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G-protein-coupled receptors (GPCRS) representatfyest known family of signal-transducing proteams transmit signals
for light and many extracellular regulatory molexsil GPCRs are dysfunctional or dysregulated inraéli@man diseases and are
estimated to be the targets of ~40% of the drugsl urs clinical medicine today. Receptors for adamdelong to this family,
and so far four subtypes, the,M,a, Az, and A, have been recognized. The activation of adenasiceptors (ARS) is largely
responsible for the variety of effects producedablgnosine throughout several organ systems. Basdbeowide (and often
beneficial) effects attributed to the accumulatidrendogenously released adenosine, it has long taesidered that regulation
of ARs has considerable therapeutic potential.hia teview, we focus on recent work on adenosimeptrs as therapeutic
targets and, in particular, on molecular modelBogport to adenosine receptors targeting.
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INTRODUCTION

G-protein-coupled receptors (GPCRs) compose adtigf
sensory proteins that mediate a wide variety ofspiggical
processes by responding to different external dtisuch as
hormones, paracrines (local hormones), neurotratessi
neuromodulators, odours, and light [1-3] These
transmembrane receptors transduce the externallsigrostly
by interacting with regulatory G-proteins [4-€uch proteins
transmit the signal to effector enzymes, such asptgsmic
proteins and ion channels, by causing rapid chamngebe
concentration of intracellular signalling molecylesAMP,
cGMP, diacylglycerol, arachidonic acid, inositolgsphates,
cytosolic ions. As some GPCRs may use heterotran@&H
proteins and even other cytoplasmic enzymes asdteers in
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their signalling and others may interact with nomp®Gtein
transducers only, some authors prefer alternatanmeas for
this protein superfamily such as 7-transmembracepters,
heptahelical receptors, or serpentine-like recedio8].

Although the GPCR families do not share sequence

similarity with each other, specific features existall GPCR
classes [9]. For example, all these receptors mmgemmon a
central core domain that consists of seven trandireme
(TM1-7) helices connected by three intracellulavgs (IL1,
IL2, and IL3) and three extracellular loops (ELI2E and
EL3). Two cysteine residues, one in TM3/EL1 integfaand
one in EL2, which are conserved in almost all GROBsn
an essential disulfide link responsible for the Kdag and
stabilization of a restricted number of conformaticof these
seven TM domains (Fig. 1). Beside sequence varnigtio
GPCRs differ in the length and function of theirtétminal
extracellular domain, their C-terminal intracellutbomain and
their intracellular loops. Each of thesimains confers
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specific properties to these receptor proteins.

The superfamily of GPCRs can be subdivided inteese
families of
significant similarity [10]. The main family (FargilA), which
comprises rhodopsin and adrenoceptors, is compogeitie
majority of GPCRs identified to date, and is thetb&tudied
GPCR family both structurally and functionally. Retors
that belong to this family are activated by a vigrief stimuli,
including  photons, odorants, and hormones
neurotransmitters with molecular structures rangiingm
small biogenic amines(g.,catecholamines) to peptidesd.,
gonadotropin-releasing hormone) and complex glyaigims
(e.g., luteinizing hormone). The other subfamilies are th
secretin-vasointestinal peptide (VIP) family (FamiB),
members of which bind neuropeptides and peptidenboes,
the metabotropic glutamate receptor family (Fami),
comprising at least eight strongly related subtypefs
glutamate binding receptors, the fungal pheromorfariily
(Family D), the fungal pheromone A receptors (Far&i), and
the cAMP receptors aflictyostelium discoideurFamily F).
GPCRs can exist as dimers or as part of largenwiayic
complexes, and many studies have intimated thdegxis of
heterodimeric GPCR pairings. Determination of
prevalence and relevance of these complexes imentiisues
and the implications of heterodimerization for phacology
and potentially for drug design is still a key isg1,12].

The superfamily of GPCRs comprises receptors fanyn
substances with important physiological functioR®r this
reason their dysfunction leads to human diseasesjra fact
many GPCRs are targets for pharmaceuticals andsdofig
abuse [13-15]. It has been estimated that ~80% nwiwk
hormones and neurotransmitters activate cellulagnadi
transduction mechanisms by activating GPCRs, anbag
been estimated that GPCRs represent ~40% of cudregt
targets.

ADENOSINE RECEPTORS

Adenosine
The purine nucleoside adenosine (Fig. 2) is a atedi
playing an important role in modulating many

(patho)physiological conditions in the CNS as wafl in
peripheral organs and tissues [16,17].

Adenosine is ubiquitously released in the extlatzl
space from metabolically active cells and is geteerdy the

receptors whose protein sequences shaegradation of released ATP. As adenosine is ulestatd has

a short half-life because of deamination or cetlutauptake,
hypoxia-induced increases typically bear only orcalo
adenosine receptor signalling. Hence, adenosinfdsfithe
criteria of an autacoid. In the nervous system asige is
“omnipresent”,i.e. exists in all cells, and is released from

an@pparently all cells, including neurones and glis8,19].

While ATP may function as a neurotransmitter in sdonain
areas, adenosine is neither stored nor released céassical
neurotransmitter since it does not accumulate inagtic
vesicles, being released from the cytoplasm int@ th
extracellular space through a nucleoside transporitée
adenosine transporters also mediate adenosineakeypand
the direction of the transport is dependent upor th
concentration gradient at both sides of the mengrahere
are two sources of extracellular adenosine: releage
adenosine by facilitated diffusion and extraceluanversion
of released adenine nucleotides into adenosineghra series
of ectoenzymes. Interestingly, extracellular adamdevels
may be under control of adenosing r&ceptor since blockade

theof A; receptors increases the extracellular concentrabid

adenosine in cardiac fibroblasts [20]. However, the
extracellular formation of adenosine from releasetenine
nucleotides represents a second source of adenaegiieh is
not affected by transport inhibition, the transpotibitors
usually cause an increase in the extracellular @siea levels
[21].

Adenosine extracellular concentration is calcuadtebe in
the range of 50-200 nM [22], but under several eskve
conditions, including ischemia, trauma, stress and
inflammation, extracellular levels of adenosine arereased
due to increased energy demands and ATP metabdlisder
hypoxic and ischaemic conditions there is a maikedease
in cytoplasmatic adenosine leading to an intensease of
adenosine, which is inhibited by adenosine uptalkebitors
[16]. In the isolated heart hypoxia raises the apdfular
concentration by more than 20-fold, reaching cotregions
of >1nmM [23].
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Fig. 1. General architecture of GPCRs.

Adenosine Receptors

Adenosine receptors (ARs) are membeof the
superfamily of G-protein-coupled receptors (GPCRsith
four subtypes currently recognized, thg Asa, Az, and A.
Adenosine receptors (ARs) are present on virtuaxery
tissue and are often co-expressed in the sathaype, and
their activation is predominantly responsilite the wide
variety of effects produced by adenosine throughseveral
organ systems [17]. All four subtypes of adenoseweptors
are encoded by distinct genes, and their expresson
widespread such that adenosine controls the functb
virtually every organ and tissue. However, recepobtype
distribution and densities vary greatly. With theeption of
the Ag, the existence of AR subtypes in various tissuas h
been appreciated prior to their cloning as a resfit
pharmacological characterization. The cloning & tbur AR
subtypes has allowed for significant progresselsetanade in
the understanding of several aspects of AR actiatya
molecular level.
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Fig. 2. Adenosine.

The large variations in the local adenosine cotraéons
support the experimentally derived concept that seifface
receptors exist with high (AA,a, As) and low affinity (Ag)
for the purine nucleoside. Originally, the receptarvere
classified based on their affinities for adenosinalogues and
methylxanthine antagonists [24]. Adenosine receptan also
be differentiated according to their preferred natdm of
signal transduction: Aand A receptors interact with pertussis
toxin-sensitive G-proteins of the ; Gfamily, while the
canonical signalling mechanism of the,Aand of the Ag
receptors is stimulation of adenylyl cyclage Gs (Fig. 3)
[25].

Activation of A; receptors by adenosine leads to activation
of the G family, which leads directly to the stabilizatiohthe
neuronal membrane potential by increasing, irtiqdar, the
conductance of Kions (efflux from inside to outside the cell),
thereby counteracting excessive membranpoldesation
[26]. Aog and A receptors can activate phospholipase C and
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this is thought to be mediated kctivation of G
Diacylglycerol (DAG) and inositol (1,4,5)-trisphdsgte (IP3)
are implicated in the regulation of protein kinaSe(PKC)
activity and the intracellular concentration of “Caons,
respectively [27]. In the brain, by the inhibitiai neuronal
C&* influx (through inhibition of adenylyl cyclase)denosine
counteracts the presynaptic release of the potigntia
excitotoxic neurotransmitters glutamate and aspgrtahich
can impair intracellular G4 homeostasis through
metabotropic glutamate receptors or the inductioh o
membrane depolarization through ion
glutamate receptors [28,29]. Other G-proteins ctso de
activated following adenosine receptor activatioerethough
the physiological significance of this is unknown.

Adenosine Receptors Structure

ARs display the topology typical of GPCRs. These
receptors have in common a central core domainewérs
transmembrane helices, with each TM composed 02%0-
amino acids, connected by three intracellular (IL22 and
IL3) and three extracellular (EL1, EL2 and EL3) pso Two
cysteine residues (one in TM3/EL1 interface and ionEL2)
which are conserved in most GPCRs, form a disulidad
which is crucial for the folding and for the stéhiltion of a
limited number of conformations of these seven TMg. 4)
[17,30].

Adenosine receptors differ in the length and fiomctof
their N-terminal extracellular domain, their C-ténal
intracellular domain and their intracellular loopgsach of
these domains provides very specific propertiestiese
receptor proteins. Particularly, consensus sitesNdinked
glycosylation exist on the extracellular regions ARSs,
although the precise location of the sites for tpigst-
translational modification varies among the AR gpbt. The
carboxyl-terminal tails of the A A,g, and A, but not the A,
possess a conserved cysteine residue that mayvelitagerve
as a site for receptor palmitoylation and permé tbrmation
of a fourth intracellular loop. However, site-dited
mutagenesis of this residue has not been perforfioredny
AR subtype, and no role for putative AR palmitoidat has
been described.

The A, Ajs, and A receptors are very similar in regard to
the number of amino acids composing their primsiucture,

channel-linked

Fig. 4. Schematic view of adenosing Peceptor structure.

and overall, these AR subtypes are among the sshalle
members of the GPCR family. For example, the human
homologues of A Az, and A consist of 326, 328, and 318
amino acid residues, respectively. On the contittug,human
A,n is composed of 409 amino acids. All cloned species
homologues of the A are of similar mass, and this relatively
large size is manifested in the carboxyl-termiral of the
receptor, which is much longer than that of theeotAR
subtypes. It should be noted that the size of A&tBided from
their primary amino acid structure frequently ig nonsistent
with the mass estimated by polyacrylamide gel edpttoresis

of the expressed proteins. This is probably du¢h& post-
translational glycosylation of ARs which may vary & cell
type-dependent fashion. The human and A receptors
display about 49% overall sequence identity ataimno acid
level, while the human A and human A receptors are 45%
identical (see Table 1).

Adenosine Receptors as Therapeutic Targets

Research on adenosine receptors during the page&8
has resulted in considerable progress in identifygelective
agonists and antagonists and an increased unddirgjeof the
particular roles adenosine receptor subtypes play
physiological processes [31].

Indeed, several protective effects of adenosine leen
widely reported: a) adenosine has protectaféects in the
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ischemic and reperfused myocardium by minimizing th several such compounds are undergoing clinicaktf@ the

workload of the heart and its oxygen demand duisogemia

treatment of cardiovascular diseases &Ad A,) [31,39-41],

(through adenosine ;Aeceptor pathways [32]) and by causing pain (A), wound healing (4.), diabetic foot ulcers (4),

coronary vasodilatation and increasing myocardiaygen
supply through the activation of adenosing, Aeceptors on
vascular smooth muscle and endothelial cells; leesitht,
adenosine inhibits platelet aggregation, protecéindothelial
cell, integrity and limiting the vascular injury) B\denosine
exhibits protecting effects against cerebral isdherit has
been reported that stimulation of adenosing r&ceptor
decreases the mortality associated with focal obal brain
ischemia. Additionally, by acting through adenosifg,
receptor pathways, adenosine ameliorates postische
cerebral blood flow and decreases post-ischemi@bcak
damage. c) Adenosine has been reported to be biahéfi
organ transplantation, acting by mechanisms sintdathose
for its action against ischemia and reperfusiorurinj d)
Adenosine is an endogenous neuroprotective agenit
exhibits anticonvulsant effects. The anticonvulseffiécts of
adenosine appear to be mediated primarily by ademos;
receptors [33]. €) Adenosine inhibits platelet aggtion and
attenuates tissue factor expression on endotlualils induced
by various stimuli, acting mainly through adenosiAg,
receptor pathways. For this reason, the inhibiteffiects of
adenosine on platelet and endothelial cell actvatare
thought to be beneficial for the treatment of thbmsis. f)
Adenosine exerts multiple effects on pain transioisboth at
spinal and peripheral sites. In the spinal cordenadine
provides pain relief through adenosine #eceptor pathways
in acute nociceptive, inflammatory, and neuropaffamn tests
[34]. g) Adenosine is released at sites of inflartiomaand acts
as an endogenous anti-inflammatory agent, and atendy,
receptor pathways seem to have an important rotearanti-
inflammatory effects of adenosine. h) In asthmatditions,
the extracellular concentration of adenosine irs@san the
airway tissue. It inhibits eosinophil or lymphocyhenction
and modulates reactive oxygen species generation
neutrophils; anyway, many aspects of this mechasem still
unclear [35-37].

This knowledge has continued to stimulate consioler
interest in pursuing adenosine receptors as thetiapargets.
For example, a number of selective agonists fQraa, Azg,

colorectal cancer ($ [42] and rheumatoid arthritis A In
general, adenosine receptor agonists are derigaibfethe
physiological agonist adenosine.

The development of adenosine receptor agonistbbeas
limited by an essential requirement for retentiérih@ ribose
moiety for agonist activity. Despite this restnigtj significant
progress has been made in the identification o&mtoaind
selective adenosine receptor agonists. On the didued, the
clinical evaluation of some ;Aand A, adenosine receptor
agonists has been discontinued, and the major gabl
comprise: side effects due to the wide distributioh
adenosine receptors; low brain penetration, wrsdmportant
for the targeting of CNS diseases; short half-lives
compounds; lack of effects, in some cases perhapstd

ameceptor desensitisation or to low receptor dengitythe

targeted tissue [43,44].

Partial agonists, inhibitors of adenosine metaoli
(adenosine kinase and deaminase inhibitors) orstelic
activators of adenosine receptors may be advantagéar
certain indications, as they may exhibit fewer siffects [45].
Adenosine itself is used as a therapeutic agent tier
treatment of supraventricular paroxysmal tachyeardind
arrhythmias and, as a vasodilatatory agent, ini@aridhaging
[46,47]. Two adenosine products, Adenocard® and
Adenoscan®, have been approved by FDA and arertlyre
available for cardiac arrhythmias treatment and dardiac
imaging, respectively [48,49].

Recent focus has been on the -cardioprotective and
neuroprotective effects associated with AR actoratiluring
periods of cardiac and cerebral ischemia, respagtiOn the
other hand, it has been recently proposed thagantsts of
distinct AR subtypes may be used in the treatmémtedain
neurological diseases such as Parkinson's dis€aS2]5
in
MOLECULAR MODELING SUPPORT
ADENOSINE RECEPTORS TARGETING

IN

The 3D-structure Problem
The evolution of the field of computer-aideésign of

and A [38] adenosine receptors have been developed, anigands (both agonists and antagonists) for GPGRduding
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adenosine receptors, has depended on the avayabii
suitable molecular receptor templates. In fact, wukechnical
difficulties, which complicate experimental X-rayffchction
and NMR structure determination of GPCRs, the 3Dcstre
of most GPCRs is still unknown [1,9]. In fact, wehit is quite
simple to deduce the amino acid sequence of aipréiiem
the DNA sequence of the gene encoding it, detengiithe
three-dimensional molecular structure of proteias proven
to be more complex, especially for membrane pretéirat
represent about half of all currently exploitedgltargets. The
usual time needed to solve an eukaryotic protaigetafrom
clone to three-dimensional structure has been onéhree
years for soluble proteins and even longer, withigier risk
of failure, for membrane proteins.

Indeed, atomic resolution crystal structures ofulsie
proteins have been reported in a rapidly increasinmber
over the last decade, while such improvement hdsbaen

made in terms of membrane proteins, which have grov

extremely difficult to crystallize for two main faws: the
amphipathic nature of their surface, with a hydaigb area in
contact with membrane phospholipids and polar sertreas
in contact with the aqueous phases on both sideshef
membrane; the very low concentrations in tissuesthef
majority of medically relevant membrane proteins.

Early structural data of G-protein-coupled receptoame
from low-resolution projection maps from cryo-elect

microscopy experiments. In a paper published in5197

Henderson and Unwin demonstrated thatteriorhodopsina
protein fromhalobacterium halobiumhat works as a light-
driven proton pump, has seven membrane spanningidem

that were interpreted as-helices [53]. The idea of a seven

transmembranea-helical (TMH) architecture of GPCRs,
initially based on bacteriorhodopsin which does ramt
through a G-protein, was well established and hiaglady
been proposed in lots of scientific papers sugagsGPCR
models, when strong support for the 7 TMH architeetof
GPCRs came from Henderson’s group in 1993.

An electron projection map ofvisual rhodopsin a
chromoprotein in the retina that actda a G-protein,
transducin, showed seven membrane spanning dortizans

cryomicroscopic studies of rhodopsin that indicatdd
existence of seven transmembrane segments and ayave
indication of the relative disposition of these TH&5]. The
final proof of the 7 TMH architecture of rhodopsiame when
an atomic-resolution crystal structure of bovinedtpsin was
published a few years later [56].

Adenosine Receptors Structure-based Drug Design
Molecular modeling provides a useful methodololgica
alternative to experimental structure determinatiespecially
for membrane proteins. Homology modeling of a prote
structure is based on three factors: a three-diibeals
structuraltemplate an amino acid sequenatignmentof the
modelled molecule with the template molecule (arnbeio
related molecules), and particularly adapted coeput

software The accuracy and consistency of the protein model

depends on the accuracy of the structural data ls&eypand
the similarity of the modelled structure with theeoor those
used as a template for the initial protein modelmpared to
modeling of drug targets, which usually are macriecuaes
and in most cases proteins with several hundres@itids,
modeling of drug molecules is relatively straigintfard. The
challenge in modeling of drug-receptor interactidies in
modeling of the target molecule, and in the doclahdigand
molecules into postulated binding sites.

An early model of the TM segments of an adenogige
receptor (cloned from rat) was proposed by van G#§].
This model was based on the primary sequence anctstal
homology with bacteriorhodopsin, in analogy to thethod
proposed by Hibert [58]. A putative ligand bindiregion was
proposed and explored by docking several antagoimitd the
TM domain model. In particular, this model suggdstkat
TM3, TM6 and TM7 might be involved in ligand bingdin
However, as reported above, bacteriorhodopsin laahkg
functional or sequence homology with GPCRs. Thegioai
model of van Galen was improved in the descriptan
ligand/receptor interactions by introduction ofiagle way to
simulate the reorganization of the native recepsioucture
induced by ligand coordinatiorerpss-dockingmethodology)
[59,60]. This method gives good results in predigtiocal

appeared to ba-helices, arranged in a slightly different way structural changes induced by ligand in the reaepioding

respect those in bacteriorhodopsin [54]. Neywpositions
about the structure of these receptorcame from

site. The presence of both agonist and antagoritkinthe
receptor canproduce a simultaneous adpmt in the

181



GPCRs as Therapeutic Targets

Table 1.Sequence Alignment of Human Adenosing &pa, Azg,and A Receptors.
The RespgrtRegions Containing Transmembrane (TM) Sedmdiave
been Alignevith ClustalW (http://www.ebi.ac.uk/clustalw].he Residues
Color Scheeim According to ClustalW: Color Red CorresporadSimall and
HydrophobResidues (AVFPMILW); Color Blue is for AciiResidues
(DE); oo Magenta is for Basic Residues (REhd Color Green

182

Correspotamishe Remaining Residues (STYHCNGQ)

T™M1
AA;R_HUMAN AAYIGIEVLIALV SVPGNVLVIWAYV K 35
AA R_HUMAN SVYITVELAIAVLAIL GNVLV CWAVW 32
AAzR_HUMAN ALYVAL ELVIAAL SVAGNVLV CAAV G 33
AA;R_HUMAN VTYITMEIFIGLCAIV GNVLVI CVVK 38
T™M2
AA;R_HUMAN DATFCFIVSLAVA DVAV GALVIPLAI 67
AA;AR_HUMAN NVTNYFVVSLAAA DIAV GVLAIPFAI 64
AAzR_HUMAN TPTNYFLVSLAAA DVAV GLFAIPFAI 65
AA;R_HUMAN TTTFYFIVSLALA DIAV GVLVMPLAI 70
TM3
AA;R_HUMAN LMVA CPVLILTQSSLALLAIAV DRY 106
AA;AR_HUMAN LFIACFVLVLTQSSFSLLAIAI DRY 103
AAzR_HUMAN LFLACFVLVLTQSSFSLLAVAV DRY 104
AA;R_HUMAN LFMTCLLLIF THASIM SLLAIAV DRY 109
T™M4
AA;R_HUMAN RRAAVAIA GCWILSFVVGLTPMFGWN 147
AA R_HUMAN TRAKGIIAI CWVLSFAIGLTPMLGWN 144
AAzR_HUMAN TRARGVIAVLWVLAF GIGLTPFLGWN 145
AA;R_HUMAN RRIWLAL GLCWLV SFLVGLTPMFGWN 150
TMS
AA;R_HUMAN YMVYFNFFVWVLPPLLLMVLI YLEVF 204
AA;AR_HUMAN YMVYFNFFACVLVPLLLML GVYLRIF 201
AAzR_HUMAN YMVYFNFFGCVLPPLLIMLVI YIKIF 206
AA3;R_HUMAN YMVYFSFLTWIFIPLVVM CAIYLDIF 201
TM6
AA;R_HUMAN IAKSLALILFLFAL SWLPLHILNCIT 257
AA;AR_HUMAN AAKSLAIIV GLFALCWLPLHIINCFT 256
AAzR_HUMAN AAKSLAMIV GIFALCWLPVHAVNCVT 257
AA;R_HUMAN TAKSLFLVLFLFAL SWLPLSIINCII 253
T™M7
AA;R_HUMAN ILTYIAIFL THGNSAMNPIVYAFRIQ 293
AA R_HUMAN WLMY LAIVL SHTNSVVNPFIYAYRIR 293
AAzR_HUMAN WAMNMAILL SHANSVV NPIVYAYRNR 295
AA;R_HUMAN LVLYMGILL SHANSMMNPIVYAYKIK 287
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Fig. 5. Crystal structure of bovine Rhodopsin (pdb code:
1L9H). Disulfide bond and Retinal ar@wsin.

orientation of TM3, TM5, TM6, and TM7 [60].

The rhodopsin crystal structure represented skbreaugh
both in that it demonstrated beyond any doubt th&MH
structure of a G-protein-coupled receptor, assursexeral
years earlier, and in providing a much more aceuramnplate
for molecular modeling of adenosine receptors thhea
previous projection maps (Fig. 5). Since 2000, otB®
structures of bovine rhodopsin have been solvesutitr both
X-ray diffraction (pdb 1HZX, 1L9H, and 1U19) and N
structure determination (pdb 1JFP, 1LN6), and atpfesent
the rhodopsin crystal structures are the generalbed
templates for building of ARSs structures thghthomology
modeling techniques [61-63].

As first, multiple-sequence alignments afelected G-

protein-coupled receptors are used to collect dabaut
patterns or motifs present in these sequencesariicplar in
the TM regions. The aim is to identify the sametgrat into
AR sequences and correctly align them to rhodopsystal
structure. A guide for the alignment is the preseot some
key highly conserved amino acid residues, includmgDRY
motif (in TM3) and three Pro residues (in TM4, &laf) in the
TM segments of GPCRs. Once aligned the sequenbes, t
same boundaries are applied for the TM helicehefAR as
are identified from the X-ray crystal structure fdhe
corresponding sequences of bovine rhodopsin, the C
coordinates are used to build the seven TM helfoeghe
human A receptor. Special caution is needed for the second
extracellular (E2) loop, which is described in bwvi
rhodopsin to fold back over transmembrane heliGas],
therefore, it limits the size of the active siteertde, amino
acids of this loop could be involved in direct iatetions with
the ligands. The presence of a disulfide bridgeveeh two
cysteine residues in TM3 and E2 may be the driorge to
this peculiar fold of the E2 loop [64].

However, a structure-based approach to adenosine
receptors drug discovery in the absence, but majdmein the
presence, of the real structures requires a mstilinary
approach, where molecular models represent a staldiasis
to powerfully integrate experimental data derivexbnf
molecular biological, biophysical, bioinformaticsand
pharmacological methods [13,15]. Indeed, the idieation of
discrete ARs regions, or even single amino acidg Hre
critical for ligand recognition and are responsibfer
discriminating between agonist and antagonist ligarhas
been an area of extensive study. In addition to aaich
understanding of receptor activation, it has begped that a
delineation of ligand-receptor interaction at a ecolar level
may provide the basis for rational drug design.nBbivs and
extracellular regions of ARs have been implicateglaying a
role in the formation of the ligand-binding pockesite
directed mutagenesis studies in parallel with déffe
molecular modeling approaches have been recendy as
powerful strategy to design potent and selectives Agands,
and the mutagenesis data are summarized in Tabldnese
data can be very helpful, and indeed recently Jsmoland
collaborators created a “neoceptor” and severastitotively
active mutant human xfadenosine receptors by site-directed
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Table 2. Amino Acids of ARs Implicated in Ligand Recognitiamteraction

A1
E16A Agonist f'zlf'finit.y -reduced 4- to 40-fold with littiehange in [65]
antagonist affinity
D55A Increase in agonist affinity; no change inagianist affinity. [65]
P86F Substantial reduction of Ag binding [66]
L88A Substantial reduction of Ag binding [66]
T91A Substantial reduction of Ag binding [66]
Q92A Substantial reduction of Ag binding [66]
SO4A Loss Qf ggoni§t or antagonist binding. Binding oestl by [65]
substitution with threonine
C169A/S No detectable radioligand binding [66]
T277A Strong decrease in affinity_o_f NECA. Substitutioithaserine [67]
notably restored NECA affinity.
Aoa
. . - o [68,
E13Q Decrease in agonist affinity, antagonist lrigdilmost not affected. 69]
V84A/D Loss of agonists and antagonists radiolighimdling [66]
T8BA Decrease in agonist, but not antagonist, i&ffin [70]
E151A !_oss of-agonist and antagonist radioligand bindstigyng decrease [71]
in agonist potency.
E169A Loss of agonists and antagonists binding [66]
Loss of agonist and antagonist radioligand bindiegjacement
F182A , : . ) [72]
with tryptophan considerably restored binding galids
Loss of agonist and antagonist radioligand binding agonist
H250A activity; substitution with phenylalanine signifitdy restored [72]
binding
N253A Loss of agonist and antagonist radioligandiinig [72]
F257A Loss of agonist and antagonist radioligamalinig [66]
1274A C.on.siderable- decrea}se in agonist and antagonistiggohd [72]
binding, and in agonist potency
SOTTA Substantial de.creaTse.in agonist affinity; substitutvith threonine [72]
restored agonist binding
H2T8A Substar_nial loss of agonist and antagonist radialigbinding, and [72]
of agonist potency
H278Y Decrease in agonist affinity, antagonist bigdalmost not affected. [68]
S281A Los_s_ of agonist and antagonist radioligand bindargl of agonist [72]
activity
AZB
A12T Not affected agonists binding [73]
N273Y Slightly increased affinity for agonists [73]
As
C88F Strongly reduced activity of agonist [74]
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H95A Considerable decrease in both agonist andjanist affinity [75]
R108A/K Enhanced potency of agonist [74]
Y109F Strongly reduced activity of agonist [74]
D107K/R108K/E

Complete loss of agonist activity [74]
K152A Agonist binding not affected but rather dexsed antagonist affinity [75]
A229E Enhanced potency of agonist [74]
W243A/F Agonist binding not affected but rather @ased antagonist affinity [75]
N250A Loss of agonist and antagonist radioliganutlivig [75]
H272E Decrease in both agonist and antagonistitgffin [76]
Y282F Strongly reduced activity of agonist [74]

mutagenesis [76,77], which provided new insighto ithe
molecular recognition in the fxeceptor.

In order to provide additional insights into lighAA; AR
interactions, site-directed mutagenesis was usestudy the
role of a number of residues in the TM domains anthe
second extracellular loop (EL2) [75]. Several rassl of this
receptor within TM domains 3 and 6 and the EL2,clitiave
been predicted by previous molecular modeling tinkelved
in the ligand recognition, were mutated. The N25®atant
receptor lost the ability to bind both radiolabebgbnist and
antagonist [75]. The H95A mutation considerablyuezt the
affinity of both agonists and antagonists. In castr the
K152A (EL2), W243A and W243F (TM6) mutations didtno
significantly change the agonist binding but desesh
antagonist affinity, suggesting that these residuese critical
for the high affinity of A AR antagonists [75]. Although not
important for agonist binding, Trp243 was critiéad receptor
activation. The results were successfully integuetising a
rhodopsin based model of ligand-Aeceptor interactions [78].

Some attempts to set up a high-throughput toolniadel
GPCRs have been recently
“GPCRmod”, firstly proposes a reliable alignment ftie
seven
recognition for each of the 7TMs tlaae considered
independently. It then converts the alignment iktmwledge-

transmembrane domains based on pattern/motéceptor

based three-dimensional (3-D) models starting feoset of 3-
D backbone templates and two separate rotamerriéisréor
side chain positioning [79]. Another software, “HRET",

tries to model the 3D structure of GPCRs witholying on
homology to rhodopsin. This algorithm starts frdma primary
sequence of the receptor, simultaneously optimizingtiple
conformations of the protein in order to find itosh stable
structure, culminating in a virtual receptor-ligawomplex
[80].

Combined Target-based and Ligand-based Drug
Design Strategy

In a recent work, Moro proposes a combined tabgsed
and ligand-based drug design approach
pharmacophore model of the humap receptor antagonists
[81]. This strategy is composed by two differerdpst in a
first phase a high throughput molecular dockingdgtus
carried out, and information about the putativedbig site
and the binding conformations of some Ahibitors are
collected. Secondly, docking based structure sopprsition

reported. One of thesés used to perform a quantitative study of thecttme activity

relationships for binding of these inhibitors toeadsine A
using a comparative molecular field analys
(CoMFA). The results are combined to assemble ataeget
based pharmacophore model. This method seemsd@gind
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results, as the predicted Ki values of newiibitors were in
agreement with the experimental values.

(4]
[5]
CONCLUDING REMARKS [6]
G-protein-coupled receptors (GPCRs) compose a bify]
family of sensory proteins that mediate a wide etgriof
physiological processes by responding to differexternal  [8]

stimuli such as hormones, paracrines (local hormigne [9]
neurotransmitters, neuromodulators, odours, art. lihese

transmembrane receptors transduce the externallsigrostly  [10]
(but not only) by interacting with regulatory G-pems. The

superfamily of GPCRs comprises receptors for manyll]
substances with important physiological functiofR®r this [12]

reason their dysfunction leads to human diseasekjrafact
many GPCRs are targets for pharmaceuticals andsdofig [13]
abuse. The purine nucleoside adenosine is a medgikging
an important role in modulating many pathophysiaiab
conditions in the CNS as well as in peripheral aggand
tissues. Four adenosine receptor subtypes haveiteetified
by molecular cloning; they belong to the family GPCRs,
and represent a promising drug target. This istduie fact
that the receptors are expressed in a large vasfatglls, and
there is a large number of ligands, which have lggsrerated
by introducing several modifications in the struetwof the
lead compound adenosine some of them highly specifi
Currently, adenosine receptors drug discoverjocused
on the development of more selective and/or patasiecules
that act at the orthosteric siteée( the binding site of the
endogenous agonist) of the receptor. Knowledgenaapping
of the structural determinants for optimal receftmiction are
essential for understanding the molecular basisligdnd

(14]

(15]

(16]

(17]

(18]

action and receptor function in normal and abnorma[l19]
conditions.  Moreover, deciphering  structure-funetio
relationships in adenosine receptors will promamguter- [20]
aided drug discovery by elucidating the binding mdd) of
known ligands in their receptor binding sites. [21]
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