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Abstract

G Protein-Coupled Receptors as Potential Drug Target: From
Receptor Topology to Rational Drug Design, an in-silico Approach

Abstract: G protein-coupled receptors (GPCRs) constitute a very large
family of heptahelical, integral membrane proteins that mediate a wide vari-
ety of physiological processes, ranging from the transmission of the light and
odorant signals to the mediation of neurotransmission and hormonal actions.
GPCRs are dysfunctional or deregulated in several human diseases and are
estimated to be the target of more than 40% of drugs used in clinical medicine
today.

The crystal structures of rhodopsin and the recent published crystal struc-
tures of human Js-adrenergic receptor and human As4 Adrenergic Recep-
tor provide the information of the three-dimensional structure of GPCRs,
which supports homology modeling studies and structure-based drug-design
approaches. Rhodopsin-based homology modeling has represented for many
years a widely used approach to built GPCR three-dimensional models. Struc-
tural models can be used to describe the interatomic interactions between lig-
and and receptor and how the binding information is transmitted through the
receptor. Both agonist and antagonist like states can be described by several
different conformational receptor states depending on the nature of both lig-
and and receptor. Considering different complementarities, we might explore
different conformations of the same pharmacological state.

We investigated the molecular pharmacology of adenosine receptors and,

in particular, the human Az adenosine receptor (hA3AR) by using an interdis-
ciplinary approach to speed up the discovery and structural refinement of new
potent and selective hA3AR antagonists. Human A3AR belongs to adenosine
receptors family of GPCRs, which consists of four distinct subtypes: Ay, Aoy,
Asp, As that are ubiquitously expressed in the human body.
The hA3AR, which is the most recently identified adenosine receptor, is impli-
cated in a variety of important physiological processes. Activation of A3ARs
increases the release of inflammatory mediators, such as histamine from ro-
dent mast cells, and it inhibits the production of tumor necrosis factor-c.
The activation of the hA3AR seems to be involved in immunosuppression and
in the response to ischemia of the brain and heart. Agonists or antagonists
of A3ARs are potential therapeutic agents for the treatment of ischemic and
inflammatory diseases.
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The first model of human A3AR has been built using a conventional
rhodopsin-based homology modeling approach. The model has been used
to probe atomic level specific interactions, detected using site-directed mu-
tagenesis analysis. The rhodopsin-based model of the hA3AR in its rest-
ing state (antagonist-like state) has been revisited, taking into account a
novel strategy to simulate the possible receptor reorganization induce by the
antagonist-binding. We called this new strategy ligand-based homology mod-
eling (LBHM). It is an evolution of a conventional homology modeling algo-
rithm: any selected atoms will be included in energy tests and in minimization
stages of the modeling procedure. Ligand-based option is very useful when
one wishes to build a homology model in the presence of a ligand docked to the
primary template. Starting from the conventional rhodopsin-based homology
model and applying our ligand-based homology modeling implementation we
can generate other antagonist-like conformational states of hA3AR in which
the ligand recognition cavity is expanded. Using different antagonist-like con-
formational states, we are able to rationalize the observed activities for all
the compounds analyzed. Many severe analysis concerning false-positives and
false-negatives situations are usually conducted.

To strictly validate this methodology as novel tool to address the multi-
conformational space of GPCRs, we have analyzed different classes of known
human A3 antagonists in the corresponding putative ligand binding site: for
example triazoloquinoxalin-1-one derivatives, arylpyrazolo-quinoline deriva-
tives and pyrazolo-triazolo-pyrimidines derivatives. These studies led to the
identification of groups for every class of antagonists that, introduced one by
one in a suitable position, afford high hA3AR affinity and good selectivity.

Starting from these binding requirements, we decided to perform an in
silico molecular simplification approach to identify a suitable fragmentation
route of the 4-amino-triazoloquinoxalin-1-one scaffold and explore which of
the structural features were essential to guarantee efficient ligand-receptor
recognition.

With the availability of new three dimensional templates different from
rhodopsin, we built new models of hA3AR. All the models were used for a
molecular dynamic simulation in a POPC bilayer to investigate the topologi-
cal fluctuation of the binding pocket.

Keywords: GPCR, Aj; Adenosine Receptor, Adenosine Receptor Antago-
nists, Molecular Docking, Homology Modeling, Ligand Based Homology Mod-
eling, Molecular Dynamics.




Riassunto

I recettori accoppiati alle proteine G come potenziali bersagli
terapeutici: dalla topologia recettoriale alla progettazione di nuovi
ligandi, un approccio in-silico.

Riassunto: I recettori accoppiati alle proteine G (GPCR) costituiscono una
grande famiglia di proteine integrali di membrana caratterizzate da sette eliche
transmenmbrana, che mediano un’ampia gamma di processi fisiologici che
vanno dalla trasmissione della luce e dei segnali olfattivi alla mediazione della
neurotrasmissione e dell’azione degli ormoni. I GPCR mancano di una cor-
retta regolazione in molte patologie umane ed é stato stimato che costituiscano
il target del 40% dei medicinali utilizzati attualmente in clinica.

La struttura cristallografica della rodopsina e le strutture pitu recenti del re-
cettore (§ adrenergico e del recettore adenosinico A, 4 forniscono 'informazione
strutturale che sta alla base della costruzione di modelli per omologia e degli
approcci di structure-based drug design dei GPCR. La costruzione di modelli
di GPCR per omologia basati sulla struttura della rodopsina ha rappresentato
per molti anni un approccio ampiamente utilizzato. Questi modelli possono
essere usati per descrivere le interazioni interatomiche tra ligando e recettore
e come le informazioni sono trasmesse attraverso il recettore. Diversi stati
conformazionali del recettore possono essere in grado di descrivere la confor-
mazione del recettore che lega 1’agonista e quella che lega I'antagonista, a
seconda della natura di ligando e recettore. Se si considerano diverse com-
plementarieta, si possono esplorare diversi stati conformazionali di uno stesso
stato farmacologico.

Noi abbiamo studiato la farmacologia molecolare dei recettori adenosinici
e, in particolare, del recettore adenosinico Az umano (hA3AR), utiliz-
zando un approccio interdisciplinare al fine di massimizzare la scoperta e
Iottimizzazione strutturale di nuovi antagonisti potenti e selettivi per il
hA3AR. Il hA3AR fa parte della famiglia dei recettori adenosinici che consiste
in quattro diversi sottotipi (Aj, Asa, Aspg, As) che sono espressi in tutto il
corpo umano. Il recettore adenosinico Ag é stato identificato pit recentemente
ed é implicato in importanti processi fisologici. [’attivazione del hA3AR au-
menta il rilascio di mediatori dell’infiammazione, come I'istamina dalle mast-
cellule, e inibisce la produzione del TNF-a. [’attivazione del hA3AR sembra
essere coinvolta nell’immunosoppressione e nella risposta ischemica di cuore e
cervello. Agonisti o antagonisti del hA3AR sono potenziali agenti terapeutici
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nel trattamento di patologie ischemiche e infiammatorie.

Il primo modello di hA3AR ¢ stato costruito usando un approccio con-
venzionale di homology modeling basato sulla rodopsina ed ¢é nel suo stato
che lega I’antagonista. Dopo essere stato utilizzato per verificare le inter-
azioni a livello molecolare che erano state evidenziate da studi di mutagen-
esi, il modello ¢ stato rivisto prendendo in considerazione una nuova strate-
gia che simula la possibile riorganizzazione del recettore indotta dal legame
con I'antagonista. Abbiamo chiamato questa strategia ligand-based homology
modeling. E un’evoluzione dell’algoritmo convenzionale di homology model-
ing: ogni atomo selezionato viente preso in considerazione nei test energetici
e nelle fasi di minimizzazione della procedura di modeling. L’opzione ligand-
based ¢ molto utile quando si vuole costruire un modello per omologia in
presenza di un ligando nella sua ipotetica conformazione di legame nel tem-
plato iniziale. A partire dal modello ottenuto dalla rodopsina e applicando la
tecnica del LBHM, possiamo generare altri stati conformazionali del recettore
hA3AR che legano I"antagonista, nei quali la cavita di riconoscimento del lig-
ando ¢ espansa. Usando diversi stati conformazionali che legano ’antagonista,
possiamo razionalizzare l'attivita misurata sperimentalmente di tutti i com-
posti analizzati. Sono condotte severe analisi relative a falsi positivi e falsi
negativi.

Per validare la metodologia come nuovo strumento per indirizzare lo
spazio multiconformazionale dei GPCR, abbiamo analizzato diverse classi
di antagonisti con attivitd nota sul hA3AR: ad esempio derivati triazolo-
chinossalinonici, derivati arilpirazolo-chinolinici e derivati pirazolo-triazolo-
pirimidinici. Questi studi hanno portato all’identificazione di gruppi per ogni
classe di antagonisti che, se introdotti in una precisa posizione, portano ad
un’alta affinita e ad una buona selettivita per il hA3AR.

A partire dalle caratteristiche risultate importanti per il legame, ab-
biamo applicato una tecnica di semplificazione molecolare in silico per
identificare una possibile via di frammentazione della struttura 4-amino-
triazolochinoassalin-1-onica ed esplorare quali sono le caratteristiche strut-
turali essenziali per garantire un’efficiente riconoscimento ligando-recettore.

Con la disponibilita di nuove strutture tridimensionali da utilizzare come
templati diversi dalla rodopsina, abbiamo costruito nuovi modelli del recet-
tore hA3AR. Tutti i modelli sono stati usati per una simulazione di dinamica
molecolare in un doppio strato fosfolipidico, per analizzare le fluttuazioni topo-
logiche della tasca di legame.

Parole Chiave: GPCR, Recettore Adenosinico A3, Docking Molecolare, Ho-
mology Modeling, Ligand Based Homology Modeling, Dinamica Molecolare




CHAPTER 1

Introduction

1.1 G Protein-Coupled Receptors

G Protein-Coupled Receptors (GPCRs) are among the largest and most im-
portant family of signal transduction membrane proteins. GPCRs represent
an efficient signaling system used by cells to transmit molecular information
from the extracellular side to the intracellular side. [1,2]

They play a crucial role in many essential physiological processes, ranging
from the transmission of the light and odorant signals to the mediation of neu-
rotransmission, hormonal actions, cell growth and immune defense. GPCRs
mediate responses interacting with a variety of bioactive molecules including
ions, lipids, aminoacids, peptides, proteins and small organic molecules. [3,4]
Signal transduction is controlled by GPCRs: the agonist binding promotes
allosteric interactions between the receptor and the G protein, that catalyses
the GDP-GTP exchange and transfer the signal to intracellular effectors, such
as enzymes and ions channels. (Figure 1.1) [5,6]

? P ~

Effectors :
Internalization

Effectors

Figure 1.1: GPCR signaling.

However, GPCRs interact also with several other important proteins in-
volved in the control of cellular homeostasis such as arrestins, [7,8] or PDZ
domain-containing proteins. [9] In particular, cytosolic proteins of the arrestin
family bind specifically to GPCRs phosphorilated by G protein-coupled re-
ceptor kinases (GRKs). [10] This complex (phosphorilated receptor/arrestin)



2 G Protein-Coupled Receptors

prevents the further coupling of that receptor to its G protein, reducing over
time the capacity of second messenger synthesis. However, arrestins serve
equally important roles in regulation internalization and alternative signaling
events. [10]

The signaling pattern of GPCRs can be generated bypassing G protein
intervention. It is generally accepted that GPCRs can lead to a dimeric or
multimeric quaternary structure that plays a role in G protein independent sig-
naling, although the exact mechanism are not entirely elucidated. Increasing
evidence suggests that many GPCRs exist as homodimers and heterodimers
and their oligomeric assembly could have important functional roles. [11,12]
Key questions that remain to be answered include the prevalence and rele-
vance of these in native tissue and the implications of heterodimerization for
pharmacology and, potentially, for drug design. [13|

The total number of GPCRs with and without introns in the human
genome was estimated to be approximately 950, of which 500 are odorant or
taste receptors and 450 are receptors for endogenous ligands (approximately
2% of the coding genes). [14]

SECRETIN cne ™ - et

goun
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Figure 1.2: On the left: phylogenetic relationship between the GPCRs in the human genome.
On the right: the phylogenetic relationship between GPCRs in the human rhodopsin family.

Several classification systems have been used to sort out this superfamily
(Figure 1.2). According to sequence analyses, GPCRs have been clustered
in a number of family or classes. The different classification systems include
the A to F system, the 1 to 5 system and the GRAFS system. Thus the A
(named 1 or rhodopsin in the 1 to 5 or the GRAFS system, respectively) is the
rhodopsin-like class/family; B (or 2 or secretin) is the secretin class/family; C
(3 or glutamate) is the metabotropic glutamate and pheromone class/family;
D (or 4) is the fungal pheromone class/family; [15] E is the cAMP receptor
class/family; and F (or 5 or frizzled) is the frizzled /smoothened family. [4,16,
17] Family A is by far the largest and the most studied. The overall homology
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Figure 1.3: Schematic representation of the membrane topology of the human Aj adenosine
receptor. Each of the 7 TMs have at least one characteristic residue (blue colour), which is found
among the majority of family A receptors (Asn30(1.50); Asp58(2.50); Argl08(3.50); Trpl135(4.50);
Pro189(5.50); Pro245(6.50); and Pro279(7.50)). Disulfide bridge formation between Cys83 (3.25)
and Cys166 (EL2) (green colour), palmitoylation sites (Cys300 and/or 303, red colour) in the C
terminus.

among all family A receptors is low and restricted to a small number of highly
conserved key residues distributed in each of the seven helices. [4,16,17]

Usually with native GPCRs, activation is initiated by agonist binding.
However, GPCRs can achieve the active states independently of agonists, that
is, they can become constitutively active. Constitutively active GPCRs can
be involved in the pathogenesis of human diseases and they are also invalu-
able tools to discover the signal transduction pathways of hundreds of orphan
GPCRs, which are potential targets of novel drugs. [18] On the other hand,
a number of constitutively active GPCR mutants have been found, which are
involved in the pathogenesis of human disease. [19,20]

Disregulation of GPCRs has been found in a growing number of human
diseases, |21,22] and GPCRs have been estimated to be the target of about
half of the drugs used in clinical medicine today. Thus understanding how
GPCRs function at the molecular level is an important goal of biological
research. [23,24]

Some fundamental structural features are common to members of family
A GPCRs. Sequence comparison among GPCRs revealed the presence of dif-
ferent receptor families that does not share sequence similarity even if specific
fingerprints exist in all GPCR classes.

All GPCRs have in common a central core domain consisting of seven trans-
membrane helices (TM1 to TM7) that are connected by three intracellular
(IL1, IL2 and IL3) and three extracellular (EL1, EL2 and EL3) loops. Two
cysteine residues (one in TM3 and one in EL2), which are conserved in most
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GPCRs, form a disulfide link.

Each TM region contains at least one highly conserved residue. This residue
is 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 reference residue that has arbitrarily the number 50
(Asn1.50, Asp2.50, Arg3.50, Trp4.50, Pro5.50, Pro6.50 and Pro7.50 in TM1-7,
respectively). [25]

Aside from sequence variation, GPCRs differ in the length and function of
their N-terminal extracellular domain, their C-terminal intracellular domain
and their intra- and extracellular loops. Each of these domains provides very
specific properties to these receptor proteins (Figure 1.3).

1.2 Structural features of crystal structures of GPCRs

The evolution of the field of computer-aided design of GPCR ligands (both
agonists and antagonists) has depended on the availability of a suitable molec-
ular receptor template. Despite the enormous biomedical relevance of GPCRs,
high resolution structural information on their active and inactive states is still
lacking.

An elucidation of structural features of available class A GPCRs struc-
tures has been recently published by Mustafi and Palczewski. [26] The GPCRs
structures available in the Protein Data Bank [27] are listed in table 1.1.

1.2.1 Rhodopsin - Crystal Structures

Rhodopsin had represented for many years the only structural information
available for GPCRs and it had been widely used as template for the resting
state of members of family A. [46]

The first highly resolved structure of rhodopsin was published by Pal-
czewski and collaborators in 2000. [28] The 2.8 resolution structure, de-
posited in the Protein Data Bank under the identifier 1F88, showed all ma-
jor structural features as predicted from years of biochemical, biophysical
and bioinformatics studies and presented the same overall topology of bac-
teriorhodopsin. The arrangements of seven helices of bovine rhodopsin and
the one of bacterial rhodopsin were found to be different. The structure of
rhodopsin presents more organized extramembrane region than that of bac-
teriorhodopsins, demonstrating the functional differences between these two
retinal binding proteins. Rhodopsin is composed of the protein opsin cova-
lently linked to 11-cis-retinal through Lys296. The molecule size of bovine
rhodopsin is intermediate among the members of the GPCR family.



Table 1.1: GPCRs crystal structures available in the Protein Data Bank.

PDB ID  Release Date Resolution GPCR

1F88 8/4,/2000 2.80 Bovine Rhodopsin [28§]

1HZX 7/4/2001 2.80 Bovine Rhodopsin [29]

1L9H 5/15/2002 2.60 Bovine Rhodopsin [30]

1GZM  11/20/2003 2.65 Bovine Rhodopsin [31]

1U19  10/12/2004 2.20 Bovine Rhodopsin [32]

2HPY  8/22/2006 2.80 Bovine Rhodopsin [33]

2G87 9/2/2006 2.60 Bovine Rhodopsin [34]

2135 10/17/2006 3.80 Bovine Rhodopsin [35]

2136 10/17/2006 4.10 Bovine Rhodopsin [35]

2137 10/17/2006 4.15 Bovine Rhodopsin [35]

2J4Y 9/25/2007 3.40 Bovine Rhodopsin [36]

2PED  10/30/2007 2.95 Bovine 9-cis-Rhodopsin [37]

2RH1  10/30/2007 2.40 Human (2-Adrenergic Receptor [38]
2R4R 11/6/2007 3.40 Human (2-Adrenergic Receptor [39]
271Y 5/6/2008 3.70 Squid rhodopsin [40]

2773 5/13/2008 2.50 Squid rhodopsin [40]

3D4S 6/17/2008 2.80 Human (32-Adrenergic Receptor [41]
3CAP 6,/24/2008 2.90 Bovine Opsin [42]

2VT4 6,/24,/2008 2.70 Turkey (1-Adrenergic Receptor [43]
3DQB  9/23/2008 3.20 Bovine Opsin [44]

3EML  14/10/2008 2.60 Human A4 Adenosine Receptor [45]

The protein contains 348 amino acids and it folds into seven TM helices: the
structure include 194 residues that make up seven TM helices (35 to 64 for
TM1, 71 to 110 for TM2, 107 to 139 for TM3, 151 to 173 for TM4, 200 to 225
for TM5, 247 to 277 for TM6 and 286 to 306 for TM7). In addition to these
helices, a short helix is located at the cytosolic end of TM7, perpendicular to
the membrane, and it is called helix 8 (HX8). Helices 1, 4, 6 and 7 are bent
at proline residues.

The extracellular and intracellular regions of rhodopsin consist of three inter-
helical loops as well as two tails, N-term and C-term respectively.

Intra- and extracellular domains present a clear contrast concerning the pack-
ing: whereas ELs associate significantly with each other and with the N-term,
only few interactions are observed among the ILs. In particular, while EL1
and EL2 run along the periphery of the molecule, a part of EL2 folds deeply
into the center of rhodopsin. Residues Argl77 to Glul81 form an antiparallel
(-sheet with residues Ser186 to Asp190, which is deeper inside the molecule
and is just below the 11-cis-retinal and is a part of the chromophore-binding
pocket. Cys187 (EL2) forms a disulfide bond with Cys110 (3.25) at the ex-



6 Structural features of crystal structures of GPCRs

tracellular end of TM3. The cytoplasmic loops were poorly determined in the
structures. This is the region with the highest B-factor and these loops are
probably mobile in solution. In the structure 1F88 residues are missing in 13
from 236 to 239 and in the C-term from 328 to 333. 28]

It should be noted that the IL3 is known to vary considerably among related
GPCRs, so the flexibility and variability of this region may be critical for
functionality and specificity in G-protein activation.

Figure 1.4: Side view, parallel to the membrane surface, of the superimposed structures of
bovine rhodopsin: 1GZM in red, 1U19 in yellow, 2I37 in green (bovine meta II-like rhodopsin,
photoactivated), 3DQB in blue (bovine opsine). The intracellular side is at the top. The main
differences are in the intracellular side and, in particular, in the IL2 between TM3 and TM4, in
the IL3 between TM5 and TM6 and in the C-term.

Further refinement of rhodopsin and 11-cis-retinal generated crystallo-
graphic structure deposited in the PDB under the identifier IHZX. [29] Differ-
ences between 1F88 and 1HZX structures are located mainly in the IL2 and
C-term.

Improved resolution was obtained with the following crystal structures that
were published from 2002 to 2004: 1L.9H (2.60 A resolution), [30] 1GZM (2.65
A resolution) [31] and 1U19 (2.20 A resolution). [32] The crystal structure



IL9H provided a more detailed view of the TM region where several water
molecules are found to play critical roles. [30]

Improvement of the resolution limit to 2.2 A has been achieved by new
crystallization conditions of 1U19 that completed the description of the protein
backbone and is in general agreement with earlier diffraction studies. In this
structure, structural information of IL3 and C-term are complete and the
structure of the 11-cis-retinal chromophore and its binding site have been
defined with greater precision, including the configuration about C6-C7 single
bond of the 11-cis-retinal Schiff base and revealing significant negative pre-
twist of the C11-C12 double bond, which is suggested to be critical for the
function of rhodopsin. [32]

Li and coworkers determined the structure 1GZM of bovine rhodopsin at
2.65 A resolution using untwinned native crystals in the space group P31.
The new structure revealed mechanistically important details unresolved pre-
viously. New water molecules were identified and they extended H-bonding
networks. The main difference with previously reported structures is in the
intracellular side: the IL2 (residues 141-149) is L-shaped in both crystal forms,
but lies more parallel with the membrane surface in 1GZM, the cytoplasmic
ends of TM5 and TM6 have been extended by one turn, therefore the IL3 loop
is elevated above the membrane surface like a spiral extension of helix 5. [31]

In the phototransduction cascade, rhodopsin plays a key role. Upon ab-

sorption of a photon, isomerization of the cromophore, 11-cis-retinal, to an
all-trans conformation induces changes in the opsin structure, converting it
from an inactive to an activated signaling state that interacts with the G pro-
tein. Rhodopsin progresses through a series of photointemediates that present
different shape and dissimilar retinal ligands. Three dimensional structures of
bathorhodopsin and lumirhodopsin were obtained by Nakamichi and Okada
in 2006 and they are deposited in the PDB under the identifiers 2HPY [33]
and 2G87. [34]
Equilibrium is formed between the later photointermediates MI and MII. MII
correspond to the fully activated receptor. Advances in purification protocol
and crystallization conditions permitted to Salom at al. the growth of ground
state crystals that upon exposure to light transformed rhodopsin into a pho-
toactivated deprotonated intermediate resembling the MII biological state.
This structure (PDB ID 2I37) presents a resolution of 4.1 A that results in
lack of resolved residues. The photoactivated structure did not have residues
Val230 to GIn238, Lys311 to Phe313 and Asp330 to Ala248 resolved. The
x-ray crystallographic data reveal that the dimer is stabilized by a series of
intermolecular contacts previously observed in other three dimensional struc-
tures but rotated by 180°around a hydrophobic center. [35]

In 2007 was resolved the first structure of a recombinantly produced G
protein-coupled receptor (PDB ID 2J4Y). [36] The mutant N2C/D282C was
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180°

Figure 1.5: Side view, parallel to the membrane surface, of the superimposed structures of
bovine rhodopsin (PDB ID 1U19) in yellow and squid rhodopsin (PDB ID 2ZIY) in magenta. The
intracellular side is at the top.

designed to form a disulfide bond between the N-terminus and EL3. The
disulfide introduces only minor changes but fixes the N-terminal cap over
the (-sheet lid covering the ligand binding site. Moreover the structure of
isorhodopsin was solved in which the native 11-cis-retinal of rhodopsin is re-
placed with the analog 9-cis-retinal (PDB ID 2PED). No significant structural
differences were noted between rhodopsin and isorhodopsin. [37]

In 2008 the discovery of x-ray crystallographic structure of squid rhodopsin
elucidated the differences between invertebrate and vertebrate structures. Two
structures are available: 2ZTY (3.70 A resolution) [40] and 2773 (2.50 A res-
olution). [47| Squid rhodopsin contains a well structured cytoplasmic region
involved in the interaction with G-proteins. TM5 and TM6 are longer and
extrude into the cytoplasm. The distal C-terminal tail contains a short hy-
drophilic a-helix after the palmitoylated cysteine residues. The residues in



180° TM4% ,M i
™ ‘mz

Intracellular
side

Extracellular
side

Figure 1.6: Superposition of the TM regions of the crystallographic structures of rhodopsin (PDB
ID 1U19) in yellow, (32-Adrenergic receptor (PDB ID 2RH1) in magenta, (31-Adrenergic receptor
(PDB ID 2VT4) in grey and Az adenosine receptor (PCB ID 3EML) in cyan.

the distal C-term tail interact with the neighboring residues in the IL2, the
extruded TM5 and TM6, and the short helix HX8 (Figure 1.5).

Two crystal structures of ligand-free native opsin from bovine retinal rod
cells were solved in 2008: the 2.90 A resolution structure published by Park
et al. (PDB ID 3CAP) [42] and the 3.20 A resolution structure published
by Scheerer et al. (PDB ID 3DQB). [44] The structural analysis show only
slight changes relative to rhodopsin for TM1 to TM4. The main differences are
found in the intracellular ends of TM5, TM6 and TM7 and in the IL2 and IL3.
These structural changes, some of which were attributed to an active GPCR
state, reorganize the empty retinal-binding pocket to disclose two openings
that may serve the entry and exit of retinal.

1.2.2 Beta Adrenergic Receptors - Crystal Structures

Adrenergic receptors belong to class A of GPCRs as well as rhodopsin. The
crystal structure of a human (y-adrenergic receptor-T4 lysozime fusion protein
bound to the partial inverse agonist carazolol at 2.4 A resolution was firstly
reported in 2007 by Cherezov, Rosenbaum and coworkers (PDB ID 2RH1).
[38,48|

A 3.4A/3.7A resolution structure of human beta2 adrenergic receptor in
a lipid environment, bound to the inverse agonist carazolol and in complex
with a Fab that binds to the IL3 was also reported by Rasmussen, Choi
and collaborators (PDB ID 2R4R). [39] The receptor was highly engineered,
the protein was mutated and N-term and C-term were not resolved in the
structures. Anyway the structurally conserved TM region provides a common



10 Structural features of crystal structures of GPCRs

Figure 1.7: Representation of EL2. (left) TM regions of the superimposed structures of rhodopsin
with retinal (PDB ID 1U19) in yellow, [2-Adrenergic receptor with carazolol (PDB ID 2RH1) in
magenta, $1-Adrenergic receptor with cyanopindolol (PDB ID 2VT4) in grey and Az adenosine
receptor with ZM241385 (PCB ID 3EML) in cyan. (right) On the top, representation of the TM
regions and EL2 of A4 adenosine receptor. Three disulfide bridges, one with TM3 and two with
EL1 are highlighted. On the bottom, representation of the TM regions and EL2 of 82-Adrenergic
receptor. Two disulfide bridges are highlighted, one with TM3 and one internal link between two
cysteine residues of EL2.

core with the one of rhodopsin (Figure 1.6). The structures provide a high-
resolution view of a human G protein-coupled receptor bound to a diffusible
ligand. Ligand-binding site accessibility is enabled by the EL2, which is held
out of the binding cavity by a pair of closely spaced disulfide bridges and a
short helical segment within the loop: in contrast to rhodopsin, 35 adrenergic
receptor presents a more open structure (Figure 1.7). The largest difference
is in helix1, which is relatively straight and lacks the proline kink found in
rhodopsin. Differences were shown also in the IL2 between rhodopsin and (-
adrenergic receptor. No information are available for IL3 because the receptor
was adapted to bind the T4 lysozyme in 2RH1 [38,48] and the Fab antibody
in 2R4R. [39]

No significant structural differences were highlighted in the 2.8 A resolution
crystal structure of a thermally stabilized human -adrenergic receptor bound
to cholesterol and the partial inverse agonist timolol (PDB ID 3D4S). [41]

A crystallized mutant form of turkey (;-adrenergic receptor in complex
with high-affinity antagonist cyanopindolol is deposited in the Protein Data
Bank under the identifier 2VT4. [43| In the protein six residues were mutated
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and large portions of the structure were not resolved. In the crystal structure
of turkey (;-adrenergic receptor the IL2 forms a short a-helix parallel to the
membrane surface. The conformation of the EL2 is similar to the one of (-
adrenergic receptor and the binding pocket is open to the extracellular side.

Figure 1.8: Position of ligands in the crystallographic structures of GPCRs. (left) Extracellular
side view of the TM regions of the superimposed structures of rhodopsin with retinal (PDB ID
1U19) in yellow, B2-Adrenergic receptor with carazolol (PDB ID 2RH1) in magenta, $1-Adrenergic
receptor with cyanopindolol (PDB ID 2VT4) in grey and A2A adenosine receptor with ZM241385
(PCB ID 3EML) in cyan. (right) Side view of the superimposed structures facing TM6 and TM7
(transparent). TM regions and EL2 are shown. The position of ZM241385 is significantly different
from the position of retinal and amine ligands of §-adrenergic receptors, which are deeper in the
binding pockets.

1.2.3 Adenosine Receptor - Crystal Structure

In 2008 the crystal structure of the human A,, adenosine receptor in com-
plex with a high-affinity subtype-selective antagonist, ZM241385, has been
determined (PDB ID 3EML). [45] To crystallize the 2.60 A resolution struc-
ture was applied the T4L fusion strategy, where most of the third cytoplas-
mic loop was replaced with lysozyme and the C-term tail was truncated from
Ala317 to Ser412. This crystal structure presents three features different from
previously reported GPCR structures. First, the EL2 is considerably differ-
ent from 51-AR, f-AR and bovine/squid rhodopsins and it lacks any clearly
secondary structural element and possesses three disulfide linkages, one with
TM3 (Cys77-Cys166) and two with EL1 (Cys71-Cys159 and Cys74-Cys146)
(Figure 1.7). This contributes to the formation of a disulfide bond network
that forms a rigid, open structure that allows the solvent to access the bind-
ing cavity. Secondly, ZM241385 is perpendicular to the membrane plane,
co-linear with TM7 and it interacts with both EL2 and EL3. The ligand posi-
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Figure 1.9: Extracellular side view of the crystal structures. On the top: bovine rhodopsin 1F88
(left), B2-adrenergic receptor 2RH1 (right); on the bottom: [i-adrenergic receptor 2VT4 (left),
A4 adenosine receptor 3EML (right). Backbones of the proteins are represented as cartoon, the
TM regions are represented with a molecular surface and ligands are in stick.

tion is significantly different from the position of retinal and amine ligands of
(3 adrenergic receptors (Figure 1.8). Finally, the helical arrangement is similar
among GPCRs, however the binding pocket of the A4 adenosine receptor is
shifted closer to TM6 and TM7 and less interactions are allowed with TM3
and TM5 (Figure 1.9). [45]

1.3 Adenosine Receptors

A3 adenosine receptors (ARs) belong to a small family of GPCRs, which con-
sists of four distinct subtypes, A, Asa, Asp, and Az ARs are ubiquitously
expressed in the human body. [49] Many cells express several ARs subtypes,
although in different densities. All subtypes, including the Aj receptor, have
been cloned from a variety of species including rat and human. [49] Species
differences for Aj receptors are larger than for other ARs subtypes, particu-
larly between rodent and human (h) receptors (only 74% sequence identity
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between rat and hAs amino acid sequence). This results in different affinities
of ligands, particularly antagonists, for rat versus hAs receptors.

A3 ARs are negatively coupled to adenylate cyclase via G;a 3. [49,50] Cou-
pling of the A3AR to Gy/11 leading to a stimulation of phospholipase C and its
coupling to phospholipase D have also been demonstrated. [51] A3AR stim-
ulation can lead to activation of ERK1/2. In fact, A;AR agonists stimulate
PI3K-dependent phosphorylation of Akt leading to the reduction of basal lev-
els of ERK1/2 phosphorylation, which in turn inhibits cell proliferation. [52]
After exposure to agonist, A3ARs undergo rapid desensitization via phospho-
rylation by G-protein receptor kinase 2 (GRK2) at the intracellular terminal
chain (particularly at threonine 318 on the rat receptor). [53]

adenosine
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Figure 1.10: Signal transduction pathways associated with the activation of the human adenosine
receptors.

The A3AR, which is the most recently identified AR, is implicated in a va-
riety of important physiological process. [50] Activation of the A;AR increases
the release of inflammatory mediators, such as histamine, from rodent mast
cells, [54] and inhibits the production of tumor necrosis factor-o(TNF-«). [55]
The activation of the A3AR is also suggested to be involved in immunosuppres-
sion and in the response to ischemia of the brain and heart. [56] It is becoming
increasingly apparent that agonists or antagonists of the A3AR have poten-
tial as therapeutic agents for the treatment of ischemic and inflammatory
diseases. [57|

1.4 Methodology Survey

The development of computers with increased calculation power gave to the
scientific community new resources to develop data analysis and complex
mathematical model building. In science, computers can be used to apply
complex models to study different aspects of nature.
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In this thesis, several computational tools were applied to study protein
and other molecules, their interaction, their dynamics and to predict some of
their behaviors. In this section the methods, which have been used in this
project, are described as well as their strenghts and weakness.

1.4.1 Homology Modeling

Extensive information on primary and secondary structure are stored in vari-
ous databases. Protein sequence determination is now routine work in molec-
ular biology laboratories. Sequences of more than three million proteins are
now available in the UniProt database [58|. The translation of sequences into
3D structure on the basis of X-ray crystallography or NMR investigations,
however, takes much more time. The 3D structures of more than 55000 pro-
teins available in the PDB [27,59] (as at the end of January 2009). In certain
circumstances it can take, depending on the kind of proteins, more than a
year to perform a complete structure determination. This is the reason why
the number of known protein sequence is much larger than the number of
complete 3D structures that have been determined.

Since a general rule for the folding of a protein has not yet been developed,
it is necessary to base structural predictions on the conformations of available
homologous reference proteins.

When a sequence is found homologous to another one, for which the 3D
structure is available, the comparative modeling approach (which is also called
homology modeling approach) is the method of choice for predicting the struc-
ture of the unknown protein. This computational approach is based on the
notion that the primary structure of proteins is conserved, through evolution,
to a lesser extent than the higher level structures, namely secondry, tertiary
and quaternary.

An amino acid sequence (target) can be modeled on the structure of a sec-
ond protein (template) which are predicted to have 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 sequence alignment 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 template. Later, the alignment is op-
timized to match these conserved regions. The out-coming structure can be
structurally refined with different protocols like energy minimization or sim-
ulated annealing. The resulting structure has to be checked for sterochemical
quality, like ¢ and v angles distributions and bond lengths, angles etc., and
for its feasibility of explaining already available biochemical data.

In addition, when the alignment reveals one or more long gaps, under-
lining structural variations between the two proteins, care must be taken on
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the structure generation. When new loops have to be built, meaning that
the target sequence have non-correspondent stretches in the template, coor-
dinates can be either assigned randomly and energy minimized or taken from
experimentally known ones of other structures. The reliability of these addi-
tional loops depends on the length of these parts and the distance between
the template extremities. The longer is the insertion, compared to the three-
dimensional gap, the less reliable is the result [60,61].

1.4.2 Molecular Docking

Molecular Docking is a method that predicts the structure of the intermolec-
ular complex formed between two or more molecules. Docking is frequently
used to predict the binding orientation of small molecule drug candidates to
their protein targets in order to predict the affinity and activity of the small
molecule. Hence docking plays an important role in the rational design of
drugs.

Reproducig the conformational space accessible to a macromolecule is a
very difficult task and involves unavoidable approximation. Docking proce-
dures can thus be classified into three categories depending on the approxi-
mation level:

e rigid body docking: both protein and ligand are treated as rigid bodies,
o semifiexible docking: only the ligand is condisered flexible,

o fully flexible docking: both ligand and protein are treated as flexible
molecules.

Since ligands are much smaller than macromolecules, ligand flexibility is
computationally easier to handle and thus today it is standard in docking
routines.

The ideal docking methos would allow both ligand and receptor to ex-
plore their conformational degrees of freedom. However, such calculations are
computationally very demanding and most of the methods only consider the
conformational space of the ligand and the receptor is invariably assumed to
be rigid.

The success of a docking program depends on two components: the search
algorithm and the scoring function.

1.4.2.1 Search Algorithms

In molecular docking the search algorithm is used to generate ligand struc-
tures. The algorithms can be grouped into deterministic and stochastic ap-
proaches. Deterministic algorithms are reproducible, whereas stochastic algo-
rithms include a random factor and are thus not fully reproducible.
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Incremental Construction Methods In an incremental construction algo-
rithm the ligand is not docked as a complete molecule at once, but is instead
divided into single fragments and incrementally reconstructed inside the ac-
tive site. FlexX treats the ligand as flexibe and the protein as rigid. It divedes
the ligands along its rotational bonds into rigid fragments, first docks a base
fragment into the active site and then reattaches the remaining fragments.
FlexX degines interaction sites for each possible interacting group of the ac-
tive site and the ligand. The interaction sites are assigned an interaction type
(hydrogen bond acceptor, hydrogen bond donor, etc.) and are modeled by an
interaction geometry consisting of an interaction center and a spherical sur-
face. The base fragment is oriented by searching for placements where three
interaction between the protein and the ligand can occur. The remaining
ligand componetns are then incrementally attached to the core.

Genetic Algorithms A Genetic Algorithm is a computer program that mim-
ics 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. Gold [62] and MoeDock [63] use GA for docking a
ligand to a protein. Each chromosome encodes a possible protein-ligand com-
plex conformation. Each chromosome 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 chromo-
somes, the GA repeately applies two major genetic operators, crossover and
mutation, resulting in children chromosomes that replace the least-fit member
of the population. The crossover operator requires two parents and produces
two children, whereas the mutation operator requires one parent and produces
one child. Crossover thus combines features from two different chromosomes
in one, whereas mutation introduces random perturbations. The parent chro-
mosomes are randomly selected from the existing population with a bias to-
ward the best, thus introducing an evolutionary pressure into the algorithm.
This enphasis on the survival of the best individuals ensures that, over time,
the population should move toward an optimal solution, that is to the cor-
rect binding mode. AutoDock 4.0 [64] uses a Lamarckian genetic algorithm
(LGA). The characteristic of an LGA is that the environmental adaptation of
an individual’s phenotype are described into its genotype. In AutoDock 4.0
each generation is thus followed by a local search, enery minimization, on a
user-defined proportion of the population and resulting ligand coordinates are
stored in the chromosome, replacing the parent.

Tabu Search A Tabu search algorithms is characterized by imposing restric-
tions to enable a search process to negotiate otherwise difficult regions. These
restrictions take the form of a tabu list that stores a number of previously
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visited solutions. By preventing the search from revisiting these regions, the
exploration of new search space is encouraged.

While GA usually converges quickly at the close proximity of a global mini-
mum, it can be trapped in local minima. Using a tabu list helps in avoiding
this drawback. TS is available as search algorithm in MoeDock [63].

Simulated Annealing Simulated Annealing is a special molecular dynamics
simulation, in which the system is cooled down at regular time intervals by
decreasing the simulation temperature. The system thus gets trapped in the
nearest local minumum conformation. Disadvantage of simulated annealing
are that the result depends on the initial placement of the ligand and that the
algorithm doesn not explore the solution space exhaustively. SA is available
as search algorithm in MoeDock [63].

Glide Algorithm The Glide (Grid-Based Ligand Docking With Energet-
ics) [65] algorithm approximates a systematic search of positions, orientations,
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 sets 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 translations of
the mass center of the ligand. A set of initial ligand conformations is gener-
ated through exhaustive 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
conformations, is docked as a single object in the first stage. The search be-
gins with a rough positioning and scoring phase that significantly 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 electrostatic grids for the receptor.
In the final stage, the 5-10 lowest-energy poses obtained in this fashion are
subjected to a Monte Carlo procedure in which nearby torsional minima are
examined, and the orientation of peripheral groups of the ligand is refined.
The minimized poses are then rescored.

Plants The docking algorithm PLANTS is based on a class of stochastic op-
timization 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



18 Methodology Survey

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. [66]

1.4.2.2 Scoring Function

The free energy of binding is given by the Gibbs-Helmoltz equation:
AG =AH —TAS (1.1)

with AG giving the free energy of binding, AH the enthalpy, T the tempera-
ture in Kelvin and AS the entropy. AG is related to the binding constant K
by the equation

AG = —RTInK; (1.2)

with R being the gas constant. There is a wide variety of different techniques
available for predicting the binding free energy of a small molecule ligand on
the basis of the given 3D structure of a protein-ligand complex.

Empirical Scoring Function Empirical scoring functions use several terms
describing properties known to be important in drug binding to cunstruct a
master equation for predicting binding affinity. Multilinear regression is used
to optimize the coefficients to weight the computed terms using a training set
of protein-ligand complexes for which both the binding and an experimentally
detemined high resolution 3D structure are known. Chemscore and Glidescore
are some examples.

Force-field-based Scoring Function These scoring functions are based on
the nonbonded terms of a classical molecular mechanics force field. A Lennard-
Jones potential descibes van der Waals interactions, whereas the Coulomb
energy describes the electrostatic components of the interactions. A major
disadvantage of empirical scoring functions lies in the fact that it is unclear
to what extent they can be applied to protein-ligand complexes that were
not represented in the training set used for deriving the master equation.
Goldscore and MOE Energy score are some examples.

Knowledge-based Scoring Function A more recently developed approach
avoiding these disadvantages uses knowledge-based scoring funtions with po-
tential of mean force. The score is defined as the sum over all interatomic
interactions of the protein-ligand complex. Advantages of this approach are
that no fitting to experimentally measured binding free energies of the com-
plexes in the training set is needed, and that solvation and entropic terms are
treated implicitly.
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1.4.3 Molecular Dynamics

Molecular systems, where non-bonded interactions between atoms are present,
possess intrinsic movements due to the changing distribution of their internal
energy. Theoretical and empirical studies of proteins should take into account
their dynamical behaviors. Movements of proteins are understood as a vari-
ety of different atomic dispositions which are specific for each protein system
and are ruled by physical-chemical properties such as steric hindrance of side
chains or attractive and repulsive charges. In general, this molecular confor-
mational changes can be either little, with simple structure fluctuations due
to the energy present at a given temperature within the system, or large as
consequence of major modifications, such as phosphorylation of residue and
binding of ligands.

Molecules can be described by mathematical models where the atomic
positions, radii, masses and charges as well as the covalent bonds (length,
angles) of their topologies are considered.

In molecular dynamics, succesive configurations of the system are gener-
ated by integrating Newton’s laws of motion. The result is a trajectory that
specifies how the positions and velocities of the particles in the system vary
with time. The trajectory is obtained by solving the differential equations
embodied in Newton’s second law (F=ma):

dQSL’Z' . F:vl
dt? n m;

(1.3)

This equation describes the motion of a particle of mass m; along one coor-
dinate (x;) with F,, being the force in the particle in that direction. Initial
atomic velocities are used to start the compute of the kinetic component.
Forces are then used to calculate the new atomic positions and velocities by
integration of the equation of motion after a defined period of time (time
step). The iteration of this cycle yields to the deterministic evolution (depen-
dent from the previous steps) of the system respect to the time.

The well known limitation of this method is how atoms are described.
While using molecular mechanics (MM) model, the atoms of a simulated pro-
tein are described as balls with partial charges and the bonds are depicted
as harmonic springs. The omission of all electrons speed up the calculation
permitting longer time scale simulation but decrease the accuracy of the sys-
tem evolution. Another issue of MD simulation is the lenght of the computed
time life of a macromolecule. Certain biological phenomena concerning mo-
tions of proteins occur in a time scale which is not achievable by normal MD
simulations.

The production of a trajectory usually involves three steps: the initializa-
tion of the system, its equilibration and production phase. During initializa-
tion velocities are given to the atoms to calculate the first round of forces.
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When no velocities are available from a previous MD simulation, they are
assigned randomly according to the Maxwell-Boltzmann distribution at given
temperature. During equilibration the system is let evolve shortly to adjust
velocities and to bring the system at the nearest thermic equilibrium an then
the production phase.

Working with proteins some steps have to be added, this is due to the fact
that these macromolecules are half way between liquid and solid state. In
other words, the covalent bonds oscillations have to be restrained to reduce
the number of degrees of freedom for the system. In the case that the solvent
is wanted to be described explicitly in the trajectory, a certain number of
water molecules have to added around the protein. The whole system needs
to be energetically minimized to avoid bad steric contacts. Then a first round
of MD is used to relax the solvent while the protein atoms are restrained in
their initial positions. The next step consists in warming up the system, to
the targeted temperature, i.e. 300 K, and to adjust the velocities. This is
an important step for diminish the influence of the randomly assigned initial
velocities in the final trajectory. The system is thus equilibrated for pressure
and temperature using algorithms which every tot steps scale the velocities
to match the set pressure and temperature within a given period of time.
Eventually, the production phase is run and the system properties are collected
for further analysis.

The reproducibility of this technique is an important issue because of the
chaotic nature of multi-body dynamics. The several thousands particles af-
fect the velocity of the single one by multiple interactions resulting in random
trajectories. The word reproducibility is thus intended for averages of prop-
erties of the system calculated for relatively long simulations. Computational
simulations of proteins should investigate a thermodynamic equilibrium of
the system. The farther from the equilibrium the less reliable is the final
trajectory.



CHAPTER 2
Homology Modeling of Human Ajg
Adenosine Receptor

2.1 Introduction

Rhodopsin was the first GPCR to be studied in detail. In 2000, the first three
dimensional crystals of bovine rhodopsin were obtained. [67] These quickly
led to a three dimensional high resolution structure for this GPCR, which
for the first time provided a sufficiently detailed view that the disposition
of the retinal in the structure could be determined. [28] Despite extensive
efforts, rhodopsin had been for many years the only GPCR with structural
information available. Rhodopsin is highly abundant from natural sources and
structurally stabilized by the covalently bound ligand 11-cis-retinal, which
maintains the receptor in a dark-adapted, non-signaling confromation. In
contrast, all other GPCRs are activated by diffusible ligands and are expressed
at relatively low levels in native tissues. These receptors are structurally more
flexible and equilibrate among multiple conformational states, some of which
are prone to instability. [68]

In the past few years several crystallographic structures of GPCRs, differ-
ent from rhodopsin, were published. In 2007, Kobilka and coworkers resolved
two crystallographic structures of human (y-Adrenergic Receptor at 2.40 and
3.40 A resolution. [38,39,48] In 2008 on PDB has been published another crys-
tallographic structures: the one of human (5 Adrenergic Receptor at 2.8 A
resolution [41], the structure of 3;-Adrenergic Receptor of turkey at 2.70 A
resolution [43] and recently the crystal structure of a human As4 Adenosine
Receptor at 2.6 A resolution. [45]

Some structures provide also information about interaction with a ligand.
Human A5, AR is the most different. The ligand 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 3-AR (Figure 1.8). Finally, the helical arrangement
is similar among GPCRs, however the binding pocket of the A4 adenosine
receptor is shifted closer to TM6 and TM7 and less interactions are allowed
with TM3 and TM5. [45]

These structural information are the basis of homology modeling of
hA3AR. Structural models have been used for molecular docking (see Chapters
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3 and 4) and molecular dynamics studies (see Chapter 5).

2.2 Materials and Methods

2.2.1 Sequence Allignement

Based on the assumption that GPCRs share similar TM boundaries and over-
all topology, a homology model of the hAs receptor was constructed. The
sequence of hAj receptor was retrieved from SwissProt Database [58] (ID:
P33765 [69,70]). First, the amino acid sequences of TM helices of the A3 recep-
tor were aligned with those of the crystal structures selected [28,38,42,43,45],
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.

2.2.2 Homology Modeling with MOE

The same boundaries were applied for the TM helices of the A3 receptor as
they were identified from the X-ray crystal structure for the corresponding
sequences of the crystal structre used as template, the backbone coordinates
of which were used to construct the seven TM helices for the hAs3 receptor.
The loop domains of the hAj3 receptor were constructed by the loop search
method implemented in MOE.

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 already modeled and any atoms
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. Any missing side
chain atoms are modeled 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 the second extracellular loop (ELZ2), which
can limit the size of the active site. Hence, amino acids of this loop could
be involved in direct interactions with the ligands. A driving force to this
peculiar fold of the EL2 loop might be the presence of a disulfide bridge
between cysteines in TM3 and EL2. Since this covalent link is conserved in
all receptors modeled in the current study, the EL2 loop was modeled using
a constrained geometry around the EL2-TM3 disulfide bridge.

After the heavy atoms were modeled, all hydrogen atoms were added, and
the protein coordinates were then minimized with MOE using the AMBER94
force field [71]. The minimizations were carried out by the 1000 steps of
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steepest descent followed by conjugate gradient minimization until the rms
gradient of the potential energy was less than 0.1 keal mol~* A~!. Protein
stereochemistry evaluation was performed by several tools (Ramachandran
and Chi plots measure phi/psi and chil/chi2 angles, clash contacts reports)
implemented in MOE suite [63].

2.3 Results and Discussion

The availability and the selection of a suitable template structure is a critical
step in the homology modeling process. The structural information available
for the GPCR family are limited, even if the number of GPCR crystal structure
published on the PDB increased in past few years.

GPCRs are formed by a single polypeptide chain that crosses the cell
membrane seven times with seven a-helical transmembrane domains (7TMs)
bundled together in a very similar manner. Supporting the idea of a common
folding of the seven TMs, sequence comparison revealed specific amino acid
patterns characteristic of each TM and highly conserved in the great majority
of Class A GPCRs. These conserved residues constitute the basis for the
identification of the seven TMs within GPCR amino acid sequences. They
are also the foundation of the GPCR residue indexing system introduced by
Ballesteros and Weinstein. [25]

Bovine rhodopsin provided the first high resolution structural information,
and for many years, rhodopsin-based homology modeling had been the most
widely used approach to obtain three dimensional models of GPCRs. The
results of AR modeling based on rhodopsin has been extensively reviewed. [72]
With the availability of new crystallographic structures it is still questionable
which one should be the more appropriate template for GPCRs modeling and,
in particular, for ARs.

2.3.1 Sequence Alignment Analysis

The percentages of identity of the aligned sequences of the ARs in comparison
to GPCRs having an available X-ray crystallographic structure are listed in ta-
ble 2.1, and the alignment of the sequences is shown in figure 2.1. The percent
identity increases from a comparison with bovine rhodopsin to a comparison
with hGPCRs. The percent identity is higher if the N-terminus and the C-
terminus are not taken into consideration, and the increase is even greater
when comparing only TM regions.

Naturally, the A;4AR can be considered the best template for homology
modeling of the other ARs according to the percent identity of the aligned
sequences, but there are some important differences among the ARs that
have to be considered in choosing the template for homology modeling. The
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primary structures of A;jAR, AspAR, and A3AR have a similar number of
amino acid and, in general, these AR subtypes are among the smaller members
of the GPCR family. For example, the human homologs of the A;{AR, AsgAR,
and A3AR consist of 326, 328, and 318 amino acid residues, respectively.
[70,73,74] In contrast, the hA;4AR consists of 409 amino acids, [75] and all
cloned species homologs of the A;4AR are of similar mass. This relatively
large size is manifested in the carboxyl-terminal tail of the receptor, which is
much longer than any of the other AR subtypes.

Table 2.1: Percentages of identity of the aligned sequences of ARs and the
crystallographic structures available for GRCRs.

b-rhodopsin  hB2AR  Turkey S1AR  hA24AR

hA AR 138 19.1 17.2 39.1
ALl hA24AR 17.8 23.5 22.6 100
hAspAR 17.8 922.5 20.1 46.6
hA;AR, 14.1 19.9 17.4 31.3
All except hA AR 15.6 25.6 24.9 50.8
hA24AR 20.5 27.9 28.3 100
hAspAR 92.2 27.9 98.7 61.5
N-term and C-term )y p 15.6 25.6 24.6 41.9
hA AR 17.7 295 314 57.7
T regions hAs4 AR, 92.3 31.8 33.2 100
hAspAR 92.7 30.5 33.6 69.5
hA;AR. 17.3 29.5 30.5 49.5
hA AR 14.3 14.8 1.1 32.4
Lo hAs4AR, 14.3 11.1 92.2 100
hAspAR 14.3 18.5 92.2 41.2
hA;AR, 14.3 11.1 11.1 23.5

The TM regions of the GPCRs possess the same overall topology, and the
sequence alignment is guided by the most conserved residues in every helix.
The size of each helix differs between the crystallographic structures, but
the loops constitute the most variable region. The second extracellular loop
(EL2) is of particular interest for building homology models of GPCRs used
for drug design because of its role in the ligand recognition (Figure 1.7). The
crystallographic structure of hA; AR shows a disulfide bond between Cys259
and Cys262 in the intracellular side of the receptor and, in particular, three
disulfide linkages that involve the 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 A;4AR
(Cys71-Cys159 and Cys74-Cys146). [45] The EL2 of the A4 AR defines the
extracellular surface properties of the structure and is considerably different
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Figure 2.1: Sequence alignment of hARs (A1, A2, Aag, A3), bovine rhodopsin, h3> adrenergic
receptor and turkey 3; adrenergic receptor. In grey are highlighted the transmembrane regions, in
red the highly conserved residues and in yellow cysteines that form disulfide linkages that involve
the second extracellular loop. For A, Asp, A3ARs only the cysteine residues that form the
conserved disulfide bridge between TM3 and EL2 are highlighted in yellow, because information
about other disulfide bonds are not available.
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from that of rhodopsin. The extensive disulfide bond network forms a rigid,
open structure exposing the ligand binding cavity to solvent, possibly allowing
free access for small molecule ligands. [45]

The turkey 3; adrenergic receptor and hf; adrenergic receptor structures
have the conserved disulfide bridge between EL2 and TM3 (Cys114-Cys189
for ;AR and Cys106-Cys191 for S,AR). In addition to this conserved struc-
tural constraint, they have a second disulfide bond that involves the EL2
(Cys192-Cys198 for 51 AR and Cys184-Cys190 for G,AR). [38,43,48] However,
rhodopsin has only one cysteine residue in the EL2, which forms a disulfide
bond between EL2 and TM3. [28]

The sequences of the hA;AR and the hA3AR contain only one cysteine
residue in the EL2 (Cys169 for A;AR and Cys166 for A3AR). These residues
form the disulfide bridge, common to GPCRs, with the respective cysteine
residues of TM3 (Cys80 for A;jAR and Cys83 for A3AR). The hA;5AR has
three cysteine residues in the EL2. The cysteine in EL2 that forms the disulfide
bridge with TM3 is conserved, as well as the cysteine residue within TM3, and
the linkage between these residues is also conserved. No mutagenesis data are
available for the other cysteines.

On A5 4 AR there are other four cysteines that are connected by two disul-
fide bridges: Cys71-Cys159 and Cys74-Cys146. These residues correspond
to Cys72, Thr162, Phe75 and Cys154 respectively on Asg AR, if we consider
the alignment that allows the higher percentage of identity. In this case no
other disulfide bonds are formed, and only one cysteine of EL2 is involved in a
disulfide linkage, i.e. the one with TM3 that is conserved among GPCRs. In
addition, there are two more cysteine residues in EL2 (Cys166 and Cys167);
depending on the alignment, one of these residues can be aligned with Cys159
of As4AR and form a second disulfide bond that connects EL2 with Cys72
of the A;gAR. Tt remains to be clarified how many disulfide bonds are actu-
ally present in the structure of hA;gAR. Nevertheless, the presence of three
disulfide links on EL2 is a peculiarity of the hA;4AR. This is an important
point that has to be considered when the A;4AR serves as the template for
homology modeling of ARs to be used in drug design. The conformation of
the A;4AR binding pocket is influenced by EL2, which is strictly dependent
on the presence of three disulfide linkages.

2.3.2 Homology Models of A; Adenosine Receptor

Different A3AR models have been published describing the hypothetical in-
teractions with known A3AR ligands having different chemical scaffolds, and
almost all of these models were constructed using bovine rhodopsin as a tem-
plate. As we have widely discussed before, the new structures of GPCRs solved
in the past two years provide a new starting point for homology modeling. In
particular, the recent publication of A;4AR provides important structural in-
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formation for the AR family. Next to the structural information provided by
the crystallographic data, mutagenesis studies can help identify the residues
that are involved in ligand recognition. Site-directed mutagenesis of the A3AR
shows an important role for specific residues in TM3, TM6 and TM7. [76-81]

The three different models of hA3AR can be constructed using as tem-
plates:

e the bovine rhodopsin (PDB ID 1F88);
e the hfy-adrenergic receptor (PDB ID 2RH1);
o the hA,4AR (PDB ID 3EML).

The main differences between the templates are found within EL2, IL3
and the extracellular end of TM1. The structure-based drug design approach
is mainly affected by differences in EL2, because residues of this loop can
directly interact with ligands in the binding pocket. The EL2 of both squid
and bovine rhodopsin assumes a (3-sheet secondary structure, either in the
structure with bound retinal or in the ligand-free structure. In the hg,AR
there is an a-helix in EL2 that is structurally similar to the ;AR of turkey,
while the A;4AR does not have a defined secondary structure in the EL2.

180° j'
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Extracellular
side

Infracellular
side

Figure 2.2: Topology of the hA3AR built using bovine rhodopsin as template.

The first model of hA3AR that we built was based on rhodopsin (Figure
2.2). As for the high-resolution structure of rhodopsin, the hA3AR model
reveals a seven-helical bundle with a central cavity surrounded by helices 3, 5,
6 and 7. Helix 4 is not part of the cavity wall and makes contacts only with
helix 3. The access to the central cavity is not allowed because the EL2 closes
the binding pocket and determines a volume of the cavity of 660 A3. EL2 is
characterized by a (-sheet secondary structure and it is connected to TM3
with the conserved disulfide linkage between Cys83 and Cys166. This model
has been widely used to identify putative ligand-receptor interactions and to
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Figure 2.3: Topology of the hA3AR built using 32-Adrenergic Receptor as template.

understand and quantify the structure activity relationship (SAR) of known
hA3AR antagonists through a high-throughput docking strategy. [82-87|

Two other models of the hA3AR were built using as a template the hg,-
adrenergic receptor and the turkey (1-adrenergic receptor. The RMSD of the
entire structures superposed is around 4 A, it is 2.8 A without considering
the N-terminus (from residue 1 to 8), C-terminus (from residue 302 to 318),
and IL3 (from residue 208 to 224), which are the most variable regions. The
RMSD is only 1.8 A considering only the helical backbone. These models
do not present relevant differences at the active-site level, and therefore we
are considering only the one built using fs-adrenergic receptor as template
(Figure 2.3).

Even though one of the two disulfide bridges in the EL2 is missing, the
conformation of the EL2 of the hA3AR model is similar to the EL2 of the
adrenergic receptor template: an a-helix secondary structure enables the ac-
cessibility to the ligand-binding site. In the template, this conformation may
be stabilized by an intra-loop disulfide bond, which is missing in the model of
hA3AR. The putative location of ligands in the two templates is very similar.
In preliminary docking studies, also the location of hA3AR antagonist is simi-
lar, even if there are structural differences in the ligand binding sites between
the models obtained from rhodopsin and the adrenergic receptor. The largest
difference within the TM region between the two models occurs in helix 1,
in which the adrenergic receptor-based model lacks the proline-kink found in
rhodopsin-based model.

The recently published structure of hA;4AR provides a new template for
GPCR modeling and in particular for ARs. A new model of the hA3AR was
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Figure 2.4: Topology of the hA3AR built using A24 AR as template.

built using this crystal structure as template (Figure 2.4). The helical arrange-
ment is similar among the models. However, the helices are shifted, and the
differences among their relative positions result in an RMSD around 2.50 A.
As observed for the model built using adrenergic receptors as templates, the
main difference in the helical bundle is TM1 and in particular the N-terminal
end of the helix. A detailed comparison of the superimposed models is in
figure 2.5 and in table 2.2, in which values of RSMD for each TM helix are
reported.

As it was seen for the templates, the main difference among the three
models of the hA3AR is in the loop region. The ligand binding pocket of the
crystal structure of As4AR is shifted closer to TM6 and TM7, and the posi-
tion of the A;, AR antagonist ZM241385 is closer to these helices. Important

Table 2.2: Root mean square deviation (RMSD) of the backbone of the aligned
models of hA3AR. The main difference among the models is due to the loops, which
represent the most variable region of the templates and consequently of the models.
Particular attention has to be done to EL2 because it is part of the binding pocket
and it can directly interact with ligands.

all TM  all loops TM1 TM2 TM3 TM4 TM5 TM6 TM7 HXS EL2
RMSD in A with respect to hAzAR model from bovine rhodopsin (backbone)

A3-(2 2.29 10.86 2.82 2.12 1.98 2.01 2.07 2.19 1.85 3.73 11.44
Asz-Agp 2.43 10.06 2.55 2.40 2.78 2.45 2.85 2.02 2.04 1.64 14.30
RMSD in A with respect to hA3AR model from h/j3z-Adrenergic Receptor (backbone)

As-rho 2.29 10.86 2.82 2.12 1.98 2.01 2.07 2.19 1.85 3.73 11.44
Asz-Agp 2.57 7.46 3.84 1.89 2.02 1.73 2.09 2.71 2.23 3.66 6.18
RMSD in A with respect to hA3AR model from hA;4 AR (backbone)

Asz-rho 2.43 10.06 2.55 2.40 2.78 2.45 2.85 2.02 2.04 1.64 14.30

As-B2 2.57 7.46 3.84 1.89 2.02 1.73 2.09 2.71 2.23 3.66 6.18
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Figure 2.5: Topology of the superposed hAsAR models. A3AR from rhodopsin is in yellow,
A3AR from hf32-AR is in magenta and A3AR from hA24 AR is in cyan.

A, B2
AS—AZa

Figure 2.6: Representation of EL2 of A3AR models: in yellow hA3AR built from rhodopsin, in
magenta hA3AR built from £2-AR and in cyan hA3AR built from Az AR.
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interactions are also established with EL2. The position of ZM241385 is sig-
nificantly different from the one of retinal or carazolol. Even though GPCRs
share a common topology, ligands may bind in a different fashion and interact
with different positions of the receptor. The model built starting from the
A4 AR template is different from the previous models of A3AR: the binding
pocket is closer to TM6 and TMT7 and open to the extracellular side. The
volume of the binding sites of A3AR models built starting from h3,-AR and
hAs4AR is difficult to be measured because they present a binding site open
to the extracellular side. The volumes were estimated as 1620 A3 and 1930
A3, respectively, but they cannot be compared with the volume of the binding
site of the rhodopsin-based model, which is closed and has a volume of 660
A3 (Figure 2.7).

: A; B2 A; Ay,
Vol = 660 A3 Vol = 1620 A3 Vol = 1930 A3

Figure 2.7: Extracellular side view of the hA3AR models. AsAR from rhodopsin is in yellow,
A3AR from h(3:-AR is in magenta and AsAR from hAs4AR is in cyan.

Even if the percentage of identity of the hA3AR is higher with respect to
the As4AR than with the previously reported structures, the conformation
of the EL2 and consequently of the binding pocket of the hA3AR might be
different from the A;4AR. The peculiarity of the A;4AR is the presence of
three disulfide bridges on EL2, which are not conserved among ARs. Also,
the particular conformation of EL2 and the binding pocket can be particular
to this subtype, and use of the A,4AR as a template for modeling other AR
subtypes is still imprecise. Also, mutagenesis data support the hypothesis of
different roles of TM helices in different AR subtypes.

2.3.3 Ligand-Based Homology Modeling

We have revisited the rhodopsin-based model of the human Aj receptor in
its resting state (antagonist-like state), taking into account a novel strategy
to simulate the possible receptor reorganization induce by the antagonist-
binding. We called this new strategy ligand-based homology modeling and its
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Figure 2.8: Flow chart of the ligand-based homology modeling technique considering an evolution
of a conventional homology modeling algorithm implemented by Molecular Operating Environment
modeling software.

schematic flow chart is summarized in Fig. 2.8. [88]

These specific homology modeling approach have been implemented into
Molecular Operating Environment (MOE) software. [63] Succinctly, ligand-
based homology modeling technique is an evolution of a conventional homol-
ogy modeling algorithm based on a Boltzmann weighted randomized modeling
procedure adapted from Levitt, combined with specialized logic for the proper
handling of insertions and deletions; any selected atoms will be included in
energy tests and in minimization stages of the modeling procedure. Ligand-
based option is very useful when one wishes to build a homology model in the
presence of a ligand docked to the primary template, or other proteins known
to be complexed with the sequence to be modeled.

In this specific case both model building and refinement take into account
the presence of the ligand in terms of specific steric and chemical features.
To strictly validate this methodology as novel tool to address the multi-
conformational space of GPCRs, we have analyzed many known human Aj
antagonists in the corresponding putative ligand binding site, which are re-
ported in the Chapter 3. [82-87]

The analized compounds present a different chemical structures, with dif-
ferent molecular shape and volume. More detailed description of the models
obtained with different classes of antagonists is in Chapter 3.

In general, considering the ligand recognition cavity of the receptor built
from a rhodopsin-based model, we have estimated that its specific volume is
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around 660 A3. However, even if this conventional rhodopsin based model of
the human Aj receptor is able to elucidate the observed activity of all deriva-
tives bearing small substituents, the same model could not explain the ob-
served activity when bulkier substituents are present. Independently from the
used molecular docking algorithm, a strongly destabilizing van der Waals en-
ergy component avoided to sample reasonable antagonist-receptor complexes.

We interpret this fact as a clear indication that the rhodopsin based recep-
tor cavity is not appropriated to guarantee a good complementarity among
the topology of the receptor’s cleft and the shape of these antagonists.

Starting from the conventional rhodopsin-based homology model and ap-
plying our ligand-based homology modeling implementation we have gen-
erated other antagonist-like conformational states of human Aj receptor in
which the ligand recognition cavity has been expanded. Using the new
antagonist-like conformational states, we were able to rationalize the observed
activities for all reported compounds. Many severe analysis concerning false-
positive and false-negative situations have been conducted. For example, the
less bulky compound that nicely fits into the conventional rhodopsin-based
model, drastically reduces its interaction energy when it is docked into the
other ligand-based models. Indeed, increasing of the TM cavity volume re-
duce both steric and chemical complementarities between ligand and receptor.
Using this multi-conformational states approach, a consensus binding motif
among all known antagonists has been found, and a novel “Y-shaped” 3D-
pharmacophore model has been proposed. [89]






CHAPTER 3
Molecular Docking of Aj
Adenosine Receptor Antagonists

3.1 Introduction

The GPCR models are theoretical structures whose reliability has to be
checked. In order to evaluate the goodness of a GPCR model, “indirect” meth-
ods should be taken into consideration: some of these concern the computa-
tional procedure, others the accordance with the available experimental data
(mainly mutagenesis and ligand activity), and finally the predictive ability of
the model. A “structural” validation can be carried ahead through the inspec-
tion of experimental data: residues that mutagenesis studies had revealed to
play a significative role, should be found involved in important ligand-receptor
or inter-helices interactions in the GPCR model. A “functional” validation is
the ability of the models to predict the activity of known ligands, to suggest
the design of new ones or to suggest the mutation of residues that the model
suggests as important for the ligand interaction or in the maintenance of the
receptor folding.

Our theoretical model of hA3AR based on rhodopsin has been used to
evaluate and quantify the structure-activity relationship of new synthesized
ligands, analyzing their interactions inside the binding sites and correlating
them with their affinity and selectivity.

Later, the model has been used also with the purpose of synthesizing new
ligands rationally designed on the basis of information obtained from the
structure activity relationship analysis.

3.2 Materials and Methods

All the docking studies reported in this chapter were performed using the
Molecular Operating Environment (MOE, version 2007.09) suite. [63|

3.2.1 Preparation of the Ligands

All docked structures were fully optimized without geometry constraints us-
ing RHF /AM1 semiempirical calculations. Vibrational frequency analysis was
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used to characterize the minima stationary points (zero imaginary frequen-
cies). The software package MOPAC (ver.7), [90] implemented in MOE suite,
was utilized for all quantum mechanical calculations.

3.2.2 Model of Human A; Adenosine Receptor

The model that has been used for docking studies is the rhodopsin based
model that was widely described in the chapter 2.

When this project started, only five crystal structures of Bovine Rhodopsin
were available. These structural information were the starting point of ho-
mology modeling of human As Adenosine Receptor and the crystal structure
1F88 [28] was used as template to built the first homology model of hAzAR.
Rhodopsin-based homology modeling has represented for many years a widely
used and well-consolidated approach to create GPCR three dimensional mod-
els.

This model was used to describe structure activity relationship of more
than 300 known human Aj antagonists in the corresponding putative ligand
binding site.

Moreover, our recently described ligand-based homology modeling
(LBHM) approach has been used to simulate the conformational changes in-
duced by ligand binding. [88] With LBHM technique it is possible to create
different conformational states of the same receptor preserving the general
rhodopsin based topology.

3.2.3 Docking Procedure

All antagonist structures were docked into the hypothetical TM binding site
of the model of hA3AR built using bovine rhodopsin as template by using
the MOE-dock tool, part of the MOE suite. Searching is conducted within
a user-specified 3D docking box, using the Tabu Search protocol [91] and
the MMFEF94 force field. [92] MOE-Dock performs a user-specified number of
independent docking runs (50 in our specific case) and writes the resulting
conformations and their energies in a molecular database file. The resulting
docked complexes were subjected to MMFF94 energy minimization until the
rms of conjugate gradient was <0.1 kcal mol™" A~1. Charges for the ligands
were imported from the MOPAC output files. To better refine all antagonist-
receptor complexes, a rotamer exploration of all side-chain involved in the
antagonist-binding was carried out. Rotamer exploration methodology is im-
plemented in MOE suite.
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3.3 Results and Discussion

3.3.1 4-Amido-2-aryl-1,2,4-triazolo[4,3-a|quinoxalin-1-one Deriva-
tives

We used our improved model of the hAj3 receptor, obtained by a rhodopsin-
based homology modeling approach to recognize the hypothetical bind-
ing motif of these newly synthesized 4-amino-2-phenyl-1,2 4-triazolo[4,3-
a|quinoxalin-1-one antagonists. [82] All the docked compounds are listed in
the Appendix A and are reported in figure 3.1.

j:)L o O
R4 Ph)LNJ\Ph

ka‘fﬂ\ N)\”/N\
N—< >—R { }
Re N ! Rg N\\(N Ri

HN

0 0
1-5 R4=Me 19-23
6-11 R4=Ph

12-18 R4= CHPh, R¢=H, OMe, NO,

R5= H, NOz, NH2

Figure 3.1: Reported 4-amido-2-aryl-1,2,4-triazolo[4,3-a]quinoxalin-1-one derivatives.

From analysis of docking simulation results, all triazoloquinoxalinone
derivatives share a similar binding motif inside the transmembrane region
of the hAj receptor, as previously described. [93] As shown in figure 3.2, we
identified the hypothetical binding site of the triazoloquinoxalinone moiety
surrounded by TMs 3, 5, 6, and 7 with the carbonyl group at 1-position
pointing toward the EL2 and with the amide moiety in the 4-position ori-
ented toward the intracellular environment. The phenyl ring at the 2-position
is close to TMs 3, 6, and 7, whereas Rg substituents are close to TMb5. For a
clear explanation of the observed structure-activity relationships, it is useful
to immediately emphasize that the relative positions of the Rg substituents
are slightly different depending on the bulkiness of the R4 substituent on the
4-amide moiety, as shown in figure 3.3.

However, the overall pharmacophore features are nicely consistent with
our recently proposed receptor-based pharmacophore model [89,94,95].

From analysis of our model in detail, all triazoloquinoxalinone derivatives
share at least two stabilizing hydrogen-bonding interactions inside the binding
cleft as shown in figure 3.4.
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Figure 3.2: Human Aj receptor model viewed from the membrane side (on the left) and from
the extracellular side (on the right) showing the EL2 folded into the binding crevice. Compound
A is the binding pocket according to his hypothetical binding pose.

The first hydrogen bonding is between the carbonyl group at the 1-position,
pointing toward the EL2, and the NH of the GIn167-Phe168 amidic bond. This
hydrogen-bonding distance is calculated to be around 2.8 A for all docked
compounds. Moreover, the 1-carbonyl group is also at the hydrogen-bonding
distance with the amide moiety of Asn250 (6.55) side chain. This asparagine
residue, conserved among all adenosine receptor subtypes, was found to be
important for ligand binding. Second, the NH-CO moiety at the 4-position is
surrounded by three polar amino acids: Thr94 (3.36), His95 (3.37), and Ser247
(6.52). This region seems to be very critical for the recognition of all antagonist
structures. In fact, a major structural difference between the hypothetical
binding sites in adenosine receptor subtypes is that the Aj receptor does
not contain the histidine residue (6.52) in TM6 common to all A; (His251
in hA;) and A, (His250 in hA,4) receptors. This histidine has been shown
to participate in both agonist and antagonist binding to A4 receptors. In
the A3 receptor this histidine in TM6 is replaced by a serine residue (Ser247
in hA3). [96] The stabilizing interactions among the 4-carbamoyl moiety and
these polar amino acids orient the adjacent R4 substituent (methyl, A and 1-5;
phenyl, B and 6-11; diphenylmethyl, 12-18) in the middle of the TM bundle.
In particular, the O-H of Ser247 (6.52) and the carbonyl oxygen of the amide
group are separated by 2.4 A and appropriately oriented to form a H-bonding
interaction. Moreover, the side chain of His95 (3.37) is within dipole-dipole
interaction distance of NH of the amide group, at around 2.9 A. According
to recently published mutagenesis results, both His95 and Ser247 seem to
affect the binding of both agonists and antagonists. [96] Indeed, the receptor



39

region around R, substituents is mostly hydrophobic and characterized by
five nonpolar amino acids: 11e98 (3.40), I1e186 (5.47), Leul90 (5.51), Phe239
(6.44), and Leu244 (6.49).

The effects of substituents in R;-position and Rg-position are shown in
figures 3.5 and 3.6.

Considering the observed structure-activity relationships in greater detail,
methoxy substitution at the Rj-position is rather well tolerated among all
newly synthesized triazoloquinoxalinone derivatives. This is consistent with
its accommodation into a tiny hydrophobic pocket delimited by Leu90 (3.32)
and 11268 (7.39). Interestingly, the amino acid corresponding to Leu90 in the
hAg4 receptor was found to be essential for the binding of both agonists and
antagonists, and it is mutated in valine (Val87) in the human A; receptor.
This mutation might play a role in the explanation of hA3 versus hA; selec-
tivity. In fact, even if the mutation Leu90 (hAj3)/Val87 (hA;) can slightly
enlarge the dimension of this hydrophobic cavity, at the same time it also no-
tably decreases the shape and hydrophobic interaction complementarity (data

Figure 3.3: Hypothetical binding motif of the representative 4-amino-2-phenyl-1,2,4-triazolo[4,3-
aJquinoxalin-1-one antagonists (derivative A in magenta, derivative B in green, derivative 14 in
orange and derivative 19 in violet). All docked antagonists are viewed from the membrane side
facing TM helices 3 and 4. To clarify the TM cavity, the view of TM4 from Leul36 to Pro145 has
been voluntarily omitted. Side chains of some amino acids important for ligand recognition are
highlighted. Hydrogen atoms are not displayed.
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Compound 14 ) Compound 19
K;=0.81 nM . K;=5.20 nM

Figure 3.4: Representative triazolo-quinoxalin-1-ones derivatives: two stabilizing hydrogen-
bonding interactions inside the binding cleft that are conserved among all the derivatives.

not shown). Also, the mutation of Ser165 (EL2 of hAj) with Lys168 in the
hA; receptor could affect the recognition of the methoxy-substituted triazolo-
quinoxalinone derivatives. Considering the same small pocket surrounded by
Leu90 (3.32) and I1e268 (7.39), unfavorable steric and dipolar interactions are
responsible for the reduction of affinity observed for derivatives 7 and 13,
whereas the methoxy substituent at R; is replaced by the nitro group.

On the other hand, the presence of the 6-nitro substituent does not al-
ways produce advantageous effects in terms of hA3AR binding affinity. This
phenomenon is particularly evident when derivatives 2 and 15 are compared
with their unsubstituted compounds A and 14. As already anticipated and
clearly shown in figure 3.3, the relative positions of Rg substituents are slightly
different depending on the bulkiness of the R, substituent on the carbamoyl
moiety at the 4-position. In particular, in the presence of a less bulky Ry
substituent such as a methyl group (derivative A), the triazoloquinoxalinone
moiety binds more deeply in the middle of the TM bundle, positioning the
6-nitro substituent very close to TM5 (Figure 3.5). In this case, unfavorable
steric and dipolar interactions are responsible for the remarkable reduction
of affinity observed for derivatives 2 and 3. In contrast, the smaller 6-amino
substituent (derivatives 4 and 5) is still well tolerated because of the favor-
able dipolar interaction with the carbonyl moiety of the Ser181-Phel82 amidic
bond. When the bulkiness of the R4 substituent is increased, the position of
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Figure 3.5: Compound A of triazolo-quinoxalin-1-ones derivatives in the binding pocket of
hA3AR. On the left: the antagonist is viewed from the membrane side facing TM helices 3 and 4.
The positions of Ri and Rg are highlighted by two black circles. To clarify the TM cavity, the view
of TM4 from Leul36 to Prol45 has been voluntarily omitted. Side chains of some amino acids
important for ligand recognition are highlighted. Hydrogen atoms are not displayed. On the right:
2D scheme of the interactions.

Figure 3.6: Compound 14 of triazolo-quinoxalin-1-ones derivatives in the binding pocket of
hA3AR. On the left: the antagonist is viewed from the membrane side facing TM helices 3 and 4.
The positions of R; and Rg are highlighted by two black circles. To clarify the TM cavity, the view
of TM4 from Leul36 to Prol45 has been voluntarily omitted. Side chains of some amino acids
important for ligand recognition are highlighted. Hydrogen atoms are not displayed. On the right:
2D scheme of the interactions.
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the Rg group shifts away from TMb5, and consequently, more empty space is
available for the 6-nitro substituent, such as in derivatives 8, 15, and 16.

In figure 3.6 is shown compound 14, that does not present substituents in
Rg, but the position of the scaffold is the same for the derivateves 12-18 with
an Rg group and a bulky substituent in R4 position.
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Figure 3.7: Ligand-based homology modeling (LBHM) data collection of triazolo-quinoxalin-1-
ones derivatives. The reference derivatives B and 14 were used as ligand templates during the
homology modeling process to built two new conformational states of Az model. Consequently,
three different conformational states (rhodopsin based model and models 2 and 3) were selected as
putative ambassadors of the conformational changes induced by different ligand binding. Depend-
ing on their different structure topologies, all other antagonists (docked derivatives) were docked
into the most complementary receptor model.

Considering the 4-dibenzoyl derivatives 19-23, the simultaneous presence
of two bulky substituents at the 4-position forces a slight rearrangement of
the triazoloquinoxalinone moiety inside the TM binding cavity (Figure 3.3).
Curiously, while the position of the methoxy substitution at the R;-position is
relatively well conserved compared with all other triazoloquinoxalinone deriva-
tives, the Rg substituents are much closer to the Rg position of derivative 2
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and consequently much closer to the TM5 domain. As already described for
compound 2, in this case the unfavorable steric and dipolar interactions are
probably responsible for the remarkable reduction of affinity of derivatives 21
and 22. To explain the different behavior of derivatives 21 (Rg = NO2; I
= 27% at 1 M) and 23 (Rg = NHs,; K; 1200 nM), we can apply the same
argument already used for the comparison of derivatives 2 and 4.

Starting from the rhodopsin based homology model of AR and applying
the LBHM approach, we obtained 3 different conformational states of the
hAj3 model. These conformational states preserve the conventional rhodopsin-
like receptor topology and they were used in the SAR study of the reported
triazoloquinoxalinone derivatives. The results are summarized in figure 3.7.

3.3.2 2-Arylpyrazolo[3,4-c]quinoline Derivatives

Molecular modeling studies were performed on the pyrazoloquinoline deriva-
tives 1-36 (reported in Appendix B and in figure 3.8) in order to identify
the hypothetical binding motif of this class of 2-arylpyrazolo|3,4-c]quinoline
derivatives and rationalize the observed SAR. [83]
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Figure 3.8: Reported 2-Arylpyrazolo[3,4-c|quinoline Derivatives

The main issues to be addressed were:

e to clarify the different role of the R substituent on hAjs affinity and
selectivity of the 4-oxo/4-amino compounds 1-12 and 4-acylamino/4-
benzylureido derivatives 13-36;
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e to interpret the advantageous effect of the 4-acylamino moieties both for
hAj affinity and selectivity.

Following our previously reported modeling studies, [82,93,97,98] we have
constructed a refined model of the hAj receptor by using a rhodopsin-based
homology modeling (RBHM) approach. [94,95,99,100] Moreover, our recently
described ligand-based homology modeling (LBHM) approach has been used
to simulate the conformational changes induced by ligand binding. [88]
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Figure 3.9: Ligand-based homology modeling (LBHM) data collection. Each “reference deriva-
tive” (compounds 8, 21, 25, and 29) was used as ligand template during the homology modeling
process. Consequently, four different conformational states (models 1-4) were selected as putative
ambassadors of the conformational changes induced by different ligand binding. Depending on
their different structure topologies, all other antagonists (docked derivatives) were docked into the
most complementary receptor model.

As reported in figure 3.9, depending on the topological properties of the
different ligands, we found four different conformational models of the human
A3 receptor reverse agonist-like state in which both shape and chemical com-
plementarities have been specifically optimized around each ligand. In this
specific case, with the varying of ligand structure, the molecular volume of
the transmembrane (TM) binding cavity changes from the 660 A® of the stan-
dard RBHM-driven model to the 1120 A3 of the largest LBHM-driven model,
without altering the conventional rhodopsin-like receptor topology. The modi-
fications of both shape and volume of the human A3 TM binding cavity are the
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Figure 3.10: Compound 17 of arylpyrazolo-quinoline derivatives in the binding pocket of hA3AR.
On the left: the antagonist is viewed from the membrane side facing TM helices 3 and 4. To clarify
the TM cavity, the view of TM4 from Leul36 to Prol45 has been voluntarily omitted. Side chains
of some amino acids important for ligand recognition are highlighted. Hydrogen atoms are not
displayed. On the right: 2D scheme of the interactions.

most important receptor modeling perturbations obtained by the application
of the LBHM technique. The binding cavity reorganization induced by ligand
binding is due to the conformational change in several amino acid side chains,
such as Leu90 (3.32), Leu91 (3.33), Thr94 (3.36), His95 (3.37), 1198 (3.40),
GIn167 (EL2), Phel68 (EL2), Phel82 (5.43), 11e186 (5.47), Leul90 (5.51),
Phe239 (6.44), Trp243 (6.48), Leu244 (6.49), Leu264 (7.35), and 11268 (7.39).
However, molecular docking studies carried out for all the pyrazoloquinoline
antagonists, using the appropriate conformational states of the receptor as
listed in figure 3.9, have shown a similar binding motif, indicating that a com-
mon receptor-driven pharmacophore model can be depicted. This finding is
consistent with our previously reported studies. [82,88,93-95,97-100]

Interestingly, none of the new pyrazoloquinoline antagonists found an en-
ergetically stable docking pose in the conventional RBHM-driven A3 model.
This is mainly due to the unfavorable topological complementarity among
these antagonists and corresponding RBHM-driven TM binding cavity. In
particular, highly destabilizing van der Waals interactions (steric conflicts)
seem to be the reason for a lack of topological complementarities. These steric
conflicts are drastically reduced or completely eliminated after application of
the LBHM approach.

The ligand recognition occurs in the upper region of the TM bundle, and
the pyrazoloquinoline moiety is surrounded by TMs 3, 5, 6, 7 with the sub-
stituent in the 4-position oriented toward the intracellular environment. As
shown in figure 3.10, the phenyl ring at the 2-position is close to TMs 3,
6, and 7. Interestingly, an important hydrogen-bonding network can be ob-
served in all energetically stable docked conformations of all pyrazoloquinoline
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antagonists; in particular, Thr94 (3.36), His95 (3.37), and Ser247 (6.52) are
able to interact through hydrogen bonding with the 4-carbonyl oxygen of
compounds 1-7, with the 4-amino group of compounds 8-12, or with the 4-
acylamino group of compounds 13-36. These polar amino acids seem to be
critical for the recognition of all antagonist structures and for receptor selec-
tivity. In particular, Ser247 (6.52) of the hA3 receptor subtype is not present
in the corresponding position of A; and A, receptors, where the residue is
replaced by a histidine (His251 in hA;, His250 in hA,,4, and His251 in hA,p).
The histidine side chain is bulkier than serine and, possibly for this reason,
large substituents at the 4-position of the pyrazoloquinoline framework are
not well-tolerated by A; and A, receptor subtypes. Indeed, 4-acylamino and
4-benzylureido analogs (13-36) are inactive or modestly active on hA; and
hAs4ARs. On the contrary, the hydroxyl group of Ser247 (6.52) of the hAj
receptor is appropriately positioned to form a hydrogen-bonding interaction
with the carbonyl oxygen of the 4-amide/ureide group of compounds 13-36.
These observations support the importance of a 4-N-acyl/carbamoyl group in
modulating receptor selectivity.

Specifically referring to 4-N-acylated derivatives, hA3 receptor affinity in-
creases with the bulkiness of the Ry substituent (compare the 4-acetylamino
compounds 13-16 with the 4-benzoyl compounds 17-20). The hydropho-
bic environment of the five nonpolar amino acids, 11e98 (3.40), 11e186 (5.47),
Leul90 (5.51), Phe239 (6.44), and Leu244 (6.49), can justify this affinity trend.
Moreover, substituents bulkier than phenyl (compounds 21-36) are also tol-
erated. In fact, compounds 21-36 maintain their hA3 receptor affinities in the
low nanomolar range (K; < 30 nM). Both hydrogen-bonding interactions and
shape/hydrophobicity complementarity of this region of the binding pocket
are crucial for the anchoring of all compounds with a hydrophobic substituent
at the Ry position. Indeed, the introduction of a hydrophobic R substituent,
such as a methyl group, on the 2-phenyl ring (compounds 14, 15, 18, 19,
22, 23, 26, 27, 30, 31, 34, 35) does not play any special role even if this
ring is surrounded by a hydrophobic pocket delimited by Leu90 (3.32) and
[1e268 (7.39).

The effect of a hydrophobic substituent at the R-position is significantly
different for the 4-oxo- and 4-aminopyrazoloquinoline derivatives 1-12 with
respect to compounds 13-36. Both the 4-oxo (1-7) and 4-amino (8-12)
derivatives interact only with the upper part of the binding pocket, and the
introduction of a methyl group in meta or para position of the phenyl ring
(compounds 2, 3, 9, 10) increases affinity versus the hAj receptor. The 2-(4-
methoxyphenyl)pyrazoloquinoline derivatives, either 4-oxo or 4-amino substi-
tuted (compounds 4 and 11, respectively), can favorably interact with Ser165
of the second extracellular loop (EL2). The hydroxyl group of Ser is sepa-
rated by 3 A from the p-methoxy group and correctly oriented to form a weak
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hydrogen bond. The displacement of the methoxy substituent from the para
to the meta position (derivatives 5 and 12) causes the loss of interaction with
Ser165. The replacement of the 4-methoxy with a nitro group leads to un-
favorable steric and dipolar interactions with Leu90 (3.32) and 11268 (7.39)
that are responsible for the reduction of affinity observed for compound 6.

In contrast, introduction of the 4-methoxy at the R-position on the 4-
acylamino/4-benzylureido derivatives does not produce considerable effects on
hAj3 receptor affinity: when the bulkiness of the Ry substituent is increased,
the position of 2-phenyl shifts away from EL2 and, in particular, the hydrogen-
bonding interaction with the residue of Ser165 (EL2) is lost.

Finally, the pyrazoloquinoline moiety does not present any specific
hydrogen-bonding interaction with GIn167 (EL2), Phel68 (EL2), or Asn250
(6.55) as previously reported for other classes of antagonists, signifying that
these interactions are ancillaries with respect to all others mentioned above.

3.3.3 4-modified-2-aryl-1,2,4-triazolo[4,3-a]quinoxalin-1-one
Derivatives

Molecular modeling studies were performed on the 2-aryl-1,2 4-triazolo[4,3-
a]quinoxalin-1-one derivatives A and 1-21 in order to identify the hypothetical
binding motif of the new hAj antagonists and rationalize the observed SAR.
[86] All the reported compounds are listed in the Appendix C and in figure
3.11.

Following our previously reported modeling studies, [82,83,93,97,98| we
have constructed a refined model of hAj receptor by using a rhodopsin-based
homology modeling (RBHM) approach. [94,95,99,100] Moreover, our recently
described ligand-based homology modeling (LBHM) approach has been used
to simulate the conformational changes induced by ligand binding. [88]

As reported in figure 3.12, depending on the topological properties of the
different ligands, we found four different conformational models of the hu-
man Aj receptor reverse agonist-like state in which both shape and chemical
complementarities have been specifically optimized around each ligand. In
this specific case, with varying ligand structure, the molecular volume of the
transmembrane (TM) binding cavity changes from the 660 A3 of the stan-
dard RBHM-driven model to the 1120 A3 of the largest LBHM-driven model,
without altering the conventional rhodopsin-like receptor topology. The mod-
ifications of both shape and volume of the human A3z TM binding cavity are
the most important receptor modeling perturbations obtained by the applica-
tion of the LBHM technique. The binding cavity reorganization induced by
ligand binding is due to the conformational change in several amino acid side
chains, such as Leu90 (3.32), Leu91 (3.33), Thr94 (3.36), His95 (3.37), 11e98
(3.40), GIn167 (EL2), Phel68 (EL2), Phel82 (5.43), 11e186 (5.47), Leul90
(5.51), Phe239 (6.44), Trp243 (6.48), Leu244 (6.49), Leu264 (7.35), and T1e268
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Figure 3.11: Reported 4-modified-2-aryl-1,2,4-triazolo[4,3-a]quinoxalin-1-one derivatives

(7.39).

However, molecular docking studies carried out for all the triazoloquinox-
aline antagonists, using the appropriate conformational states of the receptor
as listed in figure 3.12, have shown a similar binding motif indicating that a
common receptor-driven pharmacophore model can be depicted. This finding
is coherent with our previously reported studies. [82,94,95,99,100| Interest-
ingly, none of the new triazoloquinoxaline antagonists found an energetically
stable docking pose in the conventional RBHM-driven A3 model. This is
mainly due to the unfavorable topological complementarity among these an-
tagonists and corresponding RBHM-driven TM binding cavity. In particular,
highly destabilizing van der Waals interactions (steric conflicts) seem to be
the reason for lacking topological complementarities. These steric conflicts

are drastically reduced or completely eliminated after the application of the
LBHM approach.

As previously described, [82,83,93,97,98] ligand recognition occurs in the
upper region of the TM bundle, and the triazoloquinoxaline moiety is sur-
rounded by TMs 3, 5, 6, and 7 with the substituent in the four-position ori-
ented toward the intracellular environment. Furthermore, this hypothetical
binding cleft has also been recently suggested by other authors. [101,102]

As shown in figure 3.13, the phenyl ring at the two-position is close to TMs
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Figure 3.12: Ligand-based homology modeling (LBHM) data collection of 4-modified-
triazoloquinoxalin-1-one derivatives. Each “reference derivative” (compounds A, 13 and 15) was
used as ligand template during the homology modeling process. Consequently, four different con-
formational states (rhodopsin based model and models 1-3) were selected as putative ambassadors
of the conformational changes induced by different ligand binding. Depending on their different
structure topologies, all other antagonists (docked derivatives) were docked into the most comple-
mentary receptor model.

3, 6, and 7. Analyzing our model in detail, all triazoloquinoxaline derivatives
share at least two stabilizing hydrogen-bonding interactions inside the binding
cleft. The first hydrogen bond is between the carbonyl group at one-position,
that points toward the EL2, and the NH2 of the GIn167. This hydrogen-
bonding distance is calculated around 2.8 A for all docked compounds. More-
over, the 1-carbonyl group is also at the hydrogen-bonding distance (ca. 3.2 A)
with the amide moiety of Asn250 (6.55) side chain. This asparagine residue,
conserved among all adenosine receptor subtypes, was found to be important
for ligand binding. [103,104]

An important hydrogen-bonding network can be observed in all energeti-
cally stable docked conformations of all the triazoloquinoxaline antagonists; in
particular, Thr94 (3.36), His95 (3.37), and Ser247 (6.52) are able to interact
through hydrogen bonds with the 4-carbonyl oxygen of compounds 1-19 and
with the ether oxygen of derivatives 20-21. These polar amino acids seem to
be critical for the recognition of all antagonist structures and for receptor selec-
tivity. In particular, Ser247 (6.52) of the hAj3 receptor subtype is not present
in the corresponding position of hA; and hA, receptors, where the residue is
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Figure 3.13: Hypothetical binding motif of the representative newly synthesized triazoloquinoxa-
line antagonists. The most energetically favorable docked conformation of derivative 4 into LBHM-
model 1 is viewed from the membrane side facing TM6. Side chains of some amino acids important
for ligand recognition are highlighted. Hydrogen atoms are not displayed. Moreover, the receptor
region around R4-substituents characterized by five non-polar amino acids, 11e98 (TM3), Ile186
(TM5), Phe239 (TM6), Phe243 (TM5), and Ser271 (TM7), has been represented by its Connolly’s
molecular surface.

replaced by a histidine (His251 in hA;, His250 in hA,,4, and His251 in hA,p).
The histidine side chain is bulkier than serine and, possibly for this reason,
large substituents at the four-position of the triazoloquinoxaline framework are
not well tolerated by hA; and hA, receptor subtypes. Indeed, 4-acylamino, 4-
sulfonamido and 4-benzylureido derivatives are inactive or modestly active on
hA; and hA,4 ARs. On the contrary, the hydroxyl group of Ser247 (6.52) of
the hA3 receptor is appropriately positioned to form a hydrogen-bonding in-
teraction with the carbonyl oxygen of the 4-amido/sulfonamido/ureido group
of compounds A, 1-19. In particular, the 4-sulfonamido derivatives 13 and
14 interact simultaneously through hydrogen bonds with all three polar amino
acids Thr94 (3.36), His95 (3.37), and Ser247 (6.52). Interestingly, also the 4-
benzyloxy analogs 20-21 are selectively accommodated into the hAz binding
cavity. These observations support the importance of the group at the four-
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position in modulating receptor selectivity. Indeed, the receptor region around
the Ry-substituent is mostly hydrophobic and characterized by five non-polar
amino acids: I1e98 (3.40), Ile186 (5.47), Leul90 (5.51), Phe239 (6.44), and
Leu244 (6.49), as shown in figure 3.13.

Considering the observed structure-activity relationships in greater detail,
methoxy substitution at Ry position is rather well tolerated among all newly
synthesized triazoloquinoxaline derivatives. This is consistent with its ac-
commodation into a tiny hydrophobic pocket delimited by Leu90 (3.32) and
[1e268 (7.39). Interestingly, the amino acid corresponding to Leu90 in the
hAj3 receptor was found to be essential for the binding of both agonists and
antagonists, and it is mutated in valine (Val87) in the human A; receptor.
This mutation might explain the hAj versus hA; selectivity. In fact, even if
the mutation Leu90 (hAj)/Val87 (hA;) can slightly enlarge the dimension of
this hydrophobic cavity, simultaneously it also sensibly decreases both shape
and hydrophobic complementarities (data not shown). Also the mutation of
Ser165 (EL2 of hA3) with Lys168 in the hA; receptor could affect the recog-
nition of the methoxy-substituted triazoloquinoxaline derivatives.

As previously described in the Section 3.3.1 [82] the presence of the 6-
nitro substituent has not always produced advantageous effects in terms of
hA3 AR binding affinity. This phenomenon is particularly evident comparing
derivatives 6 and 12 with respect to their unsubstituted compounds 4 and
10. As already anticipated and clearly shown in figure 3, the relative position
of Rg-substituent is slightly different depending on the bulkiness of the Ry-
substituent on the carbamoyl moiety at the four-position. In particular, in
the presence of a less bulky R, substituent, the triazoloquinoxaline moiety
binds more deeply in the middle of the TM bundle, positioning the 6-nitro
substituent very close to TM5. In this case, unfavorable steric and dipolar
interactions are responsible for the remarkable reduction of affinity observed
for derivatives 6 and 12. Increasing the bulkiness of the Ry-substituent, the
position of the Rg group shifts away from TM5 and, consequently, more empty
space is available for the 6-nitro substituent such as in derivatives 9 and 17.

3.3.4 Pyrido|2,3-€e]-1,2,4-triazolo[4,3-a]pyrazin-1-one Derivatives

Following our recently reported modeling investigations, we used our improved
model of the hA3 receptor, obtained by a rhodopsin-based homology modelling
(RBHM) approach, to recognize the hypothetical binding motif of these newly
synthesized Pyrido|[2,3-e]-1,2,4-triazolo[4,3-a|pyrazin-1-one (PTP) derivatives.
[87]

All the pyrido-triazolo-pyrazine derivatives are reported in the Appendix
D and in figure 3.14.

Our recently described ligand-based homology modeling (LBHM) approach
has been used to simulate the conformational changes induced by ligand bind-
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Figure 3.14: Reported pyrido[2,3-e]-1,2,4-triazolo[4,3-a]pyrazin-1-one derivatives

ing. [88] The topological properties of the ligands change depending on the
bulkiness of the R1 substituents. According to the volumes, shapes and chem-
ical complementarities of the analyzed compounds we obtained three differ-
ent conformational models of the human Ajs receptor using the LBHM ap-
proach. [88] The volume of the transmembrane (TM) binding cavity changes
from 660 A® of the standard RBHM-driven model to 850 A3 and 1000 A3 of
the LBHM-driven models. The conventional rhodopsin-based model was used
to detect the atomic level specific interaction of this class of compounds. This
model is suitable to rationalize the structure-activity relationships of com-
pounds 1-11, 14 and 17. The first ligand-based homology model was built
by using compound 15 as reference, and the binding pocket of this model
has a volume of 850 A3. The model was used to describe the receptor-ligand
interactions of compounds 12, 13, 15, 16 and 18. For compounds 19 and
20, the volume of the cavity was expanded to 1000 A3. The most important
receptor modeling perturbation, obtained by the application of the LBHM
technique, is the modification of both shape and volume of the human Aj
TM binding cavity, without altering the conventional rhodopsin-like receptor
topology. The binding cavity reorganization induced by ligand binding is due
to the conformational change in several amino acid side chains, such as: Leu90
(3.32), Leu91 (3.33), Thr94 (3.36), His95 (3.37), 11e98 (3.40), GIn167 (EL2),
Phel68 (EL2), Ser181 (5.42), Phel82 (5.43), Ile186 (5.47), Leul90 (5.51),
Phe239 (6.44), Trp243 (6.48), Leu244 (6.49), Leu264 (7.35), 11268 (7.39).

From the docking simulation analysis resulted that all the PTP derivatives
share a similar binding pose in the TM region of the hA3 adenosine receptor.
As shown in figure 3.15, the ligand recognition occurs in the upper region of
the TM bundle and the PTP scaffold is surrounded by the TMs 3, 5, 6, 7
with the 1-carbonyl group pointing toward the EL2 and the substituent in
the 4-position oriented toward the intracellular environment. The phenyl ring
at the 2-position is close to TMs 3, 6 and 7.

As observed for the TQX derivatives, the PTP antagonists present a m-m
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Figure 3.15: (left) Structure superimposition: hypotethical binding motif of a representative
newly synthesized Pyrido[2,3-e]-1,2,4-triazolo[4,3-a]pyrazin-1-one antagonists (in green, compound
20, K; hA3AR— 7.75 + 0.8) and a representative compound of 4-Amido-2-aryl-1,2,4-triazolo[4,3-
aJquinoxalin-1-ones antagonists (in magenta, compound 44, K; hAsAR— 342 £ 21). The most
energetically favorable docked conformations of derivatives 20 and 44 are viewed from the mem-
brane side facing TM helices 3 and 4. To clarify the TM cavity, the view of TM4 from Ser138
to Thr144, has been voluntarily omitted. The surface show the shape of the binding pocket that
correspond to residues of TM5, 6 and 7. (right) Hypothetical binding motif of compound 20. Side
chains of some amino acids important for ligand recognition are highlighted. Hydrogen atoms are
not displayed.

is95

stacking interaction with both side chains of Phel168 (EL2) and Phel82 (5.43)
and a hydrogen bonding network in the most energetically stable docked con-
formations. The first hydrogen bond is between the 1-carbonyl group and the
NH of the Glul67 (EL2) and Phel68 (EL2) amidic bond. A second impor-
tant hydrogen bond involve the side chains of Thr94 (3.36), His95 (3.37) and
Ser247 (6.52) that interact with the 4-carbonyl oxygen of compounds 1-6, the
4-amino group of compounds 7-13 or the 4-acylamino group of compounds
14-20. This region seems to be critical both for the recognition of all antag-
onist structures and for receptor selectivity. In particular, Ser247 (6.52) of
hAj3 receptor subtype is not present in the corresponding position of A; and
A, receptors, where this amino acid is replaced by histidine (His251 in hA;,
His250 in hAy4 and His251 in hA,p). Histidine side chain is bulkier than ser-
ine, and probably for this reason, large substituents at the 4-position of PTP
framework are not well tolerated by hA; and hA,4 receptor subtypes. On the
contrary, the hydroxyl group of Ser247 (6.52) of hAj3 receptor is appropriately
positioned to form a hydrogen bonding interaction with the carbonyl oxygen
of the 4-amido group of compounds 14-20. These observations support the
importance of a N-acyl group in modulating receptor selectivity. Specifically
referring to 4-N-acylated derivatives, the hA3 receptor affinity increases with
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the bulkiness of the R; substituent (compare the 4-amino compounds 7 and 8
to the 4-acetylamino derivatives 14 and 17 and to the 4-benzoylamino com-
pounds 15 and 18). Finally, as shown in figure 3.15 by the comparison of the
best docking poses of both the pyrido|2,3-e]-1,2,4-triazolo[4,3-a|pyrazin-1-one
(in green, compound 20, K; hA3AR= 7.75 4+ 0.8) and the 4-amido-6-nitro-
2-phenyl-1,2,4-triazolo[4,3-alquinoxalin-1-one antagonists (in magenta, com-
pound 44, K; hA3AR= 342 + 21), the described hydrogen bond interaction
between the 6-nitro group of 44 with the side chain of Ser181 (5.42) is now
replaced by the interaction with the same aminoacid side chain and the endo-
cyclic nitrogen atom of 20.

The hydrophobic environment of the five non polar amino acids, 11e98
(3.40), Tle186 (5.47), Leul90 (5.51), Phe239 (6.43) and Leu244 (6.49), can
justify this trend of the observed binding affinity. To support this theory,
hydrophobic substituents were introduced on 4-amino derivatives: cyclohexyl
(compound 12) and cyclopentyl (compound 13) interact with this hydropho-
bic pocket increasing the hAjs receptor affinity (compare compounds 12 and
13 to the unsubstituted 4-amino derivatives 7).

Considering the substituent on the 2-phenyl ring, the methoxy group
turned out advantageous in all the PTP derivatives, either 4-oxo, 4-amino
or 4-amido substituted. The 2-(4-methoxyphenyl)-derivatives 2, 8, 17, 18,
20 possess higher A3AR affinities than the corresponding 2-phenyl deriva-
tives 1, 7, 14, 15 and 19 because the methoxy substituent can favourably
interact with Ser165 (EL2). The hydroxyl group of Ser165 is separated by
2 A from the p-methoxy group and correctly oriented to form a weak H-
bond. The side chains of Leu90 (3.32) and 11268 (7.39) delimit a small hy-
drophobic pocket that can accommodate the methoxy substituent, but cre-
ate unfavourable steric and dipolar interaction with the other groups (OH,
F, COOH/COOQOEY) introduced on the 2-phenyl ring (derivatives 3-6, 9-11).
Compounds 3 and 9 present a hydroxyl group that looses the hydrophobic
interactions with Leu90 (3.32) and I1e268 (7.39) and decreases the hA3AR
affinity. The bulkiness of the carboxy acid/ester groups of compounds 5,
6, 11 determine the lack of affinity of these derivatives. The fluorine atom
seems to have no effect because the 2-(4-fluorophenyl) derivatives 4 and 10
display comparable affinities to those of the 2-phenyl compounds 1 and 7. The
fluorine atom could interact as hydrogen bond acceptor but, in the most ener-
getically stable conformations of compounds 4 and 10, the distance between
the fluorine and the hydroxy group of Ser165 is more than 3 A.

In summary, it has to be pointed out that the nitrobenzene moiety of
the triazoloquinoxaline-1-one derivatives can be conveniently replaced by the
pyridine ring to afford a new class of AR antagonists, the pyrido|2,3-e|-1,2,4-
triazolo[4,3-a|pyrazin-1-one derivatives. The electrostatic effect is conserved
but the steric clashes created by the nitrobenzene with the backbone of TM5,
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and in particular with the peptide bond of Ser181 (5.42) and Phel82 (5.43),
have been overcome. Moreover, the endocyclic nitrogen atom can favourably
interact with the side chain of Ser181 (5.42) through an hydrogen-bond in-
teraction. This structural modification turned out particularly beneficial in
the 4-amino series B when the volume of the molecule is increased by the
presence of cicloalkyl and acyl substituents on the 4-amino group. In fact, as
it appears by comparing the binding data of some new derivatives to those
of the corresponding triazoloquinoxalines [82] (Appendix D, Table D.2), the
hAj affinities of the PTP derivatives 12-15, 17-20 are significantly higher
than those of the corresponding TQX [82,93,105,106] with the only exception
being the 4-benzoylamino derivative 15 that shows a three-fold reduced Aj
receptor affinity, compared to the triazoloquinoxaline analogue 40.

3.3.5 N-5 Substitured Pyrazolo-triazolo-pyrimidine Derivatives

Molecular modeling studies were performed on the pyrazolo-triazolo-
pyrimidine derivatives 2-5 in order to identify the hypothetical binding motif
of these N-5 analogues and to rationalize their structure-activity relation-
ship. [85] All the docked compounds are listed in the Appendix E and in
figure 3.16.
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Figure 3.16: Structures and binding profiles of some representative pyrazolo-triazolo-pyrimidines
as human A3 adenosine receptor antagonists.
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Following our previously reported modeling studies, [89,107-112] we built
up a refined model of human Ajs receptor by using a rhodopsin-based ho-
mology modeling (RBHM) approach [94,95,99,100]. Moreover, our recently
described ligand-based homology modeling methodology (LBHM) has been
used to simulate the conformational changes induced by ligand binding. [88|

Using this methodology, we found an "expanded" conformational model
of the human Aj receptor reverse agonist-like state, in which both shape and
chemical complementarities have been specifically optimized around each lig-
and. Considering these new N-5 analogues, the molecular volume of trans-
membrane (TM) binding cavity has been changed from 660 A® (A3 model
obtained by the conventional rhodopsin-based homology modeling) to 840 A3
(expanded A3 model obtained by ligand-based homology modeling) without
altering the conventional rhodopsin-like receptor topology. The binding cavity
reorganization induced by ligand binding is due to the conformational change
in several amino acid side chains, such as Leu90 (3.32), Leu91 (3.33), Thr94
(3.36), His95 (3.37), 1198 (3.40), GIn167 (EL2), Phel68 (EL2), Phel82 (5.43),
[le186 (5.47), Leul90 (5.51), Phe239 (6.44), Trp243 (6.48), Leu244 (6.49),
Leu264 (7.35), and I1e268 (7.39).

Interestingly, none of the new pyrazoloquinoline antagonists found an en-
ergetically stable docking pose in the conventional RBHM-driven A3 model.
This is mainly due to the unfavorable topological complementarity among
these antagonists and corresponding RBHM-driven TM binding cavity. In
particular, highly destabilizing van der Waals interactions (steric conflicts)
seem to be the reason for absent topological complementarities. These steric
conflicts are drastically reduced or completely eliminated after the application
of the LBHM approach.

Molecular docking studies were carried out for the pyrazolo-triazolo-
pyrimidine antagonists 2-4, using the "expanded" conformational state of the
receptor. As shown in figure 3.17 , we found a similar binding motif indicating
that a common receptor-driven pharmacophore model can be depicted. This
finding is in agreement with our previously reported studies. [89,107-112]

Indeed, ligand recognition occurs in the upper region of the TM bundle,
and the pyrazolo-triazolo-pyrimidine moiety is surrounded by TMs 3, 5, 6,
7 with the substituent in the N5 position oriented toward the intracellular
environment. As shown in figure 3.17, the furan ring at the 2-position is
close to TMs 3 and 7. Interestingly, an important hydrogen bonding network
can be observed in all energetically stable docked conformations of pyrazolo-
triazolopyrimidine antagonists. In particular His95 (3.37) and Ser247 (6.52)
are able to interact through hydrogen bonding with the N5-carbonyl oxygen
of compgunds 2-4 (20— His95 ca. 3.0 A; 3c_o- Ser247 ca. 2.8 A; 4¢_o-His95
ca. 2.9 A).

These polar amino acids seem to be critical for the recognition of all an-
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Figure 3.17: Hypothetical binding motif of the newly synthesized pyrazolo-triazolo-pyrimidine
antagonists 2-4. The most energetically favorable docked conformation of each derivative is viewed
from the membrane side facing TM helices 4 and 5. To clarify the TM cavity, the view of TM4
was omitted. Side chains of some amino acids important for ligand recognition are highlighted.
Hydrogen atoms are not displayed.

tagonist structures and for receptor selectivity. In particular, Ser247 (6.52) of
human Aj receptor subtype is not present in the corresponding position of A,
and A, receptors, where the residue is replaced by a histidine (His251 in hu-
man Ay, His250 in human A4 and His251 in human A,p). Histidine side chain
is bulkier than serine, and possibly for this reason, large substituents at the
N5 position of pyrazolo-triazolopyrimidine framework are not well tolerated
by A; and As receptor subtypes. In contrast, the hydroxyl group of Ser247
(6.52) of human Aj receptor is appropriately positioned to form a hydrogen-
bonding interaction with the carbonyl oxygen of the N5-amide/ureide group
of compounds 2-4. These observations support the importance of an N5-
acyl/carbamoyl group in modulating receptor selectivity. The hydrophobic en-
vironment of the five nonpolar amino acids 11e98 (3.40), 11e186 (5.47), Leul90
(5.51), Phe239 (6.44), and Leu244 (6.49) can comfortably accommodate the
phenyl ring of all N5-acyl/carbamoyl derivatives.

In contrast, the introduction of the N5-sulfonamido moiety, as present in
derivative 5, drastically reduces the affinity at the human Aj receptor. Inter-
estingly, in this specific case molecular docking is not able to find an antagonist
pose comparable to those described for the other N5-acyl/carbamoyl deriva-
tives. As shown in figure 3.18, the rigid tetrahedral configuration associated
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Figure 3.18: Hypothetical binding motif of the newly synthesized N5-sulfonamido pyrazolo-
triazolo-pyrimidine antagonist 5. The most energetically favorable docked conformation of each
derivative is viewed from the membrane side facing TM helices 4 and 5. To clarify the TM cavity,
the view of TM4 was omitted. Hydrogen atoms are not displayed.
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Figure 3.19: Structure superimposition of compounds 4 (in magenta) and 5 (in green) inside the
receptor binding site.
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with the N5-sulfonamido moiety avoids the sampling of energetically favorable
antagonist poses in which the phenyl ring is linked to the N5 position in the
hydrophobic pocket delimited by Ile98 (3.40), 1le186 (5.47), Leul90 (5.51),
Phe239 (6.44), and Leu244 (6.49).

The most stable docking pose of compound 5 presents the N5-sulfonamido
moiety close to TM3 and TM7, and the phenyl ring linked to N5 position
is surrounded by a hydrophobic pocket delimited by Leu90 (3.32) and 11e268
(7.39). This antagonist pose is energetically less stable (ca. 15 kcal/mol)
with respect to those found for derivatives 2-4, due to the absence of the
stabilizing interactions among the polar residues Thr94 (3.36), His95 (3.37),
and Ser247 (6.52) and the N5-sulfonamido moiety. Structure superimposition
of compounds 4 and 5 is shown in figure 3.19.

This severe steric constriction might explain the drastic reduction in affin-
ity of derivative 5 at the human Aj receptor.

3.3.6  Molecular Simplification Approach: From Triazoloquinoxa-
line to a Pyrimidine Skeleton

Our past research on the study of AR antagonists had been focused for
many years on classes of tricyclic compounds. [82,93,97,98,105,113,114] One of
these classes is represented by the 2-aryl-1,2,4-triazolo|4,3-a]quinoxalin-1-one
derivatives (TQX series), either 4-amino or 4-oxo-substituted, which were in-
tensively investigated by evaluating the effect of different substituents on the
2-phenyl ring and on the 4-amino group (Figure 3.20). [82,93,105,113,114]

0
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Figure 3.20: Previously reported 2-Aryl-1,2,4-triazolo[4,3-a]quinoxalin-1-ones (TQX Series).

These studies led to the identification of some groups which, introduced one
by one in a suitable position of the parent compounds 4-amino-2-phenyl-1,2,4-
triazolo|4,5-a]quinoxalin-1-one A and 2-phenyl-1,2,4-triazolo[4,5-a|quinoxalin-
1,4-dione B, afforded high hA3AR affinity and good selectivity. These groups
are the para-methoxy substituent on the 2-phenyl ring (compounds C and D)
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and acyl residues, such as the acetyl or benzoyl groups, on the 4-amino group
(compounds E and F). However, besides potency and selectivity, the straight-
forward synthesis and pharmacokinetic profile represent crucial requirements
in developing new possible therapeutic agents.

Structural simplification represents a drug design strategy to shorten syn-
thetic routes while keeping or enhancing the biological activity of the original
candidate. Following this strategy, we have carried out an in silico molecular
simplification approach to identify a suitable fragmentation route and explore
which of the structural features are essential to guarantee an efficient ligand-
receptor recognition. In this context, three series of triazoloquinoxalin-1-one
analogues were prepared (Figure 3.21) and, among them, the easily synthe-
sizable 2-amino/2-oxoquinazoline-4-carboxamido derivatives 1-11 (QZ series)
proved to be highly potent and selective against the hA3AR.
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Figure 3.21: Reported 1,2,4-triazoloquinoxalin-1-one simplified analogues.

As previously reported, 4-amino-2-aryl-1,2 4-triazolo[4,3-a|quinoxalin-1-
one derivatives nicely bind to hA3AR. We recognized the hypothetical binding
site of the triazolo-quinoxalinone moiety surrounded by transmembrane (TM)
regions 3, 5, 6, and 7, with the carbonyl group at the 1-position pointing
toward the second extracellular loop (EL2) and the amide moiety in the 4-
position oriented toward the intracellular environment. The phenyl ring at
the 2-position is positioned close to TM3, TM6, and TM7. The asymmetric
topology of the binding cavity is characterized by a major axis (measured from
TM1 toward TM5) of about 17 A and by a minor axis (measured from TM3
toward TM6) of about 6 A. The peculiar geometric properties of the hA; AR
binding pocket effortlessly rationalize the experimental evidence that planar
polyaromatic systems are usually suitable scaffolds to design potent and se-
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lective hA3 AR antagonists. Moreover, planar polyaromatic systems seem to
interact through 77 stacking interactions at least with one of the two side
chains of Phel68 (EL2) and Phel82 (5.43), as shown in figure 3.22. This
interaction has already been described as a crucial pharmacophoric feature in
the hA3 AR recognition.

Figure 3.22: Hypothetical binding motif of the reference derivative C. The most energetically
favorable docked conformation is viewed from the membrane side facing TM helices 5, 6, and 7.
To clarify the TM cavity, the view of TM6 from Pro245 to Cys251, was voluntarily omitted. Side
chains of some amino acids, important for ligand recognition, are highlighted. Hydrogen atoms are
not displayed.

All triazolo-quinoxalinone derivatives also share at least two stabilizing
hydrogen-bonding interactions inside the binding cleft (Figure 3.22). The
first hydrogen bonding is between the carbonyl group at the 1-position, which
points toward the EL2, and the NH of the GIn167. This hydrogen-bonding
distance is calculated around 2.7 A for all docked compounds. Moreover,
the 1-carbonyl group is also at the hydrogen-bonding distance with the amide
moiety of Asn250 (6.55) side chain. This asparagine residue, conserved among
all adenosine receptor subtypes, was found to be important for ligand binding.
Second, the NH2 or NHR moiety at the 4-position is surrounded by three polar
amino acids: Thr94 (3.36), His95 (3.37), and Ser247 (6.52). This region seems
to be very critical for the recognition of all antagonist structures. In fact, a
major structural difference between the hypothetical binding sites in these
receptor subtypes is that the hAj receptor does not contain the histidine
residue in TM6 (6.52), common to all A; (His251 in hA;) and A, (His250
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in hA,A and His251 in hA;B) receptors. This histidine has been shown to
participate in both agonist and antagonist binding to AsA receptors. In the
A3 receptor, this histidine in TM6 is replaced by a serine residue (Ser247 in
hAg)

Starting from these binding requirements, we decided to perform an in
silico molecular simplification approach to identify a suitable fragmentation
route of the 4-amino-triazoloquinoxalin-1-one scaffold and explore which of
the structural features were essential to guarantee an efficient ligand-receptor
recognition. A schematic representation of our molecular simplification is
shown in figure 3.23.

...disconnection

intra H-bond:
NHR co-planarity is preserved

PYRM

missing intra H-bond: missing aromatic ring feature:
co-planarity is abolished receptor complementarity is
drastically reduced

Figure 3.23: Flowchart of the simplification approach.

The first step was to verify the effects of the 4-aminotriazoloquinoxalin-1-
one (TQX series) replacement with the 2-amino-quinazoline scaffold bearing
a CO-NH-CgH4-R; moiety at the 4-position (QZ series). Interestingly, 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
simulates the presence of a planar tricycle with similar steric properties with
respect to the original triazoloquinoxalinone analog. Quantum chemistry cal-
culations support the crucial role of the intramolecular H-bond in stabilizing
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Figure 3.24: Hypothetical binding motif of the newly synthesized A3 antagonists: 1 (top on the
left), 6 (top on the right), and 10 (bottom). The most energetically favorable docked conformations
are viewed from the membrane side facing TM helices 5, 6, and 7. To clarify the TM cavity, the
view of TM6 from Pro245 to Cys251 was voluntarily omitted. Side chains of some amino acids,
important for ligand recognition, are highlighted. Hydrogen atoms are not displayed.

the cyclic conformer.

Indeed, it is worth noting that a different entropy contribution, between
the TQX and the QZ series, could differently affect the total free en-
ergy of binding. Unfortunately, in our docking simulations, the entropy ef-
fect could not accurately be taken into account. In particular, using the
4-amino-2-(4-methoxyphenyl)-triazoloquinoxalin-1-one derivative C (Figure
3.20) as primary reference compound, the corresponding 2-aminoquinazoline-
4-carboxyamide derivative 1 (Figure 3.21, R=CgH,-p-OMe) was investigated.
As shown in figure 3.24, molecular docking simulations confirm that the new
compound 1 is efficiently accommodated in the TM binding cavity, maintain-
ing all crucial interactions above-mentioned (7-7 stacking interactions at least
with both side chains of Phel68 (EL2) and Phel82 (5.43), two H-bonds with
GIn167 (EL2) and Asn250 (6.55), and a H-bond interaction with His95 (3.37).
In particular, His95 (3.37) is involved in a H-bond interaction with the amino
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group at the 2-position of the quinazoline-4-carboxyamide moiety.

Analogously, we decided to extend our investigation, also considering
the corresponding 2-oxo analogue of 1, that is, the 2-oxoquinazoline-4-
carboxyamide derivative 6 (Figure 3.21, R=CgH4-p-OMe), which can also be
considered the simplified analogue of the triazoloquinoxalin-1,4-dione deriva-
tive D (Figure 3.20). As is clearly shown in figure 3.24, the 2-oxo derivative 6
assumes a binding conformation very similar to that of the 2-aminoquinazoline
derivative 1. In compound 6, the 2-oxo group interacts through a H-bond in-
teraction with His95 (3.37).

Subsequently, docking studies were also carried out to evaluate whether
the presence of acyl residues on the 2-amino group of the new quinazoline-
4-carboxamido series (Figure 3.21, QZ series, Rp=acyl) was tolerated.
The docking simulations, performed on the 2-acetylaminoquinazoline-4-
carboxyanilide 10 (Figure 3.21, R=Ph) showed that the acetyl substituent
is not only well tolerated, but it might reinforce the binding to the hA; AR
(Figure 3.24). Indeed, consistently with that observed in the triazoloquinoxa-
line series, an additional H-bond interaction takes place between the carbonyl
moiety of the 2-acylamino group and the side chain of Ser247 (6.52).

Figure 3.25: Hypothetical binding motif of the newly synthesized analogs 12 (on the left) and
14 (on the right). The most energetically favorable docked conformations are viewed from the
membrane side facing TM helices 5, 6, and 7. To clarify the TM cavity, the view of TM6 from
Pro245 to Cys251 was voluntarily omitted. Side chains of some amino acids, important for ligand
recognition, are highlighted. Hydrogen atoms are not displayed.

To demonstrate the important role of the intramolecular H-bond interac-
tion in maintaining the coplanarity of both 2-amino- and 2-oxo-quinazoline
scaffolds and the CO-NHCgH4-R; moiety at the 4-position, we decided to
design a new class of analogs: the 2-aminoquinoline-4-carboxamides (Figure
3.21, QN series) and the corresponding 2-oxo derivatives. In fact, in these
quinoline derivatives, the formation of the intramolecular H-bond is not al-
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lowed and, consequently, the CO-NHCgH4-R; is twisted with respect to the
quinoline ring of about 135°, as suggested by the systematic conformational
analysis of the corresponding dihedral angle (data not shown). The impossi-
bility of both 2-amino- and 2-oxo-quinoline systems to adopt a planar confor-
mation is also confirmed by the docking simulations. In fact, as shown in fig-
ure 3.25, for the 2-aminoquinoline-4-carboxyamide derivative 12 (Figure 3.21,
R=CgH4-p-OMe) and its 2-oxo analogue 14 (Figure 3.21, R=CgH,-p-OMe),
the corresponding energetically more stable docking pose is still twisted (of
about 121°) and, in this conformation, the 2-amino-quinoline derivatives com-
pletely missed some of the most important interactions (in particular, the two
H-bonds with GIn167 and Asn250) and drastically reduced their cavity-shape
complementarity.

Figure 3.26: Hypothetical binding motif of the newly synthesized analog 16. The most energet-
ically favorable docked conformations are viewed from the membrane side facing TM helices 5, 6,
and 7. To clarify the TM cavity, the view of TM6 from Pro245 to Cys251 was voluntarily omit-
ted. Side chains of some amino acids, important for ligand recognition, are highlighted. Hydrogen
atoms are not displayed.

Finally, to explore how reducible was the extension of the planar aromatic
ring, starting from a 2-aminoquinazoline scaffold, we designed the correspond-
ing 2-aminopyrimidines bearing a CO-NHCgH,-R; moiety at the 4-position
(Figure 3.21, PYRM series). As above-described for the quinazoline deriva-
tives, also in this series, we can observe the formation of the intramolecular
H-bond between the 3-nitrogen atom of the pyrimidine system and the NH
of the 4-amide moiety, which allows a simulation of the presence of a planar
bicycle with a missing benzene ring, with respect to the original triazolo-
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quinoxalinone analogs. As shown in figure 3.26 for the 2-aminopyrimidine-
4-carboxy-(4-methoxyphenyl)amide 16 (Figure 3.21), molecular docking sim-
ulations indicate that 2-amino-pyrimidine skeleton maintains the stabilizing
-1 stacking interactions with both Phel68 and Phel82. However, the shift
of the ligand position into the binding cleft abolishes the possibility an in-
teraction through the H-bond with His95, GIln167, and Asn250, reducing the
stability of the corresponding antagonist/receptor complex.

From these theoretical hypotheses, we synthesized and pharmacologi-
cally characterized some derivatives belonging to the three designed classes
of triazolo-quinoxalinone simplified analogs (see figure 3.21 and Appendix
D), that is, the 2-amino/2- oxoquinazoline-4-carboxamides 1-11 (QZ series),
the 2-amino/ 2-oxoquinoline-4-carboxamides 12-15 (QN series), and the 2-
aminopyrimidine-4-carboxyamides 16-18 (PYRM series).

Among these compounds, there are the above cited and theoretically in-
vestigated quinazolines 1, 6, and 10, quinolines 12 and 14, and pyrimidines
16, all except one (10) bearing the 4-carboxy-(4-methoxyphenyl)amide func-
tion. To perform a preliminary structure-affinity relationship (SAR) study,
in the first two series, we synthesized derivatives lacking the methoxy group
on the 4-carboxyamide moiety, that is, the 4-carboxyanilide compounds 2,
7, 13, and 15. In the quinazoline series, the methoxy group was also re-
placed by lipophilic substituents, such as methyl (compounds 3 and 8) or
bromine (compounds 4 and 9). In addition, to evaluate the importance of the
aromatic phenyl ring on the carboxyamide function, the 2-aminoquinazoline-
4-carboxy-cyclohexylamide 5 was synthesized. The effect of a benzoyl residue
on the 2-amino function was evaluated both in the quinazoline (compound
11) and in the pyrimidine (compound 17) series, and in the latter, the 2-
dibenzoylamino derivative 18 was also prepared.



CHAPTER 4
Molecular Docking Protocols
Validation

4.1 Introduction

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 active site and a list of potential small molecule ligands.

The first step of this problem is the application of computational methods
to try to reproduce the bound conformation of a ligand in a high-resolution
X-ray crystal structure. This step allows researchers to select the most accu-
rate molecular docking protocol to analyse the ligands.
For many years it has not been possible to validate the molecular docking pro-
tocols for GPCR family because no 3D structures of complexes were available.
Rodopsin presents his natural ligand in the binding pocket, but retinal rep-
resents a particular case because it is covalently bound to the receptor. The
release of A;4AR, (> and (3 Adrenergic Receptors provided not only new in-
formation about the structural conformation of GPCRs, but also information
about ligands binding.

We used the new available information to test different molecular docking
software and to evaluate the results that we obtained before with SAR studies
of antagonists of hA3AR.

4.2 Materials and Methods

Molecular Docking studies were performed using the following crystal struc-
tures:

e human f;-Adrenergic Receptors (PDB ID: 2RH1) [3§]
e turkey (;-Adrenergic Receptors (PDB ID: 2VT4) [43]

e human A,4 Adenosine Receptor (PDB ID: 3EML) [45]

Structures of ligands and proteins were prepared using MOE. Ligands were
built using MOE builder and MOPAC (ver.7), [90] was utilized for all quantum
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mechanical calculations. Proteins were prepared starting from the crystallo-
graphic structures and adding hydrogen atoms, which were minimized until
the rms gradient of the potential energy was less than 0.1 keal mol=* A~1.

4.2.1 MOE Docking Protocol

Each ligand was docked into the hypothetical TM binding site of the respective
receptor by using the MOE-dock tool, part of the MOE suite. [63] Searching
is conducted within a user-specified 3D docking box, using one of the three
available search protocols:

e Tabu Search
e Genetic Algorithm
e Simulated Annealing

and the MMFF94 force field. [92] MOE-Dock 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 MMFF94 energy minimization
until the rms of conjugate gradient was <0.1 keal mol~' A1, Charges for the
ligands were imported from the MOPAC output files.

Docking poses were rescored using predicted pKi, that was calculated using
MOE. The scoring function is based upon a Bohm-like empirical scoring func-
tion consisting of a directional hydrogen-bonding term (direct bonds, water-
mediated contacts, transition metals), a directional hydrophobic interaction
term, and an entropic term (ligand atoms immobilized in binding).

4.2.2 Glide Docking Protocol

Glide [65] searches for favorable interactions between one or more ligand
molecules and a receptor molecule, usually a protein. Shape and properties
of the receptor are represented on a grid by several different sets of fields that
provide progressively more accurate scoring of the ligand poses. Ligand dock-
ing jobs cannot be performed until the receptor grids have been generated.

Receptor grid generation requires a “prepared” structure: an all-atom
structure with appropriate bond orders and formal charges. Proteins were
prepared with Protein Preparation Wizard of Schrédinger.

Receptor grid was centered at the centroid of the defined ligand molecule,
that is the cocristallized molecule. The size of the grid was set as default (20A
x 20A x 20A). No constraints were defined.

Glide ligand docking jobs require a set of previously calculated receptor
grids and one or more ligand structures.



69

Extra-precision (XP) docking and scoring were chosen as procedure. Dock-
ing is flexible: this is the default option, and directs Glide to generate confor-
mations internally during the docking process. No constraints were defined.

Final scoring is then carried out on the energy-minimized poses. By de-
fault, GlideScore multi-ligand scoring function is used to score the poses.
GlideScore is based on ChemScore, but includes a steric-clash term and
adds buried polar terms devised by Schrodinger to penalize electrostatic mis-
matches.

25 independent docking poses were written in the output.

4.2.3 Gold Docking Protocol

The binding site was defined starting from a point and the size was defined
as a sphere. This is respectively 19.9700 6.7110 1.4950 (radius: 13A) for ;-
adrenergic receptor, -38.1410 10.3080 4.4190 (radius: 13A) for B,-adrenergic
receptor and -7.6208 -7.8614 52.6288 (radius: 14A) for As4AR. The search
algorithm is based on Genetic Algorithm. All the options are set as defaults
values.

Two different scoring functions were used to perform two separeted docking
runs: ChemScore, that is an empirical scoring function and Goldscore that
is a force-field-based scoring function. 25 independent docking poses for each
scoring function were written in the output.

4.2.4 Plants Docking Protocol

All ligand structures were docked using Plants version 1.08 [66]. The binding
site was defined with the same parameters that were used for Gold Docking
Protocols (central point and radius). The search algorithm considered 15 ants
with an evaporating factor of 0.30. Chemplp scoring funcion was used.

25 structures were generated by the cluster algorithm and the RMSD sim-
ilarity threshold was set at 1A.

4.2.5 Autodock Docking Protocol

The compound were docked using Autodock 4. [64] Ligands were considered
flexible and no constraints were defined. The grid box was centered on the
ligand and the size was defined as 60 points per dimension (x,y,z).

It was used a semi-flexible docking in which only the ligand can explore
the conformational space available. The search algorithm that was used is
the Lamarckian Genetic Algorithm (LGA) docking also known as a Genetic
Algorithm-Local Search (GA-LS). 25 independent docking poses were written
in the output.
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4.2.6 FlexX Docking Protocol

FlexX was used as an implementation in MOE. FlexX uses an incremental
fragment growth strategy to find the poses. Default parameters were used to
obtain 25 docking poses.

4.2.7 Clustering

Clustering is the classification of data objects into similarity groups (clusters)
according to a defined distance measure.

After the collection of the objects, which are the docking poses in our

case, one or more properties has to be calculated to be used for the clustering.
The property that define the distance among the poses is the Root Mean
Square Deviation (RMSD) and the measures of RMSD are collected in a
dissimilarity matrix (or distance matrix). It is a square symmetrical MxM
matrix with the 4jth element equal to the value of a RMSD between the ith
and the jth pose. Distance matrix is calculate using VMD [115] and the
iTrajComp plugin. RMSD values are calculated considering all the atoms in
the structures.
RMSD distance matix is processed with the software R [116] and a hier-
archical clustering is constructed with a agnes-algorithm (Agglomerative
Nesting) [117] and the Ward’s Method. [118| At first, each observation is
a small cluster by itself. Clusters are merged until only one large cluster
remains, which contains all the observations. At each stage the two nearest
clusters are combined to form one larger cluster.

To analyze the membership of each structure to the clusters, one can cuts
the hierarchical structure at a user defined level. The cutting level is defined
by the final number of clusters that one wishes to obtain or by the RMSD
value that defines the maximum difference between two members of the same
cluster.

4.3 Results and Discussion

The availability of crystallographic structures of GPCRs with a ligand cocrys-
talized allowed us to validate the docking protocol that we had been using
before.

We collected the docking results obtained with different search algorithms
and scoring functions. We compared the best docking pose, according to
the scoring function that was used, with the crystallographic pose in term of
root mean square deviation (RMSD) measured in A and the conformational
sampling, that is the number of poses in a docking result that present an
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RMSD lower than 2,5 A in comparison to the crystallografic pose of the ligand
in the complex.

Comparison of different docking protocol was conducted using the following
crystal structures of complexes with ligand and protein:

e Carazolol on human f,-Adrenergic Receptor (PDB ID: 2RH1) [38§]
e Cyanopindolol on turkey (;-Adrenergic Receptor (PDB ID: 2VT4) [43]

e 7ZM241385 on human A,4 Adenosine Receptor (PDB ID: 3EML) [45]

4.3.1 Carazolol on human f;-Adrenergic Receptor

Docking results obtained with different docking protocols are summarized it
the table 4.1 and the best results are in figure 4.1.

The majority of the protocols is able to reproduce the crystallographic
pose of Carazolol with an RMSD lower than 1 A.

The docking protocol that can better reproduce the conformation of Cara-
zolol in the crystal structure is Gold with the scoring function Goldscore: the
RMSD between the best ranked pose and the crystallographic pose is 0,59 A
and 20 out of 25 poses present a docking pose with an RMSD value lower than
2,5 A.

Another protocol that reproduces the crystallographic pose with good re-
sults is FlexX: 1,02 A of RMSD for the best pose and all the poses have an
an RMSD value lower than 2,5 A.

Table 4.1: Carazolol - human (§2-Adrenergic Receptor
Docking Protocol RMSD (A) Sampling

moe-GA-EnTot 1,58 5/25
moe-GA-pKi 5,16 5/25
moe-SA-EnTot 0,78 3/25
moe-SA-pKi 6,85 3/25
moe-TS-EnTot 0,93 7/25
moe-TS-pKi 0,93 7/25
glide 1,05 18/25
gold-chemscore 0,74 5/25
gold-goldscore 0,59 20/25
plants 0,68 13/25
autodock 0,55 13/25

flexX 1,02 25/25
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Figure 4.1: Docking results of carazolol on B2-AR. Crystallographic pose is represented in blu,
the best pose of Gold protocol is represented in yellow, that is the best docking protocol according
to our analysis. In magenta the best docking pose obtained with the protocol Tabu Search of MOE,
the protocole used for the SAR studies of antagonists of hA3AR. Antagonists are viewed from the
membrane side facing TM6, that has been voluntarily omitted. Side chains of some amino acids
important for ligand recognition are highlighted. Hydrogen atoms are not displayed.

Similar results are available using Glide: the best pose according to the
software presents 1,05 A of RMSD compared to the crystallographic pose and
18 out of 25 poses have an an RMSD value lower than 2,5 A.

The best poses of carazolol according to the protocols of Plants and
Autodock have 0,68 and 0,55 A of RMSD with the crystallographic pose and
in both cases more than half of the poses (13 out of 25) has an RMSD value
lower than 2,5 A.

4.3.2 Cyanopindolol on turkey (3;-Adrenergic Receptor

Docking results obtained with different docking protocols are summarized it
the table 4.2 and the best results are in figure 4.2.

The docking protocol of Glide is the best protocol in this case and it
reproduced the crystallographic pose with an RMSD of 0,28 A and 23 out of
25 poses have an an RMSD value lower than 2.5 A.

Gold with the scoring function goldscore is among the best protocols also
in this case. All the poses of the output have an an RMSD value lower than
2,5 A and the RMSD between the best ranked pose and the crystallographic
structure is lower than 1 A.
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Figure 4.2: Docking results of cyanopindolol on Bi-adrenergic receptor. Crystallographic pose
is represented in blu, the best pose of Glide protocol is represented in yellow, that is the best
docking protocol according to our analysis. In magenta the best docking pose obtained with the
protocol Tabu Search of MOE, the protocole used for the SAR studies of antagonists of hAsAR.
Antagonists are viewed from the membrane side facing TM 6, that has been voluntarily omitted.
Side chains of some amino acids important for ligand recognition are highlighted. Hydrogen atoms

are not displayed.

Table 4.2: Cyanopindolol - turkey S1-Adrenergic Receptor

Docking Protocol RMSD (A) Sampling
moe-GA-EnTot 2,26 4/25
moe-GA-pKi 1,65 4/25
moe-SA-EnTot 4,22 3/25
moe-SA-pKi 5,79 3/25
moe-TS-EnTot 3,25 2/25
moe-TS-pKi 0,98 2/25
glide 0,28 23/25
gold-chemscore 3,93 5/25
gold-goldscore 0,67 25/25
plants 1,15 15/25
autodock 1,13 16/25
flexX 1,63 1/25
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Also Autodock and Plants reproduce the crystallographic pose with good
results.

The best ranked pose according to TS algorithm and pki scoring funcion of
MOE has an RMSD value lower than 1 A if compared with the crystallographic
ligand, but the sampling is very poor, only 2 poses out of 25.

4.3.3 7ZM241385 on human A,, Adenosine Receptor

Docking results obtained with different docking protocols are summarized it
the table 4.3 and the best results are in figure 4.3.

Docking results of ZM241385 are less accurate than the previous ones.
Ligand is bigger and the binding pocket is more open: conformational search
can explore more empty space and the crystallographic pose is reproduced
with lower precision.

In this case FlexX is the protocol that works better: all the 25 poses of
the output have an an RMSD value lower than 2,5 A and between the best
ranked pose and the crystallographic pose there is the lowest RMSD for this
analysis.

Other protocols that give fairly good results are, also in this case, Glide,
Gold with Goldscore, Autodock and Plants.

Table 4.3: ZM241385 - human As4 Adenosine Receptor
Docking Protocol RMSD (A) Sampling

moe-GA-EnTot 6,07 1/25
moe-GA-pKi 1,41 1/25
moe-SA-EnTot 1,77 6/25
moe-SA-pKi 1,87 6/25
moe-TS-EnTot 2,15 5/25
moe-TS-pKi 2,16 5/25
glide 2,86 10/25
gold-chemscore 3,93 9/25
gold-goldscore 3,05 11/25
plants 2,00 15/25
autodock 2,95 16/25

flexX 1,39 25,/25
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Figure 4.3: Docking results of ZM241385 on human A4 adenosine receptor. Crystallographic
pose is represented in blu, the best pose of FlexX protocol is represented in yellow, that is the best
docking protocol according to our analysis. In magenta the best docking pose obtained with the
protocol Tabu Search of MOE, the protocole used for the SAR studies of antagonists of hAsAR.
Antagonists are viewed from the membrane side facing TM6, that has been voluntarily omitted.
Side chains of some amino acids important for ligand recognition are highlighted. Hydrogen atoms
are not displayed.

The protocol that was used for the SAR studies of antagonists of hA3AR is
Tabu Search algorithm implemented in MOE software and we used the scoring
function that predict the pKi to rescore the poses.

The sampling of poses for the crystal structures using this protocol is poor: 7
poses out of 25 for Carazolol, 2 poses out of 25 for Cyanopindolol and 5 poses
out of 25 for ZM241385. Anyway the scoring function is able to select good
poses among all the results. If we rank the results according to the score of
pKi, the best poses have an RMSD value with the crystal structures of 0.93 A,
0.98 A and 2.16 A respectively for Carazolol, Cyanopindolol and ZM241385.

In general we can say that the protocol that we used (MOE software, Tabu
Search algorithm and pKi as scoring function) is acceptable. Before we didn’t
have a basis for comparison for GPCRs, for this reason the protocol was chosen
among the available protocols and according to the one that better described
the SAR among the analyzed antagonists.
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4.3.4 Analysis of Previously Reported Docking Results with Dif-
ferent Docking Protocols

To verify the results that we obtained previously with the SAR analysis of
antagonists of human A3AR, we considered some compounds that present
affinity for hA3AR and we performed a molecular docking study with the
available docking protocols. We clusterized the results and selected the most
populated groups as representative binding poses.

4.3.4.1 4-Amido-2-aryl-triazolo-quinoxalin-1-one Derivative

4-Amido-2-aryl-triazolo-quinoxalin-1-one derivatives are the compounds that
have been analysed more extensively and we are now considering derivative
A reported in Appendix A and in figure 4.4.

o)
HNJ\H

L
@,N _@

0

Figure 4.4: 4-Amido-2-aryl-triazolo-quinoxalin-1-one derivative used for validation of docking
protocols.

From the cluster analysis, two clusters were selected: poseA and poseB

(Figure 4.5). Three of the docking protocols (Gold with the scoring function
Goldscore, Plants and Glide) present docking poses in both selected clusters,
all the other protocols present only poses that belong to cluster poseB.
Poses that were not selected in one of the two clusters were condidered outliers:
they were not part of any of the two selected most populated clusters (poseA
and poseB) and they were not enough similar among them, in term of RMSD
value, to form a new cluster.

The most populated cluster is the cluster poseB, to which belong the pre-
viously reported pose, obtained with the docking protocol used for all SAR
study published before the release of the crystallographic structures of GPCRs
with a ligand cocrystallized (Figure 4.5 and 4.6).

In the table in figure 4.6 RMSD value are reported: these values are calculated
using as references two average conformations, one of the cluster poseA and
one of the cluster poseB.

Anyway, the selection of the best docking pose is usually not limited to
the most populated cluster, or the best pose in term of score value, but it is
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selected with an accurate SAR study, considering a series of derivatives with
similar chemical structures and available affinity data.

Figure 4.5: Docking results of compound A of triazolo-quinoxalin-1-one derivatives. In yellow:
poseB, this is the best docking pose according to GA of Gold as search algorithm and Goldscore as
scoring function; in green: poseA; in magenta: best docking pose obtained with TS algorithm of
MOE and pKi as scoring function, this is the pose reported in SAR studies of triazolo-quinoxalin-
1-one derivatives. Docking poses are viewed from the membrane side facing TM helices 3 and 4.
To clarify the TM cavity, the view of TM4 from Leul36 to Prol45 has been voluntarily omitted.
Side chains of some amino acids important for ligand recognition are highlighted. Hydrogen atoms
are not displayed.
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Figure 4.6: Comparison of docking results, in terms of RMSD in A, of compound A on hA3AR

using different docking protocols.



CHAPTER 5
Molecular Dynamics of Adenosine
Receptors

5.1 Introduction

Homology models represent a rigid conformation of a protein, but proteins
are known to be dynamic molecules that show rapid, small-scale structural
fluctuations. [119]

A simple two-state model can describe a receptor: a conformation that
binds the agonist and transfers the signal and a conformation that binds
the antagonist. It is well known that GPCRs behave in a more complex
way. Efficacy can be explained by a simple model of receptor activation, but
evidence from both functional and biophysical studies supports the existence
of multiple, ligand specific conformational states. [68]

Our models of human A3AR were built using homology modeling tech-
nique. As it was deeply analyzed in Chapter 2, there are differences among
the models that have to be considered when one wants to use them for drug
design.

We consider that our models correspond to the antagonist-like state of
hA3AR, but this pharmacological state can be described by more than one
conformational state. Which one of these models better characterizes the
antagonist-like state of hA3AR, if one of these model can evolve to another
one, if the models can converge to a common conformation are questions that
remain to be answered. We investigated the molecular dynamic behaviour of
the models in a lipid bilayer to try to answer to these questions.

5.2 Materials and Methods

MD simulations were carried out starting from the models of hA3AR inserted
into a lipid bilayer environment. The lipid bilayer was built starting from an
existing bilayer as described by C. Kandt at all. [120] Water was added using
an initial box and redundant water was deleted based on their z position.
Ten chlorine ions were added to neutralize the system. The membrane was
equilibrated for 10 ns.

MD simulation was carried out using the GROMACS 3.3.1 MD package
[121,122| applying periodic boundary conditions. The simulation was carried
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out for 30 ns (time step = 2 fs), with a constant temperature of 300 K, using
a Berendsen (7T = 0.1 ps) thermostat, [123] while coupling the protein, lipid
and water/ions separately. The pressure was maintained at 1 bar using a
Berendsend coupling algorithm [123] with a coupling constant of 1.0 ps and a
compressibility of 4.6 x 107° bar~!. Electrostatic interactions were evaluated
using the PME (particle mesh Ewald) methods [124,125] with a cutoff of 1.0
nm. The long-range electrostatic interactions were calculated with fourth-
order B-spline interpolation and a Fourier spacing of 0.14 nm. The Lennard-
Jones interactions were evaluated using a twin-range cutoff (1 and 1.4 nm)
with the neighbor list updated every ten steps. All bonds in the system were
constrained using LINCS [126].

5.3 Results and Discussion

Molecular dynamics simulations were performed starting from the following
models of hA3AR:

e hA3AR built from bovine rhodopsin (PDB ID 1F88);
e hA3AR built from hfy-adrenergic receptor (PDB ID 2RH1);

e hA3AR built from hA;4AR (PDB ID 3EML).

MD was carried out with the same protocol for the three models.

In the following pages are represented some preliminary results of the sim-
ulations.

The graphs that are reported in figures 5.2, 5.5 and 5.8 show the RMSD
per residue of the backbone. On the x axis is reported the number of the
aminoacids and on the y axis is reported the time of MD simulation, expressed
in nanoseconds. Colors symbolize the RMSD value in A calculated using as
reference the conformation of the protein at the beginning or the MD run,
after the equilibration step.

In these graphs it is easy to visualize which are the regions of the protein
that are more flexible, because they are colored in red, orange, yellow or green,
from the more to the less flexible. Residues that belong to loops, N-term and
C-term are the more flexible, while residues of TM regions are caracterized by
blue or white color, that means that the RMSD is always lower than 4.

Similar analysis is shown in the graphs reported in figures 5.3, 5.6 and 5.9.
In these graphs are reported the values of RMSD in function of time (in ns).
In all the graphs in black is reported as reference the RMSD of the whole
backbone. In the upper parts there are the RMSD values of the backbone of
TM regions, that are always lower than the RMSD of the backbone of the
whole structure. The RMSD of the backbone of the loops may vary: very
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short loop like IL1 and EL1 have low values of RMSD, bigger loop are more
flexible, together with N-term and C-term.

The loop that presents the biggest change of conformation is IL3. This loop
is known to vary considerably among GPCRs, and probably the flexibility and
variability of this region may be critical for the functionality and specificity
of G-protein activation. The conformational change of the loop does not
affect the conformation of the binding pocket, but further investigations of
this loop may be interesting to understand its role in the transmission of the
signal. In the structure of hA3AR built using bovine rhodopsin as template
some residues reach an RMSD higher than 20 A and the average RMSD of this
loop reaches 10 A after 11 ns of MD simulation, than the conformation is more
stable and the loop oscillates around that position. In the model of hA3AR
built from hG, AR, IL3 is less flexible, but it seems that the conformation is
not stable even after 20 ns. In the third model, the one built from hA;4AR,
there is a fast conformational change of this loop in the first nanosecond of
simulation, but, after this change, the conformation seems stable and the
RMSD value doesn’t change any more.

N-term and C-term are also very flexible. This is probably due to the fact
that these domains are more exposed and connected to the protein with only
one end.

The conformational change of EL2 is of particular interest, because EL2
constitutes one of the main differences among the templates used in homol-
ogy modeling and it influences the conformation of the binding pocket. For
structure-based drug design the conformation of the binding site is crucial.

In the templates, the conformation of EL2 is influenced by the presence
of disulfide links that create constraints that keep the loop in a particular
conformation. As we discussed before in Section 2.3.1, hA3AR does not have
the same cysteine residues that are present in hG;AR and hA;4AR. The con-
formation of the EL2 of the models of hA3AR follow the conformation of the
templates, but it presents only one disulfide bridge that is the one conserved
among family A GPCRs. It is interesting to analyse the behaviour of this
loop in an environment that mimics the membrane.

Starting and final conformations of EL2 in the three models are in fig-

ures 5.1, 5.4 and 5.7. Starting conformations are in yellow (hA3AR from
rhodopsin), in magenta (hA3AR from h/5AR) and in cyan (hA3AR from
hA54AR); final conformations are in blue. Red arrows represent the displace-
ments of Ca of EL2 in 30 ns of MD.
EL2 confomational change is stronger in the models built starting from h5, AR
and hA;4AR than in the model built from rhodopsin. It may be interesting to
compare the conformational changes of EL2 in the models and in the crystal
structures that were used as templates to check the importance of the disulfide
links in preserving the conformation of the loop.
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Figure 5.1: Representation of the second extracellular loop of the hAsAR model built using
bovine rhodopsin as template before (in yellow) and after (in blue) 30 ns of molecular dynamics in
a lipid bilayer.
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Figure 5.2: RMSD per residue of the backbone of the hA3AR model built using bovine rhodopsin
as template.
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Time evolution of the RMSD of the backbone (model A3_rho - TMs)
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Figure 5.3: Time evolution of the RMSD of C a of the hA3AR model built using bovine rhodopsin
as template. On the top, RMSD of the TM regions; on the bottom, rmsd of the loops, N-term and
C-term.
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Figure 5.4: Representation of the second extracellular loop of the hA3AR model built using (-

adrenergic receptor as template before (in magenta) and after (in blue) 30 ns of molecular dynamics
in a lipid bilayer.
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Figure 5.5: RMSD per residue of the backbone of the hA3AR model built using »-adrenergic
receptor as template.
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Time evolution of the RMSD of the backbone (model A3_ARbeta2 - TMs)
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Figure 5.6: Time evolution of the RMSD of C « of the hA3AR model built using B»-adrenergic
receptor as template. On the top, RMSD of the TM regions; on the bottom, rmsd of the loops,
N-term and C-term.
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Figure 5.7: Representation of the second extracellular loop of the hAsAR model built using
hA>4 AR as template before (in cyan) and after (in blue) 30 ns of molecular dynamics in a lipid
bilayer.
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Figure 5.8: RMSD per residue of the backbone of the hA3AR model built using hA3 adenosine
receptor as template.
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Time evolution of the RMSD of the backbone (model A3_A2a - TMs)
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Figure 5.9: Time evolution of the RMSD of C « of the hA3AR model built using hAsadenosine
receptor as template. On the top, RMSD of the TM regions; on the bottom, rmsd of the loops,
N-term and C-term.






APPENDIX A

4- Amido-2-aryl-1,2,3-triazolo|4,3-
a|quinoxalin-1-one

Derivatives

Table A.1: Binding Activity at Human Ay, Ay 4, A3 and Bovine
Al, AQA ARs.

Rg N\‘<
o 0
A, B, 1-18 19-23
K;%(nM) or 1%

Ry R1 Re hA3b hA¢ hAg4 bA;¢ bAguf
A9 CH;s H H 2.0 £ 0.11 2000 + 140  22% 4.3 + 0.38 70%
1 CH3z OMe H 35.7 £ 2.40  34% 6% 245 + 23.1 0%
2 CHjz H NO,  18% 6 + 0.55 36%
3 CH3z OMe NOs 36% 0% %
4 CHjs H NHy 48 + 2.10 32% 367 + 24 1+ 0.09 6250 + 410
5 CHjz OMe NH; 5.5+ 0.23 2700 + 150 1100 + 10 363 + 24 20%
BY Ph H H 1.47 +£0.11  87.8 +£6.30 88.2 +5.80 89.6 & 7.20 53%
6 Ph OMe H 2.9 + 0.30 37% 3585 &+ 224 1010 + 112 23%
7 Ph NO, H 100 + 9.60 55% 26%
8 Ph H NOs 22 + 2.60 15% 25% 32% 0%
9 Ph OMe NOs 217 + 20.40 35% 15%
10 Ph H NHy 22 + 1.70 98 + 7.4 4850 + 330 42 + 3.1 27.8%
11 Ph OMe NH; 14 0.30 45% 24% 393 + 27 16%
12  CHPhy, OMe H 44 £ 3.10 25% 27% 7.2 £ 0.41 28.5%
13 CHPh, NO, H 13% 30% 0%
14 CHPh, H H 0.81 + 0.03 18.8 +1.20 58% 10.2 + 1.60 1160 + 97.40
15 CHPhy H NO; 149 +1.10 12% 49% 3.9 + 20.2 29.5%
16 CHPh, OMe NOs 0.8+ 0.04 11% 2% 260 + 11 0%
17 CHPh, H NH, 8.65 £ 0.61  2.5% 627 + 34 1.6 + 0.05 12%
18 CHPh, OMe NHy 258 +0.15 0% 31% 77.5 + 0.52 0%
19 H H 5.2 & 0.31 1% 43% 30 + 2.40 19%
20 OMe H 3.20 £ 0.15 2% 26% 174.5 £ 11.40 6570 =+ 460

Continued on next page
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K;%(nM) or 1%

Ry R1 Re hA3b hA¢ hAg4© bA;¢ bAguf
21 H NOs  27% 39% 0%
22 OMe NO; 343 + 21.0 20% 0%
23 H NH, 1243 + 115 79 + 5.10 36%

“The K, values are mean + SEM of four separated assays, each performed in triplicate.
Displacement of specific ['*’I|AB-MECA binding at human Aj receptors expressed in CHO
cells or percentage of inhibition (I) of specific binding at 1 uM concentration. °Displacement of
specific [*’H|DPCPX binding at hA; receptors expressed in CHO cells or percentage of inhibition
(I) of specific binding at 10 M concentration. “Displacement of specific [PH|[NECA binding at
hAs4 receptors expressed in CHO cells or percentage of inhibition (I) of specific binding at 10
uM concentration. “Displacement of specific ["H[DPCPX binding in bovine brain membranes
or percentage of inhibition (I) of specific binding at 10 uM concentration. ¢Displacement
of specific [PH]JCGS binding from bovine striatal membranes or percentage of inhibition (I) of
specific binding at 10 M concentration. 9bA1, bAs4, hAs AR binding data were reported in [127].



APPENDIX B

2- Arylpyrazolo|3,4-c|quinoline
Derivatives

Table B.1: Binding Activity at Human A1, A2a, A3ARs.

NH,
/Nn -
O

~ 'N-CH,Ph
—

13-32 32-36
K;*(nM) or 1%
R Ry hAs® hA;© hAsA°©
14 H 30.8 + 2.6 203 + 12 43%
24 3-Me 5.0+ 04 12+ 1 46%
34 4-Me 3.2 +0.2 29 4+ 0.5 44%
44 4-OMe 3.2 +0.2 176.4 + 8.8 25%
5 3-OMe 7.3+ 0.1 14 + 0.4 52%
6 4-NO» 85.5 + 4 357 + 35 0%
7 745 + 5.3 8% 32%
84 H 551 + 34 659 + 43 91 + 7.3
94 3-Me 99.3 + 7.8 21 + 1.6 228 + 12.3
10¢ 4-Me 188 + 15 45 + 3.4 329 + 22
11¢ 4-OMe 90.2 + 7.3 40 + 3.1 1060 + 96
12 3-OMe 228.5 + 19 32 + 3.0 486 + 34
13¢ H Me 48.2 + 3.5 0% 3%
14 3-Me Me 31+ 24 203 + 15 10%
15 4-Me Me 123 + 10 455 + 41 1500 + 130
16 4-OMe Me 101.5 + 7.4 2875 + 110 0%

Continued on next page
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K;*(nM) or 1%

R Ry hAs® hA° hAs4°

17¢ H Ph 2.1+ 0.1 0% 9%
18 3-Me Ph 43+ 0.5 57 + 4.2 2860 + 224
19 4-Me Ph 4.4 + 0.2 629 + 51 26%
20 4-OMe Ph 3.4+ 0.2 250 + 13 39%
214 H CH,Ph 9.9 + 0.8 5% 15%
22 3-Me CH,Ph 3.9+ 0.3 60 + 4.5 24%
23 4-Me CH,Ph 5.6 + 0.4 55% 21%
24 4-OMe CH,Ph 45+ 0.6 201 + 12 51%
25 H CHPh, 9.9+ 0.8 5% 15%
26 3-Me CHPh, 3.9+ 0.3 60 + 4.5 24%
27 4-Me CHPhy, 5.6 + 0.4 55% 21%
28 4-OMe CHPh, 45 + 0.6 201 + 12 51%
29¢ H NHCH,Ph 83+ 0.7 0% 3%
30 3-Me NHCH,Ph 3.35 + 0.2 6800 + 510 20%
31 4-Me NHCH,Ph 257 + 21 5% 39%
32 4-OMe NHCH,Ph 40% 43% 0%
33 H 6.1 +0.5 0% 0%
34 3-Me 23.25 + 2.1 42% 20%
35 4-Me 30 + 2.3 32% 0%
36 4-OMe 17.2 + 1.4 25% %

“The K, values are mean + SEM of four separated assays, each performed in triplicate.
"Displacement of specific [***T|JAB-MECA binding at human Aj receptors expressed in CHO cells
or percentage of inhibition (/%) of specific binding at 1 uM concentration. “Displacement of
specific ["H|DPCPX and [PH|NECA binding at, respectively, hA; and hA,4 receptors expressed
in CHO cells or percentage of inhibition (I%) of specific binding at 10 uM concentration. “The
hA3 AR binding affinity was reported in [113].



APPENDIX C

4-modified-2-aryl-1,2,4-

triazolo|4,3-alquinoxalin-1-one
Derivatives

mable 0.1: Binding Affinity at Human Aq, Ao4, A3 and Bovine

Al, AQA ARs.
Ry
N7 =N
N R4
O
A, 1-21
Ry Rq Rg K;%(nM) or 1%
hAg? hA;¢ hAg 4@ bA1€ bAg S
A9 NHCOPh H H 1.47 + 0.06  87.8 + 6.3 89.6 +6.7 89.6 + 7.2 53%
1 NHCOCgH,4-4COOMe H H 41% 106 + 2.1 36%
2 NHCOCgH4-4COOMe OMe H 1370 + 121 30.5% 41%
3 NHCOCgH,-31 H 36% 473 + 34 35%
4 NHCO-4-Pyridyl H 6.1 + 0.5 2379 + 191 188 + 9.4 57 + 4.3 812 + 71
5 NHCO-4-Pyridyl OMe H 68 + 5.2 779 + 53 397 + 39 236 + 15 44%
6 NHCO-4-Pyridyl NO; 0% 37.5% 22%
7 NHSO,Ph H 32.2 + 2.8 0% 27% 157 + 1.4 35%
8 NHSO,Ph OMe H 2.2 + 0.11 2700 + 142 23% 4700 + 260  16%
9 NHSO,Ph NO, 100 + 7.2 210 + 12 25%
10  NHSO,CHj H 1427 + 125 164 + 11.3  32%
11 NHSO,CHj OMe H 493 + 33 6% 0%
12 NHSO,CHg NOy,  37% 36 + 1.3 56%
13 N(SO3CHgz)o H 5.5 + 0.4 36% 32% 36+ 1.3 56%
14  N(SO,CHg), H 387 + 24 6.2% 17%
15  NHCONHCH;Ph H 83.5 + 4.9 12.3 + 1.2 158.3 + 15 4.1 + 0.2 172.6 + 12
16 NHCONHCH,Ph OMe H 65 + 5.1 4215 + 350  23% 20.8 + 1.2 12%
17  NHCONHCH;Ph H NO, 63 + 4.4 4% 20% 4.6 + 0.3 46.5%
18 NHCONHCOPh H H 1300 + 115 100.6 + 8.9 379 + 24
19  NHCONH-Ph-3I H H 953 + 61 359 + 25 1800 + 150
20  OCH,Ph H H 21 4+ 1.8 46% 10% 55 + 3.6 19%
21 OCH,Ph OMe H 6.4 + 0.4 54% 4% 53% 41%

“The K; values are mean + SEM of four separated assays, each performed in triplicate.
Displacement of specific ['**T|JAB-MECA binding at human Aj receptors expressed in CHO
cells or percentage of inhibition (I) of specific binding at 1 uM concentration. °Displacement of
specific [P’H[DPCPX binding at hA; receptors expressed in CHO cells or percentage of inhibition
(I) of specific binding at 10 M concentration. “Displacement of specific [PH|[NECA binding at
hAs4 receptors expressed in CHO cells or percentage of inhibition (I) of specific binding at 10
uM concentration. °Displacement of specific [PH|[DPCPX binding in bovine brain membranes or
percentage of inhibition (I) of specific binding at 10 uM concentration. fDisplacement of specific
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[*H|CGS binding from bovine striatal membranes or percentage of inhibition (I) of specific
binding at 10 uM concentration. bA1, bAs4, hAs AR binding data were reported in [82].



APPENDIX D
Pyrido|2,3-e|-1,2,4-triazolo|4,3-
a|pyrazin-1-one

Derivatives

Table D.1: Binding Affinity at Human A1, As4, As and Bovine
Al, AQA ARs.

0o o
Ry Ph)J\NJ\Ph

=N = N 5’1\]4”\
O P O O
N7 ‘\( S

0

N\Nj( N|
0]

L = e
1-6 7-18 19-20
K;*(nM) or 1%
R1 R hA3z® bA¢ bAsa ¢ hA1¢  hAgu®
1 H 251 + 16 145 + 11 12%
2 4-OMe 3.34+0.22% 0% 114 + 8 0%
3 4-OH 32% 449 + 25 0%
4 4-F 590 + 42 305.5 + 25 26%
5 4-COOEt 0% 16% 0%
6 4-COOH 0% 30% %
7 H H 656 £ 41 3.1+ 0.28 92.6 + 5.6
8 H 4-OMe 158 + 9.8 1102 + 81 413 + 34
9 H 4-OH 1335 + 112 112 + 8.1 832 + 62
10 H 4-F 490 + 36 181 + 15 1508 + 130
11 H 4-COOEt 0% 39% 17%
12 CgH;1 H 15.5 + 1.2 0.38 + 0.029 199 + 13 37% 211 + 8.4
13  CsHy H 8.4+ 0.9 0.47 4+ 0.047 510 + 36 36% 208 + 10
14 COMe H 138 + 12 14 + 1.1 59%
15 COPh H 70.3 + 6 152 + 10 7100 + 550 8%
16 COCH;Ph H 11.7+1 7.15 £ 0.5 414 + 32 37% 208 + 6.2
17  COMe 4-OMe 41 + 3.2 56% 19% 48% 29%
18 COPh 4-OMe 4.54 + 0.2 355 + 22 % 38% 27%
19 H 335 + 28 70.7 £ 6.5 12%
20 4-OMe 7.75 £ 0.8 17% 0% 0% 0%

“The K, values are mean + SEM of four separated assays, each performed in triplicate.
Displacement of specific ['**IJAB-MECA binding at human A3 receptors expressed in CHO cells or
percentage of inhibition (I%) of specific binding at 1 uM concentration. “Displacement of specific
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[*H|DPCPX binding in bovine brain membranes or percentage of inhibition (I) of specific binding
at 10 uM concentration. “Displacement of specific [*H|CGS binding at bovine striatal membranes
or percentage of inhibition (I%) of specific binding at 10 uM concentration. °Displacement of
specific [PH[DPCPX and [*H|NECA binding at, respectively, hA; and hAsa receptors expressed in
CHO cells or percentage of inhibition (I%) of specific binding at 10 uM concentration.

Table D.2: Comparison between the hAg AR affinities of the
Pyridotriazolopyrazin-1-ones (X= N) and the corresponding
6-Nitro-triazoloquinoxalin-1-ones (X= C-NOg).

0 R,
/N\ ;ﬁ'//N\
X \g( X \\(
I P 0 | 0
X=N 12 X=N 7, 10, 14, 15, 17-20
X=C-NO; 33,34 X= C-NO, 35-44
K;(nM) hA3 or 1% (1 uM)
R Ry X—= N¢ X= C-NO,®
H 1 251 + 16 33 279 + 16
OMe 2 3.3+ 0.2 34 4.7 + 0.52
H H 7 656 + 41 35 4.75 £ 0.3
OMe H 10 58 + 9.8 36 47 £ 1.2
H NHCgH;1 12 155+ 1.2 37 281 + 24
H NHC5H, 13 84+ 09 38 116 + 24
H NHCOMe 14 138 + 12 39 18%
H NHCOPh 15 70.3+ 6 40 22 + 2.60
OMe NHCOMe 17 41 + 3.6 41 36%
OMe NHCOPhL 18 454+ 0.2 42 217 + 20
H N(COPh); 19 335 + 22 43 27%
OMe N(COPh); 20 775+ 0.8 44 343 + 21

%Data from previous table. *Data from AppendixA.



APPENDIX E

N-5 Substituted
Pyrazolo-triazolo-pyrimidine
Derivatives

Table E.1: Biological profile of synthesized (4,5) and reference
(2,3) compounds at Human Aj, Asy, As and Bovine Aj,

AQA ARs.
NHR
R hA19%(K; nM) hA4%(K; nM) hA,p¢(IC50 nM) hA3%(K; nM)
2  CONHPh 310(295-327) 27.7(13.3-57.8) 3440(2880-4110) 1.80(0.88-3.68)
3 COCH-2Ph  1040(864-1260) 282(201-375) 12320(9730-16400)  0.92(0.80-1.06)
4 COPh 2030(1710-2400) 879(643-1200) >30000 15.7(7.85-31.5)
5 SO—2Ph 20700(16700-25700)  6060(5170-7110) 30000 744(534-1040)

Data are expressed as geometric means, with 95% confidence limits “Displacement of specific [*H]-
CCPA binding at human hA; receptors expressed in CHO cells, (n = 3 — 6) "Displacement of
specific [*°H]-NECA binding at human hA, receptors expressed in CHO cells “IC5o values of the
inhibition of NECA-stimulated adenylyl cyclase activity in CHO cells expressing hAs4 receptors
“Displacement of specific [*H]-NECA binding at human hAj receptors expressed in CHO cells






APPENDIX F
Quinazoline, Quinoline and
Pyrimidine Derivatives

Table F.1: Binding Affinity at hA;, hAs4, hAs and Potency
(1050) at hAzB and hA3 ARs.

Ji§ b
j’\H‘? j’\ NF CHj NH “Ph
=N HN™ N N’*N NJ\N
©/1\NNH—R CKL\H,NH-R I _NH-Ph I___NH-Ph
0 o] o 5
1-5 6-9 10 11
K;(nM) or 1% IC50(nM) or 1% cAMP
R hAga hAlb hAQAC hAQBd hA3e
1 CgHy-4-OMe 87.5 + 6.6 8% 6% 23%
2 CeHs 350 + 40 0% 17% 5%
3 CeHy-4-Me 98.3 + 7.3 3% 5% 4%
4 CHy-4-Br 550 + 47 1% 1% 2%
5 CeH;1 21% 2% 3% 1%
6 CeH4-4-OMe 19.5 + 2.2 1% 1% 9% 125 + 10
7 CeH; 50 + 4 2% 1% 4% 238 + 21
8 CgHy-4-Me 26.7 £33 21% 2% 2%
9 CgHy-4-Br 27.2 + 3.1 3% 1% 2%
10 253 +28 25% % 5% 140 + 13
11 182 + 10 7%  10% 3%

¢ Displacement of specific [125I]AB—MECA binding to hAs CHO cells. K; values are means £ SEM
of four separate assays, each performed in duplicate. ” Percentage of inhibition in [*H|DPCPX
competition binding assays to hA; CHO cells at 1 uM concentration of the tested compounds. ¢
Percentage of inhibition in [*H|ZM241385 competition binding assays to hAs A CHO cells at 1 pM
concentration of the tested compounds. ¢ Percentage of inhibition on cAMP experiments in hA; B
CHO cells, stimulated by 200 nM NECA, at 1 M concentration of the examined compounds. ¢
IC50 values are expressed as means + SEM of four separate cAMP experiments in hAz CHO cells,
inhibited by 100 nM CI-IB-MECA.
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Table F.2: Inibition of Specific Binding at hA;, hAs4, hAg AR

and of cAMP Production at hAsg and hA3 ARs.

Hz N(COPh)2
N7 3 D /1\ Nf N
. ©_ ‘Q— Me
1213 14-15 16- 17

binding experiments cAMP assays
R1 Rg hAga hAlb hAgAC hAgBd
12 OMe 1% 2% 3% 3%
13 H 6% 1% 2% 5%
14 OMe 26% 4% 1% 3%
15 H 38% 1% 1% 2%
16 H 15% 3% 6% 3%
17 COPh 22% 6% 6% 2%
18 14% 5% 1% 3%

« Percentage of inhibition in ['25I|AB-MECA competition binding assays to hAz CHO cells at 1
pM concentration of the tested compounds. j, Percentage of inhibition in [*H|-DPCPX competition
binding assays to hA; CHO cells at 1 uM concentration of the tested compounds. © Percentage of
inhibition in [*H|-ZM 241385 competition binding assays to hA> ACHO cells at 1 uM concentration

of the tested compounds.

4 Percentage of inhibition on cAMP experiments in hA; B CHO cells,

stimulated by 200 nM NECA, at 1 uM concentration of the tested compounds.
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