPh H N8.CH,-CH,-Ph 313 963 23.9
(209-468) (749-1,240) (20.3-28.1)
30 NH-COPh Br N8_CH,-CH,-Ph 270 100,000 153
(191-382) (120-195)
31 NH-COCH,Ph H N8-CH;3 562 778 0.108
(446-706) (554-1,090) (0.089-0.131)
32 NH-COCH3Ph F N8-CH;3 2,290 2,540 0.201
(1,780-2,930) (1,590-4,060) (0.175-0.230)
33 NH-COCH,Ph cl N8.-CH;3 4,850 8,320 0.248
(3,680-6,400) (6,180-11,200)  (0.211-0.292)
34 NH-COCH,Ph Br NS_CHj3 24,400 >100,000 0.345
(13,900-42,900) (0.313-0.381)
35 NH-COCHyPh  OCHg N8_CHjy 30,000 >100,000 0.241
(0.214-0.272)
36 NH-COCH3Ph  NOg N8_CHjz 23,200 23,900 0.624

(9,620-55,700)

(15,300-37,500)

(0.529-0.735)

2 Displacement of specific [3H]—CCPA binding at human Aj receptors expressed in CHO cells, (n = 3-6).

b Displacement of specific [3H]—NECA binding at human Ay 4 receptors expressed in CHO cells, (n = 3-6).

¢ Displacement of specific [P°H]-NECA binding at human A3 receptors expressed in CHO cells, (n = 3-6). Data
are expressed as geometric means, with 95% confidence limits.

Table 3.4: Binding affinity (Kj;) at the four human adenosine receptors of
the new 2-aryl-pyrazolo-triazolo-pyrimidines.
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a phenyl ring at C? position toward the pharmacological profile, we compared
the binding assays results of some previously reported compounds bearing
the 2-furyl (e.g., compounds 90 and 91) (Table 3.5) [103, 92| and of new
compounds bearing the 2-aryl (e.g., compounds 7 and 31).
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90, 91 7,31
Compd R Ri Ro hA; hA;/hAs hAjs4/hAg3
(Ki HM)
90* H CHs 300 0.33 0.009
7 H H CHs 75 4.52 1.61
912 Ph-CH>CO CHs 0.81 867 522
31 Ph-CH2,CO H CHj; 0.108 5204 7204

# Data taken from references [92] and [103].

Table 3.5: Binding affinity (K;) at hAg receptor and selectivity against hA;
and hAs4 receptors for some 2-aryl and 2-furyl pyrazolo-triazolo-pyrimidines
(compounds 90, 91 and 7, 31).

It was observed that the bioisosteric replacement of existing furan ring
with a phenyl ring resulted in a 3-7-fold increase in affinity toward the hAs
receptor and significant improvement in selectivity (of 2-3 order of magni-
tude) over other adenosine receptor subtypes, namely hA;, hAs4, and hAsp
receptors. In other words, compounds with a phenyl ring at 2-position have
demonstrated better affinity and selectivity profiles toward hAjs receptor as
compared to the 2-furyl counterparts, indicating that the aryl group at C?
position played a more essential role on the antagonistic activity at the hAs
receptor.

The substituents (e.g., Cl, F, Br, OCHgs, NO3) at the para position of the
C2-phenyl ring were found to modulate the affinity at hA3AR to a certain
extent. In particular, among the substituents introduced at the para position
of phenyl ring, both the OCH3 and F groups have exerted relatively more
favorable effect on the affinity at hAg receptor in all the N°-unsubstituted
(e.g., compound 11, K; hA3z = 16.7 nM), N>-benzamide-substituted (e.g.,
compound 25, K; hAz = 2.1 nM) and N°-phenylacetamide substituted (e.g.,
compound 35, K; hAs = 0.241 nM) derivatives. Interestingly, although all
the compounds with a 4-bromo group in the N8-methyl series showed good
affinity at the hAg receptor (e.g., compound 34, K; hAs = 0.345 nM), its
presence in the N®-phenylethyl-substituted derivatives (e.g., compound 30,
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K; hA3=153 nM) caused the opposite effect to the affinity at hAsz receptor.
This could be possibly due to the additional steric hindrance caused by the
phenylethyl group, which further limited the accommodation of relatively
bulky bromo group within the binding site, resulting in detrimental effect on
the hAj affinity.

Besides that, it was observed that some N®-methyl-substituted com-
pounds bearing a 2-(para-nitro)phenyl ring (e.g., compound 12, K; hA3 =
655 nM) have acquired hAs3 affinity in relatively high nanomolar range. Sim-
ilarly, compound 26 (with a 2-(para-nitro) phenyl ring, a methyl at N® and
a benzamide at N°) only demonstrated moderate affinity at hAs receptor
(K; hAs = 56.4 nM) in comparison to the other derivatives with different
substituents at C? position (compounds 22-25), which have shown a better
hAj affinity profile (K; range 2-5 nM). These observations could again be
attributed to the steric constraint of the relatively bigger NO2 group as com-
pared to other substituents. This rendered the nitro group unable to bind
firmly onto the binding cavity, thus affecting the affinity at the hAg receptor.
Therefore, because the nitro group might not be a suitable substituent at
this position, it was excluded from the subsequent series of N8-phenylethyl
derivatives.

N°® Position: From the binding assays results, it was observed that
the absence of any substituent at N° position (such as in compounds 7-20)
did not allow good discrimination among the adenosine receptor subtypes,
except for the hAsp receptor. In other words, the free amino group at N°
not only bound to the hAg receptor but it also showed good interaction at
both hA; and hAs 4 receptors. This observation was consistent with previous
SAR studies, which indicated high affinity at both hA; and hAg4 receptors
in N°-unsubstituted derivatives. [92]

In fact, further incorporation of substituents at the N° position (as shown
in compounds 21-36) enabled a shift of affinity toward the hA3 subtype with
a concomitant decrease of affinity at hA; and hAs 4 receptors, thus improving
selectivity in favor of the hAg subtype. This finding seemed to imply that the
hAj3 binding cavity around the N° position was rather spacious to accommo-
date the extended chains, in this case the benzoyl and phenyl acetyl groups.
Between these two substituents, the longer phenyl acetyl group (e.g., com-
pound 34, K; hA3 = 0.345 nM) showed relatively better binding profile than
the shorter benzoyl chain (e.g., compound 24, K; hA3 = 5.24 nM). Moreover,
the spare H on the nitrogen atom at N° did not seem to be crucial because
its replacement with an additional benzoyl chain (as in compounds 27, K;
hA3 = 6.88nM and 28, K; hA3 = 6.94 nM), although less favorable than
a single chain, still maintained affinity at hAs receptor and good selectivity
(>1400) against other receptor subtypes. This finding again confirmed the
postulation that the binding pocket of Az receptor around this N position
was roomy enough to accommodate the bulky and branched bis-benzamidic
substituent; at Ay and As4 subtypes, there was limited space available for
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such bulky groups and resulted in decrease of affinity with subsequent in-
crease of selectivity against these two receptors.

N?® Position: It was found that when a small alkyl group was present at
N8 the compounds (7-12, 21-28, and 31-36) showed a preference for hA3
receptors, regardless of substitution at N® and C? positions (e.g., compounds
7 [(with a phenyl at C? and a free amino at N°), K; hA3 = 75.0 nM] and 8
[(with a 4-fluorophenyl at C? and a free amino at N°), K; hA3 = 31.4 nM]|
versus compounds 21 [(with a phenyl at C? and a benzamide at N°), K; hA3
= 5.0 nM] and 22 [(with a 4-fluorophenyl at C? and a benzamide at N°), K;
hA3 = 3.43 nM|. This was further confirmed by the introduction of a slightly
longer alkyl chain (e.g., an ethyl group in compound 14, K; hA3 = 68.7 nM),
which still showed hA3 antagonism and moderate selectivity. Notably, when
the same substituent was shifted from position N® to N7 (as in compounds
13, K; hAs = 565 nM and 17, K; hAs > 30000 nM), the affinity at hAj
receptors dropped to at least 8 times, with the resulting binding affinity
profile inclined toward hAs4 receptors. This observation was substantiated
by the results previously reported on N7-substituted PTPs as potent hAs4
antagonists. [104]

Conversely, when a group bigger than ethyl was introduced at N® (e.g.,
phenylethyl group in compounds 15, 16, 18-20, and 29, 30), a decrease of
affinity at hAgs receptor was observed. In derivatives with free amino group
at N® position, the substitution of the methyl group (e.g., compound 11, K;
hA3 = 16.7 nM) to the long and bulky phenylethyl group (e.g., compound 20,
K; hA3 = 25.0 nM) only showed a slight decrease of the hA3 affinity. When a
substituent was introduced at the N° position (e.g., compound 29, K; hAz —
23.9 nM), the presence of the phenylethyl group resulted in a great decrease
of hAj3 affinity in comparison to its N®-methyl counterpart (compound 21,
K; hAz = 5.0 nM). Apparently, an inverse relationship appeared between
the binding affinity values at hA3 receptor and the molecular volume (MV)
of the substituent at position N&: the higher the MV, the lower the affinity
toward the hAs receptor. [92]

On the whole, these results confirmed the importance of the contempo-
rary introduction, in the PTP system, of (a) small substituents (e.g., CH3)
at the N® position to maintain affinity and selectivity at hA3AR, (b) a longer
chain such as a phenylacetyl group at the N° position to confer higher affin-
ity and a better selectivity especially toward hA; and hAgy4 receptors, (c)
a 2-(para-substituted) phenyl ring at C? to improve affinity and selectivity
profile at hAg receptors in relative to the 2-furyl counterparts and protect
from enzyme deactivation with subsequent higher plasma bioavailability.

Among the newly synthesized PTP derivatives, compound 31, with a
phenyl at C?, a methyl group at N® and a phenylacetamidic chain at N°,
showed the best hAj affinity profile (K; hAz = 0.108 nM) and good selectivity
against the other adenosine receptors (hA; /hAs = 5200; hAg4/hAg = 7200).

A receptor-driven molecular modeling investigation has been performed
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in order to rationalize the results obtained from the pharmacological evalua-
tion. For that purpose, we performed molecular docking simulations on both
the crystallographic structure of hAs4 and the recently published hAj re-
ceptor model. All the newly synthesized 2-aryl-PTP derivatives were docked
into the orthosteric TMs binding cavities of both adenosine receptors. In
addition, docking studies were also performed on the two previously re-
ported PTPs bearing a furan ring at C2 (compounds 90 and 91 in Ta-
ble 3.5), [103, 92| with the aim of comparing the possible differences in bind-
ing mode between the 2-aryl and 2-furyl derivatives.

N-unsubstituted derivatives:

From the docking simulation analysis, almost all the new derivatives with
free amino group at N° (compounds 7-20) were seen to share a similar bind-
ing pose in the TM region of the hA3AR. The ligand recognition occurred in
the upper region of the TM bundle, and the PTP scaffold was surrounded
by TMs 3, 5, 6, and 7 with the 2-aryl ring oriented toward TM2.

Figure 3.18, panel B, shows the hypothetical binding pose of compound
7. This compound was anchored, inside the binding cleft, by two stabilizing
hydrogen-bonding interactions with the side chain of Asn250 (6.55), which
is highly conserved among all AR subtypes and found to be important for
ligand binding at the hA3AR. [71] It also formed an aromatic m-7 stack-
ing interaction with Phel68 (EL2), while the methyl group at N® was in
proximity with the highly conserved Trp243 (6.48), an important residue
in receptor activation and antagonist recognition. [71] It was also found to
form hydrophobic interactions with many residues of the binding site includ-
ing Ala69 (2.61), Val72 (2.64), Thr87 (3.29), Leu90 (3.32), Leu91 (3.33),
Phel68 (EL2), Trp243 (6.48), Leu246 (6.51), Leu264 (7.35), Tyr265 (7.36),
and I1e268 (7.39).

On the other hand, by comparing the binding mode of the 2-furyl coun-
terpart (compound 90 in Table 3.5) at the hAg receptor (Figure 3.18, panel
D), we observed a slight different binding orientation as compared to com-
pound 7. In fact, this compound was found to be oriented almost parallel
to the membrane plane, and it formed only one H-bond with Asn250 (6.55)
with concurrent loss of the 7-7 stacking interaction with Phel68 (EL2).

Through the analysis of per residue electrostatic contributions to the
whole interaction energy, we found that Asn250 (6.55) showed a very negative
electrostatic interaction energy in the compound 7-hA3AR complex due to
the two stabilizing H-bonding interactions with the ligand. Conversely, for
the compound 90-hA3AR complex, the same residue showed only a weak
stabilizing electrostatic interaction. Therefore, the loss of one H-bond with
Asn250 (6.55) and the 77 stacking interaction with Phel68 (EL2) could be
the reason to account for the observation that the 2-furyl derivative possessed
lower affinity toward the hAg receptor as compared to the 2-aryl derivative
(compound 7, K; hAs = 75n0M; compound 90, K; hAs = 300nM).

As regards the compounds with bulkier substituents at N®, such as ethyl
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A2a AR A3 AR

Figure 3.18: Hypothetical binding modes of N°-unsubstituted pyrazolo-
triazolo-pyrimidines obtained after docking simulations: (A) compound 7
inside the hA34AR binding site; (B) compound 7 inside the hA3AR binding
site; (C) compound 90 inside the hAs4AR binding site; (D) compound 90
inside the hA3AR binding site. Poses are viewed from the membrane side
facing TM6, TM7, and TM1. The view of TM7 is voluntarily omitted. Side
chains of some amino acids important for ligand recognition and H-bonding
interactions are highlighted. Hydrogen atoms are not displayed.
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group (compound 14) and phenylethyl group (compounds 15-16 and 18-20),
they showed similar binding mode at hAj3 receptor as compared to the N8-
methyl derivatives. There seemed to be enough space in the binding cavity
to accommodate such substituents at this position. Moreover, the presence
of different groups at the para position of the phenyl ring at C? (e.g., CI, F,
Br, OCHj3) was well tolerated at this receptor with the only exception for
the nitro group. Both steric and/or dipolar contributions of nitro group can
be responsible for the loss of activity of compound 12.

In the context of hypothetical binding poses of compound 7 and com-
pound 90 inside the cavity of hAs4 receptor (Figure 3.18, panels A and C,
respectively), we noted that they were very similar to each other. In fact,
at the hAs4 receptor, both compounds formed two H-bonds with Asn253
(6.55) and another H-bond with Glul69 (EL2), two residues that have been
indicated to play an important role in ligand binding at the hA;4AR. [87, 88|
In addition, a 7-7 stacking interaction with Phel68 (EL2) and hydrophobic
interactions with many residues of the binding site including Val84 (3.32),
Leu85 (3.33), Thr88 (3.36), Met177 (5.38), Trp246 (6.48), Leu249 (6.51),
His250 (6.52), Met270 (7.35), and Ile274 (7.39), were also observed. Two
of the strongly negative electrostatic contributions to the interaction energy
were found to be related to the Glul69 (EL2) and Asn253 (6.55) for both
complexes; however, the contribution due to Glul69 (EL2) was of around
-8 kcal/mol for the compound 7-hA34AR complex and -14 kcal/mol for the
compound 90-hAs AR complex. This finding explained why compound 7
still possessed affinity for the hAgy receptor (K; hAsy = 121 nM) but less
as compared to the analogue with a 2-furyl ring (compound 90, K; hAsy =
2.80 nM).

Besides that, the presence of substituents at the para position of the
C2-phenyl ring has imparted a detrimental effect toward the hAs4 receptor
affinity. With the increase in size of the para-substituents, a decrease in
affinity at the hAs 4 receptor was observed, which implied the existence of
steric control within this region of the binding site.

Moreover, the substituents at the para position of the C?-phenyl ring
could affect the approaching of ligands into the hAs4 receptor binding cavity
and subsequently mediating some interactions with residues at the entrance
of the binding site. This step could be crucial for the recognition process and
so for ligand affinity at the receptor. [105] Therefore, the presence of polar
residues at the entrance of the hAs4 receptor binding cavity, such as Glu169
(EL2) and His264 (EL3), might affect ligand orientation while approaching
the binding pocket, as already proposed. [61]

As for the N7-substituted derivative, it was found that compound 13
showed similar binding mode at both the hAs and hA54 receptor subtypes
to that of the N8-substituted derivatives.

Figure 3.19 represents the binding modes of the N7-substituted derivative
13 at both the hAs4 and hAg receptors. Inside the hAs 4 receptor, compound
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A2a AR A3 AR

Figure 3.19: Hypothetical binding modes of compound 13 obtained after
docking simulations: (A) inside the hAs4AR binding site and (B) inside the
hA3AR binding site. Poses are viewed from the membrane side facing TM6,
TM7 and TM1. The view of TM7 is voluntarily omitted. Side chains of some
amino acids important for ligand recognition and H-bonding interactions are
highlighted. Hydrogen atoms are not displayed.

13 was oriented perpendicular to the membrane plane and was anchored by
three stabilizing H-bonds with Asn253 (6.55) and Glul69 (EL2) side chains
(Figure 3.19, panel A). As for the hAj3 receptor, it formed two H-bonding
interactions with Asn250 (6.55) (Figure 3.19, panel B).

Then, for this compound, similar considerations as for the N8-substituted
derivatives could be made. At the hAs4 receptor, the N7-ethyl group of
compound 13 was able to interact with hydrophobic residues of the upper
region of the binding cavity, including Leul67 (EL2), Leu267 (7.32), Tyr271
(7.36). At the hAj3 receptor, instead, the N7-substituent was located deep
in the binding site and oriented toward TM5 and TM6. There was only
limited space just to accommodate the ethyl group at N7, but not so for
the bulkier substituents, such as the N’-phenylethyl group in compound 17.
This suggests that the steric effect at the N7-position might have caused the
N7-phenylethyl-substituted derivative (compound 17) to have null affinity
at the hAj receptor.

N°-substituted derivatives:

As shown in Figure 3.20, the hypothetical binding modes at hAs4 and
hA3 receptors for the N°-substituted derivatives with a 2-aryl ring (com-
pounds 21-36) were the same as those obtained for 2-furyl counterpart (com-
pound 91).

For these compounds, recognition at hAg receptor occurred in the upper
region of the TM bundle, and the PTP scaffold was surrounded by TMs
3, 5, 6, and 7 with the 2-aryl or 2-furyl ring oriented toward TM2 and the
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Figure 3.20: Hypothetical binding modes of the N®-substituted derivatives
obtained after docking simulations: (A) compound 31 inside the hAs4AR
binding site; (B) compound 31 inside the hA3AR binding site; (C) compound
91 inside the hAs4AR binding site; (D) compound 91 inside the hAzAR
binding site. Poses are viewed from the membrane side facing TM6, TM7,
and TM1. The view of TM7 is voluntarily omitted. Side chains of some
amino acids important for ligand recognition and H-bonding interactions
are highlighted. Hydrogen atoms are not displayed.
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substituent at N® located deep into the binding cavity. At the hAs recep-
tor, compounds 31 and 91 formed two stabilizing H-bonding interactions
with Asn250 (6.55), a m-7 stacking interaction between the triazole ring
and Phel68 (EL2) and hydrophobic interactions with several residues of the
binding site including Ala69 (2.61), Val72 (2.64), Thr87 (3.29), Leu90 (3.32),
Leu9l (3.33), Phel68 (EL2), Vall69 (EL2), Trp243 (6.48), Leu246 (6.51),
Me249 (6.54), 1le253 (6.58), Val259 (EL3), Leu264 (7.35), Tyr265 (7.36), and
1268 (7.39) (Figure 3.20, panel D).

By analyzing the calculated individual electrostatic contribution to the
interaction energy of each receptor residue, it was evident that Asn250 (6.55)
strongly stabilized the ligand-hAg receptor complexes (negative electrostatic
interaction energy) due to the two hydrogen bonding interactions.

Considering the hypothetical binding pose of these compounds at the
hAs 4 receptor (Figure 3.20, panel C), it could be seen that the PTP core was
rotated of about 40° compared to the binding pose of the same compounds at
the hA3 subtypes. Because of this different orientation of the molecules inside
the binding cleft at the hAs4 receptor, both compounds 31 and 91 formed
only one H-bond with Asn253 (6.55). Coherently, for these complexes, the
electrostatic contributions to the interaction energy of Asn253 (6.55) were
shown to be weakly stabilizing and no other amino acid with a noteworthy
negative electrostatic interaction energy was identified.

In fact, it has to be pointed out that at the position 169 (EL2) of the
hAj receptor subtype, a valine residue is present while at the corresponding
position of the hAs4 receptor, this valine is replaced by a glutamate residue
(Glul69).

It was believed that, because of this substitution at the hAs4 receptor,
the substituent at N° of these derivatives were unable to occupy the same po-
sition as at the hAg3 receptor and hence, the whole molecule was shifted away
from Asn253 with a simultaneous loss of a H-bond, as seen in compound 31
at the hAs4 binding site. This finding could be accounted for the low affin-
ity profile at the hAs4, as observed in the majority of the N°-substituted
derivatives (compounds 22-36). In addition, due to the presence of N°-
substitutions, these derivatives could not form the H-bonding interactions
with Glu169 (EL2) as observed for N°-unsubstituted analogues. Therefore,
the mutation of the valine at the position 169 with a glutamate was hypoth-
esized to be critical for the hAs versus hAy 4 selectivity profile. [61]

Moreover, at the hAs 4 receptor, the hydrophobic side cleft delimited by
TM2 and TM3 could well accommodate the 2-furyl ring of compound 91 but
hardly accommodated the 2-phenyl ring of compound 31. This steric effect
could be the reason of the difference in affinity between the 2-aryl and the
2-furyl analogues at this receptor subtype (compound 31, K; hAy4 = 778
nM; compound 91, K; hAgyy = 432 nM).

For the same reason, the presence of para-substituents on the phenyl ring
led to a drastic decrease in affinity at hAs4 receptor, up to complete loss of
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affinity for bulkier substituents.

Conversely, the 2-phenyl and 2-furyl rings of compounds 31 and 91,
respectively, were located less deeply in the binding cavity of hAg receptor
and hence, more space was available to accommodate them. Therefore, at
the hAjs receptor subtype, the 2-phenyl ring was preferred, and different
para-substituents were also well tolerated.

In summary, the bioisosteric replacement of the furan ring with a phenyl
ring at the C2 position has led to the identification of a new series of 2-(para-
substituted)phenyl-pyrazolo-triazolo-pyrimidine derivatives as hAs antago-
nists with good affinity and remarkably improved selectivity profile toward
the other adenosine receptor subtypes in comparison to the 2-furyl PTP
derivatives. Moreover, the substitution of 2-furyl with an aryl group in the
new PTP derivatives is expected to overcome the metabolic instability due
to the C2-furan ring.

Thank to the molecular modeling studies, the experimental structure-
activity relationship (SAR) findings have been rationalized by depicting the
hypothetical binding mode between these newly synthesized derivatives and
the specific amino acid residues within the binding site of hA3 and hAg4
receptors.

In short, the rational design and synthesis of this new series of 2-(para-
substituted)phenyl-pyrazolo-triazolo-pyrimidines has given rise to a class of
potent, highly selective, and metabolically stable hA3AR antagonists.

3.4.2 Substitutions at the C?, N° and N® positions

Based on the observations derived from the previous study on the pyrazolo-
triazolo-pyrimidine nucleus, it has been hypothesized that the combination
of a (substituted)phenyl group at the C? position, together with substituents
at the N° and N® positions deemed optimal for interaction with the hAsAR,
would effectively give rise to new potent and selective AsAR antagonists.

In order to test our hypothesis, a new series of 2-(substituted)phenyl-
pyrazolo-triazolo-pyrimidines bearing either a methyl (II) or a phenylethyl
group (I1I) at the N® position, in conjunction with arylcarbamide, phenylac-
etamide or benzamide chains at the N® position was designed and synthesized
(Figure 3.21).

This new series of compounds (compounds 4, 5, 8-19, 26, 27 and 29-33)
was aimed at further exploring the effect of these substituents at each po-
sition of the PTP tricyclic scaffold towards hA3AR affinity and selectivity.
Moreover, to better clarify the effect of these substituents on the binding
modes of the new compounds at the hA3AR, a molecular modeling investi-
gation performed.

Therefore, a new series of 2-(para-(un)substituted)phenyl-pyrazolo[4,3-
e]1,2,4-triazolo-[1,5-c|]-pyrimidines was successfully synthesized and charac-
terized. We introduced only a few modifications to the original PTP scaf-
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fold, in order to focus our investigation on the combination of optimal sub-
stituents at the C2, N® and N® positions. To that end, we selected a (substi-
tuted)phenyl group at the C? position and either a methyl (compounds 4,
5 and 8-19) or a phenylethyl (compounds 26, 27 and 29-33) group at N®,
with concurrent introduction of different amide moieties at position N°.

R,=H,F,ClBr

I

Figure 3.21: Rationale for the design of new 2-phenyl-pyrazolo-triazolo-
pyrimidine derivatives.

Table 3.7 summarizes the receptor binding affinities of these compounds
determined at the hA;AR, hAs AR and hA3AR and the corresponding
adenylyl cyclase activity in CHO cells that express hAspAR. The results
showed that the new series of pyrazolo-triazolo-pyrimidines presented good
affinity to hA3AR, as indicated by K; values in the nanomolar range and,
most importantly, improved selectivities over other AR subtypes.
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N&-Methyl derivatives:

As observed in the previous section, the bioisosteric replacement of the
furan ring at the C? position with a phenyl ring resulted in a 3- to 8-fold
increase in affinity towards hAzAR and a significant improvement in selec-
tivity (of 2-3 orders of magnitude) over other AR subtypes, namely hA; AR,
hAs4AR and hAspAR. In other words, compounds with a phenyl ring at
the C? position demonstrated better affinity and selectivity profiles towards
hA3AR as compared with the 2-furyl counterparts. [76]

Nonetheless, in the present investigation we noticed a different trend
of hA3AR affinities in the new series of 2-(para-(un)substituted)phenyl-8-
methyl-PTPs bearing arylcarbamoyl moieties at the N° position (8-19),
despite the fact that these compounds still maintained good hAsAR affinity
at low nanomolar range (K; range 1.3-5.9 nM).

It was found that the bioisosteric replacement of the existing furan ring
with a phenyl ring in this group of compounds caused 7- to 37-fold decrease
in affinity to hAgAR. Notably, the selectivity over other AR subtypes of these
2-phenyl-PTP derivatives was still greatly improved in comparison with that
of 2-furyl analogues.

These findings suggested that for these N®-methyl N°-arylcarbamides
PTPs, the 2-furyl ring was more favorable than the 2-phenyl ring for hAsAR
affinity. Even so, the introduction of a phenyl ring at the C? position was
deemed crucial to confer higher selectivity towards hAzAR in comparison
with the 2-furyl ring, while maintaining good affinity at the hAzAR.

In addition, we also evaluated the effect of para-substituents on the 2-
phenyl ring towards the affinity profile of hA3AR. Based on the binding
results, the substituents (e.g. Cl, Br, CF3, Ph) at the para-position of the
C2-phenyl ring were found to modulate hA3AR affinity to a certain extent.

The introduction of functional groups with relatively high molecular vol-
ume, such as a 4-trifluoromethyl (e.g. compound 4, K; hAs = 304 nM) and
a 4-phenyl ring (e.g. compound 5, K; hAs = 147 nM) on the 2-phenyl ring of
some NP-unsubstituted derivatives seemed unfavorable for hA3AR affinity,
as shown by their high nanomolar K; values. From these findings we could
infer that the presence of bulky groups at the para-position of the C2-phenyl
ring was undesirable for the hA3AR affinity.

In contrast, the situation improved remarkably when the same derivatives
were further substituted at the N° position. The additional chains at N° (as
shown in compounds 10 and 11) enabled an increase of affinity at the hAsAR
with a concomitant decrease of binding to hA;AR and hAs s AR. This obser-
vation implied that the hA3AR binding cavity around the N® position was
spacious enough to accommodate extended chains, such as arylcarbamoyl
groups (compounds 8-19).

Further incorporation of para-substituents such as 4-fluoro (compounds
12-15) and 4-methoxy (compounds 16-19) groups on the phenyl ring of
arylcarbamoyl moiety seemed tolerable for hA3AR affinity giving values
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in the range of 1.33-5.30 nM. Except for derivative 12, compounds with
4-fluoro and 4-methoxy groups on the phenyl ring of arylcarbamoyl moi-
ety generally possessed better hA3AR affinities in comparison with the N°-
phenylcarbamoyl- substituted analogues (e.g. compound 13, K; hA3 = 1.72
nM; hA;/hA3 >17,400; hAgy /hAs = 3450 vs compound 9, K; hAs = 2.50
HM, hAl/hA;J, >4000; hAQA/hAg = 944).

Furthermore, the 4-methoxy-phenylcarbamoyl chain at the N® position
was shown to confer good selectivity against the hA;AR, hAs4AR and
hA5pAR as well.

In general, there were no substantial differences between the electron-
withdrawing (e.g. 4-fluoro in compounds 12-15) and the electron-donating
(e.g. 4-methoxy in compounds 16-19) effects of such para-substituents on
hA3AR affinity, thus implying that the steric effects might be more promi-
nent on the hA3AR binding profiles of these new PTPs.

N&-Phenylethyl derivatives:

As reported previously, it was found that when a small alkyl group, like
a methyl, was present at the N® position, compounds showed a preference
for hA3AR, regardless of substitutions at the C? and N°® positions (e.g. com-
pound 9 with a 4-bromophenyl at C? and a phenylcarbamide at N°, K; hA3
= 2.50 HM; hAl/hAg >4000, hA2A/hA3 = 944)

Conversely, when a longer chain (e.g. phenylethyl group) was introduced
at N8, we observed a different trend for derivatives bearing a free or substi-
tuted amino group at the N° position.

As shown in the PTP series reported in the previous section, when a
free amino group was present at the N°-position, the presence of an N8-
phenylethyl group seemed to be responsible for the lower affinities and se-
lectivities of compounds 20-24 for hA3AR as compared with the N®-methyl
analogues.

On the other hand, when the same derivatives were further substituted
at the N° position, the presence of such additional groups at N° seemed to
be always favorable for hA3AR affinity (e.g. compound 30, K; hAs = 3.02
nM; hA; /hAs = 63.6; hAy4/hAs = 203). However, the hA3AR affinities and
selectivities of such N®-phenylethyl derivatives were found to be remarkably
lower than those of the N®-methyl analogues.

Between the two N°-phenylacetyl and N°-benzoyl moieties, the relatively
flexible phenylacetyl group (e.g. compounds 31, K; hAsz = 3.34 nM; hA; /hA3
— 69.5; hAQA/hAg = 171 and 32, KZ' hA3 = 8.48 DM; hAl/hAg — 110;
hAs4/hAs = 364) showed relatively better binding profiles than those with
the shorter benzoyl chain (e.g. compounds 26, K; hAs = 17.1 nM; hA; /hA3
- 23.1; hAQA/hAg = 236 and 27, Kz hA3 =114 DM; hAl/hAg - 194,
hAs4/hAs = 1700). Such observations were consistent with the findings
obtained for the N8-methyl series of 2-phenyl-PTP derivatives reported in
the previous section.

Moreover, it was observed that compounds with a phenyl ring at C?
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and a phenylethyl group at N® showed better affinity and selectivity profiles
towards the hA3AR in comparison with their 2-furyl counterparts, and this
further strengthened our previous finding that the substituted-phenyl at the
C? position indeed played a crucial role on the hAzAR affinity and selectivity
against other ARs.

In particular, among the substituents introduced at the para-position of
the C2-phenyl ring, both the fluoro and chloro groups exerted more favourable
effects on hA3AR affinity in the N°-benzamide-substituted (e.g. compound
26, K; hA3 — 17.1 nM) and N°-phenylacetamide-substituted (e.g. compound
31, K; hA3 = 3.34 nM) derivatives.

In order to rationalize the hAzAR affinity profile observed for this new
series of compounds, a receptor-driven molecular modeling investigation was
carried out. All of the 2-(substituted)phenylpyrazolo[4,3-e]1,2,4-triazolo-
[1,5-c|-pyrimidines were docked into the transmembrane binding cavity of
the hAsAR model. Additionally, for the selected binding poses, individual
electrostatic and hydrophobic contributions to the whole interaction energy
of each receptor residue were calculated.

N&-Methyl derivatives:

All of the N®-methyl-2-(substituted)phenyl-PTPs here reported showed
affinities to hA3AR in the nanomolar range. Compound 16 showed the
highest affinity (K; hAs = 1.33 nM).

The hypothetical binding mode of this compound at hA3AR is shown in
Figure 3.22: ligand-recognition occurred in the upper region of the TM bun-
dle, and the pyrazolo-triazolo-pyrimidine scaffold was surrounded by TMs
3, 5, 6 and 7 with the phenyl ring at the C? position oriented towards
TM2. Compound 16 was anchored by two stabilizing hydrogen-bonding
interactions with the side chain of Asn250 (6.55) and an aromatic m-7 stack-
ing interaction with Phel68 (EL2). The asparagine residue 6.55, conserved
among all AR subtypes, was already found to be important for ligand binding
to hAsAR. Moreover, compound 16 formed hydrophobic interactions with
many residues of the hA3AR binding site including Leu91 (3.33), Phel68
(EL2), Leu246 (6.51), I11e268 (7.39) and the highly conserved Trp243 (6.48),
an important residue in receptor activation and antagonist recognition; [71]
while the phenyl ring at the C? position interacted with Val65 (2.57), Leu68
(2.60), Ala69 (2.61), Val72 (2.64), Thr87 (3.29), Leu90 (3.32); and the phenyl
ring of the phenylcarbamoyl chain at N® made hydrophobic contacts with
Vall69 (EL2), Leu264 (7.35) and Tyr265 (7.36). In addition, another H-
bond was observed between the 4-methoxy group of the phenylcarbamoyl
chain at N° and the amide group of the side chain of GIn167 (EL2).

The observed interactions were confirmed by the analysis of the calcu-
lated per residue electrostatic and hydrophobic contributions to the whole
interaction energy for the complex between hA3AR and compound 16. As
shown in Figure 3.23, the main electrostatic stabilizing contributions were as-
sociated with Asn250 (6.55) and GIn167 (EL2) (strong negative electrostatic
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interaction energy); while the strongest hydrophobic contributions were re-

lated to Phel68 (EL2), Leu264 (6.51), Leu246 (7.35), Leu90 (3.32) and I1e268
(7.39) (high hydrophobic interaction score).
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Figure 3.22: Hypothetical binding mode of the N®-methyl derivative 16 at
the hA3AR binding site obtained after docking simulation. Pose is viewed
from the membrane side facing TM6, TM7 and TM1. The view of TMT7 is
voluntarily omitted. Side chains of some amino acids important for ligand
recognition and H-bonding interactions are highlighted. Hydrogen atoms are
not displayed.

Overall, the hereby proposed binding mode of compound 16 to hAsAR
was very similar to the binding poses already described in the previous sec-
tion for other PTP derivatives and presented comparable interactions with
the residues of the binding site. [76]

Considering the N°-unsubstituted-N®-methyl-PTP derivatives, even if
they showed binding modes at the hA3AR similar to the one observed for
compound 16, they lost some stabilizing hydrophobic interactions with Val169
(EL2), Leu264 (7.35) and Tyr265 (7.36) and this could explain the lower
affinities at the hA3AR of the N°-unsubstituted derivatives as compared
with the N°-substituted analogues.

In addition, better hA3AR selectivity profile against the other AR sub-
types was also found in such N°-substituted derivatives. This could be at-
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tributed to the lack of space to accommodate bulky substituents at that
position in the other AR subtypes. In particular, the weak binding of these
compounds at hAs4AR could be due to the different orientations that they

acquired inside the hA54 binding cleft as compared with the one observed
inside hAsAR.

As proposed in the previous section for other PTP derivatives, [76] the
presence of Glul69 (EL2) in hAs4 AR, which is mutated to Vall69 (EL2) in
hA3AR, seemed to influence the binding poses of these compounds and led
to the loss of good interactions with key residue Asn253 (6.55).

Among the substituents at the N® position, the phenylacetamide chain
was more preferable than the phenylcarbamoyl chain for hAzAR affinity,
probably because of its higher flexibility that allowed better accommodation
and stronger interaction in the binding cleft.

Regarding the effect of different para-substituents on the 2-phenyl ring
towards affinity at the hA3AR, it appeared that the lateral cleft, which
accommodated the 2-phenyl ring, was not sufficiently spacious to host bulky
substituents; this could account for the general decrease in hA3AR affinity
observed with the increase in molecular volume of the para-substituent on
the 2-phenyl ring.
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Figure 3.23: (A) Electrostatic interaction energy values (in kcal/mol) and (B)
hydrophobic interaction scores (in arbitrary hydrophobic units) between the
ligand and each single amino acid involved in ligand recognition calculated
from the hypothetical binding mode of compound 16 inside the hAsAR
binding sites.
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N3-Phenylethyl derivatives:

The N®-phenylethyl derivatives hereby reported, in general, presented
lower affinities at the hA3AR as compared with the N®-methyl analogues.
Among them, the most affine derivative at this receptor was compound 30

Docking simulations at the hA3AR performed for this series of com-
pounds showed a binding mode similar to the one observed for the N®-methyl
derivatives, but with the PTP nucleus shifted up towards the entrance of the
binding cavity. In fact, due to the presence of the bulkier N8-phenylethyl
chain, these compounds bound less deeply into the binding site. As a conse-
quence, these ligands were still able to form some interactions with the key
residue Asn250 (6.55), but they were weaker than those observed for the N®-
methyl derivatives. This finding seemed to explain the lower affinities of the
N8-phenylethyl derivatives at the hAsAR as compared with the N8-methyl
analogues.

For the substituents at both the N° position of the PTP nucleus and
the para-position of C2-phenyl ring, hypotheses similar to the ones reported
above for the N8-methyl derivatives could be made.

In fact, the introduction of a benzoyl or phenylacetyl group at the N°
position caused an increase in affinities at the hA3AR as compared with
the N°-unsubstituted analogues, mainly due to the increase in hydrophobic
interactions with residues at the entrance of the hA3AR binding site, such as
Vall69 (EL2), I1e253 (6.58), Val259 (EL3), Leu264 (7.35) and Tyr265 (7.36).

On the other hand, the presence of para-substituents on the 2-phenyl ring
in these N®-phenylethyl derivatives was shown to be tolerable for binding
at the hA3AR, provided they were not too bulky. In fact, for these N8-
phenylethyl derivatives even the presence at this position of a relatively bulky
bromo group resulted to be detrimental for the affinity at the hAgAR, since
the additional steric hindrance caused by the phenylethyl group reduced the
space to accommodate bulky substituents at the para position of the 2-phenyl
ring.

On the whole, the above-mentioned results have further defined the struc-
ture—affinity profiles at the hA3AR for the new 2-(substituted)phenyl-PTP
scaffold and emphasized the importance of (i) a longer chain such as a ben-
zamide or phenylacetamide group at the N° position to confer higher affinity
and better selectivity towards hA; AR, hAs4AR and hA;5AR; (ii) a small
methyl group at the N® position in order to enhance both affinity and selectiv-
ity at the hA3AR; (iii) a 2-(para-(un)substituted)phenyl ring at the C2? posi-
tion to improve affinity and selectivity profiles at the hA3 AR relative to their
2-furyl counterparts. Among the newly synthesized 2-(substituted)phenyl-
PTPs, compound 16, with a 4-chlorophenyl at C?, a small methyl group at
N® and a 4-methoxyphenylcarbamoyl chain at N° showed the best hAzAR
affinity profile (K; hAs = 1.33 nM) and good selectivities against the other
ARs (hAj/hA3 = 4880; hAg4/hAz = 1100).
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3.5 Molecular simplifications

So far, many tricyclic compounds belonging to different classes of nitrogen-
containing heterocycles were developed as adenosine receptor antagonists.
Besides their remarkable pharmacodynamic profile, a favorable spectrum
of pharmacokinetic properties as well as the straightforwardness of their
synthetic pathway have to be considered as essential requirements for any
drug candidate. Indeed, structural simplification can represent a drug design
strategy to shorten synthetic routes while keeping or enhancing the biological
activity of the original candidate.

In particular, the rational design of various bicyclic scaffolds as simplified
analogs of known tricyclic adenosine receptors antagonists is described in the
following sections.

3.5.1 Pyrazolo-pyrimidinone derivatives

Among the known classes of tricyclic heteroaromatic A3AR antagonists, the
pyrazolo-[3,4-c|quinolin-4-one (PQ) derivatives showed good results (Fig-
ure 3.24). [97, 106] In fact, PQ derivatives showed high affinities for the
hAj receptor (K; range 3-30 nM) and also high hA3 versus hA, 4 selectivity,
since they do not bind the hAs 4 receptor. They possess quite good affinities
for the hA;AR and then scarce hAg versus hA; selectivity.
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Figure 3.24: Molecular simplification approach from the pyrazolo-|3,4-
c|quinolin-4-one to the pyrazolo|4,3-d|pyrimidin-7-one scaffold.

Thus, to develop a new class of compounds targeting the AsAR, but with
a better selectivity profile, we performed a molecular simplification of the PQ
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structure to yield the 2-arylpyrazolo|4,3-d|pyrimidin-7-one derivatives 1-12
(Figure 3.24).

Substituents with different lipophilicity and steric hindrance were intro-
duced at the 5 position of the 2-phenyl-pyrazolo-pyrimidin-7-one scaffold
(Rs = H, Me, Et, Ph, CH2Ph) to give compounds 1-5. Certain substituents
that were profitable for hA3AR affinity and selectivity in the PQ lead se-
ries were introduced on the 2-phenyl ring. In particular, a 4-methoxy group
was appended on the 2-phenyl ring of derivatives 1-5 to afford compounds
6-10. 3-Methyl or 4-methyl groups were also inserted on the 2-phenyl ring
of the 5-methyl derivative 2 to obtain compounds 11 and 12, respectively.
Finally, an oxo function was introduced at the 5-position to give the 2-
phenylpyrazolo[4,3-d|pyrimidin-5,7-dione 13.

The synthesized derivatives 1-13 were tested to evaluate their binding
affinity at hA;, hAs4, and hAs adenosine receptors. Compounds were also
tested at the hA;pAR subtype by measuring their inhibitory effects on
NECA-stimulated cAMP levels in CHO cells stably transfected with the
hAspAR. Finally, the antagonistic potency of all the pyrazolo-pyrimidin-7-
one derivatives able to bind at the hA3AR (1-3, 5-8, 10-12) was assessed by
evaluating their effect on Cl-IB-MECA-inhibited cAMP production in CHO
cells, stably expressing hA3ARs. All pharmacological data are collected in
Table 3.8.

The binding results indicate that the herein reported molecular simplifi-
cation of the PQ structure was successful, since it not only maintained high
affinity at the hAsAR but also increased the hAjg selectivity. Indeed, most
of the newly synthesized compounds displayed hA3AR affinities in the low
nanomolar range (K; range 1.2-72 nM) and are totally inactive at the other
three investigated ARs. Structure-affinity relationship (SAR) analysis shows
that both Ry and Rj substituents play a key role in anchoring to the hAgz re-
ceptor site. Both the lipophilicity and steric hindrance of the Rs substituent
are critical for hAg affinity.

Compound 1, bearing a hydrogen atom at the 5-position, showed a good
hAj3 affinity (K; hAs = 185 nM) which was significantly enhanced when the
5-hydrogen atom was replaced by a 5-ethyl moiety (compound 3) or, even
better, by a 5-methyl group (compound 2). The presence at the 5-position of
the bulkier phenyl ring was detrimental, with derivative 4 showing a null hAs
binding activity. Replacement of the 5-phenyl group with a 5-benzyl moiety
restored the hA3AR affinity (compound 5). However, it was significantly
lower than those of the less hindered 5-substituted derivatives 1-3. These
results indicate that the presence of a quite small lipophilic substituent at
the 5-position of the pyrazolo[4,3-d|pyrimidin-7-one scaffold is important.

The presence of a substituent on the 2-phenyl ring (Rg) was also a cru-
cial feature of these new hA3AR antagonists. When a 4-methoxy group was
introduced on the 2-phenyl ring of compounds 1-5, a significant enhance-
ment of the hAjs affinity was obtained (compounds 6, 8-10). Among the
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Ee S - e=ty

112 13
Binding experiments cAMP assays
K;(nM) or I(%) IC50 (nM) or I(%)
Rs R, hA3;2  hA;® hA,;,4° hA,pd hA3®
1 H H 185 +19 1% 1% 3% 725464
2 Me H 16 £ 2 9% 1% 2% 87£9
3 Et H 52+ 5 11% 6% 1% 245+23
4 Ph H 10% 22%  10% 4%
5 Ph-CHs H 900 £ 95 11% 1% 4% >1000
6 H 4-OMe 5446 2% 1% 3% 270+£26
7 Me 4-OMe 1.2+0.1 5% 1% 2% 5.2+0.5
8 Et 4-OMe 14+ 2 1% 1% 5% 63+7
9 Ph 4-OMe 16% 1% 1% 5%
10 Ph-CHs 4-OMe 250 +£27 10% 1% 4% 850£76
11 Me 4-Me 10£1 1% 1% 4% 46£5
12 Me 3-Me 72+ 8 4% 1% 2% 354+33
13 12% 4% 5% 2%

2 Displacement of specific ['**IJAB-MECA binding to hAz CHO cells, where K; values
are mean values - SEM of four separate assays each performed in duplicate. Percent-
age of inhibition in [***T|JAB-MECA competition binding assays to hAz CHO cells at
1 uM tested compounds.

P Percentage of inhibition in [*H]DPCPX competition binding assays to hA; CHO cells
at 1 uM tested compounds.

© Percentage of inhibition in [*H|ZM241385 competition binding assays to hAs4 CHO
cells at 1 uM tested compounds.

4 Percentage of inhibition on cAMP experiments in hA»3CHO cells, stimulated by 200
nM NECA, at 1 uM examined compounds.

¢ ICs0 values are expressed as mean values + SEM of four separate cAMP experiments
in hAs CHO cells, inhibited by 100 nM Cl-IB-MECA.

Table 3.8: Binding Affinity (K;) at hA; AR, hAs4AR, and hA3AR and po-
tency (ICs0) at hAsp AR and hA3AR of 2-arylpyrazolo[4,3-d|pyrimidin-7-one
derivatives.
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2-(4-methoxyphenyl) derivatives 6-10, the 5-methylsubstituted compound 7
emerged as the most active (K; hAg = 1.2 nM), confirming that the best
substituent for the 5-position was the methyl group.

Thus, taking 2 as the lead derivative, we tested two further substituents
on the 2-phenyl ring because in the triciclic PQ series they afforded the
highest hA3AR affinities, i.e., the 4-Me and 3-Me groups (compounds 11
and 12). Both compounds 11 and 12 show high hAg affinity, in particular
the 2-(4-methylphenyl)-substituted compound 11 (K; hAs = 10 nM), but
the 4-methoxy substituted derivative 7 remains the best in terms of hAj
affinity.

Finally, introduction of an oxo function at the 5 position of the pyrazolo[4,3-
d|pyrimidin-7-one nucleus exerted a deleterious effect, with compound 13
displaying null affinity at the hA3AR.

All the new derivatives 1-3, 5-8, 10-12 were antagonists at the hA3AR.
They show inhibitory effects on Cl-IB-MECA-inhibited cAMP production,
and their potencies are coherent with their hAg affinity values.

Molecular docking studies of the new 2-arylpyrazolo[4,3-d]-pyrimidin-7-
one derivatives 1-13 were carried out on both hAs and hAs4 adenosine
receptors to identify the hypothetical binding modes and to rationalize the
observed structure-activity relationship.

From the docking simulation analysis, almost all the derivatives were
seen to share a similar binding pose in the TM region of the hAsAR. Lig-
and recognition occured in the upper region of the TM bundle, and the
pyrazolo[4,3-d|pyrimidin-7-one scaffold was surrounded by TMs 3, 5, 6, 7
with the 2-phenyl ring pointing toward EL2 and the substituent at the 5
position (Rs) oriented toward the intracellular environment.

Figure 3.25 (panel C on the left) shows the hypothetical binding mode of
compound 7, which possesses the highest hAg affinity among all the newly
synthesized derivatives (K; hAs = 1.2 nM). This compound was anchored,
inside the binding cleft, by two stabilizing hydrogen-bonding interactions
with the amide moiety of Asn250 (6.55) side chain. The two hydrogen bonds
involved the carbonyl group at the 7-position and one of the N atoms of the
pyrazole ring, respectively. The asparagine residue 6.55, conserved among
all AR subtypes, was already found to be important for ligand binding at
both the hAz and hA;4ARs. [87, 71| Compound 7 also formed hydropho-
bic interactions with many residues of the binding cleft including Leu90
(3.32), Leu9l (3.33), Phel68 (EL2), Vall69 (EL2), Met177 (5.38), Trp243
(6.48), Leu246 (6.51), Leu264 (7.35), Tyr265 (7.36), 11e268 (7.39). In par-
ticular, the 2-phenyl ring formed an aromatic -7 stacking interaction with
Phel68 (EL2), while the pyrazolo[4,3-d|pyrimidin-7-one core interacted with
the highly conserved Trp243 (6.48), an important residue in receptor activa-
tion and in antagonist binding. 71|

The 2-arylpyrazolo[4,3-d|pyrimidin-7-one derivatives bearing non-bulky
moieties at the 5-position, such as 5-hydrogen atom (compounds 1 and 6),
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Figure 3.25: (A) Crystallographic binding mode of ZM241385 inside the
hAs4 receptor (PDB ID: 3EML) and hypothetical binding mode of com-
pound 7 obtained after docking simulations (B) inside the hAs4 AR binding
site and (C) inside the hA3AR binding site. Side chains of some amino
acids important for ligand recognition and H-bonding interactions are high-
lighted. The view of TM7 is voluntarily omitted and hydrogen atoms are not
displayed. Beside each pose, the graph displays the electrostatic interaction
energy (in kcal/mol) between the ligand and each single amino acid involved
in ligand recognition.
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5-methyl group (compounds 2, 11, and 12), and 5-ethyl group (compounds
3 and 8), showed a similar binding mode compared to compound 7. In
fact, for all these derivatives, the pyrazolo[4,3-d|pyrimidin-7-one core was
perfectly aligned inside the TM region of the hAg receptor. In particular, the
two hydrogen bonds with Asn250 (6.55), the aromatic stacking interaction
with Phel68 (EL2), and the hydrophobic interaction with Trp243 (6.48) were
conserved.

In contrast, binding poses of compounds bearing bulkier substituents,
including 5-phenyl and 5-benzyl groups (compounds 4, 5, 9, and 10), were
quite different. The 2-phenyl ring of these compounds was directed toward
the intracellular environment rather than toward EL2, while the substituent
at the 5 position pointed toward TM2. Because of this different orientation
of the molecule inside the binding cleft, these derivatives lost one of the two
H-bonding interactions with Asn250 (6.55) and the 7-7 stacking interaction
between Phel68 (EL2) and the 2-phenyl ring (data not shown). The lack of
these important interactions seemed to be the reason why derivatives with
bulky Rs groups showed low or null hA3AR affinities.

Compound 13 (bearing an oxo function at the 5-position) showed a com-
pletely different docking pose inside the hAjs binding pocket, compared to
all the other derivatives, and its orientation was almost parallel to the mem-
brane plane. Even though this molecule formed two H-bonding interactions
with Asn250 (6.55), it was too far to interact with Trp243 (6.48), and so it
lost the interaction with this important residue (data not shown).

With regard to the presence of a substituent on the 2-phenyl ring (Rs),
it emerged that small groups (methyl and methoxy) enhanced the hAj3 affin-
ity even though they did not seem to be involved in particular interactions
with residues of the binding pocket. Nevertheless, these substituents, be-
cause of their electron-donating properties, could reinforce the m-7 stacking
interaction of the 2-phenyl ring with the receptor. In addition, the methyl
and methoxy groups increased the topological complementarity of these com-
pounds with the TM binding cavity.

As shown in Figure 3.25 (panel B on the left), the hypothetical binding
pose of compound 7, obtained after molecular docking to the crystal struc-
ture of the hAs4 receptor, was quite different compared to the pose of the
same compound at the hAgz subtype (Figure 3.25, panel C on the left), al-
though ligand recognition occured in the same region of the TM bundle. In
particular, the 2-phenyl ring pointed toward the intracellular environment
and the substituent at the 5 position was oriented toward EL2. The molecule
formed two H-bonds, with Asn253 (6.55) and Glul69 (EL2), and an aromatic
interaction with Phel68 (EL2).

All the newly synthesized derivatives 1-13 showed this same binding
mode inside the hAs 4 receptor pocket. Although the predicted binding affini-
ties were lower with respect to those estimated for the corresponding binding
to the hAs receptor (around 3-9 kcal/mol), this only partially justified the
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absence of Ay4 binding observed experimentally.

From the analysis of the per residue electrostatic contributions to the
interaction energy, one of the most critical residues affecting the affinity
at ARs seemed to be the asparagine 6.55 (Asn253 in hAs4 and Asn250 in
hAs3). In particular, Asn253 is responsible for two stabilizing interactions
with ZM241385 into human As4AR (Figure 3.25, panels A). This is con-
firmed by the electrostatic contribution of around -10 kcal /mol to the whole
interaction energy. Considering the binding poses of compound 7, the elec-
trostatic contribution of this asparagine residue to the interaction energy
was completely different between hAs4 and hAjg receptors (see Figure 3.25,
panels B and C on the right, respectively). Asn250 (6.55) strongly stabilized
the ligand-hA3 receptor complex (negative electrostatic interaction energy)
because of the two hydrogen bonding interactions, while Asn253 (6.55) desta~
bilized the ligand-hAy4 receptor complex (positive electrostatic interaction
energy). This detrimental contribution to the stability of the complex was
due to the electrostatic repulsion between the oxo moiety of the pyrazolo[4,3-
d|pyrimidin-7-one nucleus and the carbonyl group of Asn253 side chain.
This could considerably reduce the permanence of the 2-arylpyrazolo[4,3-
d|pyrimidin-7-one analogues in the TM binding pocket and explain the null
affinity of these new derivatives for the hAs;4AR.

Moreover, comparing the docking pose of compound 7 at the hAs4 re-
ceptor with the crystallographic pose of the antagonist ZM241385, it can
be noted that the bicyclic core of the pyrazolo|4,3-d|pyrimidin-7-one deriva-
tive was almost aligned with the bicyclic region of ZM241385. Nevertheless,
the exocyclic amino group (H-bond donor) of ZM241385 is replaced with a
carbonyl group (H-bond acceptor) in compound 7, and this could lead to
the substantially different affinities at the hAs4 receptor. The values of the
electrostatic contributions to the binding energies were also coherent with
this recognition scenario.

Therefore, as previously seen as well, it appeared that two critical residues
in determining the binding affinity of antagonists at the hAs4 AR were Glu169
(EL20) and Asn253 (6.55). Moreover, once again, the mutation Glu/Val at
position 169 of hAs4 and hAjs receptors seemed to be important in deter-
mining the selectivity profiles of ARs antagonists since this difference could
influence not only the binding mode but also the entrance of ligands into the
TM region of these receptors as already described in section 3.1.

3.5.2 Phthalazinone derivatives

Another tricyclic scaffold that gave interesting results in the ARs antag-
onists field was the 2-aryl-1,2,4-triazolo[4,3-a]quinoxalin-1-one (TQX) nu-
cleus. [107, 95, 96| In previous studies, was reported that the TQX core
can be simplified into easily synthesizable 4-carboxamido-quinazoline (QZ)
derivatives endowed with high affinity and selectivity toward hAzAR. [108]
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Many other bicyclic heteroaromatic systems, containing those structural
features essential to guarantee an efficient ligand-receptor recognition, have
been taken into consideration as a possible core skeleton for the design of
novel hA3AR antagonists. Among them, our attention has been caught by
the phthalazin-1(2H)-one (PHTZ) ring system that has not yet been consid-
ered as a suitable scaffold to obtain AR antagonists. The interest for this new
series of PHTZ analogues was driven by the structure similarity between the
phthalazin-1(2H)-one skeleton and both TQX and QZ scaffolds extensively
investigated in previously reported studies (Figure 3.26). [107, 95, 96, 108|
Particular attention was focused on position 4 of the phthalazine ring sys-
tem, where differently substituted amido and ureido moieties were introduced
(compounds 2-20, Table 3.9). In contrast, the 2-phenyl-substituent was held
constant.

PN
S

1,2,4-triazolo[4,3-a]quinoxaline-1-ones
(TQX series)
R =Me, Ph, CH,Ph, NHPh

HNiR HNJ\R
N/J\N N
| |
N N
'O O
quinazoline-4-carboxamides 2-phenyl-phthalazin-1(2H)-ones
(QZ series) (PTZ series)
R =Me, Ph R =Me, Ph, CH,Ph, NHPh

Figure 3.26: Simplification approach: from the TQX series to the QZ series
and to the herein reported 2-phenylphthalazin-1(2H)-one derivatives (PHTZ
series). Colors identify important conserved groups in different series.

The newly synthesized 4-substituted-phthalazinone derivatives 2-20 and
the parent 1 (Table 3.9) were tested for their ability to displace radioli-
gands from hA;AR, hA;4AR and hA3AR to determine their affinity and
selectivity profiles. Moreover, the potencies (ICsg) of some selected com-
pounds (12-14, 18, and 19) at the hA3pAR and the hA3AR were deter-
mined (Table 3.10). The binding data of derivatives 1-20 are shown in Ta-
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ble 3.9 together with those of A (1,2-dihydro-2-phenyl-4-phenylureido-1,2,4-
triazolo[4,3-a]quinoxalin-1-one) [95] and B (2-benzoylaminoquinazoline-4-
carboxyanilide), [108| selected as reference compounds of the TQX and QZ
series, respectively.

HN N
H
SN
| N)\KN\ @ NZ N
N N | H
N\\< N
Se NG (j)T &
1-20 A B
K; (nM)%or 1 %

Compd Ry hAsP hA;¢ hAg 44
1 NH, 8% 24% 45%
2 NHCOCH;3 0% 52% 14%
3 N(COCHz3)2 0% 47% 10%
4 NHCOCgHs5 1100 + 100 44% 35%
5 NHCOCgH-4Cl1 17% 26% 17%
6 NHCOCgH4-40CHs 10% 0% 17%
7 NHCO(furan-2-yl) 8% 23% 41%
8 NHCOCH,CgHs 28% 23% 4%
9 NHCONHCgHs5 178.4 + 17 44% 42%
10 NHCONHCgH4-4Cl 13% 10% 9%
11 NHCONHCgH4-2Cl1 49% 0% 3%
12 NHCONHCH4-4OCHj3 60.6 + 6.2 4% 51%
13 NHCONHCgH4-30CH3 9.75 + 0.25 45% 28%
14 NHCONHCgH4-20CHj3 89+ 1 0% 17%
15 NHCONHCgH4-4CH3 45% 29% 0%
16 NHCONHCgH4-2CHj3 22% 20% 28%
17 NHCONHCgH3-2,40CH3 33% 29% 33%
18 NHCONHCgH3-2,50CH3 0.776 + 0.037 0% 19%
19 NHCONHCH,CgHs 29.6 + 3 20% 23%
20 NHCONHCH,CgHy4-20CH3 274.2 + 26 28% 28%
Ae - 276 + 21 50.8 + 4.2f 2300 + 291f
Be - 182 + 10 % 10%

2 The K; values are means + SEMs of four separate assays, each performed in triplicate.

P Displacement of specific [2°TJAB-MECA binding at hA3 receptors expressed in CHO
cells or percentage of inhibition (I%) of specific binding at 1 pM.

¢ Displacement of specific [PH|[DPCPX at hAj receptors expressed in CHO cells or
percentage of inhibition (I%) of specific binding at 10 uM concentration.

d Displacement of specific [PH|NECA binding at hA, 4 receptors expressed in CHO cells
or percentage of inhibition (I1%) of specific binding at 10 M concentration.

¢ Ref [95].

f Displacement of specific [PHJCHA and [3H]CGS21680 binding at A; and Agy recep-
tors, respectively, in bovine brain membranes.

& Ref [108].

Table 3.9: Binding affinity (K;) at hAs, hA;, and hAs4 ARs of 4-substituted-
2-phenylphtalazin-1(2H)-one derivatives 1-20 and of reference compounds A
and B, of the TQX and QZ series.
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cAMP assays

Compd IC5p (nM) or 1%
hA,p? hAsP
12 0% 28 + 3
13 57% 18 + 2
14 16% 17+ 1.6
18 0% 8.25 £ 0.6
19 34% 1.15 £ 0.02

& Percentage of inhibition on cAMP experiments in hAsg CHO cells stim-
ulated by 100 nM NECA at different examined compound concentrations
(1 nM to 10 puM).

b ICs50 values represent the means + SEMs of three separate experiments
in hAs CHO cells, inhibited by 100 nM NECA at different examined
compound concentrations (1 nM to 10 uM).

Table 3.10: Potencies (IC5p) at hAspAR and hA3AR of some selected 4-
substituted-2-phenylphtalazin-1(2H)-one derivatives.

Examining the binding results reported in Table 3.9, it appears that
we have identified some new potent and selective adenosine hAjz receptor
antagonists belonging to the 2-phenylphtalazin-1(2H)-one series. In par-
ticular, it has to be noted that compounds 12-14, 18, and 19 bearing a
methoxyphenyl- or a benzyl-substituted ureido moiety at position 4 are those
endowed with high affinity and also selectivity toward the hAj receptor, as
they are on the whole unable to bind at all the others ARs. These pre-
liminary results indicate that the 2-phenylphthalazin-1(2H)-one moiety is a
versatile tool for the design of new potent and selective hAzAR antagonists.
However, it is rather evident that clear and robust SARs can be difficult to
obtain.

To start in, the binding affinity at the hAs receptor of the 4-amino-2-
phenylphtalazin-1(2H)-one 1 (I hAs = 8%) was very discouraging, in par-
ticular because it was not in line with that of the 4-amino-2-phenyl-1,2,4-
triazolo|4,3-a]quinoxalin-1-one (K; hAg = 490 nM) [95] or 2-aminoquinazoline-
4-carboxyanilide (K; hAs = 350 nM) [108] belonging to the reference TQX
and QZ series, respectively.

Despite this unfavorable starting point and on the basis of the SARs
derived from both TQX and QZ hA3AR antagonists, a series of 4-amido-
(2-8) and 4-ureido-derivatives (9-20) were synthesized starting from the 4-
amino intermediate 1. All of the 4-amido compounds, including alkyl- (2
and 3), aryl- (4-7), and also arylalkyl-substituted (8), were inactive with the
only exception being the 4-phenylamido derivative 4 that showed a K; value
of 1100 nM at the hAzAR.

Very interestingly, replacement of the phenylamido- (4) with the pheny-
lureido moiety (9) at the 4 position provided an appreciable increase of
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receptor affinity. In fact, the 4-phenylureido derivative 9 was about 6-fold
more active (K; hAz = 178.4 nM) than its amido analogue 4. As previ-
ously described for other ureido-related hA3AR antagonists, [109] the urea
moiety contributes to the observed large differences among the hA3 binding
affinities of these derivatives. Thus, the presence of a second NH group able
to reinforce the hydrogen bond network within the putative transmembrane
binding cavity appears to be primarily responsible for the ameliorating effect
of the receptor-antagonist recognition.

Starting from the encouraging hAj3 binding data of the 4-phenylureido
compound 9, we decided to explore the role of a substituted phenyl ring at
the level of the 4-ureido moiety by introducing groups with different elec-
tronic and lipophilic properties at position ortho, meta, or para. Insertion
of the electron-withdrawing and lipophilic chloro atom at position para or
ortho produced, respectively, a total loss (compound 10) or a dramatic re-
duction (compound 11) of receptor affinity at the hAs subtype. The strong
electron-donating methoxy group was then introduced on the targeted 4-
phenylureidomoiety leading to the para-substituted compound 12, which
was shown to be highly potent at the adenosine hAj receptor subtype (K;
hAs = 60.6 nM). Next, the para-methoxy substituent of 12 was moved to
position meta and ortho to evaluate whether this shift could further optimize
the anchoring at the hAj3 receptor site. This modification led, respectively,
to compounds 13 and 14, which are two of the most potent and selective
hA3AR antagonists belonging to the new 2-phenylphthalazin-1(2H)-one se-
ries here reported.

Accordingly, we evaluated the effect on hAzAR affinity of introduction
of another methoxy group on the 4-substituent of 14 by synthesizing the
2,4-dimethoxy and 2,5- dimethoxyphenyl-substituted compounds 17 and
18, respectively. The second methoxy substituent introduced at the 5 po-
sition of the phenyl ring of 14 contributes positively to hAsAR affinity,
which showed an 11-fold increase (compare 18 to 14). In fact, the (2,5-
dimethoxyphenylureido)-phthalazin-1(2H)-ones 18 is the most potent hA3AR
antagonist among this series, with a K; value of 0.776 nM and at least
10000-fold selectivity over hA; and hAs4 receptors. Unexpectedly, the 2,4-
dimethoxy-substitued compound 17 as well as the 4-(4-methylphenyl)- and
4-(2-methylphenyl)-ureido derivatives 15 and 16 did not show any apprecia-
ble binding affinity toward the hAzAR.

Introduction of a benzyl-ureido moiety at the 4 position of the phthalazin-
1(2H)-one scaffold led to compound 19, which revealed to be 6-fold more
active than the homologue 9 at the hA3AR (K; hAs = 29.6 nM). Finally,
the highly profitable methoxy group was introduced at the ortho position on
the benzylic group of 19, yielding compound 20 that unexpectedly showed
a 9-fold decreased hAj affinity.

Among the new PHTZ series, compounds 12-14, 18, and 19 possessed
the highest hAg3 affinity and selectivity versus both hA; and hAs4 recep-
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tors. To determine also their hA3 versus hAsp selectivity, we tested these
derivatives in cAMP assays, which evidenced low or null hA,p affinity, being
in general ineffective in inhibiting NECA-stimulated cAMP levels in hAsp
CHO cells. Furthermore, the effect of compounds 12-14, 18, and 19 in
limiting the NECA-inhibited cAMP accumulation in hA3 CHO cells was de-
termined. Coherently with their high hAj affinity, all of the selected PHTZ
derivatives proved to be very potent in this test, showing an antagonistic
behavior (Table 3.10).

Trying to explain the observed structure-affinity relationship and the
selectivity profile of these new 2-phenylphthalazin-1(2H)-one derivatives, a
receptor-driven molecular modeling investigation was performed.

Since the new 2-phenylphthalazin-1(2H)-one derivatives reported in this
section were conceived as simplified analogues of previously synthesized 1,2,4-
triazolo[4,3-a]quinoxaline-1-one compounds (TQX series), [107, 95, 96] molec-
ular docking studies were performed on all of the PHTZ derivatives (com-
pounds 1-20) and on the TQX derivative A, taken as reference. Moreover,
docking simulations were also performed on compound B, a quinazoline-4-
carboxamide derivative (QZ series) previously reported. [108]

Therefore, all of the selected compounds were docked into the TM binding
site of the hA3AR three-dimensional model, to identify their hypothetical
binding modes at this receptor and to analyze possible analogies among the
different series. In addition, docking simulations at the hAs s AR crystal
structure were carried out to explain the hAs versus hA,4 selectivity profile
of all of these derivatives.

Analysis of the docking results revealed that all of the studied compounds
(1-20, A, and B) share a binding pose that is somehow similar in the TM
region of the hAsAR. In fact, at this receptor, ligand recognition occured in
the upper region of the TM bundle, and the tricyclic or bicyclic scaffold of
the ligands was surrounded by TMs 3, 5, 6, and 7.

Figure 3.27 panel A shows the hypothetical binding mode of the refer-
ence TQX derivative A (K; hAg = 276 nM). This compound was anchored,
inside the binding cleft, by three stabilizing hydrogen-bonding interactions
with the side chain of Asn250 (6.55). These three hydrogen bonds involved
the N° atom of the TQX nucleus and the two NH groups of the 4-ureidic
moiety, respectively. The asparagine residue 6.55, conserved among all of the
AR subtypes, was already found, through mutagenesis studies, [87, 71| to be
important for ligand binding at both the hA3 and the hA;4ARs. Compound
A also formed hydrophobic interactions with many residues of the binding
cleft including Ala69 (2.61), Val72 (2.64), Leu90 (3.32), Leu91 (3.33), Phel68
(EL2), Vall69 (EL2), Met177 (5.38), Trp243 (6.48), Leu246 (6.51), 11249
(6.54), Tle253 (6.58), Val259 (EL3), Leu264 (7.35), Tyr265 (7.36), and 11e268
(7.39). In particular, the planar tricyclic core of the ligand strongly inter-
acted with Phel68 (EL2) and with the highly conserved Trp243 (6.48), an
important residue for receptor activation and antagonist binding. [71]
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GIn167

Figure 3.27: Hypothetical binding modes obtained after docking simulations
inside the hA3AR binding site of (A) compound A, (B) compound B, and (C)
compound 9. Poses are viewed from the membrane side facing TM6, TM7,
and TM1. The view of TM7 is voluntarily omitted. Side chains of some
amino acids important for ligand recognition and H-bonding interactions
are highlighted. Hydrogen atoms are not displayed.
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As shown in Figure 3.27 panel B, the hypothetical binding pose of the QZ
derivative B (K; hAs = 182 nM), obtained after molecular docking into the
three-dimensional model of the hA3AR, was very similar to that of compound
A (Figure 3.27 panel A). In fact, ligand recognition occured in the same
region of the TM bundle. In particular, the appended phenyl ring on the
4-carboxyamide moiety of B was oriented toward TM2, such as the 2-phenyl
ring of the TQX derivative A, and the 2-benzoylamino group of B pointed
toward the extracellular loop region, such as the 4-phenylureido moiety of
compound A. Moreover, compound B formed two H-bonds with Asn250
(6.55) and a strong hydrophobic interaction with Phel68 (EL2).

It is worth noting that in compound B the formation of an intramolecular
H-bond between the nitrogen at the 3-position of the quinazoline system and
the NH of the amide moiety at the 4-position leads to the stabilization of a
conformer, which simulates a planar tricycle with similar steric properties to
the original TQX analogue (compound A). The planarity of the QZ deriva-
tive, due to this intramolecular H-bond, seemed to increase complementarity
with the hAgs receptor; the key role of this intramolecular H-bond was al-
ready analyzed in previous docking studies of the QZ derivatives carried out
on the rhodopsin-based homology model of hA3AR. [108|

The hypothetical binding mode, at the hA3AR, of one of the herein re-
ported 2-phenyl-phthalazin-1(2H)-ones (compound 9, K; hAs = 178.4 nM)
is displayed in Figure 3.27 panel C. Molecular docking simulations showed
that the new compound 9 was efficiently accommodated into the TM binding
cavity with the 4-phenylureido substituent directed toward the extracellular
loop region. Interestingly, compound 9 maintained all of the crucial inter-
actions already seen for the TQX and QZ derivatives and also a similar
binding pose. This ligand formed three hydrogen-bonding interactions with
the Asn250 (6.55) side chain, involving the N3 atom of the PHTZ nucleus
and the two NH groups of the ureidic moiety, respectively. In addition, the
phthalazinone scaffold formed a 7-7 stacking interaction with Phel68 (EL2).
Other hydrophobic interactions were established with several residues of the
binding cavity, such as Ala69 (2.61), Leu90 (3.32), Leu9l (3.33), Vall69
(EL2), Met177 (5.38), Phel82 (5.43), 11e186 (5.47), Trp243 (6.48), Leu246
(6.51), 11e249 (6.54), 11le253 (6.58), Val259 (EL3), Leu264 (7.35), and I1e268
(7.39). The described docking pose of compound 9 reflects more or less
the hypothetical binding mode of all of the analyzed 2-phenylphthalazin-
1(2H)-one derivatives (compounds 1-20).

In addition, electrostatic and hydrophobic interaction contributions be-
tween compounds 9, A, and B and each amino acid involved in ligand recog-
nition (Figures 3.28 and 3.29, respectively) were calculated from the hypo-
thetical binding modes at the hA3AR displayed in Figure 3.27. Analysis of
these data confirmed the hypothesis of an analogous binding mode at the
hA3AR for the TQX, QZ, and PHTZ derivatives here reported.

As shown in Figure 3.28, it is clear that, from the electrostatic point of
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Figure 3.28: Electrostatic interaction energy (in kcal/mol) between com-
pounds 9, A, and B and each single amino acid involved in ligand recognition
calculated from the hypothetical binding modes inside the hA3AR.
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Figure 3.29: Hydrophobic interaction score (in arbitrary hydrophobic unit)
between compounds 9, A, and B and each single amino acid involved in
ligand recognition calculated from the hypothetical binding modes inside
the hA3AR.
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view, one of the most critical residues affecting the affinity at the hAsAR
seemed to be Asn250 (6.55) that is responsible for the stabilizing H-bonding
interactions with all of the three ligands. This was supported by the Asn250
electrostatic contribution of around -20 kcal /mol to the whole interaction en-
ergy of the three ligand-receptor complexes. Moreover, no significant detri-
mental electrostatic contributions (positive electrostatic interaction energy)
were observed for these complexes.

The hydrophobic interactions mapped in Figure 3.29 show a similar pat-
tern for all of the three ligand-receptor complexes. In particular, the most
important hydrophobic contribution was mediated by Phel68 (EL2), con-
served among all ARs, which strongly interacted with the bicyclic/tricyclic
core of the ligands. In addition, the ligand scaffold was involved in hydropho-
bic contacts with Leu90 (3.32), Leu91 (3.33), Trp243 (6.48), Leu246 (6.51),
and Ile268 (7.39), while the phenyl ring appended on the ureido/ amido
moiety interacted with Vall69 (EL2), Ile253 (6.58), and Leu264 (7.35).

Some aspects of the SAR of this phthalazinone series were very difficult to
rationalize. Surprisingly, some substituents, such as phenylamido and ben-
zylamido, that positively affected the affinity in other series of hA3AR an-
tagonists, showed, in contrast, discouraging results in these new compounds.
The proposed binding mode seems to partially explain why compounds bear-
ing a 4-ureido substituent possessed higher affinity at the hA3AR than the
4-amido analogues. In fact, the increased affinities of the 4-ureido-derivatives
could be due to the formation of an additional H-bonding interaction with
the Asn250 (6.55) carbonyl group.

With regard to the substituents on the phenyl ring appended on the 4-
ureido moiety, the binding data showed that both of their features, electron-
donating or electron-withdrawing, and their position played a crucial role
in modulating the affinity at the hA3AR. Considering the proposed binding
mode at this receptor subtype, it is clear that such substituents were located
near the extracellular loop region and could possibly interact with residues
belonging to EL2 and EL3. Because of the difficult characterization and
the high plasticity of the loop region, it is hard to accurately predict par-
ticular interactions with this part of the ligand and therefore to explain the
observed effects of these substituents. Some amino acids possibly involved
in interactions with the substituted phenyl ring are GIn167 (EL2), Vall69
(EL2), Met174 (5.35), I1e253 (6.58), Val259 (EL3), and Leu264 (7.35).

Further studies are in progress in our laboratory to better define the
extracellular loops conformation that could be responsible for the interaction
with the substituents at the 4-position of these ligands.

As far as the hAo4 AR is concerned, docking simulations performed for
compounds 1-20 revealed no good binding poses at this receptor subtype,
as highlighted by the docking pose of compound 9 at the hAs; 4AR displayed
in Figure 3.30, panel A. In fact, at the hA; 4 AR, compound 9 resulted to be
turned of 180° as compared to the docking pose of the same compound in-
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Figure 3.30: (A) Hypothetical binding mode obtained after docking simu-
lation inside the hAs 4AR binding site of compound 9. The pose is viewed
from the membrane side facing TM1, TM6, and TM7. The view of TM7 is
voluntarily omitted. Hydrogen atoms are not displayed. (B) Electrostatic
interaction energy (in kcal/mol) between compound 9 and each single amino
acid involved in ligand recognition calculated from the hypothetical binding
mode inside the hAs4AR. (C) Hydrophobic interaction score (in arbitrary
hydrophobic unit) between compound 9 and each amino acid involved in
ligand recognition calculated from the hypothetical binding mode inside the
hAs4AR.

side the hA3AR binding site, probably due to the presence of Glul69 (EL2)
and of the steric hindrance of the substituent at the 4 position. As a con-
sequence of this flipped orientation, compound 9 was not able to strongly
interact with the critical residues Asn253 (6.55) or Glul69 (EL2) through
H-bonds as instead previously noticed for the crystallographic binding pose
of ZM241385 at the hAs4AR [44] and found in other docked compounds
possessing antagonist activity at the hAs4AR. [76]

Indeed, analyzing the per residue electrostatic and hydrophobic contri-
butions for the docking pose of compound 9 inside the hAs4 AR (Figure 3.30,
panels B and C, respectively), it is evident the lack of any strong electro-
static interaction with residues of the binding site and the presence of only
few strong hydrophobic interactions, such as the one with Phel68. This
finding can explain the low or null affinity at the A4 AR subtype of all of
the PHTZ compounds (1-20) here reported.

In conclusion, molecular docking studies of the newly synthesized 2-
phenylphthalazin-1(2H)-ones, performed at the hA3AR, revealed for these
compounds a binding mode similar to that of the previously reported TQX
and QZ derivatives, as was expected from the simplification approach. These
three classes of hA3AR antagonists showed analogous interactions with the
binding cavity of the receptor as confirmed by the analysis of the electrostatic
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and hydrophobic contributions to the interaction energy. Therefore, the anal-
ysis on all the three (TQX, QZ, and PHTZ) series led to the identification of
converging ligand-receptor binding requirements, which were considered as
essential features for profitable hAg receptor-antagonist recognition; further
studies are in progress to better clarify these structural requirements and to
develop new PHTZ derivatives with higher hAzAR affinity.

3.5.3 Triazolo-pyrimidine and styril-furan derivatives

Another interesting bicyclic scaffold for the development of ARs antago-
nists is the 1,2,4-triazolo[1,5-c|pyrimidine nucleus that was investigated as a
molecular simplification of the pyrazolo-triazolo-pyrimidine (PTP) nucleus
and as a deaza analogues of triazolo-triazine core. In fact, a new class of
compounds based on the triazolo-pyrimidine nucleus has been synthesized,
including derivatives bearing different substituents at the 5 and 8 positions,
to analyze their binding profile at the four human AR.
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Figure 3.31: Rational for the design of stilbene and 2-styryl-furan derivatives.

In particular, arylcarbamoyl or arylacetyl moieties, which gave good re-
sults in the pyrazolo-triazolo-pyrimidine family were introduced at the N°®
position, while various amides and esters were present at the 8 position.
This series did not display very good affinities at the AsAR, but an urea
or a phenylacetamide group at the 5 position favoured the binding at the
As4AR.
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Subsequently, with the intent of further simplify the triazolo-pyrimidine
nucleus, we proposed other classes of compounds as potential adenosine re-
ceptors antagonists, such as the diaryl-diazenes, 2-styryl-furanes and stil-
benes (see Figure 3.31). We started with the synthesis of few 2-styryl-furan
derivatives and with the bioisosteric replacement of the furan ring with a
para-methoxy phenyl ring to obtain some stilbene derivatives, as a prelimi-
nary study on this kind of very simplified molecules.

Docking studies at the hA3AR and hAs AR were performed for all of
these new derivatives to confirm that these molecules are able to interact
with those residues of the binding sites that several studies demonstrated to
be critical for the binding of antagonists.

The affinity of all the synthesized compounds at the hA;AR, hAs AR
and hA3AR was determined using radioligands displacement tests; while
their potency at the hAspAR was evaluated determining the inhibition of
NECA-stimulated adenylyl cyclase activity. Pharmacological data for some
selected triazolo-pyrimidine, 2-styryl-furan and stilbene compounds are col-
lected in Table 3.11 (complete data not shown, manuscript in preparation).

The synthesized triazolo-pyrimidine compounds showed affinities at the
hA3AR and/or hAs4 AR ranging from high nanomolar to nanomolar concen-
trations, with different degree of selectivity versus the other receptor sub-
types. The presence of a free amino group at the 5 position (compounds 5-7)
led to quite good interesting affinity versus the hAs4AR. This finding is in
agreement with the previously reported considerations obtained for hAs 4 AR
antagonists, where the presence of a free amino group was important to bind
two critical residues of the binding site. In particular combination of a free
amino function at the 5 position and a ethoxycarbonyl moiety at the 8 posi-
tion led to a derivative 7 which resulted to be potent and quite selective for
the hAs4AR. (K; hAgs = 3.32 nM). Instead, simultaneous introduction at
the 8 position of a methyl carboxamido (5) or -phenethylcarboxamido (6)
groups produced a reduction of the affinity (3-5 fold) at the hA;4AR with a
drastic reduction of selectivity as a consequence. On the other hand, when
a dimethoxybenzyl groups is present at the N° position (1-4) a decent affin-
ity at the hA3AR was observed but the selectivity versus the other receptor
subtypes was poor.

Concerning the 2-styryl-furan and stilbene series (compounds 8-13), in
general, at the hAs4AR and hA3AR the furan ring was preferred to the
4-methoxy-phenyl moiety. As expected, the presence of a free amino group
in the furan series (compound 11, K; hAs4 = 587 nM) gave best results
in terms of affinity and selectivity for the hAs4 subtype. Surprisingly, an
opposite behavior was observed in the anisole series, where affinity improved
with the size of substituent at the 5 position. Concerning the hA3AR the
best compound was the 4-methylamino derivative (compound 12) of the
furan series that displays K; of 973 nM at this subtype and selectivity of 10
and 3.5 times at the hA; and hAs4 ARs, respectively.
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Molecular docking studies performed at the hAs 4AR and hA3AR helped
to rationalize the collected binding results for these simplified compounds.
In particular, it is interesting to compare the binding modes at the hAs 4AR
of compounds 5 and 11 displayed in Figures 3.32 and 3.33, respectively.

Considering Figure 3.32, it is evident that the binding pose of compound
5 (K; hAsq = 15 nM) was very similar to the crystallographic pose of
ZM241385 bound to the hAs4AR, [44] and the crucial interactions estab-
lished by ZM241385 with amino acid residues of the hA;4 AR binding site
were also found for this new triazolo-pyrimidine derivative.

Figure 3.32: Hypothetical binding mode obtained after docking simulations
of triazolo-pyrimidine compound 5 inside the hA;4AR binding site. Poses
are viewed from the membrane side facing TM6, TM7 and TM1. The view
of TMT7 is voluntarily omitted. Side chains of some amino acids important
for ligand recognition and H-bonding interactions are highlighted. Hydrogen
atoms are not displayed.

In fact, it appeared that the bicyclic triazolo-pyrimidine core was an-
chored within the binding cleft through an aromatic stacking interaction with
Phel68 (EL2) and a H-bonding interaction with Asn253 (6.55). Moreover,
the exocyclic amino group at the 5 position of the bicyclic core interacted
with Asn253 (6.55) and Glul69 (EL2), forming two H-bonds. The furan ring
was located deep inside the binding cavity, in a position similar to the one
of the furan ring of ZM241385, and formed hydrophobic interactions with
the highly conserved Trp246 (6.48), Leu249 (6.51) and Leu85 (3.33). The
substituent at the 8 position was located in a small lateral cleft but did not
form strong interactions with residues of hA;4AR.
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On the other hand, docking pose of compound 11 (K; hAy4 = 587 nM)
inside the hAs4 AR (Figure 3.33) showed a quite comparable binding mode.
In particular, the phenyl ring of this derivative formed a strong aromatic
stacking interaction with Phel68 (EL2); the furan ring was deeply located
inside the binding cavity close to Trp246 (6.48); the methyl ester group
was positioned in a small side cleft; and the free amino group formed two
hydrogen bonds with Asn253 (6.55) and Glul69 (EL2). Therefore, some of
the crucial interactions with the hAs4 AR binding site observed for ZM241385
and compound 5 were conserved for this 2-styryl-furan derivative. However,
this compound was missing one of the anchoring point constituted by an
additional H-bond with Asn253 (6.55).

Figure 3.33: Hypothetical binding mode obtained after docking simulations
of 2-styryl-furan compound 11 inside the hAs AR binding site. Poses are
viewed from the membrane side facing TM6, TM7 and TM1. The view of
TMY7 is voluntarily omitted. Side chains of some amino acids important for
ligand recognition and H-bonding interactions are highlighted.

These observations, seemed to explain the affinity in the high nanomolar
range of compound 11 in comparison with the low nanomolar range of the
analogue triazolo-pyrimidine derivative 5.

Therefore, even though 2-styryl-furan and stilbene derivatives did not
display high affinity at the four adenosine receptors, results of this prelim-
inary study are encouraging. In particular, compounds 11 and 12 showed
affinity in the submicromolar range versus hA; 4 AR and hA3AR respectively
and could represent a starting point to more deep investigations on these
derivatives. Further studies are in progress in our laboratory to define a
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more complete structure-affinity relationship for these new series of very
simplified compounds as adenosine receptors antagonists.

3.6 Fluorescent derivatives

Assays to characterize adenosine receptors in tissues and to evaluate binding
affinity of newly synthesized compounds as ARs ligands are often depen-
dent on the use of high affinity radioligands. [110] Fluorescent agonists and
antagonists of GPCRs have been studied as molecular probes for binding
experiments. [111, 112, 113]

Recently, several 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)
derivatives have been reported as fluorescent ligands of the ARs, includ-
ing the AsAR, [114] and used to study receptor complexes. However, these
fluorescent tracers are relatively nonselective within the AR family.

Receptor-selective fluorescent ligands are used increasingly as tools for
the study of receptor physiology and pathophysiology at the cellular and
even the subcellular level. [112] Furthermore, they are being increasingly
investigated as tools in drug discovery research. [113] In both cases, tech-
niques employing receptor-selective fluorescent ligands have proved to be
complementary to, and in several cases even superior to, the traditional
radioligand-based techniques. Increasing costs and public concerns associ-
ated with radioactive isotope handling and disposal are also making the use
of fluorescent ligands more attractive in research and diagnostics.

The fluorophore-conjugated tricyclic derivative MRS5346 was recently
introduced as a versatile ligand for fluorescence polarization (FP) studies of
the Ag4AR. [115] This ligand was selective for that AR subtype and was not
suitable for measurements of the AgAR.

Therefore, the development of fluorescent ligands for the Ag subtype
is an interesting research topic in medicinal chemistry. Here, we have ex-
plored some chain-elongated derivatives of known AR antagonists, including
the pyrazolo[4,3-¢|[1,2,4]triazolo[1,5-c|pyrimidin-5-ylamine class (pyrazolo-
triazolo-pyrimidine, PTP), already reported to display AzAR selectivity. [92]
We also prepared a fluorescent derivative of the closely related triazolo[1,5-
c]quinazolin-5-amine class (triazolo-quinazoline, TQ), of which the potent,
but nonselective AR antagonist N-[9-chloro-2-(2-furanyl)|1,2,4|triazolo[1,5-
c|quinazolin-5-amine (CGS15943, compound 7 in Figure 3.34) is a mem-
ber. [116, 91]

These derivatives were designed with the idea of develop suitable molecu-
lar probes in flow cytometry (FCM) studies. FCM is a sensitive and reliable
method for examining and counting fluorophore-tagged whole cells. It is
routinely used in clinical practice (e.g. diagnosis of health disorders such
as leukemia) [117] and has many applications in drug research (e.g. nu-
cleic acid analysis), [118] but its application to quantitative receptor binding
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studies has been limited. [119] However, FCM can accurately measure the
mean fluorescence intensity (MFI) of fluorescent small molecules bound to a
cell as well, which is directly proportional to the number of receptor-bound
molecules and therefore indicative of its receptor binding affinity.
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Figure 3.34: The chemical structures of fluorescent (A) PTP and (B) TQ
derivatives. The route to synthesis of TQ derivative MRS5449 (compound
9) is shown.

Therefore, known heterocyclic antagonists of the A3AR of high affinity
were derivatized through the exocyclic amine with chemically functionalized
chains and conjugated to fluorophores of the fluorone class. PTP derivatives
of varying chain length 1-6 (Figure 3.34) were prepared by coupling the
fluorescein isothiocyanate, isomer 1 (FITC) to various chain-extended alkyl
amino derivatives, in which the anchoring point was the exocyclic amine com-
mon to many structural classes of AR antagonists. FITC was used previously
in a fluorescent agonist conjugate designed for binding to the As4AR. [120]
Derivatives 2-4 contained homologous n-alkyl spacer chains, and 5 and 6
contained multiple ether linkages.

As an alternative to the known, generally AgAR-selective PTP scaffold,
we explored the use of the TQ scaffold. It is known that acylations at the ex-
ocyclic amine of a nonselective triazolo[1,5-c|quinazolin-5-amine AR antago-
nist, CGS15943, provide varying degrees of AzAR selectivity. [91] Therefore,
to obtain MRS5449 (compound 9) we used an alternate coupling approach
of click chemistry [121]| to label the TQ scaffold with a more photostable
analogue of fluorescein, i.e. the fluorophore Alexa Fluor-488, as was used
in previous FP study of the As4AR. [115] The Alexa Fluor-488 dye used
to label the TQ derivative is a substitution product of fluorescein, as used
in the PTP derivatives. Its spectral properties are nearly identical to those
of fluorescein, over which it has many advantages. Its photostability and
brightness are much greater and relatively pH-insensitive. These properties
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and its relatively high Stokes shift allow it to be a suitable dye for FCM
experiments.

The binding affinity of these derivatives at three subtypes of hARs was
determined using standard radioligand binding methods, and showed promis-
ing results for some of them (data not shown, manuscript in preparation).
Moreover, functional assays of cyclic AMP accumulation in CHO cells ex-
pressing the AsAR and FCM experiments were performed.

We performed molecular modeling studies with the aim to identify the
binding modes of the newly synthesized fluorescent derivatives at the hA3AR
homology model.

Due to the conformational complexity of the ligands, we applied a two-
step approach consisting of molecular docking of the ligand scaffolds fol-
lowed by conformational searching of fluorophore-chain fragments inside the
hA3AR binding site.

In the first step, molecular docking simulations were performed using
both PTP and TQ scaffolds derivatized only through their exocyclic amines
with a C4-alkyl chain (i.e. n-butyl for PTP and n-butanoyl for TQ) and
without including the corresponding fluorophores. The electrostatic and hy-
drophobic contributions to the interaction energy of each receptor residue
involved in the binding with these fragments were then calculated.

Binding poses at the hA3AR of these PTP and TQ simplified analogs,
along with their per residue electrostatic and hydrophobic contributions
graphs are reported in Figures 3.35, 3.36 and 3.37, respectively.

Interestingly, analysis of top-scoring docking poses revealed that PTP
and TQ scaffolds possessed a similar binding mode in the TM region of the
hA3AR. Ligands recognition occurred in the upper region of the TM bundle,
and the tricyclic nuclei were surrounded by TMs 3, 5, 6, and 7 with the furyl
rings directed toward TM2. Moreover, PTP and TQ scaffolds showed similar
crucial interactions with residues of the binding site, such as two hydrogen
bonds with Asn250 (6.55) and an aromatic m-7 stacking interaction with
Phel68 (EL2).

These observed similar interaction patterns were confirmed by the anal-
ysis of calculated electrostatic and hydrophobic contributions to the inter-
action energy of each receptor residue involved in the binding with these
fragments. Comparison of these contributions for the two binding poses
pointed out high similarities with only slight differences. In fact, favor-
able electrostatic contributions to the binding energy were stronger for the
PTP fragment binding pose, while favorable hydrophobic contributions to
the binding energy were stronger for the TQ fragment binding pose (see
Figures 3.36 and 3.37).

Starting from the top-scoring pose of each of the PTP and TQ simpli-
fied analogs, the corresponding complete ligands linked to the correspond-
ing fluorophores were constructed by elongating the C4-alkyl spacer in the
direction of the extracellular environment. Afterwards, an exhaustive con-
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Figure 3.35: Hypothetical binding modes obtained after docking simulations
inside the hA3AR binding site of (A) a molecular fragment of MRS5449 (TQ
scaffold and part of the chain) and (B) a molecular fragment of compound 3
(PTP scaffold and chain). Poses are viewed from the membrane side facing
TM6, TM7 and TM1. Side chains of some amino acids important for ligand
recognition and H-bonding interactions are highlighted. Hydrogen atoms are
not displayed.
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Figure 3.36: Electrostatic interaction energies (in kcal/mol) between the
ligand and each single amino acid involved in ligand recognition calculated
from the hypothetical binding modes, inside the hA3AR binding site, of (A)
a molecular fragment of MRS5449, compound 9 (Figure 3.35, panel A) and
(B) a molecular fragment of compound 3 (Figure 3.35, panel B).
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between the ligand and each single amino acid involved in ligand recognition
calculated from the hypothetical binding modes, inside the hAzAR binding
site, of (A) a molecular fragment of MRS5449, compound 9 (Figure 3.35,
panel A) and (B) a molecular fragment of compound 3 (Figure 3.35, panel
B).
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formational analysis of the fluorescent ligands along with extracellular loop
2 (EL2) of the protein (starting from Asnl50 to GInl67) was performed,
using the LowModeMD search method implemented in MOE. [122] Struc-
tures of other extracellular loops of the hAsAR (EL1, EL3) were kept fixed,
while conformational search was performed for EL2, because it consists of a
long sequence, and its conformation is consequently highly uncertain in the
model.

Therefore, this procedure allowed us to explore the conformations of the
fluorophore-chain fragments that have the most favorable interactions with
EL2 and with the outer part of the binding site. Detailed binding confor-
mations at the hAzAR of MRS5449 and compound 3 obtained after Low-
ModeMD search are reported in Figure 3.38; while, a schematic represen-
tation of these two ligand-receptor complexes, embedded in a solvated lipid
bilayer simulating the cell membrane, is displayed in Figure 3.39.

Analysis of the obtained conformations showed that compound 3 was
able to form only a few interactions with the residues at the entrance of
the hA3AR binding site, but was unable to interact with residues of EL2.
This seemed to be due to the insufficient length of the chain departing from
the exocyclic amine that precluded the fluorophore reaching and interacting
with the tip of EL2.

On the contrary, the Alexa Fluor-488 fluorophore of MRS5449 (com-
pound 9) strongly interacted, mainly through its amino and sulfonate groups,
with several residues of EL2, including His158, Argl59, Asn160, Ser165 and
GIn167.

Therefore, both the increased chain length and the extra functionality
on the fluorophore (i.e. amino and sulfonate groups) of MRS5449 seemed to
establish a more favorable interaction of this conjugate with the hA3AR.

As shown in Figure 3.39, the Alexa Fluor-488 fluorophore of MRS5449
was located in the outer loop area of the hA3AR, entirely outside of the
TM region. Thus, this ligand seemed to possess excellent structural features
for its application as a fluorescent probe in pharmacological experiments to
characterize the hAzAR.

In summary, we have developed some fluorescent ligands, by conjugat-
ing known hA3AR antagonists with different fluorophores. Some of these
bivalent ligands can serve as receptor subtype-selective molecular probes for
FCM experiments on intact cells expressing the hA3sAR. Thus, a fluores-
cence assay using FCM can be a useful tool in hA3AR binding studies and
for the physiological and pathophysiological characterization of hA3AR and
the pharmacological characterization of its ligands.. A similar approach can

be applied to develop fluorescent ligands for other AR subtypes and other
GPCRs.
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Figure 3.38: Hypothetical binding conformations at the hA3AR, obtained
after LowModeMD search, of (A) MRS5449 (compound 9) and (B) com-
pound 3. Poses are viewed from the membrane side facing TM6, TM7 and
TM1. Side chains of some amino acids important for ligand recognition and
H-bonding interactions are highlighted. Hydrogen atoms are not displayed.
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Figure 3.39: Hypothetical binding conformations at the hA3AR model of
MRS5449 (on the left) and compound 3 (on the right), obtained after molec-
ular modeling studies. Ligand-receptor models are embedded in a solvated
lipid bilayer, simulating the cell membrane, and are viewed through a cross-

section of the plasma membrane.
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Chapter 4

Conclusions and future
perspectives

In this study a detailed investigation at the molecular level of the structure of
adenosine receptors has been performed. In particular, the crystallographic
structure of the hAs 4 AR has been used as starting point for the construction
of a homology model of the hA3AR. The 3D structures of these two receptor
subtypes were then used to perform molecular docking simulations of ARs
antagonists.

This molecular modeling approach has been integrated with the work
of synthetic and pharmacological groups with the aim to experimentally
validate all the information and to guide the design of new compounds as
potential ARs antagonists.

The performed in silico analysis permitted the formulation of preliminary
hypothesis on the specific roles of a few crucial amino acids in ligand entering
and recognition processes. Moreover, through the interpretation of affinity
and selectivity profiles of adenosine receptors antagonists, the identification
of structural features important for the interaction with these receptors was
possible.

These information were used to guide different ligand optimization ap-
proaches, considering both pharmacokinetic and pharmacodynamic proper-
ties. In fact, on the one hand, different substitution points on known antago-
nist scaffolds, such as triazolo-triazine and the pyrazolo-triazolo-pyrimidine,
have been explored with the aim to modulate the affinity towards the AR
subtypes and to develop more potent and selective antagonists. While, on
the other hand, in order to improve the pharmacokinetic profile of potential
drug candidates, modifications to overcome a point metabolic instability or
to increase the solubility of some derivatives were suggested.

Another optimization strategy adopted has been the molecular simplifi-
cation of known adenosine receptors antagonists to obtain more simple com-
pounds possessing AR antagonist activity and easier synthetic preparation

111
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routes.

Finally, the design of fluorescent ARs antagonists, useful as molecular
probes in pharmacological experiments to characterize these receptors, has
been performed and led to interesting results.

Further studies are in progress in our laboratory to gain a deeper knowl-
edge of adenosine receptors structure, in particular through the use of mem-
brane molecular dynamics simulations of ARs models and conformational
analyses of the loops region and, in particular, of EL2.

On the whole, this study shows the success of an integrated approach,
that include molecular modeling, synthesis and biological work, for the char-
acterization of the adenosine receptors class of GPCRs and for the develop-
ment of ARs antagonists as useful tools in medicinal chemistry.
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