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Abstract:  

A novel family of 4-acetamidopyridines was developed as potent and selective 

human A3 adenosine receptor (AR) antagonists. The design was done on the basis of 

computational modeling, by bioisosteric replacement of the N1 atom by a CH group in a 

series of diarylpyrimidines previously reported. Some of the herein documented 

compounds elicit antagonistic effect with excellent affinity (Ki < 10 nM) and 

outstanding selectivity profiles, comparable to the parent series of diarylpyrimidines. In 

addition, by comparative molecular dynamics and free energy perturbation simulations 

of the two compound series we elucidate the effect of the second nitrogen of the 

pyrimidines, which is revealed as a stabilizer of a water network in the binding site. The 

discovery of the 2,6-diaryl-4-acetamidopyridine scaffold represents a step forward in 

the search of potent and selective antagonists for the hA3AR, and exemplifies the 

benefits of a joint theoretical-experimental approach to identify novel, structurally 

simple hA3AR antagonists through succinct and efficient synthetic methodologies. 

 

Introduction 

The regulation of the adenosinergic signalling system has progressively emerged 

as a valuable strategy to address serious unmet medical needs in diverse therapeutic 

areas.1,2 Our improved understanding of the physiology, pharmacology and structural 

biology of the G-protein-coupled receptors that signal for adenosine, namely A1, A2A, 

A2B and A3 adenosine receptors (ARs)3 is complemented with a plethora of small 

molecules that more or less effectively modulate them.4,5 The release of crystal 

structures of the human A2AAR in complex with different antagonists and agonists,6,7 

and more recently of the A1AR in complex with a covalently-bound xanthine 

antagonist,8 have contributed to our improved understanding of receptor-ligand 

interactions important for high affinity and selectivity. As a consequence the structure-



based rational design of AR ligands is particularly mature, as recently reviewed by us6 

and the case-study of a pharmaceutical company.7 The most recently characterized 

member of the AR family, albeit not yet at the structural level, is the A3AR.9 It is 

involved in a variety of vital physiological processes, and accordingly the ligands 

modulating this receptor have been proposed as drugs with the associated pathologies, 

including: modulation of cerebral and cardiac ischemic damage,10 glaucoma (by control 

of the intraocular pressure),11 inflammation,12 asthma and COPD,13 or tumor cell growth 

and cancer.14 In addition, there is a growing demand for pharmacological tools to study 

the human A3AR, all of which has made the identification of novel A3AR ligands a 

topic of great interest.15,16  

 

In our laboratory we are deeply engaged in the development of potent, selective 

and structurally simple AR antagonists. Our integrated approach combines efficient 

synthetic methodologies assessed by a rational computer-based design of the 

exploratory series.17 In the framework of the A3AR, we have focused on amidopyridines 

as structurally simple, monocyclic scaffolds, where we could vary up to three points of 

diversity to end up with low molecular weight, potent and selective A3 antagonists.18 

Starting from A1AR-selective or promiscuous AR ligands, we have documented highly 

potent and specific A3AR antagonists by the selective introduction of methoxyphenyl 

fragments into the privileged 4-amidopyrimidine scaffold.18,19 As part of this 

exploration, we characterized the key contribution of the nitrogen atom near the amide 

fragment, N3 for the two isomeric series shown in Figure 1 (2-amidopyrimidines, series 

1 and 4-amidopyrimidines, series 2, incoming blue arrows). Together with the exocyclic 

nitrogen of the amido group (outgoing blue arrows, Figure 1), this nitrogen is part of a 

double hydrogen bond with the AR conserved residue Asn2506.55 (note the Ballesteros-

Weinstein topological nomenclature of GPCRs as superscripts),20 as observed in all 



A2AAR antagonists crystallized to date.8 The actual role of the other nitrogen atom of 

the pyrimidine ring (N1, red circles in Figure 1) was also investigated. The relative 

position of this nitrogen between the 2-amido (1) and the 4-amidopyrimidines (2) was 

related, by means of a QSAR analysis, with the systematic higher affinity of the later 

series. A comparison with the crystal structure of A2AAR in complex with the 

triazolotriazine ZM241385 suggested that the N1 of the 4-amidopyrimidine series (2) 

could interact with a potentially conserved structural water molecule linked to 

Ser2717.42, for which evidence in the hA3AR homology model was suggested by a 

GRID analysis with a water probe.19  

The effect of a “necessary nitrogen” in the SAR of heterocycles is recognized to 

be a complex phenomena.21 It can be involved in hydrogen-bond interactions with the 

receptor and/or solvent in the binding cavity, but also be related to other effects such as 

altering the energy profile to achieve the required bioactive conformation, or modulate 

different physicochemical properties of the scaffold, all of which can play a role in the 

ligand-binding profile. Accordingly, we have designed a new series of bioisosteres [e.g. 

N-(4,6-diarylpyridin-2-yl)acetamides (3)], derived from the structurally simple N-(4,6-

diarylpyridin-2-yl)acetamide scaffold (2), with the aim to determine to what extent the 

N1 nitrogen of pyrimidines is needed for the binding to the hA3AR. Building upon our 

computational model of the pyrimidine series, we herein make use of our flexible 

synthetic methodology to report the design, synthesis, pharmacological evaluation and 

structural interpretation of this novel family of potent and highly selective A3AR 

antagonists. The new series includes potent and selective A3AR antagonists, and 

represent a step forward in the chemical simplicity of the scaffold as compared to the 

previous series of diarylpyrimidines.18,19 The most salient features of the structure-

activity (SAR) and structure-selectivity (SSR) relationships in this series are analyzed, 

and provide a detailed map of the structural requirements for specific and potent binding 



to the hA3AR. In particular, we identified the role of the N1 nitrogen atoms in the 

pyrimidine series by means of all-atom molecular dynamics (MD) simulations and free 

energy perturbation (FEP) calculations. Altogether, this report complements our 

previous findings and contributes to a better comprehension of the binding mode of 

these monocyclic antagonists (Figure 1, Cpds 1-3), paving the way to further 

improvements and lead optimization phases of these already potent and selective 

hA3AR antagonists. 

 

 

Figure 1. Rationale of the design strategy of targeted structures (3).  

 

Chemistry 

 

An efficient and divergent two-step synthetic strategy was optimized (Scheme 1) 

aiming to accomplish an exhaustive exploration of the pyridine template with diverse 

aryl fragments. The preparative method, inspired by the synthetic pathway employed 

for the synthesis of the diarylpyrimidine congeners (1 and 2),18,19 relied on the 

availability of the key precursor 4 and a collection of 16 commercially available aryl 

boronic acids (6a–p). Briefly, acetylation of the amino group of the heterocyclic 

precursor 4, by treatment with acetyl chloride in pyridine, afforded the key 

intermediate 5 in near quantitative yield. The palladium-catalyzed bisarylation of 5, 

employing the standard conditions of the reliable Suzuki–Miyaura cross-coupling 

reaction,22 provided the targeted N-(4,6-diarylpyridin-2-yl)acetamides (3a–o) in yields 
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ranging 78-95%. A detailed account of the experimental procedures and the complete 

description of the analytical and spectroscopic data of the new compounds are available 

in the Supporting Information. 

 

Biological Evaluation 

 

The affinities of the obtained compounds for the four human adenosine receptor 

subtypes were determined in vitro using radioligand binding assays. The experimental 

protocols were in essence the same as described in the report of our N-(2,6-

diarylpyrimidin-4-yl)acetamide series 2, the affinities of which are here also included 

for the sake of comparison (Table 1).18,19 In brief, human adenosine receptors were 

expressed in transfected CHO (A1AR), HeLa (A2AAR and A3AR) and HEK-293 

(A2BAR) cells. (3H)-1,3-Dipropyl-8-cyclopentylxanthine ([3H]DPCPX) for A1AR and 

[3H]NECA for A3AR were employed as radioligands in binding assays. The resulting 

biological data of the N-(2,6-diarylpyridin-4-yl)acetamide series 2 (Table 2) are 

expressed as Ki ± SEM (nM, n = 3), or alternatively as percentage of inhibition of 

specific binding at 0.1 µM (n = 2, average) for those compounds that did not fully 

displace radioligand binding. 

 

 

 

 

 

 

 



Scheme 1 

 

aReagents: (a) Pyridine, 80ºC, (b) Pd[(PPh)3]4, DME/H2O, Na2CO3, 110ºC 
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Table 1. Structure and affinity binding data for the N-(2,6-diarylpyrimidin-4-

yl)acetamides 2 at the human adenosine receptors.18,19 

 
Com

p 
 

Ar 
Ki (nM) or % at 1 µM 

hA1
a hA2A

b  hA2B
c hA3

d 

2a 
 

Ph 31.2 ± 4.1 255 ± 1 22% 12.1 ± 1.3 

2b 4-Me-Ph 2% 8% 2% 4.4 ± 0.3 

2c 4-SMe-Ph 1% 1% 2% 71.3 ± 3.5 

2d 4-COMe-Ph 10% 13% 16% 25.2 ± 0.7 

2e 2-MeO-Ph 4% 15% 7% 24.1 ± 1.3 

2f 3-MeO-Ph 22.6 ± 2.4 49.4 ± 3.7 67.5 ± 4.3 2.8 ± 0.1 

2g 4-MeO-Ph 2% 4% 2% 3.6 ± 0.2 

2h 4-CF3O-Ph 8% 1% 4% 389 

2i 2,3-MeO-Ph 375 ± 8 493 ± 5 42.4 ± 2.2 375 ± 8 

2j 2,4-MeO-Ph 3% 10% 7% 5.4 ± 0.1 

2k 2,5-MeO-Ph 4% 17% 1% 6.3 ± 0.3 

2l 2,6-MeO-Ph 4% 1% 3% 4% 

2m 3,4-MeO-Ph 10% 5% 2% 5.2 ± 0.2 

2n 3,4-OCH2O-Ph 17.00 ± 3.1 3345 ± 1127 6% 3.3 ± 0.4 

2o 3,5-OMe-Ph 15% 3% 1% 55.0 ± 3.1 

2p 3,4,5-OMe-Ph 14% 1% 1% 26.1 ± 2.1 

 
a Displacement of specific [3H]DPCPX binding in human CHO cells expressed as Ki ± SEM in nM 
(n = 3) or percentage displacement of specific binding at a concentration of 1 µM (n = 2). b 

Displacement of specific [3H]4-(2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-
ylamino]ethyl)phenol binding in human HeLa cells expressed as Ki ± SEM in nM (n = 3) or 
percentage displacement of specific binding at a concentration of 1 µM (n = 2). c Displacement of 
specific [3H]DPCPX binding in human HEK-293 cells expressed as Ki ± SEM in nM (n = 3) or 
percentage displacement of specific binding at a concentration of 1 µM (n = 2). d Displacement of 
specific [3H]NECA binding in human HeLa cells expressed as Ki ± SEM in nM (n = 3) or 
percentage displacement of specific binding at a concentration of 1 µM (n = 2). 
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Table 2. Structure and affinity binding data for the N-(4,6-diarylpyridin-2-

yl)acetamides 3 at the human adenosine receptors. 

 

 Comp 
 

       Ar 
Ki (nM) or % at 1 µM 

hA1
a hA2A

b  hA2B
c hA3

d 

3a 
 

Ph 21.1 ± 0.4 49% 51.2 ± 2 98.5 ± 3 

3b 4-Me-Ph 7% 1% 2% 20.5 ± 0.9 

3c 4-SMe-Ph 3% 2% 2% 69.4 ± 1 

3d 
(ISJA1644) 

4-COMe-Ph 2% 4% 3% 7.2 ± 0.4 

3e 2-MeO-Ph 8% 1% 19% 781 ± 3 

3f 3-MeO-Ph 239 ± 3 21% 96.2 ± 2 14.9 ± 0.3 

3g 4-MeO-Ph 25% 15% 19% 107.1 ± 2 

3h 4-CF3O-Ph 1% 1% 1% 20% 

3i 2,3-MeO-Ph 4% 353 ± 4 579 ± 3 668 ± 4 

3j 2,4-MeO-Ph 2% 2% 1% 26% 

3k 2,5-MeO-Ph 3% 3% 1% 35.2 ± 1.4 

3l 2,6-MeO-Ph 1% 1% 3% 21% 

3m 
(ISJA1640) 

3,4-MeO-Ph 3% 1% 1% 7.9 ± 0.9 

3n 
(ISJA1635) 

3,4-OCH2O-Ph 91.1 ± 4 9% 27% 2.8 ± 0.2 

3o 3,5-OMe-Ph 1% 2% 2% 109.9 ± 2 

3p 3,4,5-OMe-Ph 8% 15% 4% 116.5 ± 2 

 
a Displacement of specific [3H]DPCPX binding in human CHO cells expressed as Ki ± SEM in nM (n 
= 3) or percentage displacement of specific binding at a concentration of 1 µM (n = 2). b 

Displacement of specific [3H]4-(2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-
ylamino]ethyl)phenol binding in human HeLa cells expressed as Ki ± SEM in nM (n = 3) or 
percentage displacement of specific binding at a concentration of 1 µM (n = 2). c Displacement of 
specific [3H]DPCPX binding in human HEK-293 cells expressed as Ki ± SEM in nM (n = 3) or 
percentage displacement of specific binding at a concentration of 1 µM (n = 2). d Displacement of 
specific [3H]NECA binding in human HeLa cells expressed as Ki ± SEM in nM (n = 3) or percentage 
displacement of specific binding at a concentration of 1 µM (n = 2). 
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Functional Assay at Adenosine A3 Receptors 

 

Three representative ligands with high affinity and selectivity for the hA3AR 

(3d, 3m and 3n, Table 2) were also studied through cAMP experiments. The functional 

evaluation was carried out with intact cells expressing the hA3AR.18,19 The inhibition of 

forskolin-stimulated cAMP production by the receptor agonist was used as a read-out. 

Concentration-response curves of the selected compounds over 0.1 µM NECA-induced 

A3AR activation are shown in Figure 2. cAMP formation was measured by enzyme 

immunoassay (GE Healthcare). Antagonistic potency, measured as KB, was calculated 

from the formula: KB = (IC50)/((2+([A]/[A50]n)1/n – 1), where IC50 is the concentration of 

the antagonist that inhibits the agonist stimulation by 50%, [A] is the concentration of 

the agonist in the assay, [A50] is the concentration of the agonist that elicits the half-

maximum response and n is the slope of the concentration response curve.29 The tested 

derivatives (3d, 3m and 3n) fully reverted the A3AR-elicited inhibition of cAMP 

accumulation, unequivocally validating its antagonistic behavior at the hA3AR (Figure 

2, KB = 57.2 nM, 36.8 nM and 1.9 nM, respectively). Moreover, a comparative analysis 

with the Ki data reported in Table 2 (3d, Ki = 7.20 nM; 3m, Ki = 7.95 nM and 3n, Ki = 

2.88 nM) revealed a clear correspondence between functional and affinity values data. 
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Figure 2. Effect of 3d (○, dashed fitting), 3m (●, black fitting) and 3n (◊, blue fitting) 

on 0.1 µM NECA-induced cAMP decrease of 10 µM forskolin-stimulated hA3 ARs. 

Points represent the mean ± SEM (vertical bars) of two separate experiments. 

 

Structure-Activity Relationships and Molecular Modeling 

 

In the following section the structure−affinity relationships arising from the 

pharmacological data (Tables 2 and 3, describing the 16 novel N-(4,6-diarylpyridin-2-

yl)acetamides 3a–p and the corresponding pyrimidine congeners 2a-p,18,19 respectively) 

are established. This SAR is further interpreted on the basis of the computational 3D 

model of the hA3AR used in the design of the two series of ligands.  

 A first inspection of the pharmacological data reveals that pyridine is a 

promising scaffold to develop hA3AR ligands. Five compounds (3b, 3d, 3k, 3m and 3n) 

show high affinity for the receptor (Ki < 50 nM). They generally exhibit excellent 

selectivity profiles with negligible affinities for any other AR, with the only exception 

of the residual affinity of compound 3n for the hA1AR, which is still 30-fold selective 

for the A3 vs the A1 receptor. A closer examination of the data and comparison with the 

related pyrimidines (Table 1 and Figure S1 of the Supporting information) reveals some 

prominent features of the SAR within this series.  

The new series contains potent and highly selective A3 antagonists, in a few 

cases equipotent (see pairs 3c/2c and 3n/2n, bearing 4-tiomethoxyphenyl and piperonyl 

groups, all with Ki values at hA3AR in the low nM range), and in one case even more 

potent than the corresponding pyrimidines (e.g. compound 3d with a 4-acetylphenyl is 

almost 3-fold more potent than 2d). However, in many cases the bioisosteric 

replacement results in a slight loss of potency as compared to the corresponding 

pyrimidines (e.g., compounds 3a-b, 3f, 3h-i, 3k-m, 3o-p show a 3.3-fold lower affinity 



on average, with a standard deviation of 2.4-fold). This effect is more pronounced for 

derivatives bearing 2-methoxyphenyl or 4-methoxyphenyl fragments (3e and 3g 

respectively), both with around a 30-fold loss in affinity as compared to 2e and 2g 

respectively. In addition, the combination of substitutions on orto and para positions in 

the phenyl rings results in the completely inactive N-[4,6-(2,4-dimethoxyphenylpyridin-

2-yl)]acetamide 3j, in stark contrast with the effect of these same substituents on the 

pyrimidine series leading to one of the most active compound 2j (Ki = 5.4 nM, Table 1). 

 

The homology model of the hA3AR, used for the design of the current pyridine 

series (3),18 was employed here to gain further understanding of the SAR that we 

qualitatively discussed above. An automated docking exploration did not suggest any 

alternative binding mode conserved along the series, and instead the analogous binding 

mode to that previously reported for the pyrimidines was found for 15 out of 16 

compounds in the present series. Figure 3 shows the detailed binding mode for potent 

compound 3d, together with a superposition of the 16 compounds in the series as 

obtained after energetic refinement (see experimental part). The heterocyclic core is 

stabilized by a p-stacking interaction with the sidechain of Phe168EL2, in such a way 

that a hydrogen bond between the exocyclic amido group (donating) is established with 

Asn2506.55 and in most cases accompanied by a second H-bond between the same 

residue (donating) and the nitrogen of the pyridine nucleus (accepting). The aromatic 

substituent in position 6 (L2) is sitting at the deep transmembrane cavity, defined by 

Leu903.32, Leu913.33, Met1775.38, Phe1825.43, Trp2436.48 and Leu2466.51, while the other 

aromatic ring (L3) faces the extracellular vestibule, in a region defined by Tyr151.35, 

Ala692.61, Val722.64, Leu2647.37, Tyr2657.36, and Ile2687.39. Finally, the acetamido group 

(L1) is pointing towards the extracellular loops, surrounded by Ile253,6.58 Val169EL2 and 

Met1745.35. On the light of this binding mode, a few conclusions can be extracted about 



the SAR of the series, which does not always follow the same trend as in the pyrimidine 

series 2. The detrimental effect on ligand binding of the methoxylation in the orto 

position is only compensated by a simultaneous methoxylation at the relative position 5, 

e.g. compare the unsubstituted diphenyl derivative 3a with compound 3e bearing orto-

methoxyphenyls, and with compounds 3i-l, which combine orto with meta or para 

methoxylations. In our models, the 2-methoxylphenyl group in L2 is accommodated in 

the inner cavity of the receptor and the analogous substituent in L3 is oriented towards 

the extracellular crevice. Notably, some of the compounds bearing these substitutions 

need to shift the position of the ring by 1.5-2.5 Å towards the extracellular cavity, 

loosing the second direct H-bond between N1 and Asn2506.55 while maintaining the rest 

of the interactions described above (see Figure 3B). The effect of o-methoxylation is 

different in the pyridine (3) as compared to the pyrimidine series (2). The fact that the o-

methoxyl is close to the variable atom in the ring (N or CH) results in a different 

torsional energetic profile between the two series (Figure S2 in Supporting 

Information), which can provide a rationale for the different effect of this substitution in 

the affinities for the two series. Substitution in the para position generally leads to 

improvements in affinity (compounds 3b-d and 3m-n).  

The binding mode of one of the most active compounds within this group (3d, Ki 

= 7.2 nM) is depicted in Figure 3, showing the optimal shape complementarity of the 4-

COMe-Ph substituents in L2/L3 and even potential H-bonds with Tyr151.35. However, 4-

methoxyphenyl substitution leads to a moderately active compound (3g) or, in 

combination with the orto methoxylation, to the completely inactive 3j. This comes as a 

surprise, since the most interesting 2-acetamidopyrimidines were precisely obtained by 

p-methoxylation (see 2g and 2j, Table 1, see a direct comparison in Figure S1). Also 

conserved between the two series is the role of the p-trifluoromethoxyphenyl 

substitution, in this case detrimental for the affinity. 



 

 

Figure 3. (A) Binding mode of compound 3d (magenta) in hA3AR (helices TM1 

→ TM7 colored blue → red), with the residues interacting with the ligand shown and 

labeled. (B) Superposition of the final binding mode determined for the whole series in 

the binding cavity of A3AR (mesh surface representation). 

 

The next step was to elucidate the role in receptor binding of the bioisosteric 

replacement of the N1 in the N-(2,6-diarylpyrimidin-4-yl)acetamides (2) by CH in the 

pyridine series (3). Our binding models show that this position is located deep in the 

binding pocket, with no residues in the vicinity that could act as a hydrogen bond donor 

to the N1 of the pyrimidines 2. Instead, for this series we had initially modeled an 

interaction with a water molecule in the binding site.18 This hypothesis is here examined 

through comparative modeling of the pyridine (3) and pyrimidine series (2) based on 

all-atom molecular dynamics (MD) and free energy perturbation (FEP) simulations. We 

first analyzed the water occupancy of the binding site of the A3AR in complex with 

representative compounds 2a and 3a, both bearing the simplest aromatic substituents 

(benzene), during the course of unbiased MD simulations. The results show a water 

network in the first hydration shell around the pyrimidine (Figure 4A, density 

corresponding to waters W5-W9), which is highly stable as compared to the pyridine 

complex (see lower density in this region in the corresponding map in Figure 4B).  



 

 

Figure 4. Structure of the complex of pyrimidine 2a (A) and pyridine 3a (B) 

with the hA3AR. The average water occupancy calculated from unbiased MD 

trajectories is illustrated as a volume density map (red), with assigned structural waters 

labeled as referred to in the text. 

 

Interestingly, a comparison with the high-resolution crystal structure of the 

A2AAR-ZM241385 complex23 allows the identification of corresponding structural 

waters in that structure, analogous to the positions here identified for the hA3AR (Figure 

S3 of the Supporting Information). In particular, we identified the analogy between 

W5(A3)/W2527(A2B), W6(A3)/W10(A3)/W2522(A2B), W7(A3)/W2584(A2B), whereas 

W8-9(A3) seems to replace the NH group in ZM241385. In the A2AAR, it has been 

recognized that antagonist binding can be strongly influenced by the perturbation or 

stabilization of water molecules in the binding site.24 Here, we suggest a similar effect 

in the binding of pyrimidine and pyridine scaffolds to the hA3AR. Thus, in a second 

stage we assessed the energetics of the water-mediated interactions in the same pair of 

compounds through FEP simulations. The corresponding transformation of compound 

2a into 3a only involves converting the C-H to N in position 1. The moderate 



experimental loss in affinity of about 5 fold, corresponding to a difference of 1.2 

kcal/mol in relative free energies of binding, is correctly reproduced by the FEP 

simulations in our model (Table 3). To further validate these results, we applied the 

same analysis for the pair of compounds 2g/3g, both bearing the p-metoxy substitution, 

where the transformation of pyrimidine to pyridine showed the most drastic effect in 

experimental affinities (30 fold). Our computational results show again a remarkable 

agreement with this data, as the FEP transformation correctly captured the larger change 

in relative binding free energies for these pair of compounds, as compared to the 

previous case (Table 3). The good correlation between experimental and calculated 

effects on the binding affinities for these compounds, further reinforces the suggestion 

arising from unbiased MD simulations about the effect of the N1 in the pyrimidine 

series (2) in the stabilization of a water network in the binding site.  

 

Table 3: Experimental and calculated relative binding free energies between 

pairs of pyrimidine/pyridine ligands. 

 

Transformation ΔΔGexp (kcal/mol)a ΔΔGcalc (kcal/mol) 
2a → 3a 1.24 1.83 ± 0.14 
2g → 3g 2.01 3.19 ± 0.10 

aThe relative binding free energies (ΔΔGexp) were calculated from 
experimentally determined Ki values using the relation  ∆𝐺#$%&,()*+ = 𝑅𝑇𝑙𝑛𝐾$  

 

Conclusions  

 In summary, we report the design, synthesis, pharmacological and structural 

characterization of a novel family of structurally simple, highly potent and totally 

selective antagonists of the hA3AR. The resulting series of N-(4,6-diarylpyridin-2-

yl)acetamides (3) were designed as bioisosteres of a parent series of pyrimidines (2), 



and indeed the most remarkable pyridines (3d and 3m) show affinity values comparable 

to the best pyrimidines of former series (Ki < 10 nM), while devoted to any affinity 

toward the remaining ARs (£ 10% displacement of 0.1µM concentrations). Their 

antagonistic behavior was corroborated through functional cAMP experiments, and we 

hereby provide a comprehensive understanding of their binding mode and structure-

affinity relationships. A comparative analysis of the SAR of the pyrimidine (2) and 

newly synthesized pyridine (3) series, based on the same homology model of the 

hA3AR used for their design, shows a binding mode that is essentially the same in the 

two cases. Accordingly, we designed a MD/FEP scheme to elucidate the role of the 

additional nitrogen atom (N1) in the pyrimidine series. The effect in ligand binding 

affinities, due to the bioisosteric N1 to CH replacement, was reproduced in well-

converged free energy simulations for two pairs of compounds, allowing to explain the 

role for the extra nitrogen as a stabilizer of a water network in the binding site. This 

study illustrates the robustness and predictive capabilities of our computer-assisted 

design program of AR antagonists, which has allowed in this case to the design of novel 

and simple scaffolds as potent and selective antagonists of the hA3AR.  

 

Experimental Section 

Chemistry. Commercially available starting materials, reagents and solvents 

were purchased (Sigma-Aldrich) and used without further purification. After extraction 

from aqueous phases, the organic solvents were dried over anhydrous sodium sulfate. 

The reactions were monitored by thin-layer chromatography (TLC) with 2.5 mm Merck 

silica gel GF 254 strips, and the purified compounds each showed a single spot; unless 

stated otherwise, UV light and/or iodine vapour were used for detection of compounds. 

The Suzuki cross-coupling reactions were performed in coated Kimble vials on a PLS 



(6×4) Organic Synthesiser with orbital stirring. Purity and identity of all tested 

compounds were established by a combination of HPLC, mass spectrometry and NMR 

spectra. Purification of isolated products was carried out by column chromatography 

(Kieselgel 0.040–0.063 mm, E. Merck) or medium pressure liquid chromatography 

(MPLC) on a CombiFlash Companion (Teledyne ISCO) with RediSep pre-packed 

normal-phase silica gel (35-60 µm) columns followed by recrystallization. Melting 

points were determined on a Gallenkamp melting point apparatus and are uncorrected. 

The purity and identity of all tested compounds were established by a combination of 

HPLC, mass spectrometry and NMR spectroscopy as described below. The NMR 

spectra were recorded on Bruker AM300 and XM500 spectrometers. Chemical shifts 

are given as d values against tetramethylsilane as internal standard and J values are 

given in Hz. Mass spectra were obtained on a Varian MAT-711 instrument. High 

resolution mass spectra were obtained on an Autospec Micromass spectrometer. 

Analytical HPLC was performed on an Agilent 1100 system using an Agilent Zorbax 

SB-Phenyl, 2.1 mm x 150 mm, 5 µm column with gradient elution using the mobile 

phases (A) H2O containing 0.1% CF3COOH and (B) MeCN and a flow rate of 1 

mL/min. The purity of all tested compounds was determined to be >95%. Acetylation of 

4-amino-2,6-dichloropyridine (4) (95%) was performed by following a previously 

reported general procedure.18,19 A complete description of the spectroscopic and 

analytical data of all compounds described (3a-p) is provided in the supporting 

information. 

 

General procedure for the synthesis of compounds 3a-p: A mixture of the 

acetamide 5 (0.43 mmol), aryl boronic acid 6 (1.3 mmol), Pd(PPh3)4 (0.043 mmol), and 

Na2CO3 (2.1 mmol) in 5 mL of a mixture of DME/H20 (3:1) in coated Kimble vials was 

stirred with orbital stirring at 110 ºC for 12h. The resulting mixture was concentrated in 



vacuo and then ethyl acetate was added. This solution was washed with water and 

NaOH 1N to remove the remaining boronic acid. The organic layer was collected, dried 

over Na2SO4, filtered and concentrated in vacuo. The residue was purified by column or 

preparative chromatography on silica gel. 

 

Pharmacology. Radioligand binding competition assays were performed in vitro 

using A2A and A2B human receptors expressed in transfected HeLa (hA2A) and HEK-293 

(hA2B) cells as described previously.18,19 A brief description is given below. Adenosine 

A1 receptor competition binding experiments were carried out in membranes from 

CHO-A1 cells labelled with 2 nM [3H]DPCPX. Non-specific binding was determined in 

the presence of 10 µM R-PIA. The reaction mixture was incubated at 25 °C for 60 min. 

Adenosine A2A receptor competition binding experiments were carried out in 

membranes from HeLa-A2A cells labelled with 3 nM [3H]ZM241385. Non-specific 

binding was determined in the presence of 50 µM NECA. The reaction mixture was 

incubated at 25 °C for 30 min. Adenosine A2B receptor competition binding experiments 

were carried out in membranes from HEK-293-A2B cells (Euroscreen, Gosselies, 

Belgium) labelled with 35 nM [3H]DPCPX. Non-specific binding was determined in the 

presence of 400 µM NECA. The reaction mixture was incubated at 25 °C for 30 min. 

Adenosine A3 receptor competition binding experiments were carried out in membranes 

from HeLa-A3 cells labelled with 30 nM [3H]NECA. Non-specific binding was 

determined in the presence of 100 µM R-PIA. The reaction mixture was incubated at 25 

°C for 180 min. cAMP assays were performed at adenosine receptors transfected using 

a cAMP enzyme immunoassay kit (Amersham Biosciences). HEK-293 cells were 

seeded (10000 cells/well) in 96-well culture plates and incubated at 37 ºC in an 

atmosphere with 5% CO2 in Eagle’s Medium Nutrient Mixture F-12 (EMEM F-12), 

containing 10% Foetal Calf Serum (FCS) and 1% L-glutamine. Cells were washed 3× 



with 200 µL assay medium (EMEM-F12 and 25 mM HEPES pH = 7.4) and pre-

incubated with assay medium containing 30 µM rolipram and test compounds at 37 ºC 

for 15 min. 10 µM NECA was incubated for 15 min at 37 ºC (total incubation time 30 

min). Reaction was stopped with lysis buffer supplied in the kit and the enzyme 

immunoassay was carried out for detection of intracellular cAMP at 450 nm in an Ultra 

Evolution detector (Tecan).  

 
Functional Experiments. cAMP Assays. These assays were performed at 

adenosine receptors transfected using a cAMP enzyme immunoassay kit (Amersham 

Biosciences) following previously described protocols.18,19 HEK-293 cells were seeded 

(10000 cells/well) in 96-well culture plates and incubated at 37ºC in an atmosphere with 

5% CO2 in Eagle’s Medium Nutrient Mixture F-12 (EMEM F-12), containing 10% 

Foetal Calf Serum (FCS) and 1% L-Glutamine. Cells were washed 3x with 200 µl assay 

medium (EMEM-F12 and 25 mM HEPES pH=7.4) and pre-incubated with assay 

medium containing 30 µM rolipram and test compounds at 37ºC for 15 min. 10 µM 

NECA was incubated for 15 min at 37ºC (total incubation time 30 min). Reaction was 

stopped with lysis buffer supplied in the kit and the enzyme immunoassay was carried 

out for detection of intracellular cAMP at 450 nm in an Ultra Evolution detector 

(Tecan). 

Computational Modeling. Our computational strategy for the structure-based 

design of adenosine receptor ligands involves a combination of homology modeling, 

ligand-receptor docking and free energy calculations, as recently reviewed.17 

Homology modeling of the hA3AR: A 3D structure of the inactive form of the 

receptor was generated at the beginning of this project.18 Briefly, the process consisted 

of the following sequential steps: (i) Manual curation of the sequence alignment with 



the template A2AAR (PDB code 3EML),25 (ii) Generation and selection of homology 

models and loop refinement procedures with Modeler,26 (iii) assessment of Asn/Gln/His 

rotamers and side chain protonation states with the Molprobity web server 

(http://molprobity.biochem.duke.edu/) and (iv) use of tools from the Schrödinger Suite 

for energetic structural refinements.27 

Ligand docking: A first exploration was done by means of the GOLD software,28 

using the same protocol as previously described for the pyrimidine series.18 Each ligand 

was docked 20 times with default (high accuracy) genetic algorithm (GA) search 

parameters, using the scoring function Chemscore and allowing full flexibility for the 

ligand, including flipping of amide bonds. The search sphere was centered on the side 

chain (CD1) of Ile2667.39 and expanded with a radius of 15 Å, thus ensuring a generous 

enough search space comprising the antagonist binding site experimentally determined 

for adenosine receptors. The criterion for the selection of docking poses was based on a 

combination of the Chemscore ranking and the population (convergence) of the 

solutions according to a clustering criteria of 1 Å. 

A refined binding mode was obtained by modification of the published docking 

pose of the reference 4-acetamidopyrimidine 2g to obtain each of the 16 compounds in 

the new series (3a-p). Each complex generated this way was geometrically optimized 

by partial energy minimization of the binding site with the Schrödinger suite 

(Macromodel tool, “ligand-receptor minimization” with the “embrace” option, selecting 

residues within 5 Å of any ligand atom as free to move; OPLS3 force field).27 

MD and FEP calculations: The hA3AR-3a complex obtained in the previous 

stage was inserted in the membrane and equilibrated under periodic boundary 

conditions (PBC) using the PyMemDyn protocol described elsewhere.29 Shortly, the 



starting structure is automatically embedded in a pre-equilibrated membrane consisting 

of POPC (1-palmitoyl-2-oleoyl phosphatidylcholine) lipids, with the TM bundle aligned 

to its vertical axis. This hexagonal-prism shaped box is then soaked with bulk water and 

energy minimized with GROMACS 4.6.30 using the OPLS-AA force field31 for protein 

and ligands, combined with the Berger parameters for the lipids.32 The same setup is 

used for a 2.5 ns MD equilibration, where initial restraints on protein and ligand atoms 

are gradually released as described in detail in reference.29 The equilibrated binding site 

is then transferred to the MD software Q33 for free energy perturbation (FEP) 

calculations under spherical boundary conditions. A 25Å sphere centered on the center 

of geometry of the ligand is considered for these MD simulations. Protein atoms in the 

boundary of the sphere (22-25Å outer shell) had a positional restraint of 20 kcal/mol/Å2, 

while solvent atoms were subject to polarization and radial restrains using the surface 

constrained all-atom solvent (SCAAS)33,34 model to mimic the properties of bulk water 

at the sphere surface. Atoms lying outside the simulation sphere are tightly constrained 

(200 kcal/mol/Å2 force constant) and excluded from the calculation of non-bonded 

interactions. Long range electrostatics interactions beyond a 10 Å cut off were treated 

with the local reaction field method,35 except for the atoms undergoing the FEP 

transformation where no cutoff was applied. Solvent bond and angles were constrained 

using the SHAKE algorithm.36 All titratable residues outside the sphere were 

neutralized and histidine residues were assigned a hydrogen atom on the δ nitrogen. 

Residue parameters as well as ligand partial charges were translated from the latest 

version of the OPLSAA-3 force field,37 whereas the rest of the parameters for the ligand 

and lipids were inherited from the previous MD stage. The simulation sphere was 

warmed up from 0.1 to 298 K, during an first equilibration period of 0.61 nanoseconds, 

where an initial restraint of 25 kcal/mol/Å2 imposed on all heavy atoms was slowly 

released. Additionally, a force constant of 15.0 kcal/mol/Å2 was applied during this 



equilibration period to maintain the distance between the N1 of Asn2506.55 and the 

exocyclic NH of the ligands between the reference threshold for hydrogen bond (1.8 - 

2.2 Å). This restraint was gradually removed during additional 2 ns equilibration MD, 

where the rest of the system was unrestrained (except for the sphere boundary region as 

explained above). Thereafter the system was subject to seven parallel replicates of 

unrestrained MD, where the FEP protocol is applied for each ligand transformation. 

Each of these MD replicates starts with a 0.25 nanosecond unbiased equilibration 

period, with different initial velocities. Thereafter the FEP protocol follows, consisting 

on 51, evenly distributed, FEP λ-windows of 30 ps each, along which the bioisosteric 

replacement of the ligand (CH → N1) is simulated. In order to fulfill a thermodynamic 

cycle and calculate relative binding free energies, parallel FEP transformations are run 

in a sphere of water for each ligand pair. In these water simulations, the same 

parameters apply (i.e., sphere size, simulation time, etc.), and the relative binding free 

energy difference was estimated by solving the thermodynamic cycle utilizing the 

standard Zwanzig formula.38 

Unbiased MD simulations for water-density calculations were carried out using 

the same spherical system setup and MD parameters as indicated for the FEP data 

collection period above. A total of 10 nanoseconds, unrestricted and unbiased MD was 

run for the hA3AR solvated binding site in complex with ligands 1a, 3a, 1g and 3g. The 

resulting MD trajectories were analyzed using the VolMap plugin implemented in 

VMD,39 to locate the relevant binding pocket hydration sites. 
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