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Abstra
t
G Protein-Coupled Re
eptors as Potential Drug Target: FromRe
eptor Topology to Rational Drug Design, an in-sili
o Approa
hAbstra
t: G protein-
oupled re
eptors (GPCRs) 
onstitute a very largefamily of heptaheli
al, integral membrane proteins that mediate a wide vari-ety of physiologi
al pro
esses, ranging from the transmission of the light andodorant signals to the mediation of neurotransmission and hormonal a
tions.GPCRs are dysfun
tional or deregulated in several human diseases and areestimated to be the target of more than 40% of drugs used in 
lini
al medi
inetoday.The 
rystal stru
tures of rhodopsin and the re
ent published 
rystal stru
-tures of human β2-adrenergi
 re
eptor and human A2A Adrenergi
 Re
ep-tor provide the information of the three-dimensional stru
ture of GPCRs,whi
h supports homology modeling studies and stru
ture-based drug-designapproa
hes. Rhodopsin-based homology modeling has represented for manyyears a widely used approa
h to built GPCR three-dimensional models. Stru
-tural models 
an be used to des
ribe the interatomi
 intera
tions between lig-and and re
eptor and how the binding information is transmitted through there
eptor. Both agonist and antagonist like states 
an be des
ribed by severaldi�erent 
onformational re
eptor states depending on the nature of both lig-and and re
eptor. Considering di�erent 
omplementarities, we might exploredi�erent 
onformations of the same pharma
ologi
al state.We investigated the mole
ular pharma
ology of adenosine re
eptors and,in parti
ular, the human A3 adenosine re
eptor (hA3AR) by using an interdis-
iplinary approa
h to speed up the dis
overy and stru
tural re�nement of newpotent and sele
tive hA3AR antagonists. Human A3AR belongs to adenosinere
eptors family of GPCRs, whi
h 
onsists of four distin
t subtypes: A1, A2A,A2B, A3 that are ubiquitously expressed in the human body.The hA3AR, whi
h is the most re
ently identi�ed adenosine re
eptor, is impli-
ated in a variety of important physiologi
al pro
esses. A
tivation of A3ARsin
reases the release of in�ammatory mediators, su
h as histamine from ro-dent mast 
ells, and it inhibits the produ
tion of tumor ne
rosis fa
tor-α.The a
tivation of the hA3AR seems to be involved in immunosuppression andin the response to is
hemia of the brain and heart. Agonists or antagonistsof A3ARs are potential therapeuti
 agents for the treatment of is
hemi
 andin�ammatory diseases.



viii Abstra
tThe �rst model of human A3AR has been built using a 
onventionalrhodopsin-based homology modeling approa
h. The model has been usedto probe atomi
 level spe
i�
 intera
tions, dete
ted using site-dire
ted mu-tagenesis analysis. The rhodopsin-based model of the hA3AR in its rest-ing state (antagonist-like state) has been revisited, taking into a

ount anovel strategy to simulate the possible re
eptor reorganization indu
e by theantagonist-binding. We 
alled this new strategy ligand-based homology mod-eling (LBHM). It is an evolution of a 
onventional homology modeling algo-rithm: any sele
ted atoms will be in
luded in energy tests and in minimizationstages of the modeling pro
edure. Ligand-based option is very useful whenone wishes to build a homology model in the presen
e of a ligand do
ked to theprimary template. Starting from the 
onventional rhodopsin-based homologymodel and applying our ligand-based homology modeling implementation we
an generate other antagonist-like 
onformational states of hA3AR in whi
hthe ligand re
ognition 
avity is expanded. Using di�erent antagonist-like 
on-formational states, we are able to rationalize the observed a
tivities for allthe 
ompounds analyzed. Many severe analysis 
on
erning false-positives andfalse-negatives situations are usually 
ondu
ted.To stri
tly validate this methodology as novel tool to address the multi-
onformational spa
e of GPCRs, we have analyzed di�erent 
lasses of knownhuman A3 antagonists in the 
orresponding putative ligand binding site: forexample triazoloquinoxalin-1-one derivatives, arylpyrazolo-quinoline deriva-tives and pyrazolo-triazolo-pyrimidines derivatives. These studies led to theidenti�
ation of groups for every 
lass of antagonists that, introdu
ed one byone in a suitable position, a�ord high hA3AR a�nity and good sele
tivity.Starting from these binding requirements, we de
ided to perform an insili
o mole
ular simpli�
ation approa
h to identify a suitable fragmentationroute of the 4-amino-triazoloquinoxalin-1-one s
a�old and explore whi
h ofthe stru
tural features were essential to guarantee e�
ient ligand-re
eptorre
ognition.With the availability of new three dimensional templates di�erent fromrhodopsin, we built new models of hA3AR. All the models were used for amole
ular dynami
 simulation in a POPC bilayer to investigate the topologi-
al �u
tuation of the binding po
ket.Keywords: GPCR, A3 Adenosine Re
eptor, Adenosine Re
eptor Antago-nists, Mole
ular Do
king, Homology Modeling, Ligand Based Homology Mod-eling, Mole
ular Dynami
s.



Riassunto
I re
ettori a

oppiati alle proteine G 
ome potenziali bersagliterapeuti
i: dalla topologia re
ettoriale alla progettazione di nuoviligandi, un appro

io in-sili
o.Riassunto: I re
ettori a

oppiati alle proteine G (GPCR) 
ostituis
ono unagrande famiglia di proteine integrali di membrana 
aratterizzate da sette eli
hetransmenmbrana, 
he mediano un'ampia gamma di pro
essi �siologi
i 
hevanno dalla trasmissione della lu
e e dei segnali olfattivi alla mediazione dellaneurotrasmissione e dell'azione degli ormoni. I GPCR man
ano di una 
or-retta regolazione in molte patologie umane ed è stato stimato 
he 
ostituis
anoil target del 40% dei medi
inali utilizzati attualmente in 
lini
a.La struttura 
ristallogra�
a della rodopsina e le strutture più re
enti del re-
ettore β adrenergi
o e del re
ettore adenosini
o A2A fornis
ono l'informazionestrutturale 
he sta alla base della 
ostruzione di modelli per omologia e degliappro

i di stru
ture-based drug design dei GPCR. La 
ostruzione di modellidi GPCR per omologia basati sulla struttura della rodopsina ha rappresentatoper molti anni un appro

io ampiamente utilizzato. Questi modelli possonoessere usati per des
rivere le interazioni interatomi
he tra ligando e re
ettoree 
ome le informazioni sono trasmesse attraverso il re
ettore. Diversi stati
onformazionali del re
ettore possono essere in grado di des
rivere la 
onfor-mazione del re
ettore 
he lega l'agonista e quella 
he lega l'antagonista, ase
onda della natura di ligando e re
ettore. Se si 
onsiderano diverse 
om-plementarietà, si possono esplorare diversi stati 
onformazionali di uno stessostato farma
ologi
o.Noi abbiamo studiato la farma
ologia mole
olare dei re
ettori adenosini
ie, in parti
olare, del re
ettore adenosini
o A3 umano (hA3AR), utiliz-zando un appro

io interdis
iplinare al �ne di massimizzare la s
operta el'ottimizzazione strutturale di nuovi antagonisti potenti e selettivi per ilhA3AR. Il hA3AR fa parte della famiglia dei re
ettori adenosini
i 
he 
onsistein quattro diversi sottotipi (A1, A2A, A2B, A3) 
he sono espressi in tutto il
orpo umano. Il re
ettore adenosini
o A3 è stato identi�
ato più re
entementeed è impli
ato in importanti pro
essi �sologi
i. L'attivazione del hA3AR au-menta il rilas
io di mediatori dell'in�ammazione, 
ome l'istamina dalle mast-
ellule, e inibis
e la produzione del TNF-α. L'attivazione del hA3AR sembraessere 
oinvolta nell'immunosoppressione e nella risposta is
hemi
a di 
uore e
ervello. Agonisti o antagonisti del hA3AR sono potenziali agenti terapeuti
i



x Riassuntonel trattamento di patologie is
hemi
he e in�ammatorie.Il primo modello di hA3AR è stato 
ostruito usando un appro

io 
on-venzionale di homology modeling basato sulla rodopsina ed è nel suo stato
he lega l'antagonista. Dopo essere stato utilizzato per veri�
are le inter-azioni a livello mole
olare 
he erano state evidenziate da studi di mutagen-esi, il modello è stato rivisto prendendo in 
onsiderazione una nuova strate-gia 
he simula la possibile riorganizzazione del re
ettore indotta dal legame
on l'antagonista. Abbiamo 
hiamato questa strategia ligand-based homologymodeling. È un'evoluzione dell'algoritmo 
onvenzionale di homology model-ing: ogni atomo selezionato viente preso in 
onsiderazione nei test energeti
ie nelle fasi di minimizzazione della pro
edura di modeling. L'opzione ligand-based è molto utile quando si vuole 
ostruire un modello per omologia inpresenza di un ligando nella sua ipoteti
a 
onformazione di legame nel tem-plato iniziale. A partire dal modello ottenuto dalla rodopsina e appli
ando late
ni
a del LBHM, possiamo generare altri stati 
onformazionali del re
ettorehA3AR 
he legano l'antagonista, nei quali la 
avità di ri
onos
imento del lig-ando è espansa. Usando diversi stati 
onformazionali 
he legano l'antagonista,possiamo razionalizzare l'attività misurata sperimentalmente di tutti i 
om-posti analizzati. Sono 
ondotte severe analisi relative a falsi positivi e falsinegativi.Per validare la metodologia 
ome nuovo strumento per indirizzare lospazio multi
onformazionale dei GPCR, abbiamo analizzato diverse 
lassidi antagonisti 
on attività nota sul hA3AR: ad esempio derivati triazolo-
hinossalinoni
i, derivati arilpirazolo-
hinolini
i e derivati pirazolo-triazolo-pirimidini
i. Questi studi hanno portato all'identi�
azione di gruppi per ogni
lasse di antagonisti 
he, se introdotti in una pre
isa posizione, portano adun'alta a�nità e ad una buona selettività per il hA3AR.A partire dalle 
aratteristi
he risultate importanti per il legame, ab-biamo appli
ato una te
ni
a di sempli�
azione mole
olare in sili
o peridenti�
are una possibile via di frammentazione della struttura 4-amino-triazolo
hinoassalin-1-oni
a ed esplorare quali sono le 
aratteristi
he strut-turali essenziali per garantire un'e�
iente ri
onos
imento ligando-re
ettore.Con la disponibilità di nuove strutture tridimensionali da utilizzare 
ometemplati diversi dalla rodopsina, abbiamo 
ostruito nuovi modelli del re
et-tore hA3AR. Tutti i modelli sono stati usati per una simulazione di dinami
amole
olare in un doppio strato fosfolipidi
o, per analizzare le �uttuazioni topo-logi
he della tas
a di legame.Parole Chiave: GPCR, Re
ettore Adenosini
o A3, Do
king Mole
olare, Ho-mology Modeling, Ligand Based Homology Modeling, Dinami
a Mole
olare



Chapter 1Introdu
tion
1.1 G Protein-Coupled Re
eptorsG Protein-Coupled Re
eptors (GPCRs) are among the largest and most im-portant family of signal transdu
tion membrane proteins. GPCRs representan e�
ient signaling system used by 
ells to transmit mole
ular informationfrom the extra
ellular side to the intra
ellular side. [1,2℄They play a 
ru
ial role in many essential physiologi
al pro
esses, rangingfrom the transmission of the light and odorant signals to the mediation of neu-rotransmission, hormonal a
tions, 
ell growth and immune defense. GPCRsmediate responses intera
ting with a variety of bioa
tive mole
ules in
ludingions, lipids, aminoa
ids, peptides, proteins and small organi
 mole
ules. [3,4℄Signal transdu
tion is 
ontrolled by GPCRs: the agonist binding promotesallosteri
 intera
tions between the re
eptor and the G protein, that 
atalysesthe GDP-GTP ex
hange and transfer the signal to intra
ellular e�e
tors, su
has enzymes and ions 
hannels. (Figure 1.1) [5,6℄

Figure 1.1: GPCR signaling.However, GPCRs intera
t also with several other important proteins in-volved in the 
ontrol of 
ellular homeostasis su
h as arrestins, [7,8℄ or PDZdomain-
ontaining proteins. [9℄ In parti
ular, 
ytosoli
 proteins of the arrestinfamily bind spe
i�
ally to GPCRs phosphorilated by G protein-
oupled re-
eptor kinases (GRKs). [10℄ This 
omplex (phosphorilated re
eptor/arrestin)



2 G Protein-Coupled Re
eptorsprevents the further 
oupling of that re
eptor to its G protein, redu
ing overtime the 
apa
ity of se
ond messenger synthesis. However, arrestins serveequally important roles in regulation internalization and alternative signalingevents. [10℄The signaling pattern of GPCRs 
an be generated bypassing G proteinintervention. It is generally a

epted that GPCRs 
an lead to a dimeri
 ormultimeri
 quaternary stru
ture that plays a role in G protein independent sig-naling, although the exa
t me
hanism are not entirely elu
idated. In
reasingeviden
e suggests that many GPCRs exist as homodimers and heterodimersand their oligomeri
 assembly 
ould have important fun
tional roles. [11,12℄Key questions that remain to be answered in
lude the prevalen
e and rele-van
e of these in native tissue and the impli
ations of heterodimerization forpharma
ology and, potentially, for drug design. [13℄The total number of GPCRs with and without introns in the humangenome was estimated to be approximately 950, of whi
h 500 are odorant ortaste re
eptors and 450 are re
eptors for endogenous ligands (approximately2% of the 
oding genes). [14℄

Figure 1.2: On the left: phylogeneti
 relationship between the GPCRs in the human genome.On the right: the phylogeneti
 relationship between GPCRs in the human rhodopsin family.Several 
lassi�
ation systems have been used to sort out this superfamily(Figure 1.2). A

ording to sequen
e analyses, GPCRs have been 
lusteredin a number of family or 
lasses. The di�erent 
lassi�
ation systems in
ludethe 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, respe
tively) is therhodopsin-like 
lass/family; B (or 2 or se
retin) is the se
retin 
lass/family; C(3 or glutamate) is the metabotropi
 glutamate and pheromone 
lass/family;D (or 4) is the fungal pheromone 
lass/family; [15℄ E is the 
AMP re
eptor
lass/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: S
hemati
 representation of the membrane topology of the human A3 adenosinere
eptor. Ea
h of the 7 TMs have at least one 
hara
teristi
 residue (blue 
olour), whi
h is foundamong the majority of family A re
eptors (Asn30(1.50); Asp58(2.50); Arg108(3.50); Trp135(4.50);Pro189(5.50); Pro245(6.50); and Pro279(7.50)). Disul�de bridge formation between Cys83 (3.25)and Cys166 (EL2) (green 
olour), palmitoylation sites (Cys300 and/or 303, red 
olour) in the Cterminus.among all family A re
eptors is low and restri
ted to a small number of highly
onserved key residues distributed in ea
h of the seven heli
es. [4,16,17℄Usually with native GPCRs, a
tivation is initiated by agonist binding.However, GPCRs 
an a
hieve the a
tive states independently of agonists, thatis, they 
an be
ome 
onstitutively a
tive. Constitutively a
tive GPCRs 
anbe involved in the pathogenesis of human diseases and they are also invalu-able tools to dis
over the signal transdu
tion pathways of hundreds of orphanGPCRs, whi
h are potential targets of novel drugs. [18℄ On the other hand,a number of 
onstitutively a
tive GPCR mutants have been found, whi
h areinvolved in the pathogenesis of human disease. [19,20℄Disregulation of GPCRs has been found in a growing number of humandiseases, [21,22℄ and GPCRs have been estimated to be the target of abouthalf of the drugs used in 
lini
al medi
ine today. Thus understanding howGPCRs fun
tion at the mole
ular level is an important goal of biologi
alresear
h. [23,24℄Some fundamental stru
tural features are 
ommon to members of familyA GPCRs. Sequen
e 
omparison among GPCRs revealed the presen
e of dif-ferent re
eptor families that does not share sequen
e similarity even if spe
i�
�ngerprints exist in all GPCR 
lasses.All GPCRs have in 
ommon a 
entral 
ore domain 
onsisting of seven trans-membrane heli
es (TM1 to TM7) that are 
onne
ted by three intra
ellular(IL1, IL2 and IL3) and three extra
ellular (EL1, EL2 and EL3) loops. Two
ysteine residues (one in TM3 and one in EL2), whi
h are 
onserved in most



4 Stru
tural features of 
rystal stru
tures of GPCRsGPCRs, form a disul�de link.Ea
h TM region 
ontains at least one highly 
onserved residue. This residueis used as referen
e for the Ballesteros and Weinstein nomen
lature system:every amino a
id of TM regions is identi�ed by a number that refers to thetransmembrane segment of the GPCR, followed by a number that refers tothe position relative to referen
e 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,respe
tively). [25℄Aside from sequen
e variation, GPCRs di�er in the length and fun
tion oftheir N-terminal extra
ellular domain, their C-terminal intra
ellular domainand their intra- and extra
ellular loops. Ea
h of these domains provides veryspe
i�
 properties to these re
eptor proteins (Figure 1.3).1.2 Stru
tural features of 
rystal stru
tures of GPCRsThe evolution of the �eld of 
omputer-aided design of GPCR ligands (bothagonists and antagonists) has depended on the availability of a suitable mole
-ular re
eptor template. Despite the enormous biomedi
al relevan
e of GPCRs,high resolution stru
tural information on their a
tive and ina
tive states is stillla
king.An elu
idation of stru
tural features of available 
lass A GPCRs stru
-tures has been re
ently published by Musta� and Pal
zewski. [26℄ The GPCRsstru
tures available in the Protein Data Bank [27℄ are listed in table 1.1.1.2.1 Rhodopsin - Crystal Stru
turesRhodopsin had represented for many years the only stru
tural informationavailable for GPCRs and it had been widely used as template for the restingstate of members of family A. [46℄The �rst highly resolved stru
ture of rhodopsin was published by Pal-
zewski and 
ollaborators in 2000. [28℄ The 2.8 resolution stru
ture, de-posited in the Protein Data Bank under the identi�er 1F88, showed all ma-jor stru
tural features as predi
ted from years of bio
hemi
al, biophysi
aland bioinformati
s studies and presented the same overall topology of ba
-teriorhodopsin. The arrangements of seven heli
es of bovine rhodopsin andthe one of ba
terial rhodopsin were found to be di�erent. The stru
ture ofrhodopsin presents more organized extramembrane region than that of ba
-teriorhodopsins, demonstrating the fun
tional di�eren
es between these tworetinal binding proteins. Rhodopsin is 
omposed of the protein opsin 
ova-lently linked to 11-
is-retinal through Lys296. The mole
ule size of bovinerhodopsin is intermediate among the members of the GPCR family.



5Table 1.1: GPCRs 
rystal stru
tures available in the Protein Data Bank.PDB ID Release Date Resolution GPCR1F88 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℄2I35 10/17/2006 3.80 Bovine Rhodopsin [35℄2I36 10/17/2006 4.10 Bovine Rhodopsin [35℄2I37 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-
is-Rhodopsin [37℄2RH1 10/30/2007 2.40 Human β2-Adrenergi
 Re
eptor [38℄2R4R 11/6/2007 3.40 Human β2-Adrenergi
 Re
eptor [39℄2ZIY 5/6/2008 3.70 Squid rhodopsin [40℄2Z73 5/13/2008 2.50 Squid rhodopsin [40℄3D4S 6/17/2008 2.80 Human β2-Adrenergi
 Re
eptor [41℄3CAP 6/24/2008 2.90 Bovine Opsin [42℄2VT4 6/24/2008 2.70 Turkey β1-Adrenergi
 Re
eptor [43℄3DQB 9/23/2008 3.20 Bovine Opsin [44℄3EML 14/10/2008 2.60 Human A2A Adenosine Re
eptor [45℄The protein 
ontains 348 amino a
ids and it folds into seven TM heli
es: thestru
ture in
lude 194 residues that make up seven TM heli
es (35 to 64 forTM1, 71 to 110 for TM2, 107 to 139 for TM3, 151 to 173 for TM4, 200 to 225for TM5, 247 to 277 for TM6 and 286 to 306 for TM7). In addition to theseheli
es, a short helix is lo
ated at the 
ytosoli
 end of TM7, perpendi
ular tothe membrane, and it is 
alled helix 8 (HX8). Heli
es 1, 4, 6 and 7 are bentat proline residues.The extra
ellular and intra
ellular regions of rhodopsin 
onsist of three inter-heli
al loops as well as two tails, N-term and C-term respe
tively.Intra- and extra
ellular domains present a 
lear 
ontrast 
on
erning the pa
k-ing: whereas ELs asso
iate signi�
antly with ea
h other and with the N-term,only few intera
tions are observed among the ILs. In parti
ular, while EL1and EL2 run along the periphery of the mole
ule, a part of EL2 folds deeplyinto the 
enter of rhodopsin. Residues Arg177 to Glu181 form an antiparallel
β-sheet with residues Ser186 to Asp190, whi
h is deeper inside the mole
uleand is just below the 11-
is-retinal and is a part of the 
hromophore-bindingpo
ket. Cys187 (EL2) forms a disul�de bond with Cys110 (3.25) at the ex-



6 Stru
tural features of 
rystal stru
tures of GPCRstra
ellular end of TM3. The 
ytoplasmi
 loops were poorly determined in thestru
tures. This is the region with the highest B-fa
tor and these loops areprobably mobile in solution. In the stru
ture 1F88 residues are missing in IL3from 236 to 239 and in the C-term from 328 to 333. [28℄It should be noted that the IL3 is known to vary 
onsiderably among relatedGPCRs, so the �exibility and variability of this region may be 
riti
al forfun
tionality and spe
i�
ity in G-protein a
tivation.

Figure 1.4: Side view, parallel to the membrane surfa
e, of the superimposed stru
tures ofbovine rhodopsin: 1GZM in red, 1U19 in yellow, 2I37 in green (bovine meta II-like rhodopsin,photoa
tivated), 3DQB in blue (bovine opsine). The intra
ellular side is at the top. The maindi�eren
es are in the intra
ellular side and, in parti
ular, in the IL2 between TM3 and TM4, inthe IL3 between TM5 and TM6 and in the C-term.Further re�nement of rhodopsin and 11-
is-retinal generated 
rystallo-graphi
 stru
ture deposited in the PDB under the identi�er 1HZX. [29℄ Di�er-en
es between 1F88 and 1HZX stru
tures are lo
ated mainly in the IL2 andC-term.Improved resolution was obtained with the following 
rystal stru
tures thatwere published from 2002 to 2004: 1L9H (2.60 Å resolution), [30℄ 1GZM (2.65Å resolution) [31℄ and 1U19 (2.20 Å resolution). [32℄ The 
rystal stru
ture



7IL9H provided a more detailed view of the TM region where several watermole
ules are found to play 
riti
al roles. [30℄Improvement of the resolution limit to 2.2 Å has been a
hieved by new
rystallization 
onditions of 1U19 that 
ompleted the des
ription of the proteinba
kbone and is in general agreement with earlier di�ra
tion studies. In thisstru
ture, stru
tural information of IL3 and C-term are 
omplete and thestru
ture of the 11-
is-retinal 
hromophore and its binding site have beende�ned with greater pre
ision, in
luding the 
on�guration about C6-C7 singlebond of the 11-
is-retinal S
hi� base and revealing signi�
ant negative pre-twist of the C11-C12 double bond, whi
h is suggested to be 
riti
al for thefun
tion of rhodopsin. [32℄Li and 
oworkers determined the stru
ture 1GZM of bovine rhodopsin at2.65 Å resolution using untwinned native 
rystals in the spa
e group P31.The new stru
ture revealed me
hanisti
ally important details unresolved pre-viously. New water mole
ules were identi�ed and they extended H-bondingnetworks. The main di�eren
e with previously reported stru
tures is in theintra
ellular side: the IL2 (residues 141-149) is L-shaped in both 
rystal forms,but lies more parallel with the membrane surfa
e in 1GZM, the 
ytoplasmi
ends of TM5 and TM6 have been extended by one turn, therefore the IL3 loopis elevated above the membrane surfa
e like a spiral extension of helix 5. [31℄In the phototransdu
tion 
as
ade, rhodopsin plays a key role. Upon ab-sorption of a photon, isomerization of the 
romophore, 11-
is-retinal, to anall-trans 
onformation indu
es 
hanges in the opsin stru
ture, 
onverting itfrom an ina
tive to an a
tivated signaling state that intera
ts with the G pro-tein. Rhodopsin progresses through a series of photointemediates that presentdi�erent shape and dissimilar retinal ligands. Three dimensional stru
tures ofbathorhodopsin and lumirhodopsin were obtained by Nakami
hi and Okadain 2006 and they are deposited in the PDB under the identi�ers 2HPY [33℄and 2G87. [34℄Equilibrium is formed between the later photointermediates MI and MII. MII
orrespond to the fully a
tivated re
eptor. Advan
es in puri�
ation proto
oland 
rystallization 
onditions permitted to Salom at al. the growth of groundstate 
rystals that upon exposure to light transformed rhodopsin into a pho-toa
tivated deprotonated intermediate resembling the MII biologi
al state.This stru
ture (PDB ID 2I37) presents a resolution of 4.1 Å that results inla
k of resolved residues. The photoa
tivated stru
ture did not have residuesVal230 to Gln238, Lys311 to Phe313 and Asp330 to Ala248 resolved. Thex-ray 
rystallographi
 data reveal that the dimer is stabilized by a series ofintermole
ular 
onta
ts previously observed in other three dimensional stru
-tures but rotated by 180◦around a hydrophobi
 
enter. [35℄In 2007 was resolved the �rst stru
ture of a re
ombinantly produ
ed Gprotein-
oupled re
eptor (PDB ID 2J4Y). [36℄ The mutant N2C/D282C was



8 Stru
tural features of 
rystal stru
tures of GPCRs

Figure 1.5: Side view, parallel to the membrane surfa
e, of the superimposed stru
tures ofbovine rhodopsin (PDB ID 1U19) in yellow and squid rhodopsin (PDB ID 2ZIY) in magenta. Theintra
ellular side is at the top.designed to form a disul�de bond between the N-terminus and EL3. Thedisul�de introdu
es only minor 
hanges but �xes the N-terminal 
ap overthe β-sheet lid 
overing the ligand binding site. Moreover the stru
ture ofisorhodopsin was solved in whi
h the native 11-
is-retinal of rhodopsin is re-pla
ed with the analog 9-
is-retinal (PDB ID 2PED). No signi�
ant stru
turaldi�eren
es were noted between rhodopsin and isorhodopsin. [37℄In 2008 the dis
overy of x-ray 
rystallographi
 stru
ture of squid rhodopsinelu
idated the di�eren
es between invertebrate and vertebrate stru
tures. Twostru
tures are available: 2ZIY (3.70 Å resolution) [40℄ and 2Z73 (2.50 Å res-olution). [47℄ Squid rhodopsin 
ontains a well stru
tured 
ytoplasmi
 regioninvolved in the intera
tion with G-proteins. TM5 and TM6 are longer andextrude into the 
ytoplasm. The distal C-terminal tail 
ontains a short hy-drophili
 α-helix after the palmitoylated 
ysteine residues. The residues in
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Figure 1.6: Superposition of the TM regions of the 
rystallographi
 stru
tures of rhodopsin (PDBID 1U19) in yellow, β2-Adrenergi
 re
eptor (PDB ID 2RH1) in magenta, β1-Adrenergi
 re
eptor(PDB ID 2VT4) in grey and A2A adenosine re
eptor (PCB ID 3EML) in 
yan.the distal C-term tail intera
t with the neighboring residues in the IL2, theextruded TM5 and TM6, and the short helix HX8 (Figure 1.5).Two 
rystal stru
tures of ligand-free native opsin from bovine retinal rod
ells were solved in 2008: the 2.90 Å resolution stru
ture published by Parket al. (PDB ID 3CAP) [42℄ and the 3.20 Å resolution stru
ture publishedby S
heerer et al. (PDB ID 3DQB). [44℄ The stru
tural analysis show onlyslight 
hanges relative to rhodopsin for TM1 to TM4. The main di�eren
es arefound in the intra
ellular ends of TM5, TM6 and TM7 and in the IL2 and IL3.These stru
tural 
hanges, some of whi
h were attributed to an a
tive GPCRstate, reorganize the empty retinal-binding po
ket to dis
lose two openingsthat may serve the entry and exit of retinal.1.2.2 Beta Adrenergi
 Re
eptors - Crystal Stru
turesAdrenergi
 re
eptors belong to 
lass A of GPCRs as well as rhodopsin. The
rystal stru
ture of a human β2-adrenergi
 re
eptor-T4 lysozime fusion proteinbound to the partial inverse agonist 
arazolol at 2.4 Å resolution was �rstlyreported in 2007 by Cherezov, Rosenbaum and 
oworkers (PDB ID 2RH1).[38,48℄A 3.4Å/3.7Å resolution stru
ture of human beta2 adrenergi
 re
eptor ina lipid environment, bound to the inverse agonist 
arazolol and in 
omplexwith a Fab that binds to the IL3 was also reported by Rasmussen, Choiand 
ollaborators (PDB ID 2R4R). [39℄ The re
eptor was highly engineered,the protein was mutated and N-term and C-term were not resolved in thestru
tures. Anyway the stru
turally 
onserved TM region provides a 
ommon



10 Stru
tural features of 
rystal stru
tures of GPCRs

Figure 1.7: Representation of EL2. (left) TM regions of the superimposed stru
tures of rhodopsinwith retinal (PDB ID 1U19) in yellow, β2-Adrenergi
 re
eptor with 
arazolol (PDB ID 2RH1) inmagenta, β1-Adrenergi
 re
eptor with 
yanopindolol (PDB ID 2VT4) in grey and A2A adenosinere
eptor with ZM241385 (PCB ID 3EML) in 
yan. (right) On the top, representation of the TMregions and EL2 of A2A adenosine re
eptor. Three disul�de bridges, one with TM3 and two withEL1 are highlighted. On the bottom, representation of the TM regions and EL2 of β2-Adrenergi
re
eptor. Two disul�de bridges are highlighted, one with TM3 and one internal link between two
ysteine residues of EL2.
ore with the one of rhodopsin (Figure 1.6). The stru
tures provide a high-resolution view of a human G protein-
oupled re
eptor bound to a di�usibleligand. Ligand-binding site a

essibility is enabled by the EL2, whi
h is heldout of the binding 
avity by a pair of 
losely spa
ed disul�de bridges and ashort heli
al segment within the loop: in 
ontrast to rhodopsin, β2 adrenergi
re
eptor presents a more open stru
ture (Figure 1.7). The largest di�eren
eis in helix1, whi
h is relatively straight and la
ks the proline kink found inrhodopsin. Di�eren
es were shown also in the IL2 between rhodopsin and β2-adrenergi
 re
eptor. No information are available for IL3 be
ause the re
eptorwas adapted to bind the T4 lysozyme in 2RH1 [38,48℄ and the Fab antibodyin 2R4R. [39℄No signi�
ant stru
tural di�eren
es were highlighted in the 2.8 Å resolution
rystal stru
ture of a thermally stabilized human β-adrenergi
 re
eptor boundto 
holesterol and the partial inverse agonist timolol (PDB ID 3D4S). [41℄A 
rystallized mutant form of turkey β1-adrenergi
 re
eptor in 
omplexwith high-a�nity antagonist 
yanopindolol is deposited in the Protein DataBank under the identi�er 2VT4. [43℄ In the protein six residues were mutated



11and large portions of the stru
ture were not resolved. In the 
rystal stru
tureof turkey β1-adrenergi
 re
eptor the IL2 forms a short α-helix parallel to themembrane surfa
e. The 
onformation of the EL2 is similar to the one of β2-adrenergi
 re
eptor and the binding po
ket is open to the extra
ellular side.

Figure 1.8: Position of ligands in the 
rystallographi
 stru
tures of GPCRs. (left) Extra
ellularside view of the TM regions of the superimposed stru
tures of rhodopsin with retinal (PDB ID1U19) in yellow, β2-Adrenergi
 re
eptor with 
arazolol (PDB ID 2RH1) in magenta, β1-Adrenergi
re
eptor with 
yanopindolol (PDB ID 2VT4) in grey and A2A adenosine re
eptor with ZM241385(PCB ID 3EML) in 
yan. (right) Side view of the superimposed stru
tures fa
ing TM6 and TM7(transparent). TM regions and EL2 are shown. The position of ZM241385 is signi�
antly di�erentfrom the position of retinal and amine ligands of β-adrenergi
 re
eptors, whi
h are deeper in thebinding po
kets.1.2.3 Adenosine Re
eptor - Crystal Stru
tureIn 2008 the 
rystal stru
ture of the human A2A adenosine re
eptor in 
om-plex with a high-a�nity subtype-sele
tive antagonist, ZM241385, has beendetermined (PDB ID 3EML). [45℄ To 
rystallize the 2.60 Å resolution stru
-ture was applied the T4L fusion strategy, where most of the third 
ytoplas-mi
 loop was repla
ed with lysozyme and the C-term tail was trun
ated fromAla317 to Ser412. This 
rystal stru
ture presents three features di�erent frompreviously reported GPCR stru
tures. First, the EL2 is 
onsiderably di�er-ent from β1-AR, β2-AR and bovine/squid rhodopsins and it la
ks any 
learlyse
ondary stru
tural element and possesses three disul�de linkages, one withTM3 (Cys77-Cys166) and two with EL1 (Cys71-Cys159 and Cys74-Cys146)(Figure 1.7). This 
ontributes to the formation of a disul�de bond networkthat forms a rigid, open stru
ture that allows the solvent to a

ess the bind-ing 
avity. Se
ondly, ZM241385 is perpendi
ular to the membrane plane,
o-linear with TM7 and it intera
ts with both EL2 and EL3. The ligand posi-



12 Adenosine Re
eptors

Figure 1.9: Extra
ellular side view of the 
rystal stru
tures. On the top: bovine rhodopsin 1F88(left), β2-adrenergi
 re
eptor 2RH1 (right); on the bottom: β1-adrenergi
 re
eptor 2VT4 (left),A2A adenosine re
eptor 3EML (right). Ba
kbones of the proteins are represented as 
artoon, theTM regions are represented with a mole
ular surfa
e and ligands are in sti
k.tion is signi�
antly di�erent from the position of retinal and amine ligands of
β adrenergi
 re
eptors (Figure 1.8). Finally, the heli
al arrangement is similaramong GPCRs, however the binding po
ket of the A2A adenosine re
eptor isshifted 
loser to TM6 and TM7 and less intera
tions are allowed with TM3and TM5 (Figure 1.9). [45℄1.3 Adenosine Re
eptorsA3 adenosine re
eptors (ARs) belong to a small family of GPCRs, whi
h 
on-sists of four distin
t subtypes, A1, A2A, A2B, and A3 ARs are ubiquitouslyexpressed in the human body. [49℄ Many 
ells express several ARs subtypes,although in di�erent densities. All subtypes, in
luding the A3 re
eptor, havebeen 
loned from a variety of spe
ies in
luding rat and human. [49℄ Spe
iesdi�eren
es for A3 re
eptors are larger than for other ARs subtypes, parti
u-larly between rodent and human (h) re
eptors (only 74% sequen
e identity



13between rat and hA3 amino a
id sequen
e). This results in di�erent a�nitiesof ligands, parti
ularly antagonists, for rat versus hA3 re
eptors.A3 ARs are negatively 
oupled to adenylate 
y
lase via Gi2,3. [49,50℄ Cou-pling of the A3AR to Gq/11 leading to a stimulation of phospholipase C and its
oupling to phospholipase D have also been demonstrated. [51℄ A3AR stim-ulation 
an lead to a
tivation of ERK1/2. In fa
t, A3AR agonists stimulatePI3K-dependent phosphorylation of Akt leading to the redu
tion of basal lev-els of ERK1/2 phosphorylation, whi
h in turn inhibits 
ell proliferation. [52℄After exposure to agonist, A3ARs undergo rapid desensitization via phospho-rylation by G-protein re
eptor kinase 2 (GRK2) at the intra
ellular terminal
hain (parti
ularly at threonine 318 on the rat re
eptor). [53℄

Figure 1.10: Signal transdu
tion pathways asso
iated with the a
tivation of the human adenosinere
eptors.The A3AR, whi
h is the most re
ently identi�ed AR, is impli
ated in a va-riety of important physiologi
al pro
ess. [50℄ A
tivation of the A3AR in
reasesthe release of in�ammatory mediators, su
h as histamine, from rodent mast
ells, [54℄ and inhibits the produ
tion of tumor ne
rosis fa
tor-α(TNF-α). [55℄The a
tivation of the A3AR is also suggested to be involved in immunosuppres-sion and in the response to is
hemia of the brain and heart. [56℄ It is be
omingin
reasingly apparent that agonists or antagonists of the A3AR have poten-tial as therapeuti
 agents for the treatment of is
hemi
 and in�ammatorydiseases. [57℄1.4 Methodology SurveyThe development of 
omputers with in
reased 
al
ulation power gave to thes
ienti�
 
ommunity new resour
es to develop data analysis and 
omplexmathemati
al model building. In s
ien
e, 
omputers 
an be used to apply
omplex models to study di�erent aspe
ts of nature.



14 Methodology SurveyIn this thesis, several 
omputational tools were applied to study proteinand other mole
ules, their intera
tion, their dynami
s and to predi
t some oftheir behaviors. In this se
tion the methods, whi
h have been used in thisproje
t, are des
ribed as well as their strenghts and weakness.1.4.1 Homology ModelingExtensive information on primary and se
ondary stru
ture are stored in vari-ous databases. Protein sequen
e determination is now routine work in mole
-ular biology laboratories. Sequen
es of more than three million proteins arenow available in the UniProt database [58℄. The translation of sequen
es into3D stru
ture on the basis of X-ray 
rystallography or NMR investigations,however, takes mu
h more time. The 3D stru
tures of more than 55000 pro-teins available in the PDB [27,59℄ (as at the end of January 2009). In 
ertain
ir
umstan
es it 
an take, depending on the kind of proteins, more than ayear to perform a 
omplete stru
ture determination. This is the reason whythe number of known protein sequen
e is mu
h larger than the number of
omplete 3D stru
tures that have been determined.Sin
e a general rule for the folding of a protein has not yet been developed,it is ne
essary to base stru
tural predi
tions on the 
onformations of availablehomologous referen
e proteins.When a sequen
e is found homologous to another one, for whi
h the 3Dstru
ture is available, the 
omparative modeling approa
h (whi
h is also 
alledhomology modeling approa
h) is the method of 
hoi
e for predi
ting the stru
-ture of the unknown protein. This 
omputational approa
h is based on thenotion that the primary stru
ture of proteins is 
onserved, through evolution,to a lesser extent than the higher level stru
tures, namely se
ondry, tertiaryand quaternary.An amino a
id sequen
e (target) 
an be modeled on the stru
ture of a se
-ond protein (template) whi
h are predi
ted to have the same folding. Based onthe sequen
e alignment of the two proteins, the pairs of residues are spatiallymat
hed with the generation of the new 
oordinates for the target stru
ture.Thus, the quality of the sequen
e alignment whi
h determines the residuespairs is of primary importan
e. Usually, 
onserved regions, like se
ondarystru
ture elements or patterns of residues impli
ated in the protein fun
tion,are identi�ed in the stru
ture of the template. Later, the alignment is op-timized to mat
h these 
onserved regions. The out-
oming stru
ture 
an bestru
turally re�ned with di�erent proto
ols like energy minimization or sim-ulated annealing. The resulting stru
ture has to be 
he
ked for stero
hemi
alquality, like ϕ and ψ angles distributions and bond lengths, angles et
., andfor its feasibility of explaining already available bio
hemi
al data.In addition, when the alignment reveals one or more long gaps, under-lining stru
tural variations between the two proteins, 
are must be taken on



15the stru
ture generation. When new loops have to be built, meaning thatthe target sequen
e have non-
orrespondent stret
hes in the template, 
oor-dinates 
an be either assigned randomly and energy minimized or taken fromexperimentally known ones of other stru
tures. The reliability of these addi-tional loops depends on the length of these parts and the distan
e betweenthe template extremities. The longer is the insertion, 
ompared to the three-dimensional gap, the less reliable is the result [60,61℄.1.4.2 Mole
ular Do
kingMole
ular Do
king is a method that predi
ts the stru
ture of the intermole
-ular 
omplex formed between two or more mole
ules. Do
king is frequentlyused to predi
t the binding orientation of small mole
ule drug 
andidates totheir protein targets in order to predi
t the a�nity and a
tivity of the smallmole
ule. Hen
e do
king plays an important role in the rational design ofdrugs.Reprodu
ig the 
onformational spa
e a

essible to a ma
romole
ule is avery di�
ult task and involves unavoidable approximation. Do
king pro
e-dures 
an thus be 
lassi�ed into three 
ategories depending on the approxi-mation level:
• rigid body do
king : both protein and ligand are treated as rigid bodies,
• semi�exible do
king : only the ligand is 
ondisered �exible,
• fully �exible do
king : both ligand and protein are treated as �exiblemole
ules.Sin
e ligands are mu
h smaller than ma
romole
ules, ligand �exibility is
omputationally easier to handle and thus today it is standard in do
kingroutines.The ideal do
king methos would allow both ligand and re
eptor to ex-plore their 
onformational degrees of freedom. However, su
h 
al
ulations are
omputationally very demanding and most of the methods only 
onsider the
onformational spa
e of the ligand and the re
eptor is invariably assumed tobe rigid.The su

ess of a do
king program depends on two 
omponents: the sear
halgorithm and the s
oring fun
tion.1.4.2.1 Sear
h AlgorithmsIn mole
ular do
king the sear
h algorithm is used to generate ligand stru
-tures. The algorithms 
an be grouped into deterministi
 and sto
hasti
 ap-proa
hes. Deterministi
 algorithms are reprodu
ible, whereas sto
hasti
 algo-rithms in
lude a random fa
tor and are thus not fully reprodu
ible.



16 Methodology SurveyIn
remental Constru
tion Methods In an in
remental 
onstru
tion algo-rithm the ligand is not do
ked as a 
omplete mole
ule at on
e, but is insteaddivided into single fragments and in
rementally re
onstru
ted inside the a
-tive site. FlexX treats the ligand as �exibe and the protein as rigid. It divedesthe ligands along its rotational bonds into rigid fragments, �rst do
ks a basefragment into the a
tive site and then reatta
hes the remaining fragments.FlexX degines intera
tion sites for ea
h possible intera
ting group of the a
-tive site and the ligand. The intera
tion sites are assigned an intera
tion type(hydrogen bond a

eptor, hydrogen bond donor, et
.) and are modeled by anintera
tion geometry 
onsisting of an intera
tion 
enter and a spheri
al sur-fa
e. The base fragment is oriented by sear
hing for pla
ements where threeintera
tion between the protein and the ligand 
an o

ur. The remainingligand 
omponetns are then in
rementally atta
hed to the 
ore.Geneti
 Algorithms A Geneti
 Algorithm is a 
omputer program that mim-i
s the pro
ess of evolution by manipulating a 
olle
tion of data stru
tures
alled 
hromosomes. Ea
h of these 
hromosomes en
odes a possible solutionto the problem to be solved. Gold [62℄ andMoeDo
k [63℄ use GA for do
king aligand to a protein. Ea
h 
hromosome en
odes a possible protein-ligand 
om-plex 
onformation. Ea
h 
hromosome is assigned a �tness s
ore on the basisof the relative quality of that solution in terms of protein-ligand intera
tions.Starting from an initial, randomly generated parent population of 
hromo-somes, the GA repeately applies two major geneti
 operators, 
rossover andmutation, resulting in 
hildren 
hromosomes that repla
e the least-�t memberof the population. The 
rossover operator requires two parents and produ
estwo 
hildren, whereas the mutation operator requires one parent and produ
esone 
hild. Crossover thus 
ombines features from two di�erent 
hromosomesin one, whereas mutation introdu
es random perturbations. The parent 
hro-mosomes are randomly sele
ted from the existing population with a bias to-ward the best, thus introdu
ing 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 
or-re
t binding mode. AutoDo
k 4.0 [64℄ uses a Lamar
kian geneti
 algorithm(LGA). The 
hara
teristi
 of an LGA is that the environmental adaptation ofan individual's phenotype are des
ribed into its genotype. In AutoDo
k 4.0ea
h generation is thus followed by a lo
al sear
h, enery minimization, on auser-de�ned proportion of the population and resulting ligand 
oordinates arestored in the 
hromosome, repla
ing the parent.Tabu Sear
h A Tabu sear
h algorithms is 
hara
terized by imposing restri
-tions to enable a sear
h pro
ess to negotiate otherwise di�
ult regions. Theserestri
tions take the form of a tabu list that stores a number of previously



17visited solutions. By preventing the sear
h from revisiting these regions, theexploration of new sear
h spa
e is en
ouraged.While GA usually 
onverges qui
kly at the 
lose proximity of a global mini-mum, it 
an be trapped in lo
al minima. Using a tabu list helps in avoidingthis drawba
k. TS is available as sear
h algorithm in MoeDo
k [63℄.Simulated Annealing Simulated Annealing is a spe
ial mole
ular dynami
ssimulation, in whi
h the system is 
ooled down at regular time intervals byde
reasing the simulation temperature. The system thus gets trapped in thenearest lo
al minumum 
onformation. Disadvantage of simulated annealingare that the result depends on the initial pla
ement of the ligand and that thealgorithm doesn not explore the solution spa
e exhaustively. SA is availableas sear
h algorithm in MoeDo
k [63℄.Glide Algorithm The Glide (Grid-Based Ligand Do
king With Energet-i
s) [65℄ algorithm approximates a systemati
 sear
h of positions, orientations,and 
onformations of the ligand in the re
eptor binding site using a series ofhierar
hi
al �lters. The shape and properties of the re
eptor are representedon a grid by several di�erent sets of �elds that provide progressively morea

urate s
oring of the ligand pose. The �elds are 
omputed prior to do
king.The binding site is de�ned by a re
tangular box 
on�ning the translations ofthe mass 
enter of the ligand. A set of initial ligand 
onformations is gener-ated through exhaustive sear
h of the torsional minima, and the 
onformersare 
lustered in a 
ombinatorial fashion. Ea
h 
luster, 
hara
terized by a
ommon 
onformation of the 
ore and an exhaustive set of rotamer group
onformations, is do
ked as a single obje
t in the �rst stage. The sear
h be-gins with a rough positioning and s
oring phase that signi�
antly narrows thesear
h spa
e and redu
es the number of poses to be further 
onsidered to afew hundred. In the following stage, the sele
ted poses are minimized on pre-
omputed OPLS-AA van der Waals and ele
trostati
 grids for the re
eptor.In the �nal stage, the 5-10 lowest-energy poses obtained in this fashion aresubje
ted to a Monte Carlo pro
edure in whi
h nearby torsional minima areexamined, and the orientation of peripheral groups of the ligand is re�ned.The minimized poses are then res
ored.Plants The do
king algorithm PLANTS is based on a 
lass of sto
hasti
 op-timization algorithms 
alled ant 
olony optimization (ACO). ACO is inspiredby the behavior of real ants �nding a shortest path between their nest and afood sour
e. The ants use indire
t 
ommuni
ation in the form of pheromonetrails whi
h mark paths between the nest and a food sour
e. In the 
ase ofprotein-ligand do
king, an arti�
ial ant 
olony is employed to �nd a minimumenergy 
onformation of the ligand in the binding site. These ants are used



18 Methodology Surveyto mimi
 the behavior of real ants and mark low energy ligand 
onformationswith pheromone trails. The arti�
ial pheromone trail information is modi�edin subsequent iterations to generate low energy 
onformations with a higherprobability. [66℄1.4.2.2 S
oring Fun
tionThe free energy of binding is given by the Gibbs-Helmoltz equation:
∆G = ∆H − T∆S (1.1)with ∆G giving the free energy of binding, ∆H the enthalpy, T the tempera-ture in Kelvin and ∆S the entropy. ∆G is related to the binding 
onstant K iby the equation
∆G = −RTlnKi (1.2)with R being the gas 
onstant. There is a wide variety of di�erent te
hniquesavailable for predi
ting the binding free energy of a small mole
ule ligand onthe basis of the given 3D stru
ture of a protein-ligand 
omplex.Empiri
al S
oring Fun
tion Empiri
al s
oring fun
tions use several termsdes
ribing properties known to be important in drug binding to 
unstru
t amaster equation for predi
ting binding a�nity. Multilinear regression is usedto optimize the 
oe�
ients to weight the 
omputed terms using a training setof protein-ligand 
omplexes for whi
h both the binding and an experimentallydetemined high resolution 3D stru
ture are known. Chems
ore and Glides
oreare some examples.For
e-�eld-based S
oring Fun
tion These s
oring fun
tions are based onthe nonbonded terms of a 
lassi
al mole
ular me
hani
s for
e �eld. A Lennard-Jones potential des
ibes van der Waals intera
tions, whereas the Coulombenergy des
ribes the ele
trostati
 
omponents of the intera
tions. A majordisadvantage of empiri
al s
oring fun
tions lies in the fa
t that it is un
learto what extent they 
an be applied to protein-ligand 
omplexes that werenot represented in the training set used for deriving the master equation.Golds
ore and MOE Energy s
ore are some examples.Knowledge-based S
oring Fun
tion A more re
ently developed approa
havoiding these disadvantages uses knowledge-based s
oring funtions with po-tential of mean for
e. The s
ore is de�ned as the sum over all interatomi
intera
tions of the protein-ligand 
omplex. Advantages of this approa
h arethat no �tting to experimentally measured binding free energies of the 
om-plexes in the training set is needed, and that solvation and entropi
 terms aretreated impli
itly.



191.4.3 Mole
ular Dynami
sMole
ular systems, where non-bonded intera
tions between atoms are present,possess intrinsi
 movements due to the 
hanging distribution of their internalenergy. Theoreti
al and empiri
al studies of proteins should take into a

ounttheir dynami
al behaviors. Movements of proteins are understood as a vari-ety of di�erent atomi
 dispositions whi
h are spe
i�
 for ea
h protein systemand are ruled by physi
al-
hemi
al properties su
h as steri
 hindran
e of side
hains or attra
tive and repulsive 
harges. In general, this mole
ular 
onfor-mational 
hanges 
an be either little, with simple stru
ture �u
tuations dueto the energy present at a given temperature within the system, or large as
onsequen
e of major modi�
ations, su
h as phosphorylation of residue andbinding of ligands.Mole
ules 
an be des
ribed by mathemati
al models where the atomi
positions, radii, masses and 
harges as well as the 
ovalent bonds (length,angles) of their topologies are 
onsidered.In mole
ular dynami
s, su

esive 
on�gurations of the system are gener-ated by integrating Newton's laws of motion. The result is a traje
tory thatspe
i�es how the positions and velo
ities of the parti
les in the system varywith time. The traje
tory is obtained by solving the di�erential equationsembodied in Newton's se
ond law (F=ma):
d2xi

dt2
=
Fxi

mi

(1.3)This equation des
ribes the motion of a parti
le of mass mi along one 
oor-dinate (xi) with Fxi
being the for
e in the parti
le in that dire
tion. Initialatomi
 velo
ities are used to start the 
ompute of the kineti
 
omponent.For
es are then used to 
al
ulate the new atomi
 positions and velo
ities byintegration of the equation of motion after a de�ned period of time (timestep). The iteration of this 
y
le yields to the deterministi
 evolution (depen-dent from the previous steps) of the system respe
t to the time.The well known limitation of this method is how atoms are des
ribed.While using mole
ular me
hani
s (MM) model, the atoms of a simulated pro-tein are des
ribed as balls with partial 
harges and the bonds are depi
tedas harmoni
 springs. The omission of all ele
trons speed up the 
al
ulationpermitting longer time s
ale simulation but de
rease the a

ura
y of the sys-tem evolution. Another issue of MD simulation is the lenght of the 
omputedtime life of a ma
romole
ule. Certain biologi
al phenomena 
on
erning mo-tions of proteins o

ur in a time s
ale whi
h is not a
hievable by normal MDsimulations.The produ
tion of a traje
tory usually involves three steps: the initializa-tion of the system, its equilibration and produ
tion phase. During initializa-tion velo
ities are given to the atoms to 
al
ulate the �rst round of for
es.



20 Methodology SurveyWhen no velo
ities are available from a previous MD simulation, they areassigned randomly a

ording to the Maxwell-Boltzmann distribution at giventemperature. During equilibration the system is let evolve shortly to adjustvelo
ities and to bring the system at the nearest thermi
 equilibrium an thenthe produ
tion phase.Working with proteins some steps have to be added, this is due to the fa
tthat these ma
romole
ules are half way between liquid and solid state. Inother words, the 
ovalent bonds os
illations have to be restrained to redu
ethe number of degrees of freedom for the system. In the 
ase that the solventis wanted to be des
ribed expli
itly in the traje
tory, a 
ertain number ofwater mole
ules have to added around the protein. The whole system needsto be energeti
ally minimized to avoid bad steri
 
onta
ts. Then a �rst roundof MD is used to relax the solvent while the protein atoms are restrained intheir initial positions. The next step 
onsists in warming up the system, tothe targeted temperature, i.e. 300 K, and to adjust the velo
ities. This isan important step for diminish the in�uen
e of the randomly assigned initialvelo
ities in the �nal traje
tory. The system is thus equilibrated for pressureand temperature using algorithms whi
h every tot steps s
ale the velo
itiesto mat
h the set pressure and temperature within a given period of time.Eventually, the produ
tion phase is run and the system properties are 
olle
tedfor further analysis.The reprodu
ibility of this te
hnique is an important issue be
ause of the
haoti
 nature of multi-body dynami
s. The several thousands parti
les af-fe
t the velo
ity of the single one by multiple intera
tions resulting in randomtraje
tories. The word reprodu
ibility is thus intended for averages of prop-erties of the system 
al
ulated for relatively long simulations. Computationalsimulations of proteins should investigate a thermodynami
 equilibrium ofthe system. The farther from the equilibrium the less reliable is the �naltraje
tory.



Chapter 2Homology Modeling of Human A3Adenosine Re
eptor
2.1 Introdu
tionRhodopsin was the �rst GPCR to be studied in detail. In 2000, the �rst threedimensional 
rystals of bovine rhodopsin were obtained. [67℄ These qui
klyled to a three dimensional high resolution stru
ture for this GPCR, whi
hfor the �rst time provided a su�
iently detailed view that the dispositionof the retinal in the stru
ture 
ould be determined. [28℄ Despite extensivee�orts, rhodopsin had been for many years the only GPCR with stru
turalinformation available. Rhodopsin is highly abundant from natural sour
es andstru
turally stabilized by the 
ovalently bound ligand 11-
is-retinal, whi
hmaintains the re
eptor in a dark-adapted, non-signaling 
onfromation. In
ontrast, all other GPCRs are a
tivated by di�usible ligands and are expressedat relatively low levels in native tissues. These re
eptors are stru
turally more�exible and equilibrate among multiple 
onformational states, some of whi
hare prone to instability. [68℄In the past few years several 
rystallographi
 stru
tures of GPCRs, di�er-ent from rhodopsin, were published. In 2007, Kobilka and 
oworkers resolvedtwo 
rystallographi
 stru
tures of human β2-Adrenergi
 Re
eptor at 2.40 and3.40 Å resolution. [38,39,48℄ In 2008 on PDB has been published another 
rys-tallographi
 stru
tures: the one of human β2 Adrenergi
 Re
eptor at 2.8 Åresolution [41℄, the stru
ture of β1-Adrenergi
 Re
eptor of turkey at 2.70 Åresolution [43℄ and re
ently the 
rystal stru
ture of a human A2A AdenosineRe
eptor at 2.6 Å resolution. [45℄Some stru
tures provide also information about intera
tion with a ligand.Human A2AAR is the most di�erent. The ligand ZM241385 is perpendi
ular tothe membrane plane, 
o-linear with TM7 and it intera
ts with both EL2 andEL3. The ligand position is signi�
antly di�erent from the position of retinaland amine ligands of β-AR (Figure 1.8). Finally, the heli
al arrangementis similar among GPCRs, however the binding po
ket of the A2A adenosinere
eptor is shifted 
loser to TM6 and TM7 and less intera
tions are allowedwith TM3 and TM5. [45℄These stru
tural information are the basis of homology modeling ofhA3AR. Stru
tural models have been used for mole
ular do
king (see Chapters



22 Materials and Methods3 and 4) and mole
ular dynami
s studies (see Chapter 5).2.2 Materials and Methods2.2.1 Sequen
e AllignementBased on the assumption that GPCRs share similar TM boundaries and over-all topology, a homology model of the hA3 re
eptor was 
onstru
ted. Thesequen
e of hA3 re
eptor was retrieved from SwissProt Database [58℄ (ID:P33765 [69,70℄). First, the amino a
id sequen
es of TM heli
es of the A3 re
ep-tor were aligned with those of the 
rystal stru
tures sele
ted [28,38,42,43,45℄,guided by the highly 
onserved amino a
id residues, in
luding 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 MOEThe same boundaries were applied for the TM heli
es of the A3 re
eptor asthey were identi�ed from the X-ray 
rystal stru
ture for the 
orrespondingsequen
es of the 
rystal stru
tre used as template, the ba
kbone 
oordinatesof whi
h were used to 
onstru
t the seven TM heli
es for the hA3 re
eptor.The loop domains of the hA3 re
eptor were 
onstru
ted by the loop sear
hmethod implemented in MOE.In parti
ular, loops are modeled �rst in random order. For ea
h loop, a
onta
t energy fun
tion analyzes the list of 
andidates 
olle
ted in the segmentsear
hing stage, taking into a

ount all atoms already modeled and any atomsspe
i�ed by the user as belonging to the model environment. These energiesare then used to make a Boltzmann-weighted 
hoi
e from the 
andidates,the 
oordinates of whi
h are then 
opied to the model. Any missing side
hain atoms are modeled using the same pro
edure. Side 
hains belonging toresidues whose ba
kbone 
oordinates were 
opied from a template are modeled�rst, followed by side 
hains of modeled loops. Outgaps and their side 
hainsare modeled last.Spe
ial 
aution has to be given to the se
ond extra
ellular loop (EL2), whi
h
an limit the size of the a
tive site. Hen
e, amino a
ids of this loop 
ouldbe involved in dire
t intera
tions with the ligands. A driving for
e to thispe
uliar fold of the EL2 loop might be the presen
e of a disul�de bridgebetween 
ysteines in TM3 and EL2. Sin
e this 
ovalent link is 
onserved inall re
eptors modeled in the 
urrent study, the EL2 loop was modeled usinga 
onstrained geometry around the EL2-TM3 disul�de bridge.After the heavy atoms were modeled, all hydrogen atoms were added, andthe protein 
oordinates were then minimized with MOE using the AMBER94for
e �eld [71℄. The minimizations were 
arried out by the 1000 steps of



23steepest des
ent followed by 
onjugate gradient minimization until the rmsgradient of the potential energy was less than 0.1 k
al mol−1 Å−1. Proteinstereo
hemistry evaluation was performed by several tools (Rama
handranand Chi plots measure phi/psi and 
hi1/
hi2 angles, 
lash 
onta
ts reports)implemented in MOE suite [63℄.2.3 Results and Dis
ussionThe availability and the sele
tion of a suitable template stru
ture is a 
riti
alstep in the homology modeling pro
ess. The stru
tural information availablefor the GPCR family are limited, even if the number of GPCR 
rystal stru
turepublished on the PDB in
reased in past few years.GPCRs are formed by a single polypeptide 
hain that 
rosses the 
ellmembrane seven times with seven α-heli
al transmembrane domains (7TMs)bundled together in a very similar manner. Supporting the idea of a 
ommonfolding of the seven TMs, sequen
e 
omparison revealed spe
i�
 amino a
idpatterns 
hara
teristi
 of ea
h TM and highly 
onserved in the great majorityof Class A GPCRs. These 
onserved residues 
onstitute the basis for theidenti�
ation of the seven TMs within GPCR amino a
id sequen
es. Theyare also the foundation of the GPCR residue indexing system introdu
ed byBallesteros and Weinstein. [25℄Bovine rhodopsin provided the �rst high resolution stru
tural information,and for many years, rhodopsin-based homology modeling had been the mostwidely used approa
h to obtain three dimensional models of GPCRs. Theresults of AR modeling based on rhodopsin has been extensively reviewed. [72℄With the availability of new 
rystallographi
 stru
tures it is still questionablewhi
h one should be the more appropriate template for GPCRs modeling and,in parti
ular, for ARs.2.3.1 Sequen
e Alignment AnalysisThe per
entages of identity of the aligned sequen
es of the ARs in 
omparisonto GPCRs having an available X-ray 
rystallographi
 stru
ture are listed in ta-ble 2.1, and the alignment of the sequen
es is shown in �gure 2.1. The per
entidentity in
reases from a 
omparison with bovine rhodopsin to a 
omparisonwith hGPCRs. The per
ent identity is higher if the N-terminus and the C-terminus are not taken into 
onsideration, and the in
rease is even greaterwhen 
omparing only TM regions.Naturally, the A2AAR 
an be 
onsidered the best template for homologymodeling of the other ARs a

ording to the per
ent identity of the alignedsequen
es, but there are some important di�eren
es among the ARs thathave to be 
onsidered in 
hoosing the template for homology modeling. The



24 Results and Dis
ussionprimary stru
tures of A1AR, A2BAR, and A3AR have a similar number ofamino a
id and, in general, these AR subtypes are among the smaller membersof the GPCR family. For example, the human homologs of the A1AR, A2BAR,and A3AR 
onsist of 326, 328, and 318 amino a
id residues, respe
tively.[70,73,74℄ In 
ontrast, the hA2AAR 
onsists of 409 amino a
ids, [75℄ and all
loned spe
ies homologs of the A2AAR are of similar mass. This relativelylarge size is manifested in the 
arboxyl-terminal tail of the re
eptor, whi
h ismu
h longer than any of the other AR subtypes.Table 2.1: Per
entages of identity of the aligned sequen
es of ARs and the
rystallographi
 stru
tures available for GRCRs.b-rhodopsin hβ2AR Turkey β1AR hA2AARAll hA1AR 13.8 19.1 17.2 39.1hA2AAR 17.8 23.5 22.6 100hA2BAR 17.8 22.5 20.1 46.6hA3AR 14.1 19.9 17.4 31.3All ex
ept hA1AR 15.6 25.6 24.9 50.8hA2AAR 20.5 27.9 28.3 100N-term and C-term hA2BAR 22.2 27.9 28.7 61.5hA3AR 15.6 25.6 24.6 41.9TM regions hA1AR 17.7 29.5 31.4 57.7hA2AAR 22.3 31.8 33.2 100hA2BAR 22.7 30.5 33.6 69.5hA3AR 17.3 29.5 30.5 49.5EL2 hA1AR 14.3 14.8 11.1 32.4hA2AAR 14.3 11.1 22.2 100hA2BAR 14.3 18.5 22.2 41.2hA3AR 14.3 11.1 11.1 23.5
The TM regions of the GPCRs possess the same overall topology, and thesequen
e alignment is guided by the most 
onserved residues in every helix.The size of ea
h helix di�ers between the 
rystallographi
 stru
tures, butthe loops 
onstitute the most variable region. The se
ond extra
ellular loop(EL2) is of parti
ular interest for building homology models of GPCRs usedfor drug design be
ause of its role in the ligand re
ognition (Figure 1.7). The
rystallographi
 stru
ture of hA2AAR shows a disul�de bond between Cys259and Cys262 in the intra
ellular side of the re
eptor and, in parti
ular, threedisul�de linkages that involve the EL2: one between Cys77 and Cys166, thatis 
onserved among the members of family A of GPCRs and 
onne
ts EL2and TM3, and two between EL2 and EL1, that are unique to the A2AAR(Cys71-Cys159 and Cys74-Cys146). [45℄ The EL2 of the A2AAR de�nes theextra
ellular surfa
e properties of the stru
ture and is 
onsiderably di�erent
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Figure 2.1: Sequen
e alignment of hARs (A1, A2A, A2B , A3), bovine rhodopsin, hβ2 adrenergi
re
eptor and turkey β1 adrenergi
 re
eptor. In grey are highlighted the transmembrane regions, inred the highly 
onserved residues and in yellow 
ysteines that form disul�de linkages that involvethe se
ond extra
ellular loop. For A1, A2B, A3ARs only the 
ysteine residues that form the
onserved disul�de bridge between TM3 and EL2 are highlighted in yellow, be
ause informationabout other disul�de bonds are not available.
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ussionfrom that of rhodopsin. The extensive disul�de bond network forms a rigid,open stru
ture exposing the ligand binding 
avity to solvent, possibly allowingfree a

ess for small mole
ule ligands. [45℄The turkey β1 adrenergi
 re
eptor and hβ2 adrenergi
 re
eptor stru
tureshave the 
onserved disul�de bridge between EL2 and TM3 (Cys114-Cys189for β1AR and Cys106-Cys191 for β2AR). In addition to this 
onserved stru
-tural 
onstraint, they have a se
ond disul�de bond that involves the EL2(Cys192-Cys198 for β1AR and Cys184-Cys190 for β2AR). [38,43,48℄ However,rhodopsin has only one 
ysteine residue in the EL2, whi
h forms a disul�debond between EL2 and TM3. [28℄The sequen
es of the hA1AR and the hA3AR 
ontain only one 
ysteineresidue in the EL2 (Cys169 for A1AR and Cys166 for A3AR). These residuesform the disul�de bridge, 
ommon to GPCRs, with the respe
tive 
ysteineresidues of TM3 (Cys80 for A1AR and Cys83 for A3AR). The hA2BAR hasthree 
ysteine residues in the EL2. The 
ysteine in EL2 that forms the disul�debridge with TM3 is 
onserved, as well as the 
ysteine residue within TM3, andthe linkage between these residues is also 
onserved. No mutagenesis data areavailable for the other 
ysteines.On A2AAR there are other four 
ysteines that are 
onne
ted by two disul-�de bridges: Cys71-Cys159 and Cys74-Cys146. These residues 
orrespondto Cys72, Thr162, Phe75 and Cys154 respe
tively on A2BAR, if we 
onsiderthe alignment that allows the higher per
entage of identity. In this 
ase noother disul�de bonds are formed, and only one 
ysteine of EL2 is involved in adisul�de linkage, i.e. the one with TM3 that is 
onserved among GPCRs. Inaddition, there are two more 
ysteine residues in EL2 (Cys166 and Cys167);depending on the alignment, one of these residues 
an be aligned with Cys159of A2AAR and form a se
ond disul�de bond that 
onne
ts EL2 with Cys72of the A2BAR. It remains to be 
lari�ed how many disul�de bonds are a
tu-ally present in the stru
ture of hA2BAR. Nevertheless, the presen
e of threedisul�de links on EL2 is a pe
uliarity of the hA2AAR. This is an importantpoint that has to be 
onsidered when the A2AAR serves as the template forhomology modeling of ARs to be used in drug design. The 
onformation ofthe A2AAR binding po
ket is in�uen
ed by EL2, whi
h is stri
tly dependenton the presen
e of three disul�de linkages.2.3.2 Homology Models of A3 Adenosine Re
eptorDi�erent A3AR models have been published des
ribing the hypotheti
al in-tera
tions with known A3AR ligands having di�erent 
hemi
al s
a�olds, andalmost all of these models were 
onstru
ted using bovine rhodopsin as a tem-plate. As we have widely dis
ussed before, the new stru
tures of GPCRs solvedin the past two years provide a new starting point for homology modeling. Inparti
ular, the re
ent publi
ation of A2AAR provides important stru
tural in-



27formation for the AR family. Next to the stru
tural information provided bythe 
rystallographi
 data, mutagenesis studies 
an help identify the residuesthat are involved in ligand re
ognition. Site-dire
ted mutagenesis of the A3ARshows an important role for spe
i�
 residues in TM3, TM6 and TM7. [76�81℄The three di�erent models of hA3AR 
an be 
onstru
ted using as tem-plates:
• the bovine rhodopsin (PDB ID 1F88);
• the hβ2-adrenergi
 re
eptor (PDB ID 2RH1);
• the hA2AAR (PDB ID 3EML).The main di�eren
es between the templates are found within EL2, IL3and the extra
ellular end of TM1. The stru
ture-based drug design approa
his mainly a�e
ted by di�eren
es in EL2, be
ause residues of this loop 
andire
tly intera
t with ligands in the binding po
ket. The EL2 of both squidand bovine rhodopsin assumes a β-sheet se
ondary stru
ture, either in thestru
ture with bound retinal or in the ligand-free stru
ture. In the hβ2ARthere is an α-helix in EL2 that is stru
turally similar to the β1AR of turkey,while the A2AAR does not have a de�ned se
ondary stru
ture in the EL2.

Figure 2.2: Topology of the hA3AR built using bovine rhodopsin as template.The �rst model of hA3AR that we built was based on rhodopsin (Figure2.2). As for the high-resolution stru
ture of rhodopsin, the hA3AR modelreveals a seven-heli
al bundle with a 
entral 
avity surrounded by heli
es 3, 5,6 and 7. Helix 4 is not part of the 
avity wall and makes 
onta
ts only withhelix 3. The a

ess to the 
entral 
avity is not allowed be
ause the EL2 
losesthe binding po
ket and determines a volume of the 
avity of 660 Å3. EL2 is
hara
terized by a β-sheet se
ondary stru
ture and it is 
onne
ted to TM3with the 
onserved disul�de linkage between Cys83 and Cys166. This modelhas been widely used to identify putative ligand-re
eptor intera
tions and to



28 Results and Dis
ussion

Figure 2.3: Topology of the hA3AR built using β2-Adrenergi
 Re
eptor as template.understand and quantify the stru
ture a
tivity relationship (SAR) of knownhA3AR antagonists through a high-throughput do
king strategy. [82�87℄Two other models of the hA3AR were built using as a template the hβ2-adrenergi
 re
eptor and the turkey β1-adrenergi
 re
eptor. The RMSD of theentire stru
tures superposed is around 4 Å, it is 2.8 Å without 
onsideringthe N-terminus (from residue 1 to 8), C-terminus (from residue 302 to 318),and IL3 (from residue 208 to 224), whi
h are the most variable regions. TheRMSD is only 1.8 Å 
onsidering only the heli
al ba
kbone. These modelsdo not present relevant di�eren
es at the a
tive-site level, and therefore weare 
onsidering only the one built using β2-adrenergi
 re
eptor as template(Figure 2.3).Even though one of the two disul�de bridges in the EL2 is missing, the
onformation of the EL2 of the hA3AR model is similar to the EL2 of theadrenergi
 re
eptor template: an α-helix se
ondary stru
ture enables the a
-
essibility to the ligand-binding site. In the template, this 
onformation maybe stabilized by an intra-loop disul�de bond, whi
h is missing in the model ofhA3AR. The putative lo
ation of ligands in the two templates is very similar.In preliminary do
king studies, also the lo
ation of hA3AR antagonist is simi-lar, even if there are stru
tural di�eren
es in the ligand binding sites betweenthe models obtained from rhodopsin and the adrenergi
 re
eptor. The largestdi�eren
e within the TM region between the two models o

urs in helix 1,in whi
h the adrenergi
 re
eptor-based model la
ks the proline-kink found inrhodopsin-based model.The re
ently published stru
ture of hA2AAR provides a new template forGPCR modeling and in parti
ular for ARs. A new model of the hA3AR was
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Figure 2.4: Topology of the hA3AR built using A2AAR as template.built using this 
rystal stru
ture as template (Figure 2.4). The heli
al arrange-ment is similar among the models. However, the heli
es are shifted, and thedi�eren
es among their relative positions result in an RMSD around 2.50 Å.As observed for the model built using adrenergi
 re
eptors as templates, themain di�eren
e in the heli
al bundle is TM1 and in parti
ular the N-terminalend of the helix. A detailed 
omparison of the superimposed models is in�gure 2.5 and in table 2.2, in whi
h values of RSMD for ea
h TM helix arereported.As it was seen for the templates, the main di�eren
e among the threemodels of the hA3AR is in the loop region. The ligand binding po
ket of the
rystal stru
ture of A2AAR is shifted 
loser to TM6 and TM7, and the posi-tion of the A2AAR antagonist ZM241385 is 
loser to these heli
es. ImportantTable 2.2: Root mean square deviation (RMSD) of the ba
kbone of the alignedmodels of hA3AR. The main di�eren
e among the models is due to the loops, whi
hrepresent the most variable region of the templates and 
onsequently of the models.Parti
ular attention has to be done to EL2 be
ause it is part of the binding po
ketand it 
an dire
tly intera
t with ligands.all TM all loops TM1 TM2 TM3 TM4 TM5 TM6 TM7 HX8 EL2RMSD in Å with respe
t to hA3AR model from bovine rhodopsin (ba
kbone)A3-β2 2.29 10.86 2.82 2.12 1.98 2.01 2.07 2.19 1.85 3.73 11.44A3-A2A 2.43 10.06 2.55 2.40 2.78 2.45 2.85 2.02 2.04 1.64 14.30RMSD in Å with respe
t to hA3AR model from hβ2-Adrenergi
 Re
eptor (ba
kbone)A3-rho 2.29 10.86 2.82 2.12 1.98 2.01 2.07 2.19 1.85 3.73 11.44A3-A2A 2.57 7.46 3.84 1.89 2.02 1.73 2.09 2.71 2.23 3.66 6.18RMSD in Å with respe
t to hA3AR model from hA2AAR (ba
kbone)A3-rho 2.43 10.06 2.55 2.40 2.78 2.45 2.85 2.02 2.04 1.64 14.30A3-β2 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 hA3AR models. A3AR from rhodopsin is in yellow,A3AR from hβ2-AR is in magenta and A3AR from hA2AAR is in 
yan.

Figure 2.6: Representation of EL2 of A3AR models: in yellow hA3AR built from rhodopsin, inmagenta hA3AR built from β2-AR and in 
yan hA3AR built from A2AAR.
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tions are also established with EL2. The position of ZM241385 is sig-ni�
antly di�erent from the one of retinal or 
arazolol. Even though GPCRsshare a 
ommon topology, ligands may bind in a di�erent fashion and intera
twith di�erent positions of the re
eptor. The model built starting from theA2AAR template is di�erent from the previous models of A3AR: the bindingpo
ket is 
loser to TM6 and TM7 and open to the extra
ellular side. Thevolume of the binding sites of A3AR models built starting from hβ2-AR andhA2AAR is di�
ult to be measured be
ause they present a binding site opento the extra
ellular side. The volumes were estimated as 1620 Å3 and 1930Å3, respe
tively, but they 
annot be 
ompared with the volume of the bindingsite of the rhodopsin-based model, whi
h is 
losed and has a volume of 660Å3 (Figure 2.7).

Figure 2.7: Extra
ellular side view of the hA3AR models. A3AR from rhodopsin is in yellow,A3AR from hβ2-AR is in magenta and A3AR from hA2AAR is in 
yan.Even if the per
entage of identity of the hA3AR is higher with respe
t tothe A2AAR than with the previously reported stru
tures, the 
onformationof the EL2 and 
onsequently of the binding po
ket of the hA3AR might bedi�erent from the A2AAR. The pe
uliarity of the A2AAR is the presen
e ofthree disul�de bridges on EL2, whi
h are not 
onserved among ARs. Also,the parti
ular 
onformation of EL2 and the binding po
ket 
an be parti
ularto this subtype, and use of the A2AAR as a template for modeling other ARsubtypes is still impre
ise. Also, mutagenesis data support the hypothesis ofdi�erent roles of TM heli
es in di�erent AR subtypes.2.3.3 Ligand-Based Homology ModelingWe have revisited the rhodopsin-based model of the human A3 re
eptor inits resting state (antagonist-like state), taking into a

ount a novel strategyto simulate the possible re
eptor reorganization indu
e by the antagonist-binding. We 
alled this new strategy ligand-based homology modeling and its
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Figure 2.8: Flow 
hart of the ligand-based homology modeling te
hnique 
onsidering an evolutionof a 
onventional homology modeling algorithm implemented by Mole
ular Operating Environmentmodeling software.s
hemati
 �ow 
hart is summarized in Fig. 2.8. [88℄These spe
i�
 homology modeling approa
h have been implemented intoMole
ular Operating Environment (MOE) software. [63℄ Su

in
tly, ligand-based homology modeling te
hnique is an evolution of a 
onventional homol-ogy modeling algorithm based on a Boltzmann weighted randomized modelingpro
edure adapted from Levitt, 
ombined with spe
ialized logi
 for the properhandling of insertions and deletions; any sele
ted atoms will be in
luded inenergy tests and in minimization stages of the modeling pro
edure. Ligand-based option is very useful when one wishes to build a homology model in thepresen
e of a ligand do
ked to the primary template, or other proteins knownto be 
omplexed with the sequen
e to be modeled.In this spe
i�
 
ase both model building and re�nement take into a

ountthe presen
e of the ligand in terms of spe
i�
 steri
 and 
hemi
al features.To stri
tly validate this methodology as novel tool to address the multi-
onformational spa
e of GPCRs, we have analyzed many known human A3antagonists in the 
orresponding putative ligand binding site, whi
h are re-ported in the Chapter 3. [82�87℄The analized 
ompounds present a di�erent 
hemi
al stru
tures, with dif-ferent mole
ular shape and volume. More detailed des
ription of the modelsobtained with di�erent 
lasses of antagonists is in Chapter 3.In general, 
onsidering the ligand re
ognition 
avity of the re
eptor builtfrom a rhodopsin-based model, we have estimated that its spe
i�
 volume is



33around 660 Å3. However, even if this 
onventional rhodopsin based model ofthe human A3 re
eptor is able to elu
idate the observed a
tivity of all deriva-tives bearing small substituents, the same model 
ould not explain the ob-served a
tivity when bulkier substituents are present. Independently from theused mole
ular do
king algorithm, a strongly destabilizing van der Waals en-ergy 
omponent avoided to sample reasonable antagonist-re
eptor 
omplexes.We interpret this fa
t as a 
lear indi
ation that the rhodopsin based re
ep-tor 
avity is not appropriated to guarantee a good 
omplementarity amongthe topology of the re
eptor's 
left and the shape of these antagonists.Starting from the 
onventional rhodopsin-based homology model and ap-plying our ligand-based homology modeling implementation we have gen-erated other antagonist-like 
onformational states of human A3 re
eptor inwhi
h the ligand re
ognition 
avity has been expanded. Using the newantagonist-like 
onformational states, we were able to rationalize the observeda
tivities for all reported 
ompounds. Many severe analysis 
on
erning false-positive and false-negative situations have been 
ondu
ted. For example, theless bulky 
ompound that ni
ely �ts into the 
onventional rhodopsin-basedmodel, drasti
ally redu
es its intera
tion energy when it is do
ked into theother ligand-based models. Indeed, in
reasing of the TM 
avity volume re-du
e both steri
 and 
hemi
al 
omplementarities between ligand and re
eptor.Using this multi-
onformational states approa
h, a 
onsensus binding motifamong all known antagonists has been found, and a novel �Y-shaped� 3D-pharma
ophore model has been proposed. [89℄





Chapter 3Mole
ular Do
king of A3Adenosine Re
eptor Antagonists
3.1 Introdu
tionThe GPCR models are theoreti
al stru
tures whose reliability has to be
he
ked. In order to evaluate the goodness of a GPCR model, �indire
t� meth-ods should be taken into 
onsideration: some of these 
on
ern the 
omputa-tional pro
edure, others the a

ordan
e with the available experimental data(mainly mutagenesis and ligand a
tivity), and �nally the predi
tive ability ofthe model. A �stru
tural� validation 
an be 
arried ahead through the inspe
-tion of experimental data: residues that mutagenesis studies had revealed toplay a signi�
ative role, should be found involved in important ligand-re
eptoror inter-heli
es intera
tions in the GPCR model. A �fun
tional� validation isthe ability of the models to predi
t the a
tivity of known ligands, to suggestthe design of new ones or to suggest the mutation of residues that the modelsuggests as important for the ligand intera
tion or in the maintenan
e of there
eptor folding.Our theoreti
al model of hA3AR based on rhodopsin has been used toevaluate and quantify the stru
ture-a
tivity relationship of new synthesizedligands, analyzing their intera
tions inside the binding sites and 
orrelatingthem with their a�nity and sele
tivity.Later, the model has been used also with the purpose of synthesizing newligands rationally designed on the basis of information obtained from thestru
ture a
tivity relationship analysis.3.2 Materials and MethodsAll the do
king studies reported in this 
hapter were performed using theMole
ular Operating Environment (MOE, version 2007.09) suite. [63℄3.2.1 Preparation of the LigandsAll do
ked stru
tures were fully optimized without geometry 
onstraints us-ing RHF/AM1 semiempiri
al 
al
ulations. Vibrational frequen
y analysis was



36 Materials and Methodsused to 
hara
terize the minima stationary points (zero imaginary frequen-
ies). The software pa
kage MOPAC (ver.7), [90℄ implemented in MOE suite,was utilized for all quantum me
hani
al 
al
ulations.3.2.2 Model of Human A3 Adenosine Re
eptorThe model that has been used for do
king studies is the rhodopsin basedmodel that was widely des
ribed in the 
hapter 2.When this proje
t started, only �ve 
rystal stru
tures of Bovine Rhodopsinwere available. These stru
tural information were the starting point of ho-mology modeling of human A3 Adenosine Re
eptor and the 
rystal stru
ture1F88 [28℄ was used as template to built the �rst homology model of hA3AR.Rhodopsin-based homology modeling has represented for many years a widelyused and well-
onsolidated approa
h to 
reate GPCR three dimensional mod-els.This model was used to des
ribe stru
ture a
tivity relationship of morethan 300 known human A3 antagonists in the 
orresponding putative ligandbinding site.Moreover, our re
ently des
ribed ligand-based homology modeling(LBHM) approa
h has been used to simulate the 
onformational 
hanges in-du
ed by ligand binding. [88℄ With LBHM te
hnique it is possible to 
reatedi�erent 
onformational states of the same re
eptor preserving the generalrhodopsin based topology.3.2.3 Do
king Pro
edureAll antagonist stru
tures were do
ked into the hypotheti
al TM binding siteof the model of hA3AR built using bovine rhodopsin as template by usingthe MOE-do
k tool, part of the MOE suite. Sear
hing is 
ondu
ted withina user-spe
i�ed 3D do
king box, using the Tabu Sear
h proto
ol [91℄ andthe MMFF94 for
e �eld. [92℄ MOE-Do
k performs a user-spe
i�ed number ofindependent do
king runs (50 in our spe
i�
 
ase) and writes the resulting
onformations and their energies in a mole
ular database �le. The resultingdo
ked 
omplexes were subje
ted to MMFF94 energy minimization until therms of 
onjugate gradient was <0.1 k
al mol−1 Å−1. Charges for the ligandswere imported from the MOPAC output �les. To better re�ne all antagonist-re
eptor 
omplexes, a rotamer exploration of all side-
hain involved in theantagonist-binding was 
arried out. Rotamer exploration methodology is im-plemented in MOE suite.



373.3 Results and Dis
ussion3.3.1 4-Amido-2-aryl-1,2,4-triazolo[4,3-a℄quinoxalin-1-one Deriva-tivesWe used our improved model of the hA3 re
eptor, obtained by a rhodopsin-based homology modeling approa
h to re
ognize the hypotheti
al 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 do
ked 
ompounds are listed inthe Appendix A and are reported in �gure 3.1.

Figure 3.1: Reported 4-amido-2-aryl-1,2,4-triazolo[4,3-a℄quinoxalin-1-one derivatives.From analysis of do
king simulation results, all triazoloquinoxalinonederivatives share a similar binding motif inside the transmembrane regionof the hA3 re
eptor, as previously des
ribed. [93℄ As shown in �gure 3.2, weidenti�ed the hypotheti
al binding site of the triazoloquinoxalinone moietysurrounded by TMs 3, 5, 6, and 7 with the 
arbonyl group at 1-positionpointing toward the EL2 and with the amide moiety in the 4-position ori-ented toward the intra
ellular environment. The phenyl ring at the 2-positionis 
lose to TMs 3, 6, and 7, whereas R6 substituents are 
lose to TM5. For a
lear explanation of the observed stru
ture-a
tivity relationships, it is usefulto immediately emphasize that the relative positions of the R6 substituentsare slightly di�erent depending on the bulkiness of the R4 substituent on the4-amide moiety, as shown in �gure 3.3.However, the overall pharma
ophore features are ni
ely 
onsistent withour re
ently proposed re
eptor-based pharma
ophore model [89,94,95℄.From analysis of our model in detail, all triazoloquinoxalinone derivativesshare at least two stabilizing hydrogen-bonding intera
tions inside the binding
left as shown in �gure 3.4.
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Figure 3.2: Human A3 re
eptor model viewed from the membrane side (on the left) and fromthe extra
ellular side (on the right) showing the EL2 folded into the binding 
revi
e. CompoundA is the binding po
ket a

ording to his hypotheti
al binding pose.The �rst hydrogen bonding is between the 
arbonyl group at the 1-position,pointing toward the EL2, and the NH of the Gln167-Phe168 amidi
 bond. Thishydrogen-bonding distan
e is 
al
ulated to be around 2.8 Å for all do
ked
ompounds. Moreover, the 1-
arbonyl group is also at the hydrogen-bondingdistan
e with the amide moiety of Asn250 (6.55) side 
hain. This asparagineresidue, 
onserved among all adenosine re
eptor subtypes, was found to beimportant for ligand binding. Se
ond, the NH-CO moiety at the 4-position issurrounded by three polar amino a
ids: Thr94 (3.36), His95 (3.37), and Ser247(6.52). This region seems to be very 
riti
al for the re
ognition of all antagoniststru
tures. In fa
t, a major stru
tural di�eren
e between the hypotheti
albinding sites in adenosine re
eptor subtypes is that the A3 re
eptor doesnot 
ontain the histidine residue (6.52) in TM6 
ommon to all A1 (His251in hA1) and A2 (His250 in hA2A) re
eptors. This histidine has been shownto parti
ipate in both agonist and antagonist binding to A2A re
eptors. Inthe A3 re
eptor this histidine in TM6 is repla
ed by a serine residue (Ser247in hA3). [96℄ The stabilizing intera
tions among the 4-
arbamoyl moiety andthese polar amino a
ids orient the adja
ent R4 substituent (methyl,A and 1-5;phenyl, B and 6-11; diphenylmethyl, 12-18) in the middle of the TM bundle.In parti
ular, the O-H of Ser247 (6.52) and the 
arbonyl oxygen of the amidegroup are separated by 2.4 Å and appropriately oriented to form a H-bondingintera
tion. Moreover, the side 
hain of His95 (3.37) is within dipole-dipoleintera
tion distan
e of NH of the amide group, at around 2.9 Å. A

ordingto re
ently published mutagenesis results, both His95 and Ser247 seem toa�e
t the binding of both agonists and antagonists. [96℄ Indeed, the re
eptor



39region around R4 substituents is mostly hydrophobi
 and 
hara
terized by�ve nonpolar amino a
ids: Ile98 (3.40), Ile186 (5.47), Leu190 (5.51), Phe239(6.44), and Leu244 (6.49).The e�e
ts of substituents in R1-position and R6-position are shown in�gures 3.5 and 3.6.Considering the observed stru
ture-a
tivity relationships in greater detail,methoxy substitution at the R1-position is rather well tolerated among allnewly synthesized triazoloquinoxalinone derivatives. This is 
onsistent withits a

ommodation into a tiny hydrophobi
 po
ket delimited by Leu90 (3.32)and Ile268 (7.39). Interestingly, the amino a
id 
orresponding to Leu90 in thehA2A re
eptor was found to be essential for the binding of both agonists andantagonists, and it is mutated in valine (Val87) in the human A1 re
eptor.This mutation might play a role in the explanation of hA3 versus hA1 sele
-tivity. In fa
t, even if the mutation Leu90 (hA3)/Val87 (hA1) 
an slightlyenlarge the dimension of this hydrophobi
 
avity, at the same time it also no-tably de
reases the shape and hydrophobi
 intera
tion 
omplementarity (data

Figure 3.3: Hypotheti
al binding motif of the representative 4-amino-2-phenyl-1,2,4-triazolo[4,3-a℄quinoxalin-1-one antagonists (derivative A in magenta, derivative B in green, derivative 14 inorange and derivative 19 in violet). All do
ked antagonists are viewed from the membrane sidefa
ing TM heli
es 3 and 4. To 
larify the TM 
avity, the view of TM4 from Leu136 to Pro145 hasbeen voluntarily omitted. Side 
hains of some amino a
ids important for ligand re
ognition arehighlighted. Hydrogen atoms are not displayed.
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Figure 3.4: Representative triazolo-quinoxalin-1-ones derivatives: two stabilizing hydrogen-bonding intera
tions inside the binding 
left that are 
onserved among all the derivatives.not shown). Also, the mutation of Ser165 (EL2 of hA3) with Lys168 in thehA1 re
eptor 
ould a�e
t the re
ognition of the methoxy-substituted triazolo-quinoxalinone derivatives. Considering the same small po
ket surrounded byLeu90 (3.32) and Ile268 (7.39), unfavorable steri
 and dipolar intera
tions areresponsible for the redu
tion of a�nity observed for derivatives 7 and 13,whereas the methoxy substituent at R1 is repla
ed by the nitro group.On the other hand, the presen
e of the 6-nitro substituent does not al-ways produ
e advantageous e�e
ts in terms of hA3AR binding a�nity. Thisphenomenon is parti
ularly evident when derivatives 2 and 15 are 
omparedwith their unsubstituted 
ompounds A and 14. As already anti
ipated and
learly shown in �gure 3.3, the relative positions of R6 substituents are slightlydi�erent depending on the bulkiness of the R4 substituent on the 
arbamoylmoiety at the 4-position. In parti
ular, in the presen
e of a less bulky R4substituent su
h as a methyl group (derivative A), the triazoloquinoxalinonemoiety binds more deeply in the middle of the TM bundle, positioning the6-nitro substituent very 
lose to TM5 (Figure 3.5). In this 
ase, unfavorablesteri
 and dipolar intera
tions are responsible for the remarkable redu
tionof a�nity observed for derivatives 2 and 3. In 
ontrast, the smaller 6-aminosubstituent (derivatives 4 and 5) is still well tolerated be
ause of the favor-able dipolar intera
tion with the 
arbonyl moiety of the Ser181-Phe182 amidi
bond. When the bulkiness of the R4 substituent is in
reased, the position of
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Figure 3.5: Compound A of triazolo-quinoxalin-1-ones derivatives in the binding po
ket ofhA3AR. On the left: the antagonist is viewed from the membrane side fa
ing TM heli
es 3 and 4.The positions of R1 and R6 are highlighted by two bla
k 
ir
les. To 
larify the TM 
avity, the viewof TM4 from Leu136 to Pro145 has been voluntarily omitted. Side 
hains of some amino a
idsimportant for ligand re
ognition are highlighted. Hydrogen atoms are not displayed. On the right:2D s
heme of the intera
tions.

Figure 3.6: Compound 14 of triazolo-quinoxalin-1-ones derivatives in the binding po
ket ofhA3AR. On the left: the antagonist is viewed from the membrane side fa
ing TM heli
es 3 and 4.The positions of R1 and R6 are highlighted by two bla
k 
ir
les. To 
larify the TM 
avity, the viewof TM4 from Leu136 to Pro145 has been voluntarily omitted. Side 
hains of some amino a
idsimportant for ligand re
ognition are highlighted. Hydrogen atoms are not displayed. On the right:2D s
heme of the intera
tions.
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ussionthe R6 group shifts away from TM5, and 
onsequently, more empty spa
e isavailable for the 6-nitro substituent, su
h as in derivatives 8, 15, and 16.In �gure 3.6 is shown 
ompound 14, that does not present substituents inR6, but the position of the s
a�old is the same for the derivateves 12-18 withan R6 group and a bulky substituent in R4 position.

Figure 3.7: Ligand-based homology modeling (LBHM) data 
olle
tion of triazolo-quinoxalin-1-ones derivatives. The referen
e derivatives B and 14 were used as ligand templates during thehomology modeling pro
ess to built two new 
onformational states of A3 model. Consequently,three di�erent 
onformational states (rhodopsin based model and models 2 and 3) were sele
ted asputative ambassadors of the 
onformational 
hanges indu
ed by di�erent ligand binding. Depend-ing on their di�erent stru
ture topologies, all other antagonists (do
ked derivatives) were do
kedinto the most 
omplementary re
eptor model.Considering the 4-dibenzoyl derivatives 19-23, the simultaneous presen
eof two bulky substituents at the 4-position for
es a slight rearrangement ofthe triazoloquinoxalinone moiety inside the TM binding 
avity (Figure 3.3).Curiously, while the position of the methoxy substitution at the R1-position isrelatively well 
onserved 
ompared with all other triazoloquinoxalinone deriva-tives, the R6 substituents are mu
h 
loser to the R6 position of derivative 2



43and 
onsequently mu
h 
loser to the TM5 domain. As already des
ribed for
ompound 2, in this 
ase the unfavorable steri
 and dipolar intera
tions areprobably responsible for the remarkable redu
tion of a�nity of derivatives 21and 22. To explain the di�erent behavior of derivatives 21 (R6 = NO2; I= 27% at 1 M) and 23 (R6 = NH2; Ki 1200 nM), we 
an apply the sameargument already used for the 
omparison of derivatives 2 and 4.Starting from the rhodopsin based homology model of AR and applyingthe LBHM approa
h, we obtained 3 di�erent 
onformational states of thehA3 model. These 
onformational states preserve the 
onventional rhodopsin-like re
eptor topology and they were used in the SAR study of the reportedtriazoloquinoxalinone derivatives. The results are summarized in �gure 3.7.3.3.2 2-Arylpyrazolo[3,4-
℄quinoline DerivativesMole
ular modeling studies were performed on the pyrazoloquinoline deriva-tives 1-36 (reported in Appendix B and in �gure 3.8) in order to identifythe hypotheti
al binding motif of this 
lass of 2-arylpyrazolo[3,4-
℄quinolinederivatives and rationalize the observed SAR. [83℄

Figure 3.8: Reported 2-Arylpyrazolo[3,4-
℄quinoline DerivativesThe main issues to be addressed were:
• to 
larify the di�erent role of the R substituent on hA3 a�nity andsele
tivity of the 4-oxo/4-amino 
ompounds 1-12 and 4-a
ylamino/4-benzylureido derivatives 13-36;
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• to interpret the advantageous e�e
t of the 4-a
ylamino moieties both forhA3 a�nity and sele
tivity.Following our previously reported modeling studies, [82,93,97,98℄ we have
onstru
ted a re�ned model of the hA3 re
eptor by using a rhodopsin-basedhomology modeling (RBHM) approa
h. [94,95,99,100℄ Moreover, our re
entlydes
ribed ligand-based homology modeling (LBHM) approa
h has been usedto simulate the 
onformational 
hanges indu
ed by ligand binding. [88℄

Figure 3.9: Ligand-based homology modeling (LBHM) data 
olle
tion. Ea
h �referen
e deriva-tive� (
ompounds 8, 21, 25, and 29) was used as ligand template during the homology modelingpro
ess. Consequently, four di�erent 
onformational states (models 1-4) were sele
ted as putativeambassadors of the 
onformational 
hanges indu
ed by di�erent ligand binding. Depending ontheir di�erent stru
ture topologies, all other antagonists (do
ked derivatives) were do
ked into themost 
omplementary re
eptor model.As reported in �gure 3.9, depending on the topologi
al properties of thedi�erent ligands, we found four di�erent 
onformational models of the humanA3 re
eptor reverse agonist-like state in whi
h both shape and 
hemi
al 
om-plementarities have been spe
i�
ally optimized around ea
h ligand. In thisspe
i�
 
ase, with the varying of ligand stru
ture, the mole
ular volume ofthe transmembrane (TM) binding 
avity 
hanges from the 660 Å3 of the stan-dard RBHM-driven model to the 1120 Å3 of the largest LBHM-driven model,without altering the 
onventional rhodopsin-like re
eptor topology. The modi-�
ations of both shape and volume of the human A3 TM binding 
avity are the
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Figure 3.10: Compound 17 of arylpyrazolo-quinoline derivatives in the binding po
ket of hA3AR.On the left: the antagonist is viewed from the membrane side fa
ing TM heli
es 3 and 4. To 
larifythe TM 
avity, the view of TM4 from Leu136 to Pro145 has been voluntarily omitted. Side 
hainsof some amino a
ids important for ligand re
ognition are highlighted. Hydrogen atoms are notdisplayed. On the right: 2D s
heme of the intera
tions.most important re
eptor modeling perturbations obtained by the appli
ationof the LBHM te
hnique. The binding 
avity reorganization indu
ed by ligandbinding is due to the 
onformational 
hange in several amino a
id side 
hains,su
h as Leu90 (3.32), Leu91 (3.33), Thr94 (3.36), His95 (3.37), Ile98 (3.40),Gln167 (EL2), Phe168 (EL2), Phe182 (5.43), Ile186 (5.47), Leu190 (5.51),Phe239 (6.44), Trp243 (6.48), Leu244 (6.49), Leu264 (7.35), and Ile268 (7.39).However, mole
ular do
king studies 
arried out for all the pyrazoloquinolineantagonists, using the appropriate 
onformational states of the re
eptor aslisted in �gure 3.9, have shown a similar binding motif, indi
ating that a 
om-mon re
eptor-driven pharma
ophore model 
an be depi
ted. This �nding is
onsistent with our previously reported studies. [82,88,93�95,97�100℄Interestingly, none of the new pyrazoloquinoline antagonists found an en-ergeti
ally stable do
king pose in the 
onventional RBHM-driven A3 model.This is mainly due to the unfavorable topologi
al 
omplementarity amongthese antagonists and 
orresponding RBHM-driven TM binding 
avity. Inparti
ular, highly destabilizing van der Waals intera
tions (steri
 
on�i
ts)seem to be the reason for a la
k of topologi
al 
omplementarities. These steri

on�i
ts are drasti
ally redu
ed or 
ompletely eliminated after appli
ation ofthe LBHM approa
h.The ligand re
ognition o

urs in the upper region of the TM bundle, andthe pyrazoloquinoline moiety is surrounded by TMs 3, 5, 6, 7 with the sub-stituent in the 4-position oriented toward the intra
ellular environment. Asshown in �gure 3.10, the phenyl ring at the 2-position is 
lose to TMs 3,6, and 7. Interestingly, an important hydrogen-bonding network 
an be ob-served in all energeti
ally stable do
ked 
onformations of all pyrazoloquinoline
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ussionantagonists; in parti
ular, Thr94 (3.36), His95 (3.37), and Ser247 (6.52) areable to intera
t through hydrogen bonding with the 4-
arbonyl oxygen of
ompounds 1-7, with the 4-amino group of 
ompounds 8-12, or with the 4-a
ylamino group of 
ompounds 13-36. These polar amino a
ids seem to be
riti
al for the re
ognition of all antagonist stru
tures and for re
eptor sele
-tivity. In parti
ular, Ser247 (6.52) of the hA3 re
eptor subtype is not presentin the 
orresponding position of A1 and A2 re
eptors, where the residue isrepla
ed by a histidine (His251 in hA1, His250 in hA2A, and His251 in hA2B).The histidine side 
hain is bulkier than serine and, possibly for this reason,large substituents at the 4-position of the pyrazoloquinoline framework arenot well-tolerated by A1 and A2 re
eptor subtypes. Indeed, 4-a
ylamino and4-benzylureido analogs (13-36) are ina
tive or modestly a
tive on hA1 andhA2AARs. On the 
ontrary, the hydroxyl group of Ser247 (6.52) of the hA3re
eptor is appropriately positioned to form a hydrogen-bonding intera
tionwith the 
arbonyl oxygen of the 4-amide/ureide group of 
ompounds 13-36.These observations support the importan
e of a 4-N-a
yl/
arbamoyl group inmodulating re
eptor sele
tivity.Spe
i�
ally referring to 4-N-a
ylated derivatives, hA3 re
eptor a�nity in-
reases with the bulkiness of the R4 substituent (
ompare the 4-a
etylamino
ompounds 13-16 with the 4-benzoyl 
ompounds 17-20). The hydropho-bi
 environment of the �ve nonpolar amino a
ids, Ile98 (3.40), Ile186 (5.47),Leu190 (5.51), Phe239 (6.44), and Leu244 (6.49), 
an justify this a�nity trend.Moreover, substituents bulkier than phenyl (
ompounds 21-36) are also tol-erated. In fa
t, 
ompounds 21-36 maintain their hA3 re
eptor a�nities in thelow nanomolar range (Ki < 30 nM). Both hydrogen-bonding intera
tions andshape/hydrophobi
ity 
omplementarity of this region of the binding po
ketare 
ru
ial for the an
horing of all 
ompounds with a hydrophobi
 substituentat the R4 position. Indeed, the introdu
tion of a hydrophobi
 R substituent,su
h as a methyl group, on the 2-phenyl ring (
ompounds 14, 15, 18, 19,22, 23, 26, 27, 30, 31, 34, 35) does not play any spe
ial role even if thisring is surrounded by a hydrophobi
 po
ket delimited by Leu90 (3.32) andIle268 (7.39).The e�e
t of a hydrophobi
 substituent at the R-position is signi�
antlydi�erent for the 4-oxo- and 4-aminopyrazoloquinoline derivatives 1-12 withrespe
t to 
ompounds 13-36. Both the 4-oxo (1-7) and 4-amino (8-12)derivatives intera
t only with the upper part of the binding po
ket, and theintrodu
tion of a methyl group in meta or para position of the phenyl ring(
ompounds 2, 3, 9, 10) in
reases a�nity versus the hA3 re
eptor. The 2-(4-methoxyphenyl)pyrazoloquinoline derivatives, either 4-oxo or 4-amino substi-tuted (
ompounds 4 and 11, respe
tively), 
an favorably intera
t with Ser165of the se
ond extra
ellular loop (EL2). The hydroxyl group of Ser is sepa-rated by 3 Å from the p-methoxy group and 
orre
tly oriented to form a weak



47hydrogen bond. The displa
ement of the methoxy substituent from the parato the meta position (derivatives 5 and 12) 
auses the loss of intera
tion withSer165. The repla
ement of the 4-methoxy with a nitro group leads to un-favorable steri
 and dipolar intera
tions with Leu90 (3.32) and Ile268 (7.39)that are responsible for the redu
tion of a�nity observed for 
ompound 6.In 
ontrast, introdu
tion of the 4-methoxy at the R-position on the 4-a
ylamino/4-benzylureido derivatives does not produ
e 
onsiderable e�e
ts onhA3 re
eptor a�nity: when the bulkiness of the R4 substituent is in
reased,the position of 2-phenyl shifts away from EL2 and, in parti
ular, the hydrogen-bonding intera
tion with the residue of Ser165 (EL2) is lost.Finally, the pyrazoloquinoline moiety does not present any spe
i�
hydrogen-bonding intera
tion with Gln167 (EL2), Phe168 (EL2), or Asn250(6.55) as previously reported for other 
lasses of antagonists, signifying thatthese intera
tions are an
illaries with respe
t to all others mentioned above.3.3.3 4-modi�ed-2-aryl-1,2,4-triazolo[4,3-a℄quinoxalin-1-oneDerivativesMole
ular modeling studies were performed on the 2-aryl-1,2,4-triazolo[4,3-a℄quinoxalin-1-one derivativesA and 1-21 in order to identify the hypotheti
albinding motif of the new hA3 antagonists and rationalize the observed SAR.[86℄ All the reported 
ompounds are listed in the Appendix C and in �gure3.11.Following our previously reported modeling studies, [82,83,93,97,98℄ wehave 
onstru
ted a re�ned model of hA3 re
eptor by using a rhodopsin-basedhomology modeling (RBHM) approa
h. [94,95,99,100℄ Moreover, our re
entlydes
ribed ligand-based homology modeling (LBHM) approa
h has been usedto simulate the 
onformational 
hanges indu
ed by ligand binding. [88℄As reported in �gure 3.12, depending on the topologi
al properties of thedi�erent ligands, we found four di�erent 
onformational models of the hu-man A3 re
eptor reverse agonist-like state in whi
h both shape and 
hemi
al
omplementarities have been spe
i�
ally optimized around ea
h ligand. Inthis spe
i�
 
ase, with varying ligand stru
ture, the mole
ular volume of thetransmembrane (TM) binding 
avity 
hanges from the 660 Å3 of the stan-dard RBHM-driven model to the 1120 Å3 of the largest LBHM-driven model,without altering the 
onventional rhodopsin-like re
eptor topology. The mod-i�
ations of both shape and volume of the human A3 TM binding 
avity arethe most important re
eptor modeling perturbations obtained by the appli
a-tion of the LBHM te
hnique. The binding 
avity reorganization indu
ed byligand binding is due to the 
onformational 
hange in several amino a
id side
hains, su
h as Leu90 (3.32), Leu91 (3.33), Thr94 (3.36), His95 (3.37), Ile98(3.40), Gln167 (EL2), Phe168 (EL2), Phe182 (5.43), Ile186 (5.47), Leu190(5.51), Phe239 (6.44), Trp243 (6.48), Leu244 (6.49), Leu264 (7.35), and Ile268
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Figure 3.11: Reported 4-modi�ed-2-aryl-1,2,4-triazolo[4,3-a℄quinoxalin-1-one derivatives(7.39).However, mole
ular do
king studies 
arried out for all the triazoloquinox-aline antagonists, using the appropriate 
onformational states of the re
eptoras listed in �gure 3.12, have shown a similar binding motif indi
ating that a
ommon re
eptor-driven pharma
ophore model 
an be depi
ted. This �ndingis 
oherent with our previously reported studies. [82,94,95,99,100℄ Interest-ingly, none of the new triazoloquinoxaline antagonists found an energeti
allystable do
king pose in the 
onventional RBHM-driven A3 model. This ismainly due to the unfavorable topologi
al 
omplementarity among these an-tagonists and 
orresponding RBHM-driven TM binding 
avity. In parti
ular,highly destabilizing van der Waals intera
tions (steri
 
on�i
ts) seem to bethe reason for la
king topologi
al 
omplementarities. These steri
 
on�i
tsare drasti
ally redu
ed or 
ompletely eliminated after the appli
ation of theLBHM approa
h.As previously des
ribed, [82,83,93,97,98℄ ligand re
ognition o

urs in theupper 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 intra
ellular environment. Furthermore, this hypotheti
albinding 
left has also been re
ently suggested by other authors. [101,102℄As shown in �gure 3.13, the phenyl ring at the two-position is 
lose to TMs
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Figure 3.12: Ligand-based homology modeling (LBHM) data 
olle
tion of 4-modi�ed-triazoloquinoxalin-1-one derivatives. Ea
h �referen
e derivative� (
ompounds A, 13 and 15) wasused as ligand template during the homology modeling pro
ess. Consequently, four di�erent 
on-formational states (rhodopsin based model and models 1-3) were sele
ted as putative ambassadorsof the 
onformational 
hanges indu
ed by di�erent ligand binding. Depending on their di�erentstru
ture topologies, all other antagonists (do
ked derivatives) were do
ked into the most 
omple-mentary re
eptor model.3, 6, and 7. Analyzing our model in detail, all triazoloquinoxaline derivativesshare at least two stabilizing hydrogen-bonding intera
tions inside the binding
left. The �rst hydrogen bond is between the 
arbonyl group at one-position,that points toward the EL2, and the NH2 of the Gln167. This hydrogen-bonding distan
e is 
al
ulated around 2.8 Å for all do
ked 
ompounds. More-over, the 1-
arbonyl group is also at the hydrogen-bonding distan
e (
a. 3.2 Å)with the amide moiety of Asn250 (6.55) side 
hain. This asparagine residue,
onserved among all adenosine re
eptor subtypes, was found to be importantfor ligand binding. [103,104℄An important hydrogen-bonding network 
an be observed in all energeti-
ally stable do
ked 
onformations of all the triazoloquinoxaline antagonists; inparti
ular, Thr94 (3.36), His95 (3.37), and Ser247 (6.52) are able to intera
tthrough hydrogen bonds with the 4-
arbonyl oxygen of 
ompounds 1-19 andwith the ether oxygen of derivatives 20-21. These polar amino a
ids seem tobe 
riti
al for the re
ognition of all antagonist stru
tures and for re
eptor sele
-tivity. In parti
ular, Ser247 (6.52) of the hA3 re
eptor subtype is not presentin the 
orresponding position of hA1 and hA2 re
eptors, where the residue is



50 Results and Dis
ussion

Figure 3.13: Hypotheti
al binding motif of the representative newly synthesized triazoloquinoxa-line antagonists. The most energeti
ally favorable do
ked 
onformation of derivative 4 into LBHM-model 1 is viewed from the membrane side fa
ing TM6. Side 
hains of some amino a
ids importantfor ligand re
ognition are highlighted. Hydrogen atoms are not displayed. Moreover, the re
eptorregion around R4-substituents 
hara
terized by �ve non-polar amino a
ids, Ile98 (TM3), Ile186(TM5), Phe239 (TM6), Phe243 (TM5), and Ser271 (TM7), has been represented by its Connolly'smole
ular surfa
e.repla
ed by a histidine (His251 in hA1, His250 in hA2A, and His251 in hA2B).The histidine side 
hain is bulkier than serine and, possibly for this reason,large substituents at the four-position of the triazoloquinoxaline framework arenot well tolerated by hA1 and hA2 re
eptor subtypes. Indeed, 4-a
ylamino, 4-sulfonamido and 4-benzylureido derivatives are ina
tive or modestly a
tive onhA1 and hA2A ARs. On the 
ontrary, the hydroxyl group of Ser247 (6.52) ofthe hA3 re
eptor is appropriately positioned to form a hydrogen-bonding in-tera
tion with the 
arbonyl oxygen of the 4-amido/sulfonamido/ureido groupof 
ompounds A, 1-19. In parti
ular, the 4-sulfonamido derivatives 13 and14 intera
t simultaneously through hydrogen bonds with all three polar aminoa
ids Thr94 (3.36), His95 (3.37), and Ser247 (6.52). Interestingly, also the 4-benzyloxy analogs 20-21 are sele
tively a

ommodated into the hA3 binding
avity. These observations support the importan
e of the group at the four-



51position in modulating re
eptor sele
tivity. Indeed, the re
eptor region aroundthe R4-substituent is mostly hydrophobi
 and 
hara
terized by �ve non-polaramino a
ids: Ile98 (3.40), Ile186 (5.47), Leu190 (5.51), Phe239 (6.44), andLeu244 (6.49), as shown in �gure 3.13.Considering the observed stru
ture-a
tivity relationships in greater detail,methoxy substitution at R1 position is rather well tolerated among all newlysynthesized triazoloquinoxaline derivatives. This is 
onsistent with its a
-
ommodation into a tiny hydrophobi
 po
ket delimited by Leu90 (3.32) andIle268 (7.39). Interestingly, the amino a
id 
orresponding to Leu90 in thehA3 re
eptor was found to be essential for the binding of both agonists andantagonists, and it is mutated in valine (Val87) in the human A1 re
eptor.This mutation might explain the hA3 versus hA1 sele
tivity. In fa
t, even ifthe mutation Leu90 (hA3)/Val87 (hA1) 
an slightly enlarge the dimension ofthis hydrophobi
 
avity, simultaneously it also sensibly de
reases both shapeand hydrophobi
 
omplementarities (data not shown). Also the mutation ofSer165 (EL2 of hA3) with Lys168 in the hA1 re
eptor 
ould a�e
t the re
og-nition of the methoxy-substituted triazoloquinoxaline derivatives.As previously des
ribed in the Se
tion 3.3.1 [82℄ the presen
e of the 6-nitro substituent has not always produ
ed advantageous e�e
ts in terms ofhA3 AR binding a�nity. This phenomenon is parti
ularly evident 
omparingderivatives 6 and 12 with respe
t to their unsubstituted 
ompounds 4 and10. As already anti
ipated and 
learly shown in �gure 3, the relative positionof R6-substituent is slightly di�erent depending on the bulkiness of the R4-substituent on the 
arbamoyl moiety at the four-position. In parti
ular, inthe presen
e of a less bulky R4 substituent, the triazoloquinoxaline moietybinds more deeply in the middle of the TM bundle, positioning the 6-nitrosubstituent very 
lose to TM5. In this 
ase, unfavorable steri
 and dipolarintera
tions are responsible for the remarkable redu
tion of a�nity observedfor derivatives 6 and 12. In
reasing the bulkiness of the R4-substituent, theposition of the R6 group shifts away from TM5 and, 
onsequently, more emptyspa
e is available for the 6-nitro substituent su
h as in derivatives 9 and 17.3.3.4 Pyrido[2,3-e℄-1,2,4-triazolo[4,3-a℄pyrazin-1-one DerivativesFollowing our re
ently reported modeling investigations, we used our improvedmodel of the hA3 re
eptor, obtained by a rhodopsin-based homology modelling(RBHM) approa
h, to re
ognize the hypotheti
al binding motif of these newlysynthesized 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 AppendixD and in �gure 3.14.Our re
ently des
ribed ligand-based homology modeling (LBHM) approa
hhas been used to simulate the 
onformational 
hanges indu
ed by ligand bind-



52 Results and Dis
ussion

Figure 3.14: Reported pyrido[2,3-e℄-1,2,4-triazolo[4,3-a℄pyrazin-1-one derivativesing. [88℄ The topologi
al properties of the ligands 
hange depending on thebulkiness of the R1 substituents. A

ording to the volumes, shapes and 
hem-i
al 
omplementarities of the analyzed 
ompounds we obtained three di�er-ent 
onformational models of the human A3 re
eptor using the LBHM ap-proa
h. [88℄ The volume of the transmembrane (TM) binding 
avity 
hangesfrom 660 Å3 of the standard RBHM-driven model to 850 Å3 and 1000 Å3 ofthe LBHM-driven models. The 
onventional rhodopsin-based model was usedto dete
t the atomi
 level spe
i�
 intera
tion of this 
lass of 
ompounds. Thismodel is suitable to rationalize the stru
ture-a
tivity relationships of 
om-pounds 1-11, 14 and 17. The �rst ligand-based homology model was builtby using 
ompound 15 as referen
e, and the binding po
ket of this modelhas a volume of 850 Å3. The model was used to des
ribe the re
eptor-ligandintera
tions of 
ompounds 12, 13, 15, 16 and 18. For 
ompounds 19 and20, the volume of the 
avity was expanded to 1000 Å3. The most importantre
eptor modeling perturbation, obtained by the appli
ation of the LBHMte
hnique, is the modi�
ation of both shape and volume of the human A3TM binding 
avity, without altering the 
onventional rhodopsin-like re
eptortopology. The binding 
avity reorganization indu
ed by ligand binding is dueto the 
onformational 
hange in several amino a
id side 
hains, su
h as: Leu90(3.32), Leu91 (3.33), Thr94 (3.36), His95 (3.37), Ile98 (3.40), Gln167 (EL2),Phe168 (EL2), Ser181 (5.42), Phe182 (5.43), Ile186 (5.47), Leu190 (5.51),Phe239 (6.44), Trp243 (6.48), Leu244 (6.49), Leu264 (7.35), Ile268 (7.39).From the do
king simulation analysis resulted that all the PTP derivativesshare a similar binding pose in the TM region of the hA3 adenosine re
eptor.As shown in �gure 3.15, the ligand re
ognition o

urs in the upper region ofthe TM bundle and the PTP s
a�old is surrounded by the TMs 3, 5, 6, 7with the 1-
arbonyl group pointing toward the EL2 and the substituent inthe 4-position oriented toward the intra
ellular environment. The phenyl ringat the 2-position is 
lose to TMs 3, 6 and 7.As observed for the TQX derivatives, the PTP antagonists present a π-π
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Figure 3.15: (left) Stru
ture superimposition: hypotethi
al binding motif of a representativenewly synthesized Pyrido[2,3-e℄-1,2,4-triazolo[4,3-a℄pyrazin-1-one antagonists (in green, 
ompound20, Ki hA3AR= 7.75 ± 0.8) and a representative 
ompound of 4-Amido-2-aryl-1,2,4-triazolo[4,3-a℄quinoxalin-1-ones antagonists (in magenta, 
ompound 44, Ki hA3AR= 342 ± 21). The mostenergeti
ally favorable do
ked 
onformations of derivatives 20 and 44 are viewed from the mem-brane side fa
ing TM heli
es 3 and 4. To 
larify the TM 
avity, the view of TM4 from Ser138to Thr144, has been voluntarily omitted. The surfa
e show the shape of the binding po
ket that
orrespond to residues of TM5, 6 and 7. (right) Hypotheti
al binding motif of 
ompound 20. Side
hains of some amino a
ids important for ligand re
ognition are highlighted. Hydrogen atoms arenot displayed.sta
king intera
tion with both side 
hains of Phe168 (EL2) and Phe182 (5.43)and a hydrogen bonding network in the most energeti
ally stable do
ked 
on-formations. The �rst hydrogen bond is between the 1-
arbonyl group and theNH of the Glu167 (EL2) and Phe168 (EL2) amidi
 bond. A se
ond impor-tant hydrogen bond involve the side 
hains of Thr94 (3.36), His95 (3.37) andSer247 (6.52) that intera
t with the 4-
arbonyl oxygen of 
ompounds 1-6, the4-amino group of 
ompounds 7-13 or the 4-a
ylamino group of 
ompounds14-20. This region seems to be 
riti
al both for the re
ognition of all antag-onist stru
tures and for re
eptor sele
tivity. In parti
ular, Ser247 (6.52) ofhA3 re
eptor subtype is not present in the 
orresponding position of A1 andA2 re
eptors, where this amino a
id is repla
ed by histidine (His251 in hA1,His250 in hA2A and His251 in hA2B). Histidine side 
hain is bulkier than ser-ine, and probably for this reason, large substituents at the 4-position of PTPframework are not well tolerated by hA1 and hA2A re
eptor subtypes. On the
ontrary, the hydroxyl group of Ser247 (6.52) of hA3 re
eptor is appropriatelypositioned to form a hydrogen bonding intera
tion with the 
arbonyl oxygenof the 4-amido group of 
ompounds 14-20. These observations support theimportan
e of a N-a
yl group in modulating re
eptor sele
tivity. Spe
i�
allyreferring to 4-N-a
ylated derivatives, the hA3 re
eptor a�nity in
reases with
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ussionthe bulkiness of the R1 substituent (
ompare the 4-amino 
ompounds 7 and 8to the 4-a
etylamino derivatives 14 and 17 and to the 4-benzoylamino 
om-pounds 15 and 18). Finally, as shown in �gure 3.15 by the 
omparison of thebest do
king poses of both the pyrido[2,3-e℄-1,2,4-triazolo[4,3-a℄pyrazin-1-one(in green, 
ompound 20, Ki hA3AR= 7.75 ± 0.8) and the 4-amido-6-nitro-2-phenyl-1,2,4-triazolo[4,3-a℄quinoxalin-1-one antagonists (in magenta, 
om-pound 44, Ki hA3AR= 342 ± 21), the des
ribed hydrogen bond intera
tionbetween the 6-nitro group of 44 with the side 
hain of Ser181 (5.42) is nowrepla
ed by the intera
tion with the same aminoa
id side 
hain and the endo-
y
li
 nitrogen atom of 20.The hydrophobi
 environment of the �ve non polar amino a
ids, Ile98(3.40), Ile186 (5.47), Leu190 (5.51), Phe239 (6.43) and Leu244 (6.49), 
anjustify this trend of the observed binding a�nity. To support this theory,hydrophobi
 substituents were introdu
ed on 4-amino derivatives: 
y
lohexyl(
ompound 12) and 
y
lopentyl (
ompound 13) intera
t with this hydropho-bi
 po
ket in
reasing the hA3 re
eptor a�nity (
ompare 
ompounds 12 and13 to the unsubstituted 4-amino derivatives 7).Considering the substituent on the 2-phenyl ring, the methoxy groupturned out advantageous in all the PTP derivatives, either 4-oxo, 4-aminoor 4-amido substituted. The 2-(4-methoxyphenyl)-derivatives 2, 8, 17, 18,20 possess higher A3AR a�nities than the 
orresponding 2-phenyl deriva-tives 1, 7, 14, 15 and 19 be
ause the methoxy substituent 
an favourablyintera
t with Ser165 (EL2). The hydroxyl group of Ser165 is separated by2 Å from the p-methoxy group and 
orre
tly oriented to form a weak H-bond. The side 
hains of Leu90 (3.32) and Ile268 (7.39) delimit a small hy-drophobi
 po
ket that 
an a

ommodate the methoxy substituent, but 
re-ate unfavourable steri
 and dipolar intera
tion with the other groups (OH,F, COOH/COOEt) introdu
ed on the 2-phenyl ring (derivatives 3-6, 9-11).Compounds 3 and 9 present a hydroxyl group that looses the hydrophobi
intera
tions with Leu90 (3.32) and Ile268 (7.39) and de
reases the hA3ARa�nity. The bulkiness of the 
arboxy a
id/ester groups of 
ompounds 5,6, 11 determine the la
k of a�nity of these derivatives. The �uorine atomseems to have no e�e
t be
ause the 2-(4-�uorophenyl) derivatives 4 and 10display 
omparable a�nities to those of the 2-phenyl 
ompounds 1 and 7. The�uorine atom 
ould intera
t as hydrogen bond a

eptor but, in the most ener-geti
ally stable 
onformations of 
ompounds 4 and 10, the distan
e betweenthe �uorine and the hydroxy group of Ser165 is more than 3 Å.In summary, it has to be pointed out that the nitrobenzene moiety ofthe triazoloquinoxaline-1-one derivatives 
an be 
onveniently repla
ed by thepyridine ring to a�ord a new 
lass of AR antagonists, the pyrido[2,3-e℄-1,2,4-triazolo[4,3-a℄pyrazin-1-one derivatives. The ele
trostati
 e�e
t is 
onservedbut the steri
 
lashes 
reated by the nitrobenzene with the ba
kbone of TM5,
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ular with the peptide bond of Ser181 (5.42) and Phe182 (5.43),have been over
ome. Moreover, the endo
y
li
 nitrogen atom 
an favourablyintera
t with the side 
hain of Ser181 (5.42) through an hydrogen-bond in-tera
tion. This stru
tural modi�
ation turned out parti
ularly bene�
ial inthe 4-amino series B when the volume of the mole
ule is in
reased by thepresen
e of 
i
loalkyl and a
yl substituents on the 4-amino group. In fa
t, asit appears by 
omparing the binding data of some new derivatives to thoseof the 
orresponding triazoloquinoxalines [82℄ (Appendix D, Table D.2), thehA3 a�nities of the PTP derivatives 12-15, 17-20 are signi�
antly higherthan those of the 
orresponding TQX [82,93,105,106℄ with the only ex
eptionbeing the 4-benzoylamino derivative 15 that shows a three-fold redu
ed A3re
eptor a�nity, 
ompared to the triazoloquinoxaline analogue 40.3.3.5 N-5 Substitured Pyrazolo-triazolo-pyrimidine DerivativesMole
ular modeling studies were performed on the pyrazolo-triazolo-pyrimidine derivatives 2-5 in order to identify the hypotheti
al binding motifof these N-5 analogues and to rationalize their stru
ture-a
tivity relation-ship. [85℄ All the do
ked 
ompounds are listed in the Appendix E and in�gure 3.16.

Figure 3.16: Stru
tures and binding pro�les of some representative pyrazolo-triazolo-pyrimidinesas human A3 adenosine re
eptor antagonists.



56 Results and Dis
ussionFollowing our previously reported modeling studies, [89,107�112℄ we builtup a re�ned model of human A3 re
eptor by using a rhodopsin-based ho-mology modeling (RBHM) approa
h [94,95,99,100℄. Moreover, our re
entlydes
ribed ligand-based homology modeling methodology (LBHM) has beenused to simulate the 
onformational 
hanges indu
ed by ligand binding. [88℄Using this methodology, we found an "expanded" 
onformational modelof the human A3 re
eptor reverse agonist-like state, in whi
h both shape and
hemi
al 
omplementarities have been spe
i�
ally optimized around ea
h lig-and. Considering these new N-5 analogues, the mole
ular volume of trans-membrane (TM) binding 
avity has been 
hanged from 660 Å3 (A3 modelobtained by the 
onventional rhodopsin-based homology modeling) to 840 Å3(expanded A3 model obtained by ligand-based homology modeling) withoutaltering the 
onventional rhodopsin-like re
eptor topology. The binding 
avityreorganization indu
ed by ligand binding is due to the 
onformational 
hangein several amino a
id side 
hains, su
h as Leu90 (3.32), Leu91 (3.33), Thr94(3.36), His95 (3.37), Ile98 (3.40), Gln167 (EL2), Phe168 (EL2), Phe182 (5.43),Ile186 (5.47), Leu190 (5.51), Phe239 (6.44), Trp243 (6.48), Leu244 (6.49),Leu264 (7.35), and Ile268 (7.39).Interestingly, none of the new pyrazoloquinoline antagonists found an en-ergeti
ally stable do
king pose in the 
onventional RBHM-driven A3 model.This is mainly due to the unfavorable topologi
al 
omplementarity amongthese antagonists and 
orresponding RBHM-driven TM binding 
avity. Inparti
ular, highly destabilizing van der Waals intera
tions (steri
 
on�i
ts)seem to be the reason for absent topologi
al 
omplementarities. These steri

on�i
ts are drasti
ally redu
ed or 
ompletely eliminated after the appli
ationof the LBHM approa
h.Mole
ular do
king studies were 
arried out for the pyrazolo-triazolo-pyrimidine antagonists 2-4, using the "expanded" 
onformational state of there
eptor. As shown in �gure 3.17 , we found a similar binding motif indi
atingthat a 
ommon re
eptor-driven pharma
ophore model 
an be depi
ted. This�nding is in agreement with our previously reported studies. [89,107�112℄Indeed, ligand re
ognition o

urs 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 intra
ellularenvironment. As shown in �gure 3.17, the furan ring at the 2-position is
lose to TMs 3 and 7. Interestingly, an important hydrogen bonding network
an be observed in all energeti
ally stable do
ked 
onformations of pyrazolo-triazolopyrimidine antagonists. In parti
ular His95 (3.37) and Ser247 (6.52)are able to intera
t through hydrogen bonding with the N5-
arbonyl oxygenof 
ompounds 2-4 (2C=O· His95 
a. 3.0 Å; 3C=O· Ser247 
a. 2.8 Å; 4C=O·His95
a. 2.9 Å).These polar amino a
ids seem to be 
riti
al for the re
ognition of all an-
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Figure 3.17: Hypotheti
al binding motif of the newly synthesized pyrazolo-triazolo-pyrimidineantagonists 2-4. The most energeti
ally favorable do
ked 
onformation of ea
h derivative is viewedfrom the membrane side fa
ing TM heli
es 4 and 5. To 
larify the TM 
avity, the view of TM4was omitted. Side 
hains of some amino a
ids important for ligand re
ognition are highlighted.Hydrogen atoms are not displayed.tagonist stru
tures and for re
eptor sele
tivity. In parti
ular, Ser247 (6.52) ofhuman A3 re
eptor subtype is not present in the 
orresponding position of A1and A2 re
eptors, where the residue is repla
ed by a histidine (His251 in hu-man A1, His250 in human A2A and His251 in human A2B). Histidine side 
hainis bulkier than serine, and possibly for this reason, large substituents at theN5 position of pyrazolo-triazolopyrimidine framework are not well toleratedby A1 and A2 re
eptor subtypes. In 
ontrast, the hydroxyl group of Ser247(6.52) of human A3 re
eptor is appropriately positioned to form a hydrogen-bonding intera
tion with the 
arbonyl oxygen of the N5-amide/ureide groupof 
ompounds 2-4. These observations support the importan
e of an N5-a
yl/
arbamoyl group in modulating re
eptor sele
tivity. The hydrophobi
 en-vironment of the �ve nonpolar amino a
ids Ile98 (3.40), Ile186 (5.47), Leu190(5.51), Phe239 (6.44), and Leu244 (6.49) 
an 
omfortably a

ommodate thephenyl ring of all N5-a
yl/
arbamoyl derivatives.In 
ontrast, the introdu
tion of the N5-sulfonamido moiety, as present inderivative 5, drasti
ally redu
es the a�nity at the human A3 re
eptor. Inter-estingly, in this spe
i�
 
ase mole
ular do
king is not able to �nd an antagonistpose 
omparable to those des
ribed for the other N5-a
yl/
arbamoyl deriva-tives. As shown in �gure 3.18, the rigid tetrahedral 
on�guration asso
iated
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Figure 3.18: Hypotheti
al binding motif of the newly synthesized N5-sulfonamido pyrazolo-triazolo-pyrimidine antagonist 5. The most energeti
ally favorable do
ked 
onformation of ea
hderivative is viewed from the membrane side fa
ing TM heli
es 4 and 5. To 
larify the TM 
avity,the view of TM4 was omitted. Hydrogen atoms are not displayed.

Figure 3.19: Stru
ture superimposition of 
ompounds 4 (in magenta) and 5 (in green) inside there
eptor binding site.
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ally favorableantagonist poses in whi
h the phenyl ring is linked to the N5 position in thehydrophobi
 po
ket delimited by Ile98 (3.40), Ile186 (5.47), Leu190 (5.51),Phe239 (6.44), and Leu244 (6.49).The most stable do
king pose of 
ompound 5 presents the N5-sulfonamidomoiety 
lose to TM3 and TM7, and the phenyl ring linked to N5 positionis surrounded by a hydrophobi
 po
ket delimited by Leu90 (3.32) and Ile268(7.39). This antagonist pose is energeti
ally less stable (
a. 15 k
al/mol)with respe
t to those found for derivatives 2-4, due to the absen
e of thestabilizing intera
tions among the polar residues Thr94 (3.36), His95 (3.37),and Ser247 (6.52) and the N5-sulfonamido moiety. Stru
ture superimpositionof 
ompounds 4 and 5 is shown in �gure 3.19.This severe steri
 
onstri
tion might explain the drasti
 redu
tion in a�n-ity of derivative 5 at the human A3 re
eptor.3.3.6 Mole
ular Simpli�
ation Approa
h: From Triazoloquinoxa-line to a Pyrimidine SkeletonOur past resear
h on the study of AR antagonists had been fo
used formany years on 
lasses of tri
y
li
 
ompounds. [82,93,97,98,105,113,114℄ One ofthese 
lasses is represented by the 2-aryl-1,2,4-triazolo[4,3-a℄quinoxalin-1-onederivatives (TQX series), either 4-amino or 4-oxo-substituted, whi
h were in-tensively investigated by evaluating the e�e
t of di�erent substituents on the2-phenyl ring and on the 4-amino group (Figure 3.20). [82,93,105,113,114℄

Figure 3.20: Previously reported 2-Aryl-1,2,4-triazolo[4,3-a℄quinoxalin-1-ones (TQX Series).These studies led to the identi�
ation of some groups whi
h, introdu
ed oneby one in a suitable position of the parent 
ompounds 4-amino-2-phenyl-1,2,4-triazolo[4,5-a℄quinoxalin-1-oneA and 2-phenyl-1,2,4-triazolo[4,5-a℄quinoxalin-1,4-dione B, a�orded high hA3AR a�nity and good sele
tivity. These groupsare the para-methoxy substituent on the 2-phenyl ring (
ompounds C and D)
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ussionand a
yl residues, su
h as the a
etyl or benzoyl groups, on the 4-amino group(
ompounds E and F). However, besides poten
y and sele
tivity, the straight-forward synthesis and pharma
okineti
 pro�le represent 
ru
ial requirementsin developing new possible therapeuti
 agents.Stru
tural simpli�
ation represents a drug design strategy to shorten syn-theti
 routes while keeping or enhan
ing the biologi
al a
tivity of the original
andidate. Following this strategy, we have 
arried out an in sili
o mole
ularsimpli�
ation approa
h to identify a suitable fragmentation route and explorewhi
h of the stru
tural features are essential to guarantee an e�
ient ligand-re
eptor re
ognition. In this 
ontext, three series of triazoloquinoxalin-1-oneanalogues were prepared (Figure 3.21) and, among them, the easily synthe-sizable 2-amino/2-oxoquinazoline-4-
arboxamido derivatives 1-11 (QZ series)proved to be highly potent and sele
tive against the hA3AR.

Figure 3.21: Reported 1,2,4-triazoloquinoxalin-1-one simpli�ed analogues.As previously reported, 4-amino-2-aryl-1,2,4-triazolo[4,3-a℄quinoxalin-1-one derivatives ni
ely bind to hA3AR. We re
ognized the hypotheti
al bindingsite of the triazolo-quinoxalinone moiety surrounded by transmembrane (TM)regions 3, 5, 6, and 7, with the 
arbonyl group at the 1-position pointingtoward the se
ond extra
ellular loop (EL2) and the amide moiety in the 4-position oriented toward the intra
ellular environment. The phenyl ring atthe 2-position is positioned 
lose to TM3, TM6, and TM7. The asymmetri
topology of the binding 
avity is 
hara
terized by a major axis (measured fromTM1 toward TM5) of about 17 Å and by a minor axis (measured from TM3toward TM6) of about 6 Å. The pe
uliar geometri
 properties of the hA3 ARbinding po
ket e�ortlessly rationalize the experimental eviden
e that planarpolyaromati
 systems are usually suitable s
a�olds to design potent and se-
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tive hA3 AR antagonists. Moreover, planar polyaromati
 systems seem tointera
t through π-π sta
king intera
tions at least with one of the two side
hains of Phe168 (EL2) and Phe182 (5.43), as shown in �gure 3.22. Thisintera
tion has already been des
ribed as a 
ru
ial pharma
ophori
 feature inthe hA3 AR re
ognition.

Figure 3.22: Hypotheti
al binding motif of the referen
e derivative C. The most energeti
allyfavorable do
ked 
onformation is viewed from the membrane side fa
ing TM heli
es 5, 6, and 7.To 
larify the TM 
avity, the view of TM6 from Pro245 to Cys251, was voluntarily omitted. Side
hains of some amino a
ids, important for ligand re
ognition, are highlighted. Hydrogen atoms arenot displayed.All triazolo-quinoxalinone derivatives also share at least two stabilizinghydrogen-bonding intera
tions inside the binding 
left (Figure 3.22). The�rst hydrogen bonding is between the 
arbonyl group at the 1-position, whi
hpoints toward the EL2, and the NH of the Gln167. This hydrogen-bondingdistan
e is 
al
ulated around 2.7 Å for all do
ked 
ompounds. Moreover,the 1-
arbonyl group is also at the hydrogen-bonding distan
e with the amidemoiety of Asn250 (6.55) side 
hain. This asparagine residue, 
onserved amongall adenosine re
eptor subtypes, was found to be important for ligand binding.Se
ond, the NH2 or NHR moiety at the 4-position is surrounded by three polaramino a
ids: Thr94 (3.36), His95 (3.37), and Ser247 (6.52). This region seemsto be very 
riti
al for the re
ognition of all antagonist stru
tures. In fa
t, amajor stru
tural di�eren
e between the hypotheti
al binding sites in thesere
eptor subtypes is that the hA3 re
eptor does not 
ontain the histidineresidue in TM6 (6.52), 
ommon to all A1 (His251 in hA1) and A2 (His250
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ussionin hA2A and His251 in hA2B) re
eptors. This histidine has been shown toparti
ipate in both agonist and antagonist binding to A2A re
eptors. In theA3 re
eptor, this histidine in TM6 is repla
ed by a serine residue (Ser247 inhA3).Starting from these binding requirements, we de
ided to perform an insili
o mole
ular simpli�
ation approa
h to identify a suitable fragmentationroute of the 4-amino-triazoloquinoxalin-1-one s
a�old and explore whi
h ofthe stru
tural features were essential to guarantee an e�
ient ligand-re
eptorre
ognition. A s
hemati
 representation of our mole
ular simpli�
ation isshown in �gure 3.23.

Figure 3.23: Flow
hart of the simpli�
ation approa
h.The �rst step was to verify the e�e
ts of the 4-aminotriazoloquinoxalin-1-one (TQX series) repla
ement with the 2-amino-quinazoline s
a�old bearinga CO-NH-C6H4-R1 moiety at the 4-position (QZ series). Interestingly, theformation of an intramole
ular H-bond between the nitrogen at the 3-positionof the quinazoline system and the NH of the amide moiety at the 4-positionsimulates the presen
e of a planar tri
y
le with similar steri
 properties withrespe
t to the original triazoloquinoxalinone analog. Quantum 
hemistry 
al-
ulations support the 
ru
ial role of the intramole
ular H-bond in stabilizing
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Figure 3.24: Hypotheti
al binding motif of the newly synthesized A3 antagonists: 1 (top on theleft), 6 (top on the right), and 10 (bottom). The most energeti
ally favorable do
ked 
onformationsare viewed from the membrane side fa
ing TM heli
es 5, 6, and 7. To 
larify the TM 
avity, theview of TM6 from Pro245 to Cys251 was voluntarily omitted. Side 
hains of some amino a
ids,important for ligand re
ognition, are highlighted. Hydrogen atoms are not displayed.the 
y
li
 
onformer.Indeed, it is worth noting that a di�erent entropy 
ontribution, betweenthe TQX and the QZ series, 
ould di�erently a�e
t the total free en-ergy of binding. Unfortunately, in our do
king simulations, the entropy ef-fe
t 
ould not a

urately be taken into a

ount. In parti
ular, using the4-amino-2-(4-methoxyphenyl)-triazoloquinoxalin-1-one derivative C (Figure3.20) as primary referen
e 
ompound, the 
orresponding 2-aminoquinazoline-4-
arboxyamide derivative 1 (Figure 3.21, R=C6H4-p-OMe) was investigated.As shown in �gure 3.24, mole
ular do
king simulations 
on�rm that the new
ompound 1 is e�
iently a

ommodated in the TM binding 
avity, maintain-ing all 
ru
ial intera
tions above-mentioned (π-π sta
king intera
tions at leastwith both side 
hains of Phe168 (EL2) and Phe182 (5.43), two H-bonds withGln167 (EL2) and Asn250 (6.55), and a H-bond intera
tion with His95 (3.37).In parti
ular, His95 (3.37) is involved in a H-bond intera
tion with the amino
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ussiongroup at the 2-position of the quinazoline-4-
arboxyamide moiety.Analogously, we de
ided to extend our investigation, also 
onsideringthe 
orresponding 2-oxo analogue of 1, that is, the 2-oxoquinazoline-4-
arboxyamide derivative 6 (Figure 3.21, R=C6H4-p-OMe), whi
h 
an also be
onsidered the simpli�ed analogue of the triazoloquinoxalin-1,4-dione deriva-tive D (Figure 3.20). As is 
learly shown in �gure 3.24, the 2-oxo derivative 6assumes a binding 
onformation very similar to that of the 2-aminoquinazolinederivative 1. In 
ompound 6, the 2-oxo group intera
ts through a H-bond in-tera
tion with His95 (3.37).Subsequently, do
king studies were also 
arried out to evaluate whetherthe presen
e of a
yl residues on the 2-amino group of the new quinazoline-4-
arboxamido series (Figure 3.21, QZ series, R2=a
yl) was tolerated.The do
king simulations, performed on the 2-a
etylaminoquinazoline-4-
arboxyanilide 10 (Figure 3.21, R=Ph) showed that the a
etyl substituentis not only well tolerated, but it might reinfor
e the binding to the hA3 AR(Figure 3.24). Indeed, 
onsistently with that observed in the triazoloquinoxa-line series, an additional H-bond intera
tion takes pla
e between the 
arbonylmoiety of the 2-a
ylamino group and the side 
hain of Ser247 (6.52).

Figure 3.25: Hypotheti
al binding motif of the newly synthesized analogs 12 (on the left) and14 (on the right). The most energeti
ally favorable do
ked 
onformations are viewed from themembrane side fa
ing TM heli
es 5, 6, and 7. To 
larify the TM 
avity, the view of TM6 fromPro245 to Cys251 was voluntarily omitted. Side 
hains of some amino a
ids, important for ligandre
ognition, are highlighted. Hydrogen atoms are not displayed.To demonstrate the important role of the intramole
ular H-bond intera
-tion in maintaining the 
oplanarity of both 2-amino- and 2-oxo-quinazolines
a�olds and the CO-NHC6H4-R1 moiety at the 4-position, we de
ided todesign a new 
lass of analogs: the 2-aminoquinoline-4-
arboxamides (Figure3.21, QN series) and the 
orresponding 2-oxo derivatives. In fa
t, in thesequinoline derivatives, the formation of the intramole
ular H-bond is not al-



65lowed and, 
onsequently, the CO-NHC6H4-R1 is twisted with respe
t to thequinoline ring of about 135◦, as suggested by the systemati
 
onformationalanalysis of the 
orresponding dihedral angle (data not shown). The impossi-bility of both 2-amino- and 2-oxo-quinoline systems to adopt a planar 
onfor-mation is also 
on�rmed by the do
king simulations. In fa
t, as shown in �g-ure 3.25, for the 2-aminoquinoline-4-
arboxyamide derivative 12 (Figure 3.21,R=C6H4-p-OMe) and its 2-oxo analogue 14 (Figure 3.21, R=C6H4-p-OMe),the 
orresponding energeti
ally more stable do
king pose is still twisted (ofabout 121◦) and, in this 
onformation, the 2-amino-quinoline derivatives 
om-pletely missed some of the most important intera
tions (in parti
ular, the twoH-bonds with Gln167 and Asn250) and drasti
ally redu
ed their 
avity-shape
omplementarity.

Figure 3.26: Hypotheti
al binding motif of the newly synthesized analog 16. The most energet-i
ally favorable do
ked 
onformations are viewed from the membrane side fa
ing TM heli
es 5, 6,and 7. To 
larify the TM 
avity, the view of TM6 from Pro245 to Cys251 was voluntarily omit-ted. Side 
hains of some amino a
ids, important for ligand re
ognition, are highlighted. Hydrogenatoms are not displayed.Finally, to explore how redu
ible was the extension of the planar aromati
ring, starting from a 2-aminoquinazoline s
a�old, we designed the 
orrespond-ing 2-aminopyrimidines bearing a CO-NHC6H4-R1 moiety at the 4-position(Figure 3.21, PYRM series). As above-des
ribed for the quinazoline deriva-tives, also in this series, we 
an observe the formation of the intramole
ularH-bond between the 3-nitrogen atom of the pyrimidine system and the NHof the 4-amide moiety, whi
h allows a simulation of the presen
e of a planarbi
y
le with a missing benzene ring, with respe
t to the original triazolo-
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ussionquinoxalinone analogs. As shown in �gure 3.26 for the 2-aminopyrimidine-4-
arboxy-(4-methoxyphenyl)amide 16 (Figure 3.21), mole
ular do
king sim-ulations indi
ate that 2-amino-pyrimidine skeleton maintains the stabilizing
π-π sta
king intera
tions with both Phe168 and Phe182. However, the shiftof the ligand position into the binding 
left abolishes the possibility an in-tera
tion through the H-bond with His95, Gln167, and Asn250, redu
ing thestability of the 
orresponding antagonist/re
eptor 
omplex.From these theoreti
al hypotheses, we synthesized and pharma
ologi-
ally 
hara
terized some derivatives belonging to the three designed 
lassesof triazolo-quinoxalinone simpli�ed analogs (see �gure 3.21 and AppendixD), that is, the 2-amino/2- oxoquinazoline-4-
arboxamides 1-11 (QZ series),the 2-amino/ 2-oxoquinoline-4-
arboxamides 12-15 (QN series), and the 2-aminopyrimidine-4-
arboxyamides 16-18 (PYRM series).Among these 
ompounds, there are the above 
ited and theoreti
ally in-vestigated quinazolines 1, 6, and 10, quinolines 12 and 14, and pyrimidines16, all ex
ept one (10) bearing the 4-
arboxy-(4-methoxyphenyl)amide fun
-tion. To perform a preliminary stru
ture-a�nity relationship (SAR) study,in the �rst two series, we synthesized derivatives la
king the methoxy groupon the 4-
arboxyamide moiety, that is, the 4-
arboxyanilide 
ompounds 2,7, 13, and 15. In the quinazoline series, the methoxy group was also re-pla
ed by lipophili
 substituents, su
h as methyl (
ompounds 3 and 8) orbromine (
ompounds 4 and 9). In addition, to evaluate the importan
e of thearomati
 phenyl ring on the 
arboxyamide fun
tion, the 2-aminoquinazoline-4-
arboxy-
y
lohexylamide 5 was synthesized. The e�e
t of a benzoyl residueon the 2-amino fun
tion was evaluated both in the quinazoline (
ompound11) and in the pyrimidine (
ompound 17) series, and in the latter, the 2-dibenzoylamino derivative 18 was also prepared.



Chapter 4Mole
ular Do
king Proto
olsValidation
4.1 Introdu
tionOne of the main problem in 
omputational 
hemistry is the ability to predi
tthe binding mode and estimate the binding a�nity for ea
h ligand, given thestru
ture of a protein a
tive site and a list of potential small mole
ule ligands.The �rst step of this problem is the appli
ation of 
omputational methodsto try to reprodu
e the bound 
onformation of a ligand in a high-resolutionX-ray 
rystal stru
ture. This step allows resear
hers to sele
t the most a

u-rate mole
ular do
king proto
ol to analyse the ligands.For many years it has not been possible to validate the mole
ular do
king pro-to
ols for GPCR family be
ause no 3D stru
tures of 
omplexes were available.Rodopsin presents his natural ligand in the binding po
ket, but retinal rep-resents a parti
ular 
ase be
ause it is 
ovalently bound to the re
eptor. Therelease of A2AAR, β2 and β1 Adrenergi
 Re
eptors provided not only new in-formation about the stru
tural 
onformation of GPCRs, but also informationabout ligands binding.We used the new available information to test di�erent mole
ular do
kingsoftware and to evaluate the results that we obtained before with SAR studiesof antagonists of hA3AR.4.2 Materials and MethodsMole
ular Do
king studies were performed using the following 
rystal stru
-tures:

• human β2-Adrenergi
 Re
eptors (PDB ID: 2RH1) [38℄
• turkey β1-Adrenergi
 Re
eptors (PDB ID: 2VT4) [43℄
• human A2A Adenosine Re
eptor (PDB ID: 3EML) [45℄Stru
tures of ligands and proteins were prepared using MOE. Ligands werebuilt using MOE builder and MOPAC (ver.7), [90℄ was utilized for all quantum
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hani
al 
al
ulations. Proteins were prepared starting from the 
rystallo-graphi
 stru
tures and adding hydrogen atoms, whi
h were minimized untilthe rms gradient of the potential energy was less than 0.1 k
al mol−1 Å−1.4.2.1 MOE Do
king Proto
olEa
h ligand was do
ked into the hypotheti
al TM binding site of the respe
tivere
eptor by using the MOE-do
k tool, part of the MOE suite. [63℄ Sear
hingis 
ondu
ted within a user-spe
i�ed 3D do
king box, using one of the threeavailable sear
h proto
ols:
• Tabu Sear
h
• Geneti
 Algorithm
• Simulated Annealingand the MMFF94 for
e �eld. [92℄ MOE-Do
k performs a user-spe
i�ednumber of independent do
king runs (25 in our spe
i�
 
ase) and writes theresulting 
onformations and their energies in a mole
ular database �le. Theresulting do
ked 
omplexes were subje
ted to MMFF94 energy minimizationuntil the rms of 
onjugate gradient was <0.1 k
al mol−1 Å−1. Charges for theligands were imported from the MOPAC output �les.Do
king poses were res
ored using predi
ted pKi, that was 
al
ulated usingMOE. The s
oring fun
tion is based upon a Bohm-like empiri
al s
oring fun
-tion 
onsisting of a dire
tional hydrogen-bonding term (dire
t bonds, water-mediated 
onta
ts, transition metals), a dire
tional hydrophobi
 intera
tionterm, and an entropi
 term (ligand atoms immobilized in binding).4.2.2 Glide Do
king Proto
olGlide [65℄ sear
hes for favorable intera
tions between one or more ligandmole
ules and a re
eptor mole
ule, usually a protein. Shape and propertiesof the re
eptor are represented on a grid by several di�erent sets of �elds thatprovide progressively more a

urate s
oring of the ligand poses. Ligand do
k-ing jobs 
annot be performed until the re
eptor grids have been generated.Re
eptor grid generation requires a �prepared� stru
ture: an all-atomstru
ture with appropriate bond orders and formal 
harges. Proteins wereprepared with Protein Preparation Wizard of S
hrödinger.Re
eptor grid was 
entered at the 
entroid of the de�ned ligand mole
ule,that is the 
o
ristallized mole
ule. The size of the grid was set as default (20Åx 20Å x 20Å). No 
onstraints were de�ned.Glide ligand do
king jobs require a set of previously 
al
ulated re
eptorgrids and one or more ligand stru
tures.
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ision (XP) do
king and s
oring were 
hosen as pro
edure. Do
k-ing is �exible: this is the default option, and dire
ts Glide to generate 
onfor-mations internally during the do
king pro
ess. No 
onstraints were de�ned.Final s
oring is then 
arried out on the energy-minimized poses. By de-fault, GlideS
ore multi-ligand s
oring fun
tion is used to s
ore the poses.GlideS
ore is based on ChemS
ore, but in
ludes a steri
-
lash term andadds buried polar terms devised by S
hrödinger to penalize ele
trostati
 mis-mat
hes.25 independent do
king poses were written in the output.4.2.3 Gold Do
king Proto
olThe binding site was de�ned starting from a point and the size was de�nedas a sphere. This is respe
tively 19.9700 6.7110 1.4950 (radius: 13Å) for β1-adrenergi
 re
eptor, -38.1410 10.3080 4.4190 (radius: 13Å) for β2-adrenergi
re
eptor and -7.6208 -7.8614 52.6288 (radius: 14Å) for A2AAR. The sear
halgorithm is based on Geneti
 Algorithm. All the options are set as defaultsvalues.Two di�erent s
oring fun
tions were used to perform two separeted do
kingruns: ChemS
ore, that is an empiri
al s
oring fun
tion and Golds
ore thatis a for
e-�eld-based s
oring fun
tion. 25 independent do
king poses for ea
hs
oring fun
tion were written in the output.4.2.4 Plants Do
king Proto
olAll ligand stru
tures were do
ked using Plants version 1.08 [66℄. The bindingsite was de�ned with the same parameters that were used for Gold Do
kingProto
ols (
entral point and radius). The sear
h algorithm 
onsidered 15 antswith an evaporating fa
tor of 0.30. Chemplp s
oring fun
ion was used.25 stru
tures were generated by the 
luster algorithm and the RMSD sim-ilarity threshold was set at 1Å.4.2.5 Autodo
k Do
king Proto
olThe 
ompound were do
ked using Autodo
k 4. [64℄ Ligands were 
onsidered�exible and no 
onstraints were de�ned. The grid box was 
entered on theligand and the size was de�ned as 60 points per dimension (x,y,z).It was used a semi-�exible do
king in whi
h only the ligand 
an explorethe 
onformational spa
e available. The sear
h algorithm that was used isthe Lamar
kian Geneti
 Algorithm (LGA) do
king also known as a Geneti
Algorithm-Lo
al Sear
h (GA-LS). 25 independent do
king poses were writtenin the output.
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ussion4.2.6 FlexX Do
king Proto
olFlexX was used as an implementation in MOE. FlexX uses an in
rementalfragment growth strategy to �nd the poses. Default parameters were used toobtain 25 do
king poses.4.2.7 ClusteringClustering is the 
lassi�
ation of data obje
ts into similarity groups (
lusters)a

ording to a de�ned distan
e measure.After the 
olle
tion of the obje
ts, whi
h are the do
king poses in our
ase, one or more properties has to be 
al
ulated to be used for the 
lustering.The property that de�ne the distan
e among the poses is the Root MeanSquare Deviation (RMSD) and the measures of RMSD are 
olle
ted in adissimilarity matrix (or distan
e matrix). It is a square symmetri
al MxMmatrix with the ij th element equal to the value of a RMSD between the ithand the j th pose. Distan
e matrix is 
al
ulate using VMD [115℄ and theiTrajComp plugin. RMSD values are 
al
ulated 
onsidering all the atoms inthe stru
tures.RMSD distan
e matix is pro
essed with the software R [116℄ and a hier-ar
hi
al 
lustering is 
onstru
ted with a agnes-algorithm (AgglomerativeNesting) [117℄ and the Ward's Method. [118℄ At �rst, ea
h observation isa small 
luster by itself. Clusters are merged until only one large 
lusterremains, whi
h 
ontains all the observations. At ea
h stage the two nearest
lusters are 
ombined to form one larger 
luster.To analyze the membership of ea
h stru
ture to the 
lusters, one 
an 
utsthe hierar
hi
al stru
ture at a user de�ned level. The 
utting level is de�nedby the �nal number of 
lusters that one wishes to obtain or by the RMSDvalue that de�nes the maximum di�eren
e between two members of the same
luster.4.3 Results and Dis
ussionThe availability of 
rystallographi
 stru
tures of GPCRs with a ligand 
o
rys-talized allowed us to validate the do
king proto
ol that we had been usingbefore.We 
olle
ted the do
king results obtained with di�erent sear
h algorithmsand s
oring fun
tions. We 
ompared the best do
king pose, a

ording tothe s
oring fun
tion that was used, with the 
rystallographi
 pose in term ofroot mean square deviation (RMSD) measured in Å and the 
onformationalsampling, that is the number of poses in a do
king result that present an



71RMSD lower than 2,5 Å in 
omparison to the 
rystallogra�
 pose of the ligandin the 
omplex.Comparison of di�erent do
king proto
ol was 
ondu
ted using the following
rystal stru
tures of 
omplexes with ligand and protein:
• Carazolol on human β2-Adrenergi
 Re
eptor (PDB ID: 2RH1) [38℄
• Cyanopindolol on turkey β1-Adrenergi
 Re
eptor (PDB ID: 2VT4) [43℄
• ZM241385 on human A2A Adenosine Re
eptor (PDB ID: 3EML) [45℄4.3.1 Carazolol on human β2-Adrenergi
 Re
eptorDo
king results obtained with di�erent do
king proto
ols are summarized itthe table 4.1 and the best results are in �gure 4.1.The majority of the proto
ols is able to reprodu
e the 
rystallographi
pose of Carazolol with an RMSD lower than 1 Å.The do
king proto
ol that 
an better reprodu
e the 
onformation of Cara-zolol in the 
rystal stru
ture is Gold with the s
oring fun
tion Golds
ore: theRMSD between the best ranked pose and the 
rystallographi
 pose is 0,59 Åand 20 out of 25 poses present a do
king pose with an RMSD value lower than2,5 Å.Another proto
ol that reprodu
es the 
rystallographi
 pose with good re-sults is FlexX: 1,02 Å of RMSD for the best pose and all the poses have anan RMSD value lower than 2,5 Å.Table 4.1: Carazolol - human β2-Adrenergi
 Re
eptorDo
king Proto
ol RMSD (Å) Samplingmoe-GA-EnTot 1,58 5/25moe-GA-pKi 5,16 5/25moe-SA-EnTot 0,78 3/25moe-SA-pKi 6,85 3/25moe-TS-EnTot 0,93 7/25moe-TS-pKi 0,93 7/25glide 1,05 18/25gold-
hems
ore 0,74 5/25gold-golds
ore 0,59 20/25plants 0,68 13/25autodo
k 0,55 13/25�exX 1,02 25/25
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Figure 4.1: Do
king results of 
arazolol on β2-AR. Crystallographi
 pose is represented in blu,the best pose of Gold proto
ol is represented in yellow, that is the best do
king proto
ol a

ordingto our analysis. In magenta the best do
king pose obtained with the proto
ol Tabu Sear
h of MOE,the proto
ole used for the SAR studies of antagonists of hA3AR. Antagonists are viewed from themembrane side fa
ing TM6, that has been voluntarily omitted. Side 
hains of some amino a
idsimportant for ligand re
ognition are highlighted. Hydrogen atoms are not displayed.Similar results are available using Glide: the best pose a

ording to thesoftware presents 1,05 Å of RMSD 
ompared to the 
rystallographi
 pose and18 out of 25 poses have an an RMSD value lower than 2,5 Å.The best poses of 
arazolol a

ording to the proto
ols of Plants andAutodo
k have 0,68 and 0,55 Å of RMSD with the 
rystallographi
 pose andin both 
ases more than half of the poses (13 out of 25) has an RMSD valuelower than 2,5 Å.4.3.2 Cyanopindolol on turkey β1-Adrenergi
 Re
eptorDo
king results obtained with di�erent do
king proto
ols are summarized itthe table 4.2 and the best results are in �gure 4.2.The do
king proto
ol of Glide is the best proto
ol in this 
ase and itreprodu
ed the 
rystallographi
 pose with an RMSD of 0,28 Å and 23 out of25 poses have an an RMSD value lower than 2,5 Å.Gold with the s
oring fun
tion golds
ore is among the best proto
ols alsoin this 
ase. All the poses of the output have an an RMSD value lower than2,5 Å and the RMSD between the best ranked pose and the 
rystallographi
stru
ture is lower than 1 Å.
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Figure 4.2: Do
king results of 
yanopindolol on β1-adrenergi
 re
eptor. Crystallographi
 poseis represented in blu, the best pose of Glide proto
ol is represented in yellow, that is the bestdo
king proto
ol a

ording to our analysis. In magenta the best do
king pose obtained with theproto
ol Tabu Sear
h of MOE, the proto
ole used for the SAR studies of antagonists of hA3AR.Antagonists are viewed from the membrane side fa
ing TM 6, that has been voluntarily omitted.Side 
hains of some amino a
ids important for ligand re
ognition are highlighted. Hydrogen atomsare not displayed.Table 4.2: Cyanopindolol - turkey β1-Adrenergi
 Re
eptorDo
king Proto
ol RMSD (Å) Samplingmoe-GA-EnTot 2,26 4/25moe-GA-pKi 1,65 4/25moe-SA-EnTot 4,22 3/25moe-SA-pKi 5,79 3/25moe-TS-EnTot 3,25 2/25moe-TS-pKi 0,98 2/25glide 0,28 23/25gold-
hems
ore 3,93 5/25gold-golds
ore 0,67 25/25plants 1,15 15/25autodo
k 1,13 16/25�exX 1,63 1/25
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ussionAlso Autodo
k and Plants reprodu
e the 
rystallographi
 pose with goodresults.The best ranked pose a

ording to TS algorithm and pki s
oring fun
ion ofMOE has an RMSD value lower than 1 Å if 
ompared with the 
rystallographi
ligand, but the sampling is very poor, only 2 poses out of 25.4.3.3 ZM241385 on human A2A Adenosine Re
eptorDo
king results obtained with di�erent do
king proto
ols are summarized itthe table 4.3 and the best results are in �gure 4.3.Do
king results of ZM241385 are less a

urate than the previous ones.Ligand is bigger and the binding po
ket is more open: 
onformational sear
h
an explore more empty spa
e and the 
rystallographi
 pose is reprodu
edwith lower pre
ision.In this 
ase FlexX is the proto
ol that works better: all the 25 poses ofthe output have an an RMSD value lower than 2,5 Å and between the bestranked pose and the 
rystallographi
 pose there is the lowest RMSD for thisanalysis.Other proto
ols that give fairly good results are, also in this 
ase, Glide,Gold with Golds
ore, Autodo
k and Plants.Table 4.3: ZM241385 - human A2A Adenosine Re
eptorDo
king Proto
ol RMSD (Å) Samplingmoe-GA-EnTot 6,07 1/25moe-GA-pKi 1,41 1/25moe-SA-EnTot 1,77 6/25moe-SA-pKi 1,87 6/25moe-TS-EnTot 2,15 5/25moe-TS-pKi 2,16 5/25glide 2,86 10/25gold-
hems
ore 3,93 9/25gold-golds
ore 3,05 11/25plants 2,00 15/25autodo
k 2,95 16/25�exX 1,39 25/25
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Figure 4.3: Do
king results of ZM241385 on human A2A adenosine re
eptor. Crystallographi
pose is represented in blu, the best pose of FlexX proto
ol is represented in yellow, that is the bestdo
king proto
ol a

ording to our analysis. In magenta the best do
king pose obtained with theproto
ol Tabu Sear
h of MOE, the proto
ole used for the SAR studies of antagonists of hA3AR.Antagonists are viewed from the membrane side fa
ing TM6, that has been voluntarily omitted.Side 
hains of some amino a
ids important for ligand re
ognition are highlighted. Hydrogen atomsare not displayed.
The proto
ol that was used for the SAR studies of antagonists of hA3AR isTabu Sear
h algorithm implemented in MOE software and we used the s
oringfun
tion that predi
t the pKi to res
ore the poses.The sampling of poses for the 
rystal stru
tures using this proto
ol is poor: 7poses out of 25 for Carazolol, 2 poses out of 25 for Cyanopindolol and 5 posesout of 25 for ZM241385. Anyway the s
oring fun
tion is able to sele
t goodposes among all the results. If we rank the results a

ording to the s
ore ofpKi, the best poses have an RMSD value with the 
rystal stru
tures of 0.93 Å,0.98 Å and 2.16 Å respe
tively for Carazolol, Cyanopindolol and ZM241385.In general we 
an say that the proto
ol that we used (MOE software, TabuSear
h algorithm and pKi as s
oring fun
tion) is a

eptable. Before we didn'thave a basis for 
omparison for GPCRs, for this reason the proto
ol was 
hosenamong the available proto
ols and a

ording to the one that better des
ribedthe SAR among the analyzed antagonists.
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ussion4.3.4 Analysis of Previously Reported Do
king Results with Dif-ferent Do
king Proto
olsTo verify the results that we obtained previously with the SAR analysis ofantagonists of human A3AR, we 
onsidered some 
ompounds that presenta�nity for hA3AR and we performed a mole
ular do
king study with theavailable do
king proto
ols. We 
lusterized the results and sele
ted the mostpopulated groups as representative binding poses.4.3.4.1 4-Amido-2-aryl-triazolo-quinoxalin-1-one Derivative4-Amido-2-aryl-triazolo-quinoxalin-1-one derivatives are the 
ompounds thathave been analysed more extensively and we are now 
onsidering derivativeA reported in Appendix A and in �gure 4.4.
Figure 4.4: 4-Amido-2-aryl-triazolo-quinoxalin-1-one derivative used for validation of do
kingproto
ols.From the 
luster analysis, two 
lusters were sele
ted: poseA and poseB(Figure 4.5). Three of the do
king proto
ols (Gold with the s
oring fun
tionGolds
ore, Plants and Glide) present do
king poses in both sele
ted 
lusters,all the other proto
ols present only poses that belong to 
luster poseB.Poses that were not sele
ted in one of the two 
lusters were 
ondidered outliers:they were not part of any of the two sele
ted most populated 
lusters (poseAand poseB) and they were not enough similar among them, in term of RMSDvalue, to form a new 
luster.The most populated 
luster is the 
luster poseB, to whi
h belong the pre-viously reported pose, obtained with the do
king proto
ol used for all SARstudy published before the release of the 
rystallographi
 stru
tures of GPCRswith a ligand 
o
rystallized (Figure 4.5 and 4.6).In the table in �gure 4.6 RMSD value are reported: these values are 
al
ulatedusing as referen
es two average 
onformations, one of the 
luster poseA andone of the 
luster poseB.Anyway, the sele
tion of the best do
king pose is usually not limited tothe most populated 
luster, or the best pose in term of s
ore value, but it is
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ted with an a

urate SAR study, 
onsidering a series of derivatives withsimilar 
hemi
al stru
tures and available a�nity data.

Figure 4.5: Do
king results of 
ompound A of triazolo-quinoxalin-1-one derivatives. In yellow:poseB, this is the best do
king pose a

ording to GA of Gold as sear
h algorithm and Golds
ore ass
oring fun
tion; in green: poseA; in magenta: best do
king pose obtained with TS algorithm ofMOE and pKi as s
oring fun
tion, this is the pose reported in SAR studies of triazolo-quinoxalin-1-one derivatives. Do
king poses are viewed from the membrane side fa
ing TM heli
es 3 and 4.To 
larify the TM 
avity, the view of TM4 from Leu136 to Pro145 has been voluntarily omitted.Side 
hains of some amino a
ids important for ligand re
ognition are highlighted. Hydrogen atomsare not displayed.
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Figure 4.6: Comparison of do
king results, in terms of RMSD in Å, of 
ompound A on hA3ARusing di�erent do
king proto
ols.



Chapter 5Mole
ular Dynami
s of AdenosineRe
eptors
5.1 Introdu
tionHomology models represent a rigid 
onformation of a protein, but proteinsare known to be dynami
 mole
ules that show rapid, small-s
ale stru
tural�u
tuations. [119℄A simple two-state model 
an des
ribe a re
eptor: a 
onformation thatbinds the agonist and transfers the signal and a 
onformation that bindsthe antagonist. It is well known that GPCRs behave in a more 
omplexway. E�
a
y 
an be explained by a simple model of re
eptor a
tivation, buteviden
e from both fun
tional and biophysi
al studies supports the existen
eof multiple, ligand spe
i�
 
onformational states. [68℄Our models of human A3AR were built using homology modeling te
h-nique. As it was deeply analyzed in Chapter 2, there are di�eren
es amongthe models that have to be 
onsidered when one wants to use them for drugdesign.We 
onsider that our models 
orrespond to the antagonist-like state ofhA3AR, but this pharma
ologi
al state 
an be des
ribed by more than one
onformational state. Whi
h one of these models better 
hara
terizes theantagonist-like state of hA3AR, if one of these model 
an evolve to anotherone, if the models 
an 
onverge to a 
ommon 
onformation are questions thatremain to be answered. We investigated the mole
ular dynami
 behaviour ofthe models in a lipid bilayer to try to answer to these questions.5.2 Materials and MethodsMD simulations were 
arried out starting from the models of hA3AR insertedinto a lipid bilayer environment. The lipid bilayer was built starting from anexisting bilayer as des
ribed by C. Kandt at all. [120℄ Water was added usingan initial box and redundant water was deleted based on their z position.Ten 
hlorine ions were added to neutralize the system. The membrane wasequilibrated for 10 ns.MD simulation was 
arried out using the GROMACS 3.3.1 MD pa
kage[121,122℄ applying periodi
 boundary 
onditions. The simulation was 
arried
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ussionout for 30 ns (time step = 2 fs), with a 
onstant temperature of 300 K, usinga Berendsen (τT = 0.1 ps) thermostat, [123℄ while 
oupling the protein, lipidand water/ions separately. The pressure was maintained at 1 bar using aBerendsend 
oupling algorithm [123℄ with a 
oupling 
onstant of 1.0 ps and a
ompressibility of 4.6 x 10−5 bar−1. Ele
trostati
 intera
tions were evaluatedusing the PME (parti
le mesh Ewald) methods [124,125℄ with a 
uto� of 1.0nm. The long-range ele
trostati
 intera
tions were 
al
ulated with fourth-order B-spline interpolation and a Fourier spa
ing of 0.14 nm. The Lennard-Jones intera
tions were evaluated using a twin-range 
uto� (1 and 1.4 nm)with the neighbor list updated every ten steps. All bonds in the system were
onstrained using LINCS [126℄.5.3 Results and Dis
ussionMole
ular dynami
s simulations were performed starting from the followingmodels of hA3AR:
• hA3AR built from bovine rhodopsin (PDB ID 1F88);
• hA3AR built from hβ2-adrenergi
 re
eptor (PDB ID 2RH1);
• hA3AR built from hA2AAR (PDB ID 3EML).MD was 
arried out with the same proto
ol for the three models.In the following pages are represented some preliminary results of the sim-ulations.The graphs that are reported in �gures 5.2, 5.5 and 5.8 show the RMSDper residue of the ba
kbone. On the x axis is reported the number of theaminoa
ids and on the y axis is reported the time of MD simulation, expressedin nanose
onds. Colors symbolize the RMSD value in Å 
al
ulated using asreferen
e the 
onformation of the protein at the beginning or the MD run,after the equilibration step.In these graphs it is easy to visualize whi
h are the regions of the proteinthat are more �exible, be
ause they are 
olored in red, orange, yellow or green,from the more to the less �exible. Residues that belong to loops, N-term andC-term are the more �exible, while residues of TM regions are 
ara
terized byblue or white 
olor, that means that the RMSD is always lower than 4.Similar analysis is shown in the graphs reported in �gures 5.3, 5.6 and 5.9.In these graphs are reported the values of RMSD in fun
tion of time (in ns).In all the graphs in bla
k is reported as referen
e the RMSD of the wholeba
kbone. In the upper parts there are the RMSD values of the ba
kbone ofTM regions, that are always lower than the RMSD of the ba
kbone of thewhole stru
ture. The RMSD of the ba
kbone of the loops may vary: very



81short loop like IL1 and EL1 have low values of RMSD, bigger loop are more�exible, together with N-term and C-term.The loop that presents the biggest 
hange of 
onformation is IL3. This loopis known to vary 
onsiderably among GPCRs, and probably the �exibility andvariability of this region may be 
riti
al for the fun
tionality and spe
i�
ityof G-protein a
tivation. The 
onformational 
hange of the loop does nota�e
t the 
onformation of the binding po
ket, but further investigations ofthis loop may be interesting to understand its role in the transmission of thesignal. In the stru
ture of hA3AR built using bovine rhodopsin as templatesome residues rea
h an RMSD higher than 20 Å and the average RMSD of thisloop rea
hes 10 Å after 11 ns of MD simulation, than the 
onformation is morestable and the loop os
illates around that position. In the model of hA3ARbuilt from hβ2AR, IL3 is less �exible, but it seems that the 
onformation isnot stable even after 20 ns. In the third model, the one built from hA2AAR,there is a fast 
onformational 
hange of this loop in the �rst nanose
ond ofsimulation, but, after this 
hange, the 
onformation seems stable and theRMSD value doesn't 
hange any more.N-term and C-term are also very �exible. This is probably due to the fa
tthat these domains are more exposed and 
onne
ted to the protein with onlyone end.The 
onformational 
hange of EL2 is of parti
ular interest, be
ause EL2
onstitutes one of the main di�eren
es among the templates used in homol-ogy modeling and it in�uen
es the 
onformation of the binding po
ket. Forstru
ture-based drug design the 
onformation of the binding site is 
ru
ial.In the templates, the 
onformation of EL2 is in�uen
ed by the presen
eof disul�de links that 
reate 
onstraints that keep the loop in a parti
ular
onformation. As we dis
ussed before in Se
tion 2.3.1, hA3AR does not havethe same 
ysteine residues that are present in hβ2AR and hA2AAR. The 
on-formation of the EL2 of the models of hA3AR follow the 
onformation of thetemplates, but it presents only one disul�de bridge that is the one 
onservedamong family A GPCRs. It is interesting to analyse the behaviour of thisloop in an environment that mimi
s the membrane.Starting and �nal 
onformations of EL2 in the three models are in �g-ures 5.1, 5.4 and 5.7. Starting 
onformations are in yellow (hA3AR fromrhodopsin), in magenta (hA3AR from hβ2AR) and in 
yan (hA3AR fromhA2AAR); �nal 
onformations are in blue. Red arrows represent the displa
e-ments of Cα of EL2 in 30 ns of MD.EL2 
onfomational 
hange is stronger in the models built starting from hβ2ARand hA2AAR than in the model built from rhodopsin. It may be interesting to
ompare the 
onformational 
hanges of EL2 in the models and in the 
rystalstru
tures that were used as templates to 
he
k the importan
e of the disul�delinks in preserving the 
onformation of the loop.
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Figure 5.1: Representation of the se
ond extra
ellular loop of the hA3AR model built usingbovine rhodopsin as template before (in yellow) and after (in blue) 30 ns of mole
ular dynami
s ina lipid bilayer.

Figure 5.2: RMSD per residue of the ba
kbone of the hA3AR model built using bovine rhodopsinas template.
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Figure 5.3: Time evolution of the RMSD of C α of the hA3ARmodel built using bovine rhodopsinas template. On the top, RMSD of the TM regions; on the bottom, rmsd of the loops, N-term andC-term.
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Figure 5.4: Representation of the se
ond extra
ellular loop of the hA3AR model built using β2-adrenergi
 re
eptor as template before (in magenta) and after (in blue) 30 ns of mole
ular dynami
sin a lipid bilayer.

Figure 5.5: RMSD per residue of the ba
kbone of the hA3AR model built using β2-adrenergi
re
eptor as template.



85

Figure 5.6: Time evolution of the RMSD of C α of the hA3AR model built using β2-adrenergi
re
eptor 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 se
ond extra
ellular loop of the hA3AR model built usinghA2AAR as template before (in 
yan) and after (in blue) 30 ns of mole
ular dynami
s in a lipidbilayer.

Figure 5.8: RMSD per residue of the ba
kbone of the hA3AR model built using hA3 adenosinere
eptor as template.
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Figure 5.9: Time evolution of the RMSD of C α of the hA3AR model built using hA3adenosinere
eptor as template. On the top, RMSD of the TM regions; on the bottom, rmsd of the loops,N-term and C-term.





Appendix A4-Amido-2-aryl-1,2,3-triazolo[4,3-a ℄quinoxalin-1-oneDerivatives
Table A.1: Binding A
tivity at Human A1, A2A, A3 and BovineA1, A2A ARs.

Ki
a(nM) or I%R4 R1 R6 hA3

b hA1
c hA2A

d bA1
e bA2A

fAg CH3 H H 2.0 ± 0.11 2000 ± 140 22% 4.3 ± 0.38 70%1 CH3 OMe H 35.7 ± 2.40 34% 6% 245 ± 23.1 0%2 CH3 H NO2 18% 6 ± 0.55 36%3 CH3 OMe NO2 36% 0% 7%4 CH3 H NH2 48 ± 2.10 32% 367 ± 24 1 ± 0.09 6250 ± 4105 CH3 OMe NH2 5.5 ± 0.23 2700 ± 150 1100 ± 10 363 ± 24 20%Bg 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 NO2 H 100 ± 9.60 55% 26%8 Ph H NO2 22 ± 2.60 15% 25% 32% 0%9 Ph OMe NO2 217 ± 20.40 35% 15%10 Ph H NH2 22 ± 1.70 98 ± 7.4 4850 ± 330 42 ± 3.1 27.8%11 Ph OMe NH2 1 ± 0.30 45% 24% 393 ± 27 16%12 CHPh2 OMe H 44 ± 3.10 25% 27% 7.2 ± 0.41 28.5%13 CHPh2 NO2 H 13% 30% 0%14 CHPh2 H H 0.81 ± 0.03 18.8 ± 1.20 58% 10.2 ± 1.60 1160 ± 97.4015 CHPh2 H NO2 14.9 ± 1.10 12% 49% 3.9 ± 20.2 29.5%16 CHPh2 OMe NO2 0.8 ± 0.04 11% 2% 260 ± 11 0%17 CHPh2 H NH2 8.65 ± 0.61 2.5% 627 ± 34 1.6 ± 0.05 12%18 CHPh2 OMe NH2 2.58 ± 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 3.29 ± 0.15 2% 26% 174.5 ± 11.40 6570 ± 460Continued on next page
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a(nM) or I%R4 R1 R6 hA3

b hA1
c hA2A

c bA1
e bA2A

f21 H NO2 27% 39% 0%22 OMe NO2 343 ± 21.0 20% 0%23 H NH2 1243 ± 115 79 ± 5.10 36%
aThe Ki values are mean ± SEM of four separated assays, ea
h performed in tripli
ate.
bDispla
ement of spe
i�
 [125I℄AB-MECA binding at human A3 re
eptors expressed in CHO
ells or per
entage of inhibition (I ) of spe
i�
 binding at 1 µM 
on
entration. cDispla
ement ofspe
i�
 [3H℄DPCPX binding at hA1 re
eptors expressed in CHO 
ells or per
entage of inhibition(I ) of spe
i�
 binding at 10 µM 
on
entration. dDispla
ement of spe
i�
 [3H℄NECA binding athA2A re
eptors expressed in CHO 
ells or per
entage of inhibition (I ) of spe
i�
 binding at 10
µM 
on
entration. eDispla
ement of spe
i�
 [3H℄DPCPX binding in bovine brain membranesor per
entage of inhibition (I ) of spe
i�
 binding at 10 µM 
on
entration. fDispla
ementof spe
i�
 [3H℄CGS binding from bovine striatal membranes or per
entage of inhibition (I ) ofspe
i�
 binding at 10 µM 
on
entration. gbA1, bA2A, hA3 AR binding data were reported in [127℄.



Appendix B2-Arylpyrazolo[3,4-
℄quinolineDerivatives
Table B.1: Binding A
tivity at Human A1, A2A, A3ARs.

Ki
a(nM) or I%R R4 hA3

b hA1
c hA2A

c1d H 30.8 ± 2.6 203 ± 12 43%2d 3-Me 5.0 ± 0.4 12 ± 1 46%3d 4-Me 3.2 ± 0.2 29 ± 0.5 44%4d 4-OMe 3.2 ± 0.2 176.4 ± 8.8 25%5 3-OMe 7.3 ± 0.1 14 ± 0.4 52%6 4-NO2 85.5 ± 4 357 ± 35 0%7 74.5 ± 5.3 8% 32%8d H 551 ± 34 659 ± 43 91 ± 7.39d 3-Me 99.3 ± 7.8 21 ± 1.6 228 ± 12.310d 4-Me 188 ± 15 45 ± 3.4 329 ± 2211d 4-OMe 90.2 ± 7.3 40 ± 3.1 1060 ± 9612 3-OMe 228.5 ± 19 32 ± 3.0 486 ± 3413d H Me 48.2 ± 3.5 0% 3%14 3-Me Me 31 ± 2.4 203 ± 15 10%15 4-Me Me 123 ± 10 455 ± 41 1500 ± 13016 4-OMe Me 101.5 ± 7.4 2875 ± 110 0%Continued on next page
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a(nM) or I%R R4 hA3

b hA1
c hA2A

c17d H Ph 2.1 ± 0.1 0% 9%18 3-Me Ph 4.3 ± 0.5 57 ± 4.2 2860 ± 22419 4-Me Ph 4.4 ± 0.2 629 ± 51 26%20 4-OMe Ph 3.4 ± 0.2 250 ± 13 39%21d H CH2Ph 9.9 ± 0.8 5% 15%22 3-Me CH2Ph 3.9 ± 0.3 60 ± 4.5 24%23 4-Me CH2Ph 5.6 ± 0.4 55% 21%24 4-OMe CH2Ph 4.5 ± 0.6 201 ± 12 51%25 H CHPh2 9.9 ± 0.8 5% 15%26 3-Me CHPh2 3.9 ± 0.3 60 ± 4.5 24%27 4-Me CHPh2 5.6 ± 0.4 55% 21%28 4-OMe CHPh2 4.5 ± 0.6 201 ± 12 51%29d H NHCH2Ph 8.3 ± 0.7 0% 3%30 3-Me NHCH2Ph 3.35 ± 0.2 6800 ± 510 20%31 4-Me NHCH2Ph 257 ± 21 5% 39%32 4-OMe NHCH2Ph 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% 7%
aThe Ki values are mean ± SEM of four separated assays, ea
h performed in tripli
ate.
bDispla
ement of spe
i�
 [125I℄AB-MECA binding at human A3 re
eptors expressed in CHO 
ellsor per
entage of inhibition (I% ) of spe
i�
 binding at 1 µM 
on
entration. cDispla
ement ofspe
i�
 [3H℄DPCPX and [3H℄NECA binding at, respe
tively, hA1 and hA2A re
eptors expressedin CHO 
ells or per
entage of inhibition (I% ) of spe
i�
 binding at 10 µM 
on
entration. dThehA3 AR binding a�nity was reported in [113℄.



Appendix C4-modi�ed-2-aryl-1,2,4-triazolo[4,3-a℄quinoxalin-1-oneDerivatives
Table C.1: Binding A�nity at Human A1, A2A, A3 and BovineA1, A2A ARs.

R4 R1 R6 Ki
a(nM) or I%hA3

b hA1
c hA2A

d bA1
e bA2A

fAg NHCOPh H H 1.47 ± 0.06 87.8 ± 6.3 89.6 ±6.7 89.6 ± 7.2 53%1 NHCOC6H4-4COOMe H H 41% 106 ± 2.1 36%2 NHCOC6H4-4COOMe OMe H 1370 ± 121 30.5% 41%3 NHCOC6H4-3I H H 36% 473 ± 34 35%4 NHCO-4-Pyridyl H H 6.1 ± 0.5 2379 ± 191 188 ± 9.4 57 ± 4.3 812 ± 715 NHCO-4-Pyridyl OMe H 68 ± 5.2 779 ± 53 397 ± 39 236 ± 15 44%6 NHCO-4-Pyridyl H NO2 0% 37.5% 22%7 NHSO2Ph H H 32.2 ± 2.8 0% 27% 157 ± 1.4 35%8 NHSO2Ph OMe H 2.2 ± 0.11 2700 ± 142 23% 4700 ± 260 16%9 NHSO2Ph H NO2 100 ± 7.2 210 ± 12 25%10 NHSO2CH3 H H 1427 ± 125 164 ± 11.3 32%11 NHSO2CH3 OMe H 493 ± 33 6% 0%12 NHSO2CH3 H NO2 37% 36 ± 1.3 56%13 N(SO2CH3)2 H H 5.5 ± 0.4 36% 32% 36± 1.3 56%14 N(SO2CH3)2 H H 387 ± 24 6.2% 17%15 NHCONHCH2Ph H H 83.5 ± 4.9 12.3 ± 1.2 158.3 ± 15 4.1 ± 0.2 172.6 ± 1216 NHCONHCH2Ph OMe H 65 ± 5.1 4215 ± 350 23% 20.8 ± 1.2 12%17 NHCONHCH2Ph H NO2 63 ± 4.4 4% 20% 4.6 ± 0.3 46.5%18 NHCONHCOPh H H 1300 ± 115 100.6 ± 8.9 379 ± 2419 NHCONH-Ph-3I H H 953 ± 61 359 ± 25 1800 ± 15020 OCH2Ph H H 21 ± 1.8 46% 10% 55 ± 3.6 19%21 OCH2Ph OMe H 6.4 ± 0.4 54% 4% 53% 41%
aThe Ki values are mean ± SEM of four separated assays, ea
h performed in tripli
ate.
bDispla
ement of spe
i�
 [125I℄AB-MECA binding at human A3 re
eptors expressed in CHO
ells or per
entage of inhibition (I ) of spe
i�
 binding at 1 µM 
on
entration. cDispla
ement ofspe
i�
 [3H℄DPCPX binding at hA1 re
eptors expressed in CHO 
ells or per
entage of inhibition(I ) of spe
i�
 binding at 10 µM 
on
entration. dDispla
ement of spe
i�
 [3H℄NECA binding athA2A re
eptors expressed in CHO 
ells or per
entage of inhibition (I ) of spe
i�
 binding at 10
µM 
on
entration. eDispla
ement of spe
i�
 [3H℄DPCPX binding in bovine brain membranes orper
entage of inhibition (I ) of spe
i�
 binding at 10 µM 
on
entration. fDispla
ement of spe
i�




94 Appendix C[3H℄CGS binding from bovine striatal membranes or per
entage of inhibition (I ) of spe
i�
binding at 10 µM 
on
entration. gbA1, bA2A, hA3 AR binding data were reported in [82℄.



Appendix DPyrido[2,3-e℄-1,2,4-triazolo[4,3-a℄pyrazin-1-oneDerivatives
Table D.1: Binding A�nity at Human A1, A2A, A3 and BovineA1, A2A ARs.

Ki
a(nM) or I%R1 R hA3

b bA1
c bA2A

d hA1
e hA2A

e1 H 251 ± 16 145 ± 11 12%2 4-OMe 3.3 ± 0.2 26% 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%7 H H 656 ± 41 3.1 ± 0.28 92.6 ± 5.68 H 4-OMe 158 ± 9.8 1102 ± 81 413 ± 349 H 4-OH 1335 ± 112 112 ± 8.1 832 ± 6210 H 4-F 490 ± 36 181 ± 15 1508 ± 13011 H 4-COOEt 0% 39% 17%12 C6H11 H 15.5 ± 1.2 0.38 ± 0.029 199 ± 13 37% 211 ± 8.413 C5H9 H 8.4 ± 0.9 0.47 ± 0.047 510 ± 36 36% 208 ± 1014 COMe H 138 ± 12 14 ± 1.1 59%15 COPh H 70.3 ± 6 152 ± 10 7100 ± 550 8%16 COCH2Ph H 11.7 ± 1 7.15 ± 0.5 414 ± 32 37% 208 ± 6.217 COMe 4-OMe 41 ± 3.2 56% 19% 48% 29%18 COPh 4-OMe 4.54 ± 0.2 355 ± 22 7% 38% 27%19 H 335 ± 28 70.7 ± 6.5 12%20 4-OMe 7.75 ± 0.8 17% 0% 0% 0%
aThe Ki values are mean ± SEM of four separated assays, ea
h performed in tripli
ate.
bDispla
ement of spe
i�
 [125I℄AB-MECA binding at human A3 re
eptors expressed in CHO 
ells orper
entage of inhibition (I%) of spe
i�
 binding at 1 µM 
on
entration. cDispla
ement of spe
i�




96 Appendix D[3H℄DPCPX binding in bovine brain membranes or per
entage of inhibition (I ) of spe
i�
 bindingat 10 µM 
on
entration. dDispla
ement of spe
i�
 [3H℄CGS binding at bovine striatal membranesor per
entage of inhibition (I%) of spe
i�
 binding at 10 µM 
on
entration. eDispla
ement ofspe
i�
 [3H℄DPCPX and [3H℄NECA binding at, respe
tively, hA1 and hA2A re
eptors expressed inCHO 
ells or per
entage of inhibition (I%) of spe
i�
 binding at 10 µM 
on
entration.Table D.2: Comparison between the hA3 AR a�nities of thePyridotriazolopyrazin-1-ones (X= N) and the 
orresponding6-Nitro-triazoloquinoxalin-1-ones (X= C-NO2).

Ki(nM) hA3 or I% (1 µM)R R4 X= Na X= C-NO2
bH 1 251 ± 16 33 279 ± 16OMe 2 3.3 ± 0.2 34 4.7 ± 0.52H H 7 656 ± 41 35 4.75 ± 0.3OMe H 10 58 ± 9.8 36 47 ± 1.2H NHC6H11 12 15.5 ± 1.2 37 281 ± 24H NHC5H9 13 8.4 ± 0.9 38 116 ± 24H NHCOMe 14 138 ± 12 39 18%H NHCOPh 15 70.3 ± 6 40 22 ± 2.60OMe NHCOMe 17 41 ± 3.6 41 36%OMe NHCOPh 18 4.54 ± 0.2 42 217 ± 20H N(COPh)2 19 335 ± 22 43 27%OMe N(COPh)2 20 7.75 ± 0.8 44 343 ± 21

aData from previous table. bData from AppendixA.



Appendix EN-5 SubstitutedPyrazolo-triazolo-pyrimidineDerivatives
Table E.1: Biologi
al pro�le of synthesized (4,5) and referen
e(2,3) 
ompounds at Human A1, A2A, A3 and Bovine A1,A2A ARs.

R hA1
a(Ki nM) hA2A

b(Ki nM) hA2B
c(IC50 nM) hA3

d(Ki 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 geometri
 means, with 95% 
on�den
e limits aDispla
ement of spe
i�
 [3H℄-CCPA binding at human hA1 re
eptors expressed in CHO 
ells, (n = 3 − 6) bDispla
ement ofspe
i�
 [3H℄-NECA binding at human hA2A re
eptors expressed in CHO 
ells cIC50 values of theinhibition of NECA-stimulated adenylyl 
y
lase a
tivity in CHO 
ells expressing hA2A re
eptors
dDispla
ement of spe
i�
 [3H℄-NECA binding at human hA3 re
eptors expressed in CHO 
ells





Appendix FQuinazoline, Quinoline andPyrimidine Derivatives
Table F.1: Binding A�nity at hA1, hA2A, hA3 and Poten
y(IC50) at hA2B and hA3 ARs.

Ki(nM) or I% IC50(nM) or I% 
AMPR hA3
a hA1

b hA2A
c hA2B

d hA3
e1 C6H4-4-OMe 87.5 ± 6.6 8% 6% 23%2 C6H5 350 ± 40 40% 17% 5%3 C6H4-4-Me 98.3 ± 7.3 3% 5% 4%4 C6H4-4-Br 550 ± 47 1% 1% 2%5 C6H11 21% 2% 3% 1%6 C6H4-4-OMe 19.5 ± 2.2 4% 1% 9% 125 ± 107 C6H5 50 ± 4 22% 1% 4% 238 ± 218 C6H4-4-Me 26.7 ± 3.3 21% 2% 2%9 C6H4-4-Br 27.2 ± 3.1 3% 1% 2%10 25.3 ± 2.8 25% 7% 5% 140 ± 1311 182 ± 10 7% 10% 3%

a Displa
ement of spe
i�
 [125I℄AB-MECA binding to hA3 CHO 
ells. Ki values are means ± SEMof four separate assays, ea
h performed in dupli
ate. b Per
entage of inhibition in [3H℄DPCPX
ompetition binding assays to hA1 CHO 
ells at 1 µM 
on
entration of the tested 
ompounds. cPer
entage of inhibition in [3H℄ZM241385 
ompetition binding assays to hA2A CHO 
ells at 1 µM
on
entration of the tested 
ompounds. d Per
entage of inhibition on 
AMP experiments in hA2BCHO 
ells, stimulated by 200 nM NECA, at 1 µM 
on
entration of the examined 
ompounds. eIC50 values are expressed as means ± SEM of four separate 
AMP experiments in hA3 CHO 
ells,inhibited by 100 nM Cl-IB-MECA.



100 Appendix FTable F.2: Inibition of Spe
i�
 Binding at hA1, hA2A, hA3 ARand of 
AMP Produ
tion at hA2B and hA3 ARs.
binding experiments 
AMP assaysR1 R2 hA3

a hA1
b hA2A

c hA2B
d12 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%

a Per
entage of inhibition in [125I℄AB-MECA 
ompetition binding assays to hA3 CHO 
ells at 1
µM 
on
entration of the tested 
ompounds. b Per
entage of inhibition in [3H℄-DPCPX 
ompetitionbinding assays to hA1 CHO 
ells at 1 µM 
on
entration of the tested 
ompounds. c Per
entage ofinhibition in [3H℄-ZM 241385 
ompetition binding assays to hA2ACHO 
ells at 1 µM 
on
entrationof the tested 
ompounds. d Per
entage of inhibition on 
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