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a b s t r a c t

Adenosine A3 receptor (A3AR) is involved in a variety of key physio-pathological processes and its ago-
nists are potential therapeutic agents for the treatment of rheumatoid arthritis, dry eye disorders,
asthma, as anti-inflammatory agents, and in cancer therapy. Recently reported MECA (50-N-methylcarb-
oxamidoadenosine) derivatives bearing a methyl group in N6-position and an arylethynyl substituent in
2-position demonstrated to possess sub-nanomolar affinity and remarkable selectivity for the human
A3AR, behaving as full agonists of this receptor. In this study, we made an attempt to get a rationalization
of the high affinities and selectivities of these molecules for the human A3AR, by using adenosine receptor
(AR) structural models based on the A2AAR crystal structure and molecular docking analysis. Post-docking
analysis allowed to evaluate the ability of modeling tools in predicting AA3R affinity and in providing
interpretation of compound substituents effect on the A3AR affinity and selectivity.

� 2010 Elsevier Ltd. All rights reserved.
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Figure 1. Chemical structure of Ado and atoms numbering.
1. Introduction

Adenosine (Ado, Fig. 1) modulates a variety of physiological and
patho-physiological processes through the activation of at least
four G protein-coupled receptors (P1), which have been cloned1

and classified2 as adenosine A1, A2A, A2B, and A3 receptors (A1AR,
A2AAR, A2BAR, and A3AR, respectively) on the bases of their respec-
tive coupling to second messengers, tissue distribution, and unique
pharmacological profiles.2,3 A3AR is expressed in a broad range of
tissues and its activation leads to inhibition of adenylyl cyclase,
raise of intracellular Ca2+ concentration, and activation of phospho-
inositide 3-kinase.4 It is involved in a variety of key physiological
processes such as release of inflammatory mediators and inhibition
of tumor necrosis factor-a production.5–7 Activation of this recep-
tor is suggested to take part in immunosuppression8 and in the
protection from brain and heart ischemia.9–12 Recent studies sug-
gest that A3AR agonists could be employed as therapeutic agents
for the treatment of rheumatoid arthritis,13,14 dry eye disorders,15

asthma,16 as anti-inflammatory agents, and in cancer therapy as
cytostatic and chemoprotective compounds.17–19 Hence, the design
and synthesis of potent and selective A3AR agonists could help to
provide tools for further characterization of the physio-pathologi-
cal roles of this receptor and for the development of new drugs.
ll rights reserved.
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Previous works tested the ability of Ado derivatives to bind and
activate the human A3AR, in particular after introduction of (ar)alky-
nyl chains in 2-position (i.e., 2-phenylethynylAdo or PEAdo) or a
methoxy group in N6-position of Ado. Further studies evaluated ana-
log modifications applied to 50-N-methylcarboxamidoAdo (MECA)
derivatives. The results showed that both 2- or N6-substituted deriv-
atives have higher affinity and in some cases some selectivity for the
human A3AR than the unmodified nucleosides.20–23 Functional stud-
ies reported in the same works also proved the A3AR agonist profile
of these compounds. The observation that the introduction of a
methyl group in N6-position of 2-phenylethynylAdo favors the inter-
action with the human A3AR and the selectivity versus the other AR
subtypes24 led our group to synthesize and evaluate MECA deriva-
tives bearing (ar)alkynyl chains in 2-position and a methyl group
in N6-position. These compounds proved to possess sub-nanomolar
A3AR affinity and a remarkable selectivity for this AR subtype, result-
ing to be among the most potent and selective A3AR ligands reported
so far.25
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mailto:gloria.cristalli@unicam.it
mailto:cristall@camserv.unicam.it               
http://dx.doi.org/10.1016/j.bmc.2010.09.038
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc


7924 D. Dal Ben et al. / Bioorg. Med. Chem. 18 (2010) 7923–7930
We decided to analyze the particular pharmacological behavior
of these molecules by using molecular modeling approaches. In
particular, we made an attempt to get a rationalization of the high
affinities and selectivities of the presented molecules for the hu-
man A3AR, by using the recently solved human A2AAR crystal struc-
ture26 as template for homology modeling studies and by carrying
out docking experiments at the A1, A2A, and A3 ARs binding sites.
A2BAR was not considered in this study as the compounds resulted
totally inactive at this AR subtype (Ki values >30 lM).

The compounds selected for this analysis were the above
cited 2-(ar)alkynyl-N6-methyl-MECA derivatives and the analog
N6-methoxy substituted compounds. We also considered PEAdo
and its N6-methyl, N6-methoxy, and 40-methylcarboxamido
(PEMECA) substituted analogs to evaluate the role of the different
substituents of Ado moiety. The list of analyzed compounds is
reported in Table 1.

2. Results and discussion

2.1. Homology modeling and binding site refinement

To rebuild the structural models of human A1 and A3 ARs we
employed the recently reported crystal structure of human A2AAR
as 3D template. Considering this structure, experimental evidence
suggests that engineering (aimed at increasing the protein stability
for the crystallization) may have moved the receptor conformation
toward the activated state. This data is indicated by a significantly
increased agonist affinity as compared to the wild-type receptor
while the antagonist Ki values are at wild-type A2AAR level.26,27

This is an interesting data indicating the A2AAR crystal structure
as suitable for modeling studies aimed at simulating receptor-ago-
nist binding interaction. In this sense, a proof is the docking study
reported by Ivanov et al.28 in which the natural agonist Ado was
docked into the A2AAR crystal structure binding site with no need
to significantly alter the residues side chain orientation. The com-
parative analysis of Ado agonist and ZM241385 antagonist binding
mode reported in this work described the agonist adenine ring and
the antagonist aromatic system as accommodated in the same
region within the putative binding site of the receptor, with the
role of agonist ribose moiety in providing additional interaction
features in the depth of the binding cavity.
Table 1
Analyzed compounds with corresponding binding affinity data (Ki, nM values) at
human A1AR, A2AAR, and A3AR as reported in literature
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Compd Ar Ki A1AR Ki A2AAR Ki A3AR

1 (PEAdo)20 Ph 391 363 16
223 Ph 1210 4290 3.8
324 Ph 1690 8530 3.4
4 (PEMECA)24 Ph 3920 1760 7.3
523 Ph 9140 16,300 1.9
623 p-CH3–CO–Ph 53,800 10,400 2.5
723 p-F–Ph 3000 18,700 1.9
823 2-Py 3990 18,000 1.1
925 Ph 32,800 41,700 0.44
1025 p-CH3–CO–Ph 10,200 7030 0.33
1125 p-F–Ph 5310 12,700 0.43
1225 2-Py 8740 24,300 0.4
A second important feature of A2AAR crystal structure is that it
allows to improve the accuracy of AR homology models, due to the
high residue conservation in the primary sequences of the AR sub-
types, which share a sequence identity of �57% within the trans-
membrane (TM) domains.29 The conservation is higher between
A2AAR and A2BAR, which share a sequence identity of �70%. Con-
sidering overall sequence identity at the amino acid level, the hu-
man A2AAR shares �49% amino acid sequence identity with human
A1AR,�58% with human A2BAR subtype, and�41% with the human
A3AR. The residues located within the seven TM domains in the
upper part of ARs are highly conserved, with an average identity
of 71%.30 As these residues are involved in interaction with ligand,
sequence analysis suggests a common mechanism for ligand recog-
nition for the four subtypes. Despite the high conservation of these
regions, specific variable amino acids give unique pharmacological
features to the various subtypes and are at the base of different
affinities of ligands towards the ARs. A sequence alignment of hu-
man ARs is presented in Figure 2.

Our AR modeling approach started from a preliminary manual
docking analysis of Ado within the A2AAR crystal structure binding
site followed by energy minimization.

The localization and orientation of the co-crystallized A2AAR
antagonist ZM241385 helped in establishing the binding pocket
for the preliminary Ado docking analysis. Co-crystallized water
molecules were removed before manual docking analysis. Ado
binding mode resulted comparable with the one reported by
Ivanov et al. (see above) and it is showed in Figure 3. The A2A

AR–Ado complex was then used as template to homology build
models of human A1 and A3 ARs. Each AR model in complex with
Ado was then refined with energy minimization and subjected to
Monte Carlo analysis to explore the favorable binding conforma-
tions. The input structure consisted of the ligand and a shell of
receptor amino acids within 6 Å distance from the ligand. A second
external shell of all the residues within a distance of 8 Å from the
first shell was kept fixed. During the Monte Carlo conformational
searching, the input structure was modified by random changes
in torsion angles (for all input structure residues), and molecular
position (for the ligand). Hence, the ligand was left free to be con-
tinuously re-oriented and re-positioned within the binding site
and the conformation of both ligand and internal shell residues
could be explored and reciprocally relaxed. Best receptor–Ado
complex for each subtype was energy minimized and saved. After
removal of Ado ligand, the final receptor structures were then used
for docking analysis of the analyzed compounds.

2.2. Molecular docking analysis

All ligand structures were optimized using RHF/AM1 semiem-
pirical calculations and the software package MOPAC implemented
in MOE was utilized for these calculations.31 The compounds were
then docked into the binding site of the three AR models by using
the MOE Dock tool. Poses generated by the placement methodol-
ogy were scored using two available methods implemented in
MOE, the London dG scoring function which estimates the free en-
ergy of binding of the ligand from a given pose, and Affinity dG
Scoring which estimates the enthalpic contribution to the free en-
ergy of binding. Top docking pose of each compound was then sub-
jected to MMFF9432–38 energy minimization. Receptor residues
within 6 Å distance from the ligand were left free to move, while
the remaining receptor co-ordinates were kept fixed.

The docking conformations share a common motif, presenting
the Ado/MECA derivatives located in the binding site with an anti
conformation (six member ring of adenine and 40-function of ribose
being oppositely oriented). This conformation is in accordance with
previously reported studies indicating the inability of Ado analogs
restricted to the syn conformation to activate ARs.39–41 Adenine



Figure 2. Sequence alignment of the four human AR subtypes. Transmembrane (TM), intracellular loop (IL), extracellular loop (EL), and C-terminal (C-TERM) domains are
indicated; *Symbols indicate sequence identity in all the four subtypes; C letters indicate cysteine residues involved in disulfide bridges as observed in A2AAR crystal structure
and cysteine residues in the other ARs when conserved in all the four subtypes; 1 numbers indicate the cysteine pairs involved in the four disulfide bridges as observed in
A2AAR crystal structure. R letters indicate non-conserved residues in ligand proximity.
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scaffold is positioned between TM3, TM6, and TM7, with the 8- and
9-positions pointing towards the core of the receptor. The
2- and N6-substituents are externally located (Fig. 4). The adenine
plane is placed in rough correspondence with the ZM241385 antag-
onist one, with a p-stacking interaction with the conserved Phenyl-
alanine residue (Phe171 in A1AR, Phe 168 in A2A, and A3 ARs). The
phenylethynyl group in 2-position is located between TM2 and
TM7, with the phenyl ring position not corresponding to the one
occupied by the analog group of ZM241385 compound. The role
played by 2-substituents in interaction with AR is not totally clear.
As previously reported, while the presence of a alkylalkynyl group
in 2-position provides high affinity for A1, A2A, and A3 ARs, the intro-
duction of an arylalkynyl group demonstrates to increase A3AR affin-
ity and selectivity.24 Our modeling studies did not highlight
significant interactions between the 2-arylalkynyl substituents
and the receptor residues. On the other hand, affinity data show that
the presence of substituents on this side group does not significantly
modify the Ki value, suggesting a possible different explanation than
a simple hydrophilic or hydrophobic ligand-target contact. Consid-
ering the AR structural features around the agonist 2-substituent,
it can be noted that A3AR contains a smaller EL2 segment respect
to A1AR and in particular A2AAR. The smaller size of this loop in
A3AR could possibly make larger the binding region of this subtype,
allowing the presence of ligands with either flexible or rigid chains in
2-position. On the contrary, in the case of A1 and A2A ARs the steric
hindrance of EL2 could permit the presence of only flexible chains
in position 2. This data could explain the effect of 2-arylalkynyl sub-
stituent insertion on the ARs affinity, but it obviously needs further
investigation.

The compounds ribose moiety is located in depth into the trans-
membrane helices bundle, in a region between TM2, TM3, TM6, and
TM7 in close proximity to a conserved Tryptophan (Trp247 in A1AR,
Trp246 in A2AAR, and Trp243 in A3AR) sidechain. The role of this res-
idue has been analyzed in several published studies,42,43 which pro-
posed its conformational change as one of the possible steps of
receptor activation. In our study, the sidechain of the conserved
Tryptophan did not considerably change its orientation during
Monte Carlo analysis with Ado ligand. The conformational change
of this residue (with a reorientation towards the external of the
receptor) was more significant during docking poses minimization
of MECA derivatives, possibly due to the greater hindrance of substi-
tuted 50 group. The ribose ring presents a North-conformation, with
the hydroxy group in 30-position giving H-bond interaction with
A1AR His278, A2AAR Ser277 and His278, and A3AR Ser271 and
His272 sidechains (Figs. 4 and 5). The 40-methylcarboxamido substi-
tuent of MECA derivatives is located between TM3 and TM6, giving
H-bond interaction with A1AR Thr91, A2AAR Thr88 and Ser277, and
A3AR Thr94 and Ser271. In the case of Ado derivatives, 40-position
is taken by an hydroxymethyl group able to give H-bond interaction
only with A1AR Thr91, A2AAR Thr88, and A3AR Thr94.



Figure 3. Superimposition and comparison of Ado binding mode respect to
ZM241385 interaction with A2AAR crystal structure. Main residues providing
hydrophilic and hydrophobic interaction with ligands are displayed. EL2-TM5
ribbon representation is partially hidden.

Figure 4. Docking pose of compound 9 within A1AR (A), A2AAR (B), and A3AR (C)
binding sites. Residues within 4.5 Å distance from ligand are displayed. EL2-TM5
ribbon representation is partially hidden.
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The N6-amino group and the N-7 atom interact through H-bond-
ing with the conserved Asparagine residue (Asn254 in AA1R, Asn253
in AA2AR, and Asn250 in AA3R), analogously to ZM241385. The
N6-methyl substituent is located in a sub-pocket that presents differ-
ent chemical–physical properties in the three analyzed receptor
subtypes (Fig. 4). In particular, in the case of A3AR this sub-pocket
is built by Val169, Ile253, Val259, and Leu264. The corresponding re-
gions in the other subtypes present marked hydrophilic properties,
as the A3AR Val169 is substituted in the other subtypes by a Gluta-
mate residue, A3AR Ile253 by a Threonine, A3AR Val259 by a Lysine
in A1AR and an Alanine in A2AAR, and A3AR Leu264 by a Threonine
in the case of A1AR and a Methionine in the case of A2AAR.

The docking poses highlight these differences in ligand–recep-
tor contact, as in the case of A1 and A2A ARs the derivatives with
unsubstituted amino group in 6-position interact with the receptor
through an additional H-bond with a Glutamate residue (Glu172
and Glu169, respectively). The presence of a methyl group as sub-
stituent of one of the hydrogen atoms of N6-amine prevents this
group from giving this interaction. On the other hand, the methyl
group in N6-position results better accommodated in the hydro-
phobic sub-pocket of A3AR. This data was further analyzed for
the interpretation of the higher A3AR affinity and selectivity of
N6-methyl derivatives respect to the corresponding N6-unsubsti-
tuted compounds (see below).

2.3. Post-docking analysis

Top docking pose at A3AR of each compound was rescored using
the scoring.svl script retrievable at the SVL exchange service
(Chemical Computing Group, Inc. SVL exchange: http://svl.chem-
comp.com). This tool allows estimating the ‘dock_pKi’ value by ana-
lyzing H-bonds, transition metal, water bridges, and hydrophobic

http://svl.chemcomp.com
http://svl.chemcomp.com


Figure 5. Schematic view of compound 1 (A) and 9 (B) interaction with human
A3AR binding site residues.

Table 2
Comparison of experimental and calculated pKi values at A3AR for the analyzed
compounds

Compd Exp. pKi
a Dock_pKi

b Calcd pKi
c

1 7.80 3.16 7.82
2 8.42 3.45 8.15
3 8.47 3.98 8.75
4 8.14 3.39 8.08
5 8.72 4.14 8.93
6 8.60 4.02 8.79
7 8.72 4.10 8.88
8 8.96 4.22 9.02
9 9.36 4.37 9.19

10 9.48 4.51 9.35
11 9.37 4.35 9.17
12 9.40 4.47 9.30

a Experimental pKi values at A3AR calculated as �log(pKi).
b Dock_pKi values obtained by applying the MOE scoring.svl script to the best

docking conformation at A3AR of each compound.
c Affinity data re-calculated according to: ‘calcd pKi’ = 4.25 + 1.13 (dock_pKi).
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intermolecular interactions. The aim of this step was to verify the
ability of the script to score the docking poses, giving a compounds
ranking in agreement with the experimental affinity values. The
script was applied and the obtained values gave a compounds rank-
ing in agreement with experimental pKi data trend, with a R2 va-
lue = 0.89. The affinity data were then re-calculated according to
the ‘exp. pKi’ � ‘dock_pKi’ values correlation equation developed
within MOE: ‘calcd pKi’ = 4.25 + 1.13 (dock_pKi). The calculated pKi

values resulted in high agreement with the experimental data, with
an average error = 0.16 (data reported in Table 2). It must be under-
lined that the ‘calcd pKi’ values are docking scores with no physical
meaning and are not predictive of binding affinity.

The introduction of 40-methylcarboxamido and N6-methyl substit-
uents on one hand improves the A3AR affinity of about 40 fold, on the
other hand increases the selectivity versus A1 and A2A ARs of about
85- and 115-fold, respectively, respect to the unsubstituted com-
pound PEAdo (see Table 1). The effect of each substituent is somehow
independent from the other one, as it can be depicted by comparing
compound 1 and 4 for the role of 40-substituent and compound 1
and 3 for the role of N6-position. On these bases, we performed a
further analysis of the interactions between the compounds and the
receptors binding site by using the IF-E 6.044 tool retrievable at the
SVL exchange service. The script calculates and displays atomic and
residue interaction forces as 3D vectors. It also calculates the per-res-
idue interaction energies (values in kcal/mol), where negative and po-
sitive energy values are associated to favorable and unfavorable
interactions, respectively. This final step was aimed in particular at
analyzing the interaction of AR residues with the compound 40- and
N6-position and the effect of eventual presence of substituents in
the same positions on to the ligand–receptor interaction. The interac-
tion energy differences were considered only from a qualitative point
of view and for each AR subtype were considered only some residues
located around the compounds N6- and 40-position. At the same time
we probed the role of binding site residues that are not conserved
among the AR subtypes, to possibly explain the compounds A3AR
selectivity. For this analysis we considered compound 9 (Ki

A1AR = 32,800 nM; Ki A2AAR = 41,700 nM; Ki A3AR = 0.44 nM), which
presents a methylcarboxamido and a methyl group in 40- and N6-po-
sition, respectively. As comparison term we selected compound 1
(PEAdo, Ki A1AR = 391 ; Ki A2AAR = 363 nM; Ki A3AR = 16 nM), that
is, unsubstituted in these positions. The IF-E 6.0 script was applied
to both the A1AR-, A2AAR-, and A3AR-compd 9 and A1AR-, A2AAR-,
and A3AR-compd 1 complexes and the interaction energies for each
binding site residue within a 10 ÅA

0

distance from ligand were collected.
Table 3 displays the interaction energies for the AR residues in 40- and
in N6-substituent proximity, respectively.

The comparative analysis of compounds interaction with A1, A2A,
and A3 ARs showed that 40-methylcarboxamido substituent in-
creases the H-bonding ability of the compounds, as already reported
during the docking poses description. In fact, the interaction energy
with the H-bond counterpart residues is improved from Ado to
MECA derivatives considering all three ARs, with a remarkable im-
pact for A3AR (A1AR: Thr91 + Thr277 + His278 int. energy = �6.10
for compd 1; �7.68 for compd 9; A2AAR: Thr88 + Ser277 + His278
int. energy = �8.46 for compd 1; �9.94 for compd 9; A3AR:
Thr94 + Ser271 + His272 int. energy = �6.72 for compd 1; �11.78
for compd 9). On the other hand, the hydrophobic residues located
about the 40-substituent present an opposite interaction profile re-
spect to the hydrophilic ones, as in general the interaction energy
is improved from MECA to Ado derivatives, with a significant inter-
action energy difference (between compound 1 and 9) considering
A1 and A2A ARs (AA1R: Val87 + Leu88 + Trp247 + Leu250 + Ile274
int. energy = �12.13 for compd 1; �8.81 for compd 9; A2AAR:
Val84 + Leu85 + Trp246 + Leu249 + Ile274 int. energy = �16.00 for
compd 1; �7.34 for compd 9; A3AR: Leu90 + Leu91 + Tr-
p243 + Leu246 + Ile268 int. energy = �9.29 for compd 1; �8.92 for



Table 3
Ligand–receptor interaction energies (per-residue values) calculated with IF-E 6.0 script

Substitution A1AR residue Int. energy A2AAR residue Int. energy A3AR residue Int. energy

Compd 1 Compd 9 Compd 1 Compd 9 Compd 1 Compd 9

40-position Val87 �2.31 �1.35 Val84 �1.76 �0.37 Leu90 �1.12 �0.79
Leu88 �3.86 �2.18 Leu85 �1.44 �0.75 Leu91 �0.89 �0.63
Thr91 �3.83 �5.27 Thr88 �0.57 �1.26 Thr94 �3.87 �6.16
Trp247 �0.57 �2.03 Trp246 �1.88 �0.84 Trp243 �1.86 �2.55
Leu250 �3.53 �2.02 Leu249 �5.28 �3.01 Leu246 �2.83 �2.47
His251 �1.83 �0.99 His250 �1.53 0.10 Ser247 �0.01 0.22
Ile274 �1.86 �1.24 Ile274 �5.65 �2.38 Ile268 �2.59 �2.48
Thr277 �1.69 �1.35 Ser277 �3.19 �4.60 Ser271 �0.99 �2.78
His278 �0.58 �1.06 His278 �4.69 �4.08 His272 �1.86 �2.85
TOT �20.06 �17.48 TOT �25.99 �17.18 TOT �16.02 �20.49

N6-position Phe171 �8.11 �4.43 Phe168 �8.90 �5.74 Phe168 �6.02 �6.30
Glu172 �10.04 �3.66 Glu169 �9.95 �1.62 Val169 �2.21 �2.94
Met177 �0.36 �0.41 Met174 �0.12 �0.14 Met174 �0.29 �0.45
Leu253 �1.49 �1.48 Ile252 �0.71 �0.50 Ile249 �0.31 �0.49
Asn254 �6.04 �4.57 Asn253 �2.97 �1.90 Asn250 �3.23 �2.92
Thr257 �0.82 �1.29 Thr256 �0.98 �0.96 Ile253 �0.35 �0.99
Lys265 �0.63 1.20 Ala265 �0.40 0.11 Val259 �0.45 �0.47
Thr270 �1.68 �1.51 Met270 �3.38 �4.87 Leu264 �2.71 �2.60
TOT �29.16 �16.18 TOT �27.41 �15.61 TOT �15.57 �17.16

Data for AR residues located in proximity of 40- and N6-position of compound 1 and 9 are displayed. Data are expressed as kcal/mol.
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compd 9). Among these residues, the A3AR Leu90 is not conserved in
the other subtypes, as in A1 and A2A ARs its position is taken by a Va-
line. Interaction energy values of this residue are comparable for
compound 1 and 9, while analog comparison considering A1AR
Val87 and A2AAR Val84 shows a significant difference between inter-
action energies of the two compounds. As Leucine and Valine present
similar chemical–physical properties, this result could be explained
considering that the presence of the 40-substituent could have some
sterical effect, that is, different among the AR subtypes. Similar trend
is noted considering another non-conserved residue, A3AR Ser247
(His251 and His250 in A1 and A2A ARs, respectively). The sum of
the interaction energy values of hydrophilic and hydrophobic resi-
dues leads to a divergent behavior of the AR binding site considering
the interaction with 40-substituent, as in the case of A1 and A2A ARs
the interaction seems more favorable with Ado derivative, while
the MECA 40-methylcarboxamido function is preferred by A3AR res-
idues respect to the corresponding Ado 40-hydroxymethyl group
(A1AR: ‘total’ int. energy with 40-substituent = �20.06 for compd 1;
�17.48 for compd 9; A2AAR: ‘total’ int. energy = �25.99 for compd
1;�17.18 for compd 9; A3AR: ‘total’ int. energy = �16.02 for compd
1; �20.49 for compd 9). Analog analysis was performed on the AR
residues located about the N6-group. It must be noted that all the
A3AR residues located in proximity of this substituent are hydropho-
bic. An exception is Asn250, that is, conserved among ARs and plays a
key role in ligand interaction, as observed even in A2AAR–ZM241385
complex crystal structure. This residue presents a similar interaction
trend for all the three AR subtypes, with more favorable interaction
energy values for N6-unsubstituted compounds. This result is more
evident for A1 and A2A ARs (A1AR: Asn254 int. energy = �6.04 for
compd 1; �4.57 for compd 9; A2AAR: Asn253 int. energy = �2.97
for compd 1; �1.90 for compd 9; A3AR: Asn250 int. energy = �3.23
for compd 1; �2.92 for compd 9). Considering the remaining A3AR
residues located around N6-substituent, in general the interaction
energy values present a similar trend indicating a preference for
N6-methyl substituted derivatives, with the exception of Leu264.
The same analysis performed for A1 and A2A ARs presents different
results, with a significantly more favorable interaction with
N6-unsubstituted compounds. As described above, the location of
N6-group is between the top regions of TM domains and in proximity
of EL segments. These sites present several non-conserved residues
among ARs, one of which is a Glutamate in A1AR (Glu172) and
A2AAR (Glu169). The A2AAR crystal structure puts in evidence the
role of this residue in interaction with ZM241385 ligand through
an H-bond between the residue carboxy function and the antagonist
free amino group. Analog result is observed for N6-unsubstituted
compounds in this study.

This residue is substituted in A3AR by a Valine (Val169). As con-
sequence, the hydrophobic profile of its side chain on one hand
leads to the loss of H-bonding ability, on the other hand can favor
the presence of ligand hydrophobic substituents. The comparison
of interaction energy for these Glutamate and Valine residues dem-
onstrates the different AR preference for N6-unsubstituted (A1 and
A2A ARs) or substituted (A3AR) compounds (A1AR: Glu172 int. en-
ergy = �10.04 for compd 1; �3.66 for compd 9; A2AAR: Glu169
int. energy = �9.95 for compd 1; �1.62 for compd 9; A3AR:
Val169 int. energy = �2.21 for compd 1; �2.94 for compd 9). The
presence of the substituent seems to affect also the p-stacking
interaction with the conserved Phenylalanine residue (Phe171 in
A1AR, Phe168 in A2AAR and A3AR), as the interaction of A1 and
A2A AR residues appears significantly higher with N6-unsubstituted
derivatives, while A3AR Phe168 presents a comparable interaction
with substituted and unsubstituted compounds. Considering the
remaining residues around the N6-group, in general the hydropho-
bic residues present different degrees of preference for N6-methyl
substituted derivatives, while the hydrophilic residues present
more favorable interaction with the unsubstituted compounds
(with the exception of A1AR Thr257). Even in this case, the sum
of the interaction energy values of hydrophilic and hydrophobic
residues leads to a divergent behavior of the AR binding site con-
sidering the interaction with N6-substituent. (A1AR: ‘total’ int. en-
ergy with N6-substituent = �29.16 for compd 1; �16.18 for compd
9; A2AAR: ‘total’ int. energy = �27.41 for compd 1; �15.61 for
compd 9; A3AR: ‘total’ int. energy = �15.57 for compd 1; �17.16
for compd 9). Considering a comparison of N6-methyl and
N6-methoxy substituted derivatives, it can be noted that these
groups present similar chemical–physical properties and as ex-
pected the interaction energies show a similar trend (data not
shown). Hence, the average higher affinity of N6-methyl substi-
tuted compounds respect to the N6-methoxy substituted ones
could be explained in terms of sterical properties, by considering
a slight preference of A3AR for the smaller substituent.

This analysis suggests that even if the binding mode was
conserved among the analyzed molecules, minimal differences in
ligand structures or binding site residues could help in explaining
the different pharmacological behavior of the these compounds at
ARs. Even if no direct correlation was made between interaction
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energy data and affinity values, it must be noted that the presence of
methyl group in N6-position and a carboxymethyl function in 40-po-
sition (i.e., the structural differences between compounds 1 and 9)
led to a decrease (absolute values) of interaction energy of about
16 kcal/mol at A1AR and 21 kcal/mol at A2AAR and an increase of
about 6 kcal/mol at A3AR, in agreement with the experimental data.

3. Conclusion

The recent crystallization of human A2AAR is of great impact
and utility for the analysis of purinergic receptors structures, for
the rationalization of the different binding affinities of their li-
gands, and for the design of new molecules with improved affinity
and selectivity at human ARs. In fact, even if the modeling studies
on these receptors carried out by using bovine rhodopsin crystal
structure as template provided good indications on agonist- and
antagonist–receptor interaction,23,41 the human A2AAR structure
allows to get a more accurate depiction of ligand binding modes.
In this study we made an attempt to explain the particular phar-
macological profile of a set of human A3AR agonists presenting
the general Ado scaffold with additional substitutions in 2-, N6-,
and 40-position. For this analysis we employed AR structural mod-
els based on the A2AAR crystal structure and optimized with Ado
manual docking and Monte Carlo analysis. Each AR model was then
used for docking analysis of the analyzed compounds. Post-docking
analysis allowed to evaluate the ability of MOE dock_pKi scoring
function in predicting A3AR affinity. Per-residue interaction energy
analysis with IF-E 6.0 script implemented in MOE finally helped to
explain the great impact of 40-methylcarboxamido and N6-methyl
substituents on the AR affinity and on the A3AR selectivity, with
an interpretation of the role of AR non-conserved residues.

4. Experimental section

All molecular modeling studies were performed on a 2 CPU (PIV
2.0–3.0 GHz) Linux PC. Homology modeling, energy minimization,
and docking studies were carried out using Molecular Operating
Environment (MOE, version 2008.10) suite.45 Manual docking
and Monte Carlo studies of Ado binding mode were done using
Schrodinger Macromodel (ver. 8.0)46 with Schrodinger Maestro
interface. Compounds docking analyzes were then performed with
MOE. All ligand structures were optimized using RHF/AM1 semi-
empirical calculations and the software package MOPAC imple-
mented in MOE was utilized these calculations.31

4.1. Refinement of A2AAR structural model

The recently solved X-ray crystal structure of the human A2AAR
(in complex with ZM241385, pdb code: 3EML;26 available at the
RCSB Protein Data Bank; 2.6 Å resolution) was added of the
Pro149-His155 segment (whose structure was not solved by
X-ray) and the hydrogen atoms and then subjected to refinement
that was AMBER99 energy minimization performed by 1000
steps of steepest descent followed by conjugate gradient minimi-
zation until the RMS gradient of the potential energy was
<0.05 kJ mol�1 Å�1.

4.2. Preliminary docking analysis with Ado

A preliminary docking analysis was performed by manually
docking Ado structure within the A2AAR crystal structure binding
site. The localization and orientation of the co-crystallized A2AAR
antagonist ZM241385 helped in establishing the binding pocket
for the preliminary Ado docking analysis. The obtained A2AAR–Ado
complex was then subjected to energy minimization refinement
with the same protocol as above.
4.3. Homology modeling of the human A1 and A3 ARs

Homology models of the human A1 and A3 ARs were built using
the A2AAR–Ado complex as template. The alignment of the AR pri-
mary sequences was built within MOE. For each subtype, template-
target alignment was used for the homology modeling protocol,
while the boundaries identified from the X-ray crystal structure
of human A2AAR were applied for the corresponding sequences of
each AR subtype. The missing loop domains of the A1 and A3 ARs
were built by the loop search method implemented in MOE. Once
the heavy atoms were modeled, all hydrogen atoms were added,
and the protein co-ordinates were then minimized with MOE using
the AMBER99 force field.47 The minimizations were performed by
1000 steps of steepest descent followed by conjugate gradient
minimization until the RMS gradient of the potential energy was
<0.05 kJ mol�1 Å�1.

4.4. Manual docking: Ado binding mode refinement

The three AR models in complex with Ado were subjected to
Monte Carlo analysis to explore the favorable binding conforma-
tions. This analysis was conducted by Monte Carlo Conformational
Search protocol implemented in Schrodinger Macromodel. The in-
put structure consisted of the ligand and a shell of receptor amino
acids within the specified distance (6 Å) from the ligand. A second
external shell of all the residues within a distance of 8 Å from the
first shell was kept fixed. During the Monte Carlo conformational
searching, the input structure was modified by random changes in
user-specified torsion angles (for all input structure residues), and
molecular position (for the ligand). Hence, the ligand was left free
to be continuously re-oriented within the binding site and the
conformation of both ligand and internal shell residues could be
explored and reciprocally relaxed. The method consisted of 10,000
Conformational Search steps with MMFF94s force field.32–38 Best
receptor–Ado complex for each subtype was saved. The final
complexes were input in MOE and subjected to 1000 steps of steep-
est descent followed by conjugate gradient minimization until the
RMS gradient of the potential energy was <0.05 kJ mol�1 Å-1. After
removal of Ado ligand, the final receptor structures were used for
analyzed compounds docking study.

4.5. Molecular docking analysis

All compound structures were docked into the binding site of
the three AR models by using the MOE Dock tool. This method is
divided into a number of stages: Conformational Analysis of ligands.
The algorithm generated conformations from a single 3D confor-
mation by conducting a systematic search. In this way, all combi-
nations of angles were created for each ligand. Placement. A
collection of poses was generated from the pool of ligand confor-
mations using Alpha Triangle placement method. Poses were gen-
erated by superposition of ligand atom triplets and triplets points
in the receptor binding site. The receptor site points are alpha
sphere centers which represent locations of tight packing. At each
iteration a random conformation was selected, a random triplet of
ligand atoms and a random triplet of alpha sphere centers were
used to determine the pose. Scoring. Poses generated by the place-
ment methodology were scored using two available methods
implemented in MOE, the London dG scoring function which esti-
mates the free energy of binding of the ligand from a given pose,
and Affinity dG Scoring which estimates the enthalpic contribution
to the free energy of binding. Top 30 poses for each ligand were
output in a MOE database. Top docking pose at of each compound
was then subjected to MMFF9432–38 energy minimization until the
RMS gradient of the potential energy was <0.05 kJ mol�1 Å�1. In
this phase, AMBER99 partial charges of receptor and MOPAC
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output partial charges of ligands were conserved. Receptor
residues within 6 Å distance from the ligand were left free to move,
while the remaining receptor co-ordinates were kept fixed.

4.6. Post-docking analysis. Rescoring

For each compound, the minimized top docking pose at A3AR
was rescored using the dock-pKi predictor. This tool allows estimat-
ing the pKi for each ligand using the scoring.svl script retrievable at
the SVL exchange service (Chemical Computing Group, Inc. SVL ex-
change: http://svl.chemcomp.com) The algorithm is based upon an
empirical scoring function consisting of a directional hydrogen-
bonding term, a directional hydrophobic interaction term, and an
entropic term (ligand rotatable bonds immobilized in binding).
Once applied the dock_pKi script with default settings, the ob-
tained values were correlated with experimental pKi data at
A3AR and then recalculated according to the ‘exp. pKi’ � ‘dock_pKi’
values correlation equation: ‘calcd pKi’ = 4.25 + 1.13 (dock_pKi).

4.7. Post-docking analysis. Residue interaction analysis

The interactions between the ligands and the receptors binding
site were analyzed by using the IF-E 6.0 tool retrievable at the SVL
exchange service. The program calculates and displays the atomic
and residue interaction forces as 3D vectors. It also calculates the
per-residue interaction energies, where negative and positive
energy values are associated to favorable and unfavorable interac-
tions, respectively. For each AR subtype, a shell of residues
contained within a 10 ÅA

0

distance from ligand were considered for
this analysis.
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