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1. INTRODUCTION 

1.1. Adenosine Receptors 

 

1.1.1. Structural Biology 

The human adenosine receptors (h-ARs) belong to the largest class of G-protein 

coupled receptors, the class A, including the so-called rhodopsin-like receptors [1]. The 

first evidences of their existence date back to 1979 [2]. As compared to other family 

members (290-910 aminoacids), they are small, showing sequences long from 318 to 

409 aminoacids. They share the structural motifs of the rhodopsin receptor and of the 

β2-adrenergic receptor [3-4]. Seven transmembrane (TM) α-helices form a 

hydrophobic pocket, able to accommodate both agonists and antagonists (orthosteric 

binding site). TM segments are connected to each other by three extracellular (EL) and 

three intracellular (IL) loops. It is possible to identify an amino (N) terminus on the EL 

side and a carboxylic (C) terminus on the IL one (Figure 1), with one or more 

glycosylation, palmytoilation and phosphorylation sites. 

 

Figure 1. Schematic representation of a G-protein coupled adenosine receptor and its main structural 
organization. 
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The IL-2 commonly represents the binding site for G-proteins, the trimeric effectors of 

the GDP-mediated biological response to ligand activation [5]. Four AR subtypes are 

known, showing different sequences, number of disulfide bonds and coupled G-

proteins: A1, A2A, A2B and A3. On one hand, the A1 and A3 ARs bind the Gi/o protein, 

inhibiting the phosphorylation of the adenylate cyclase (AC), protein kinase A (PKA) 

and cAMP-responsive element binding protein l (CREB-l), but they can also bind the 

protein Gq, inducing phospholipase C (PLC) stimulation by subunits β and γ [6]. On the 

other hand, the A2A and A2B ARs are coupled to Gs proteins stimulating the AC and 

PKA activity. Interestingly, the sequence homology observed between subtypes 

correlates well with the type of G protein coupled, thus, the hA1 and hA3 ARs show a 

higher mutual sequence identity than with other subtypes (49%), as further elucidated 

in our work, while the hA2A AR correlates better with the hA2B AR (45%) [7]. Conserved 

motifs of class A GPCRs are already known [8]. Most of the conserved residues are 

located at the helices, conferring to the ARs common structural features [9] (e.g. a 

typical orthosteric binding site). The latter involve also the presence of a disulfide 

bridge between the TM3 and the EL2. Nevertheless, variability at the ELs is critical for 

ligand recognition [10, 11]. These aspects are relevant when addressing drugs’ 

selectivity and the lack of hA2B and hA3 ARs’ crystal structures. In the second case, 

from a computational point of view, it is necessary to build up 3D homology models, 

starting from the closest available solved receptor structures. 

ARs are widely distributed in the human body, especially in the nervous system, but 

also in cardiovascular apparatus, respiratory tract, gastrointestinal tissue, immune 

system, bones, muscles, eyes and kidneys, where they exert a different physiological 

modulation, depending on the specific biochemical pathway related to each subtype 

and tissue involved [12, 13]. They represent, therefore, promising targets at any level 

of therapeutic treatment and many ligands have been designed for this purpose. 

 

1.1.2. Agonists and Antagonists 

Adenosine (a purine nucleoside) is the natural endogenous ligand of ARs. It acts as a 

cytoprotective modulator in response to several physiological and pathological 

conditions [13, 14]. It is the parent compound of agonists, but its variegated 



  

1.1. Adenosine Receptors  11 

 

1. INTRODUCTION 

pharmacology and the X-ray crystallography experiments suggest that it could be a 

partial rather than full agonist [15]. So far, synthesized AR agonists are utmost purine 

derivatives, in which the ribosyl ring is considered crucial for agonist activity. Caffeine 

(a xanthine) represents the natural lead compound of antagonists (Figure 2). Indeed, 

no endogenous AR antagonist is known yet. Adenosine and caffeine are active at each 

receptor subtype with different affinity profiles and absence of specificity [16, 17]. In 

general, for adenosine, affinity towards AR subtypes is in the order A2B < A3 << A2A < 

A1, while, for caffeine, it is A2B ≤ A3 ≤ A1 < A2A. 

 

Figure 2 Main classes of agonists and antagonists with reference examples. 

The first X-ray crystallographic structures of the hA2A AR bound to adenosine, caffeine 

and the powerful antagonist ZM-241385 [15, 18, 19] disclosed the classical binding 

pattern of both agonists and antagonists (Figure 3). Several residues are involved in 

stabilization of the final state. Some of them are highly conserved in any receptor 
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subtype and considered crucial for binding: N6.55, by hydrogen bond pairs, FEL2, by π-

π stacking with the ligand aromatic scaffold, L6.51 and I7.39 by hydrophobic interactions. 

It is not without coincidence that AR ligands generally present an etheroaromatic 

scaffold substituted with chemical groups able to engage hydrogen bonds or 

hydrophobic contacts with the residues of the binding cavity.  

 

Figure 3 Crystallographic adenosine ligand bound to the hA2A AR. Some of the main interacting residues 
are reported (PDB ID 2YDO, Lebon et al [15]). 

As shown in Figure 2, both adenosine and xanthine derivatives can be obtained by 

chemical substitution at different sites of the main scaffolds, leading to agonist or 

antagonist activity, respectively. Each modification can be responsible of very different 

efficacy either selectivity profiles. Beyond these over-simplifications, some agonists 

without purine structure are known as well, e.g. BAY-606583 [20-21]. In the case of 

antagonists, a lot of non-xanthine derivatives have been synthetized, generally using 

condensed etherocyclic scaffolds. So far, the hA2A AR selective antagonist ZM-241385 

represents the best characterized and most important reference compound for the 

design of novel powerful antagonists [22]. Finally, both positive and negative allosteric 

modulators are available [23]. Despite the general structure-activity relationships of 

adenosine receptor ligands are well-known, the full molecular mechanism of receptor 

activation and deactivation, following ligand recognition, is not clear at all, especially 

when ligands containing atypical scaffolds are considered. Indeed, nowadays, only few 
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ligands are used in clinical practice. Therefore, selectivity between agonism and 

antagonism remains an important challenge for drug design of adenosine receptor 

ligands. 

 

1.1.3. The Sodium Ion 

The sodium cation is an important structural-functional element of the ARs and, in 

general, of the class A GPCRs. Its presence was proved for the first time in 2012 by 

the high-resolution crystal structure of the hA2A AR in complex with the antagonist ZM-

241385 [24]. The latter followed from years of observations, which suggested the 

negative allosteric modulation of agonism by sodium ion towards different GPCRs 

belonging to the class A [25, 26]. Specifically, mutagenesis studies predicted the 

presence of a conserved aspartate residue, Asp2.50, as important for the response to 

the cationic regulation of agonist binding. In fact, mutation of the negatively charged 

aspartate into asparagine resulted in the loss of allosteric modulation by cations for α2-

adrenergic receptors. The crystallographic structure confirmed predictions and 

revealed that sodium ion finds a specific location close to the orthosteric binding site, 

made up of residues Asp2.50, Ser3.39, Asn7.45, Asn7.49 and Trp6.48. It binds them along 

with three ordered water molecules, forming, finally, a distorted octahedral complex. 

Many other crystal structures have been obtained in complex with both sodium and 

antagonists, showing that the ion is bound only in presence of antagonists. 

Interestingly, the binding kinetics of sodium ion have been recently studied by 

molecular dynamics simulations, not only for the hA2A AR, but also for other well-known 

class A GPCRs (β2-adrenergic receptor, M3, 5HT1B, 5HT2B, H1, S1P, and LA1R) [27], 

stressing the evolutionary importance of the cation in these systems and of the related 

ligand binding modulation. The sodium ion is crucial, then, in regulating the ligand-

receptor binding process, however, the precise mechanism for this is still unknown. 

Specifically, we do not know the real physical-chemical correlation between the binding 

of antagonists/agonists and the presence or absence of the sodium ion, i.e.: why does 

agonist affinity decrease in presence of increasing concentrations of sodium ion, while, 

conversely, antagonist affinity increases, from a molecular point of view? Moreover, 

virtual screening studies performed so far never considered the presence of sodium 
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cation and its hydration shell. Thus, molecular elucidation of the role of the latter in 

ligand-protein recognition could help to differentiate better between agonists and 

antagonists, giving useful insights for the rational design of new drugs. 

 

1.1.4. Receptor Subtype Selectivity: the hA3 AR 

Drug selectivity towards different receptor subtypes is a holy grail of medicinal 

chemistry. It is highly coveted because it represents the first step to avoid side-effects 

commonly deriving from an unselective pharmacological treatment. Furthermore, it 

ideally allows better tolerated and more feasible therapies. In the case of ARs, each 

subtype, besides to be coupled with different G proteins, is involved in peculiar physio-

pathological processes, for which the use of both selective agonists and antagonists 

could be promising. Among the four AR subtypes, the hA3 represents a valuable target 

for the treatment of several diseases like autoimmune inflammations, cancer (agonists) 

[28, 29], glaucoma and asthma (antagonists) [30, 31]. It was described in 1991 for the 

first time [32] and finally identified as an AR subtype one year later [33]. Computational 

methods have been extensively used to design ligands capable to bind the hA3 AR 

subtype selectively [34], however, the lack of X-ray crystal structures constitutes the 

major limitation to this goal. After the explosion of available hA2A AR X-ray crystal 

structures, fortunately, it has been possible to build up receptor models basing on 

protein sequence homology. Computational methods, then, have been extensively 

used in this sense. As already mentioned in section 1.1.1., even though the hA2A and 

hA3 ARs belong to the same subfamily, they bind different G-proteins and show critical 

differences in sequence. For example, the hA2A AR shows an additional disulfide 

bridge at the level of the EL2, conferring a peculiar exposure to the bulk solution and 

structural rigidity. This has been confirmed also by the recently solved crystal 

structures of the hA1 AR as bound to both agonists and antagonists [35-37], for which 

the hA3 AR features the highest sequence similarity and identity. Basing on the latter, 

it is possible to build up and validate new hA3 AR homology models, with a view to 

explore more thoroughly ligands’ selectivity.
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1.2. Halogen Bonds in Ligand-Protein Systems 

 

1.2.1. Theory of Halogen Bonds 

Halogen Bonds (XBs) are weak interactions occurring between a Lewis acid halogen 

atom (Cl, Br, I) and a Lewis base (e.g. O, N, S). They are also generically defined as 

the interaction between an electrophilic region on a halogen and a nucleophilic region 

on another atom [38]. The first concrete description of XBs was given by Robert 

Mulliken in ‘50s, basing on UV spectra of iodine mixtures in acetone and aromatic 

solvents [39]. Mulliken hypothesized that a charge-transfer (CT) process was the basis 

of the XB mechanism. Such hypothesis was later confirmed by Odd Hassel, who was 

awarded of the Nobel Prize for his work on weak interactions [40]. Despite this, 

nowadays, theory and mechanism of XBs still constitute a scientific debate. Modelling 

halogen bond complex geometry and energy requires a precise description of all the 

physical-chemical terms involved at electron scales. With this aim, quantum mechanics 

(QM) has been extensively used. The most accepted model for halogen bonding dates 

to 2005, when Timothy Clark and colleagues described it starting from a Natural Bond 

Order (NBO) analysis [41]. They proposed the so-called “σ-hole” model: the negative 

potential given by the unshared electrons of the halogen leaves a positive charge (a 

hole) on the outermost portion of the atom surface (Figure 4). Basing on this, 

electrostatics would be able to provide either geometries or energies of the XB 

complexes, because any Lewis base atom engaged must approach head-on to fill the 

positive hole and avoid electrostatic repulsion. Consequently, perpendicular bonds are 

not allowed. This finding is quite comfortable and acceptable, in a way that, even when 

dealing with very big systems like biological molecules, it allows to model halogen 

bonds very – or too much – easily. Specifically, excluding any other physical term than 

electrostatics as the source of either directionality or interaction energy, one can model 

them by means of pure coulombic charges. The approach is very feasible, especially 

for common molecular mechanics (MM) forcefield implementations, in which classical 

van der Waals and electrostatic forces are mostly considered. However, several ab 

initio studies have pointed out that electrostatics are not the only contribution involved 
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in halogen bonding [42-45], since molecular orbital interactions, exchange-repulsion 

effects and dispersion are also important. Indeed, as already described even for 

hydrogen bonds (HBs) [46-48] – very similar to XBs – by either experimental or 

theoretical observations, covalency participates significantly to the interaction 

mechanism. Finally, a comprehensive understanding of the latter is still required to 

correctly describe the halogen bond mechanism and avoid misleading results in our 

analyses, for any useful application. 

 

Figure 3. Coulombian electrostatic potential of bromobenzene, in atomic units (0.03 isosurface value). 
computed at the BLYP-D3(BJ)/TZ2P level of theory. 

 

1.2.2. Halogen Bonds in Medicinal Chemistry 

Attention for halogen atoms in medicinal chemistry grew in the last two decades. 

Before then, they were generally considered important only in the context of chemical 

synthesis and biology (e.g. for their ability to change medium osmolality and ionic 

strength when negatively charged) [49]. However, the related extensive use in drug 

synthesis allowed to observe their beneficial effects. In particular, drug halogenation 

has been associated several times with a corresponding increase in drug selectivity 

and efficacy towards the chosen biological target [50, 51]. Nevertheless, X-ray 

crystallography revealed that halogen atoms clearly affect the final geometry of the 

bound complexes [52]. The best known example of XB in medicinal chemistry is given 

by the first crystal structure of the nuclear receptors TRα and TRβ, as bound to the 
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iodinated thyroid hormones T3 and T4 (Figure 5) [53]. That experimental work 

elucidated for the first time the role of iodine atoms in the mechanism of interaction and 

selectivity. With the rise of computational methods, several efforts have been made to 

model properly ligand-protein XBs. The σ-hole theory was extensively (and faithfully) 

applied to predict geometry and energy of such interactions, mainly because it 

represented the only available and generally accepted way to model them [54]. 

Unfortunately, more attention was paid to the electrostatic properties of the ligands 

than the biological target [55]. Furthermore, predicted geometries were rarely 

consistent with the crystallographic observations [52, 56], stressing the need of more 

accurate models. 

 

Figure 5. T3 thyroid hormone bound to the TR-β (PDB ID 1XZX [53]) and relevant interacting residues; 

XBs are highlighted in violet, HBs in blue
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2.1. Molecular Mechanics (MM) 

 

2.1.1. Empirical Forcefields 

Molecular Mechanics calculations exclude electron distribution effects, introducing the 

general approximation by which energy and other properties of the molecular system 

can be expressed as function of the nuclear positions only, rN. The methodology is 

derived by the Born-Oppenheimer assumption that the motion of atoms’ nuclei and 

electrons can be treated separately because of their different mass [1]. Since quantum 

effects are ignored, it is possible to model very large systems (e.g. proteins) containing 

even thousands of atoms, by means of classical physics and of a lower computational 

cost. The system is modelled linearly, basing on the superposition principle, i.e. the 

response, y(x), to two or more events, xi, is defined as the sum of the responses caused 

by the latter individually, 𝑦(𝑥) = ∑ [𝑦(𝑥)]𝑖
𝑁
𝑖=1 . Thus, linear functions called forcefields 

are used, describing potential energy, V(rN), as function of reference optimal values 

(x0) and constants (ki), taken from empirical spectroscopic data. Empirical forcefields 

differ from each other depending on the number of terms involved and on how 

constants have been obtained [2]. The most common molecular features addressed 

by forcefields are bond stretching, angle bending, dihedral torsion (bonded terms), 

electrostatic and van der Waals potentials (non-bonded terms) [3] (Equation 1): 

𝑽(𝒓𝑵) = ∑ 𝒌𝒊 𝟐⁄ (𝒍𝒊 − 𝒍𝒊,𝟎)
𝟐

+

𝒃𝒐𝒏𝒅𝒔

 ∑ 𝒌𝒊 𝟐⁄ (𝜽𝒊 − 𝜽𝒊,𝟎)
𝟐

𝒂𝒏𝒈𝒍𝒆𝒔

+ ∑ 𝑽𝒏 𝟐⁄ [𝟏 + 𝒄𝒐 𝒔(𝒏𝝎 − 𝜸)]𝟐)

𝒅𝒊𝒉𝒆𝒅𝒓𝒂𝒍𝒔

+ ∑ ∑ {𝟒𝜺𝒊𝒋 [(𝝈𝒊𝒋 𝒓𝒊𝒋⁄ )
𝟏𝟐

− (𝝈𝒊𝒋 𝒓𝒊𝒋⁄ )
𝟔

] + (𝒒𝒊𝒒𝒋𝒊𝒋
𝟒𝝅𝜺𝟎𝒓𝒊𝒋⁄ )}

𝑵

𝒋=𝒊+𝟏

𝑵

𝒊=𝟏

 

    (1) 

Several forcefields, like AMBER and CGENFF [4-5], basically exploit this approach. 
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Data sets used in parametrization are important for the transferability of the forcefield, 

that is, the wider and more varied the data set is, the more extensively suitable the 

forcefield will be, because it is based on a great variety of molecular systems. Empirical 

forcefields are the basis of molecular modelling calculations in drug design, as 

described below. 

 

2.1.2. Molecular Docking 

Molecular docking is a computational method aimed at predicting the most favourable 

orientation of a molecule as bound (docked) to another one of interest [6, 7].  It is 

particularly important in medicinal chemistry, where there is the need to 

predict/rationalize how a chosen ligand interacts with a biological target (e.g. a protein). 

Molecular docking is handy and allows to select potential candidates for in vitro tests 

among huge libraries of chemical compounds, in a short time and cost-effectively [8, 

9]. In order to perform a molecular docking calculation, the three dimensional 

structures of the chosen molecules are required. The molecular structure of the 

biological target is achieved by spectroscopic techniques like X-ray crystallography 

and nuclear magnetic resonance (NMR) [10, 11], by which it is possible rationally 

defining which portion of the target the ligand will be docked to. Then, several 

algorithms can be used to sample the possible conformations of the ligand within the 

search space, basing on combinatorial or stochastic methods [12-14]. Combinatorial 

algorithms, in a strict sense, explore all the degrees of freedom (N) associated to the 

coordinates of a molecule, giving rise to xN solutions and the so-called “combinatorial 

explosion” problem. Stochastic methods change the degrees of freedom randomly, so 

that the speed of calculation and the statistical chance of finding the best solution are 

significantly increased. The best solution is defined by scoring functions. A scoring 

function is an equation which approximately estimates the free energy of binding of a 

given conformational solution (pose). In general, the total energy is decomposed in 

several individual terms, e.g. solvation, electrostatics and hydrophobic effects, similarly 

to forcefields. Not surprisingly, many scoring functions are forcefield-based [15]. The 

score assigned to each pose gives indications of its quality. Since many different 

search algorithms and docking scoring functions are available, this inevitably makes 
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one question what is the best one. Nonetheless, they can perform differently for the 

specific target under study, leading to the necessity of docking benchmarks [16-18]. 

Nowadays, several benchmarks are available for different purposes [19, 20], like the 

informatic platform DockBench [21]. DockBench, implemented in our team, allows to 

perform the molecular docking of different crystallized ligands to their reference bound 

structures (self-docking) automatically, testing up to 17 different protocols. A 

dimensionless score (0-3), based mainly on the statistics of the output coordinates’ 

root mean squared deviation (RMSD) with respect to the crystallographic pose 

(average, minimum, number of poses having RMSD minor than crystallographic 

resolution), restitutes the quality of the protocols’ performance for each structure [22]. 

Indeed, the RMSD is a useful descriptor that correlates calculated solutions with the 

experimentally observed results. As a direct consequence of this, it is very suitable to 

precision and accuracy determinations. DockBench makes possible to manage the 

overall procedure step by step, adding or modifying atoms’ parameters (unless 

embedded in the respective docking code) and including explicit solvent molecules 

depending on the specific features of the system, as reported in the Scientific Work 

section. 

 

2.1.3. Molecular Dynamics 

Molecular Dynamics methods simulate the time evolution and motion of molecular 

systems. This is achieved using the three classical Newton’s equations of motion. The 

resulting positions and velocities of the particles describe a molecular trajectory. The 

latter is obtained differentiating the second law of motion (F = ma) as follows (Equation 

2): 

𝑑2�⃗� 𝑑𝑡2⁄ = �⃗�𝑥𝑖 𝑚𝑖⁄         (2) 

where mi is the mass of the particle i occupying the x coordinate, and F is the force 

acting on it. Integration is performed choosing finite time steps, δt, and defining 

intervals t + δt (definite integral). The force can change whenever a particle i of the 

system changes its position, leading to a many-body problem that cannot be solved 

analytically. To solve it, several algorithms are available [3, 23, 24]. The most famous 
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method is represented by the Verlet velocity integration [25, 26], solving equations of 

position and velocity as Taylor expansions in time steps t + δt (Equations 3, 4): 

�⃗�𝑖(𝑡 + 𝛿𝑡) =  �⃗�𝑖(𝑡) + �⃗�𝑖(𝑡)𝛿𝑡 + 1 2⁄ �⃗�𝑖(𝑡)𝛿𝑡2           (3) 

�⃗�𝑖(𝑡 + 𝛿𝑡) = �⃗�𝑖(𝑡) + 1 2⁄ [�⃗�𝑖(𝑡) + �⃗�𝑖(𝑡 + 𝛿𝑡)]𝛿𝑡      (4) 

The acceleration of the particle i is derived according to the second Newton’s Law as 

shown in Equation 5, where the acting force is computed basing on forcefields’ 

potential energy V(x) [4, 5, 27]. 

�⃗�𝑖(𝑡) = 𝑑2�⃗�(𝑡) 𝑑𝑡2⁄ = 𝐹𝑥𝑖(𝑡) 𝑚𝑖⁄ = − 𝑑𝑉[𝑥(𝑡)] �⃗�𝑖(𝑡)⁄      (5) 

Equations 3-4 show that the initial positions and velocities can affect the overall 

evolution of the system, since they determine the initial kinetic energy. Initial velocities 

are generally assigned by means of Maxwell-Boltzmann thermodynamic-statistical 

distributions [28] at given temperatures and pressures [29]. Such elements implicate 

the necessity of performing different simulations for the same system (at least three 

runs), in a way to explore as many pathways as possible. The user defined time step 

and the total simulation time are important in molecular dynamics computations [30], 

as they allow to explore molecular phenomena ranging in different temporal intervals. 

For example, very fast molecular vibrations can occur in femtoseconds (10-15 s) [31], 

while protein conformational rearrangements can require even up to milliseconds (10-

3 s). Concerning with biological macromolecules, the necessary computational cost 

could be extremely high, depending on the properties under study. Finally, a proper 

set up of the calculation is required for each specific molecular system of interest (e.g. 

membrane proteins [32]). In our work a new molecular dynamics algorithm was used: 

SuMD (Supervised Molecular Dynamics). SuMD, implemented by our research group 

in 2014 [33], is mainly aimed at exploring the recognition and binding pathways of 

ligands towards their potential/effective biological targets. It makes use of both 

classical and biased molecular dynamics simulations, decreasing the time scale of the 

ligand-protein binding processes to the order of few nanoseconds. A tabu-like 

algorithm is adopted, but the potential is not biased. Several steps of classical 

molecular dynamics simulations are performed, in which the distance between the 
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centres of mass of the ligand and binding site is monitored and collected at regular 

intervals. The resulting distances are fitted on a line whose slope can be positive or 

negative. When the slope m > 0, the ligand is getting far from the binding site and the 

simulation is restarted from the initial step coordinates, conversely, when m < 0, the 

ligand is getting closer, thus, a new classical MD step starts from the current 

configuration of the system. The optimal final distance to be reached is defined by the 

user, along with the number of consecutive failing steps after which the simulation will 

be stopped.  

 

2.1.4. Homology Modelling 

Homology modelling methods are essential in drug discovery to model proteins lacking 

a 3D crystal structure [34]. The basic principle is that any primary sequence of a protein 

contains evolutionary information about its tertiary structure [35, 36]. However, to date, 

the accurate de novo prediction from aminoacid sequences is a hard task, especially 

when increasing the protein size [37]. Consequently, the aminoacid sequence is 

required for both the unknown structure and the experimentally solved members of the 

same protein family. Selection, in general, is based on sequence similarity [38] and 

sequence identity, because it is reasonable to assume that the more similar is the 

template the more representative the homology model will be. Both the search for 

candidates (from databases) and sequence alignment (single/multiple) are efficiently 

performed by algorithms like BLAST [39-41] and FASTA [42, 43], which assign a score. 

After choosing the best alignment, the model is built following the coordinates of the 

reference template for each structural component (several algorithms are available for 

this purpose [42-45]). Protein backbone, loops and sidechains are then constructed 

stepwise. Loops generally present insertions or deletions, moreover, they are highly 

variable and conformationally disordered, so, they can be modelled by means of 

energy-based approaches or different homology sequences [46, 47]. Sidechains’ 

coordinates can be simply obtained by superposition to the template and eventually 

optimized using libraries of conformers. Finally, the model is subjected to the analysis 

of biophysical energetic parameters, rotamers and tautomeric states (e.g. histidines). 

Indeed, sequence studies do not represent the only criteria to choose the best 
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template. Depending on the object under study and on the scope of the research, any 

model needs to be assessed also in terms of performance and reproducibility. 

Furthermore, some models can perform better than others despite their template 

showed a lower homology. This means that it is always recommendable to test the 

final model ability to reproduce different experimental observations. As reported in 

sections 3.3-3.4, either molecular docking or molecular dynamics simulations can be 

used for good estimations.
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2.2. QUANTUM MECHANICS (QM) 

 

2.2.1 Kohn-Sham Molecular Orbital Theory 

The Kohn-Sham density functional theory (KS-DFT) comes from the studies of Fermi 

and Thomas, providing that the ground state energy E of an electron system in an 

external potential field can be described explicitly in terms (as functional) of the electron 

density, ρ(r) [48-50]. Following the mathematical definition of a functional, E associates 

a scalar quantity with ρ(r). The electron density is an experimental observable and can 

be calculated as probability distribution of electrons in a chosen space, r. From the first 

Hohenberg-Kohn theorem of DFT [51], it follows that the ground-state electron density 

uniquely determines the total energy of a system. In principle, this reduces significantly 

the computational effort required in solving the N particle problem as we go from 

determining the wavefunction, which has 4N degrees of freedom, to determining the 

electron density, which has only 4 degrees of freedom. 

𝐸 = 𝐸[𝜌(𝑟)] = 𝑇[𝜌(𝑟)] + 𝑉𝑁𝑒[𝜌(𝑟)] + 𝐽𝑒𝑒[𝜌(𝑟)] + 𝑄𝑋[𝜌(𝑟)]     (6) 

𝑉𝑁𝑒  [𝜌(𝑟)] = − ∑ ∫
𝑍𝐴

|𝑟 − 𝑅𝐴|
𝜌(𝑟)𝑑𝑟

𝑀

𝐴=1

    

(nuclear-electron Coulomb attraction) 

𝐽𝑒𝑒[𝜌(𝑟)] = ∫
𝜌1(𝑟)𝜌2(𝑟)

𝑟12

𝑑𝑟1𝑑𝑟2  

(electron-electron Coulomb repulsion) 

In Equation 6, the Thomas-Fermi kinetic energetic, T [ρ(r)], and the quantum electron-

electron repulsion (exchange), QX [ρ(r)], are largely approximated terms. Like in 

Hartree-Fock (HF) theory, DFT is subjected to the variational principle (second 

Hohenberg-Kohn theorem, Equation 7), thus, theoretically, it is possible to calculate 

the ground state energy without using the Schrӧdinger equation. 
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𝐸[𝜌𝑡𝑟𝑖𝑎𝑙] ≥ 𝐸[𝜌]      (7) 

KS equations offer a practical way to calculate the electron density [52], using an 

effective external potential (Equations 8, 9): 

[− 1 2⁄ ∇2 + 𝑉𝐾𝑆(𝑟)]𝜑𝑖 = 휀𝑖𝜑𝑖         (8) 

𝑉𝐾𝑆(𝑟) = 𝑉(𝑟) + 𝑉𝐶𝑜𝑢𝑙(𝑟) + 𝑉𝑋𝐶(𝑟)                  (9) 

The KS potential, VKS(r), includes the attraction between nuclei and electrons, V(r), 

along with the classical Coulomb repulsion within a static electron density, VCoul(r), and 

the exchange correlation potential, VXC(r), which accounts for the fact that electrons 

avoid each other due to Fermi and Coulomb correlation. The resulting eigen functions, 

φi, in equation 8, lead to the exact electron density as shown in equation 10: 

𝜌(𝑟) = ∑ 𝑛𝑖|𝜑𝑖(𝑟)|2
𝑖=1 = 𝜌𝑒𝑥𝑎𝑐𝑡(𝑟)         (10) 

In a similar way to the HF method, they represent molecular orbitals by which it is 

possible to form the Kohn-Sham one-determinant wavefunction and the associated 

expectation value of the exact Hamiltonian, that is, the KS energy (Equation 11): 

𝐸𝐾𝑆 = ⟨𝛹𝑖|�̂�|𝛹𝑖⟩ = 

= ∑ 𝑛𝑖⟨𝜑𝑖|− 1 2⁄ ∇2|𝜑𝑖⟩

𝑖

+ ∫ 𝜌𝑒𝑥𝑎𝑐𝑡𝑉 𝑑𝑟 + 1 2⁄ ∫ 𝜌𝑒𝑥𝑎𝑐𝑡𝑉𝐶𝑜𝑢𝑙 𝑑𝑟

− 1 2⁄ ∑ 𝑛𝑖𝑛𝑗 ∬[𝜑𝑖
∗(𝑥1)𝜑𝑗

∗(𝑥2)𝜑𝑗(𝑥1)𝜑𝑖(𝑥2) 𝑟12⁄ ]

𝑖𝑗

𝑑𝑥1𝑑𝑥2  = 

= (𝑇𝑠 + 𝑉𝑁𝑒 + 𝐽𝑒𝑒) + 𝑄𝑋       (11) 

Note that the Kohn-Sham determinant i and energy EKS differ from the exact 

wavefunction and total energy. VNe and Jee are exact, like in equation 6. However, while 

Ts is the exact kinetic energy of the reference system of non-interacting electrons, it is 

not the kinetic energy of the corresponding real electron system. The term QX is the 

exchange energy of the Kohn-Sham determinant which, again, differs from the 
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Hartree-Fock exchange energy. QX is to be augmented by the correlation energy, EC, 

i.e. the difference between the exact energy and the KS energy EKS. Thus, in KS-DFT, 

the sum of QX and EC represents the exchange-correlation (XC) energy, EXC. 

Substituting, Equation 6 becomes Equation 12: 

𝐸 = 𝐸𝐾𝑆 + 𝐸𝐶 =  𝑇𝑠 + ∫ 𝜌𝑒𝑥𝑎𝑐𝑡𝑉 𝑑𝑟 + 1 2⁄ ∫ 𝜌𝑒𝑥𝑎𝑐𝑡𝑉𝐶𝑜𝑢𝑙 𝑑𝑟 + 𝐸𝑋𝐶[𝜌]  (12) 

𝐸𝑋𝐶 = ∫ 𝜌(𝑟)휀𝑋𝐶(𝑟) 𝑑𝑟 

where εXC is a spatial function, also a functional of the density. 

The exact analytical expressions of the XC potential and energy functional are 

unknown. However, several approximate potentials have been developed [53], e.g. the 

LDA approximation [54]. As well-described by Bickelhaupt and Baerends in 2000, KS 

orbitals are highly suitable to molecular orbital theory and show several advantages as 

compared to HF, especially the introduction of the electron correlation in the energy 

equation [55]. For sure, as above mentioned, one of the best advantages is the lower 

computational cost, although retaining a significant accuracy (MP2 methods or better), 

which makes DFT of great interest for calculations on biological and macromolecular 

systems, where the inclusion of electronic effects, like charge-transfer (CT), 

polarization and dispersion, may give a better representation and explanation of 

several phenomena [56]. However, also drawbacks are present: in fact, DFT 

calculations can be systematically improved only by implementation of larger basis 

sets and XC functionals must be selected depending on the case of study, trusting on 

benchmarks. 

 

2.2.2 Energy Decomposition Analysis (EDA) 

Energy decomposition analysis (EDA) is a powerful tool originally implemented in DFT 

by Ziegler and Rauk in the context of the Hartree-Fock-Slater (HFS) calculations [57] 

and then applied also to more elaborate forms of KS MO theory [55]. Given two 

monomers A and B forming a complex AB, EDA is a method that allows to obtain 
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analytically some components of the complex bonding energy, ΔEBond, as shown below 

(Equation 13): 

∆𝐸𝐵𝑜𝑛𝑑 = 𝐸(𝜌𝐴𝐵) − [𝐸(𝜌𝐴) + 𝐸(𝜌𝐵)] = ∆𝐸𝑆𝑡𝑟𝑎𝑖𝑛 + ∆𝐸𝐼𝑛𝑡      (13) 

ΔEStrain is the energy necessary to deform the geometry of isolated monomers A and 

B to the respective one acquired in the complex AB. ΔEInt is the energy change 

occurring when the monomers form the bond complex and can be further decomposed 

to four components: electrostatic interaction energy (ΔVElstat), Pauli repulsion energy 

(ΔEPauli), orbital interaction energy (ΔEOi) and dispersion energy (ΔEDisp). 

Electrostatic energy is ascribed to the interaction between the initial unperturbed 

densities, ρA and ρB, to give the final density: 

∆𝑉𝐸𝑙𝑠𝑡𝑎𝑡 = ∑
𝑍𝛼𝑍𝛽

𝑅𝛼𝛽
− ∫ ∑

𝑍𝛼𝜌𝐵

|𝑟 − 𝑅𝛼|
𝑑𝑟

𝛼∈𝐴𝛼∈𝐴
𝛽∈𝐵

− ∫ ∑
𝑍𝛽𝜌𝐴

|𝑟 − 𝑅𝛽|
𝑑𝑟 −

𝛽∈𝐵

∫ ∫
𝜌

𝐴
(𝑟1)𝜌

𝐵
(𝑟2)

𝑟12

𝑑𝑟1𝑑𝑟2  

             (14) 

The first and the last term in Equation 14 are repulsive coulombic forces while the 

second and the third ones are attractive. Overall, ΔVElstat is usually attractive in 

equilibrium neutral systems because, when the electron densities start to overlap for 

the complex formation, the last term, representing the coulombic electron-electron 

repulsion, starts to become smaller than the corresponding repulsion between point 

charges.  

The Pauli repulsion energy, following from the Pauli exclusion principle, is the energy 

change resulting after anti-symmetrization and renormalization of the product 

wavefunction ΨAΨB into Ψ0. The respective change in electron density is expressed as 

follows (Equation 15): 

𝜌0(𝑟1) = 2 ∫|𝛹0(𝑥1, 𝑥2)|2𝑑𝑥2𝑑𝑠1 = 

= (1 − 𝑆2)−1[|𝜑𝐴 (𝑟1)|2 + |𝜑𝐵 (𝑟1)|2 − 2𝑆𝜑𝐴 (𝑟1)𝜑𝐵 (𝑟1)]   (15) 

where x1 denotes both space and spin (s) variables.  
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Orbital interaction energy, ΔEOi, is the energy change which occurs when getting from 

the initial wavefunction Ψ0 to the final KS determinant, with exact electron density. 

Finally, dispersion energy follows from the attractive interactions between transient 

dipoles in molecules. ΔEDisp is added to the overall interaction energy usually by means 

of semiempirical dispersion functionals [58], especially when dealing with weak 

interactions, where long-range XC effects could be relevant. The sum of the energy 

components above-described provide the total interaction energy ∆EInt as shown in the 

Equation 17: 

∆𝐸𝐼𝑛𝑡 = ∆𝑉𝐸𝑙𝑠𝑡𝑎𝑡 + ∆𝐸𝑃𝑎𝑢𝑙𝑖 + +∆𝐸𝑂𝑖 + +∆𝐸𝐷𝑖𝑠𝑝    (17) 

 

2.2.3 Voronoi Deformation Density (VDD) 

Voronoi Deformation Density (VDD) analysis is a method for computing atomic 

charges [59]. The analysed space is partitioned into non-overlapping regions called 

Voronoi cells. A Voronoi cell is mathematically calculated as the set of points that are 

closer to nucleus A than to any other nucleus. A fictitious promolecule is used to define 

the initial charge distribution as the superposition of all atomic densities. Thus, the 

change in electron density occurring when getting from the promolecule to the final 

molecule is related to the VDD charge of A and obtained by its integration over the 

Voronoi cell space (Equation 18): 

𝑄𝐴
𝑉𝐷𝐷 = − ∫ [𝜌(𝑟) − 𝜌𝑝𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒(𝑟)]

𝑉𝐷𝐷 𝑐𝑒𝑙𝑙 𝑜𝑓 𝐴
𝑑𝑟  (18) 

A positive atomic charge (Q > 0) describes the loss of electrons from the Voronoi cell 

of the atom and, conversely, a negative atomic charge (Q < 0) describes a flow of 

electrons into the atom cell. The VDD methodology is easily applied as well as to 

bonding analysis of molecular complexes between fragments, by using, as the fictitious 

promolecule, the sum of the monomer densities (instead of the sum of atomic 

densities) as follows: 

∆𝑄𝐴
𝑉𝐷𝐷 = − ∫ [𝜌𝑐𝑜𝑚𝑝𝑙𝑒𝑥(𝑟) − ∑ 𝜌𝑖(𝑟)𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠 ]𝑑𝑟𝑉𝐷𝐷 𝑐𝑒𝑙𝑙

𝑜𝑓 𝐴 𝑖𝑛 𝑐𝑜𝑚𝑝𝑙𝑒𝑥
 (19) 
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Equation 19 describes the change in electronic density in each atomic Voronoi cell due 

to the bond formation between two or more monomers, s o it represents a useful tool 

to understand this process.



  

36  2.3. The EM Correlation Coefficient 

 

2. METHODOLOGY 
 

2.3. THE EM CORRELATION COEFFICIENT 

 

2.3.1 Correlation Analysis 

Correlation is so far one of the most important concepts in scientific research at any 

level, from chemistry to sociology. The term was introduced in the early 19th century 

by Georges Cuvier, the founder of paleontology and comparative anatomy, initially 

describing a qualitative interdependence between two or more random variables. Was 

Galton, in 1885, to use it in a more quantitative sense, and to establish the definition 

of Correlation Analysis in 1888 [60, 61]. Today, as by Galton, correlation analysis is 

generally related to regression methods, in reference to the work of Laplace, Gauss 

and Legendre. 

Why is correlation so important? It is commonly exploited in statistical estimations and, 

as such, potentially subjected to bias. As a matter of fact, its available mathematical 

implementations are largely founded on the calculation of average and mean deviation. 

Beyond technical details, correlation analysis is highly popular and can be undoubtedly 

considered as the basis of the logical-scientific methodology, in fact, any scientific 

statement is nothing but the proof (or disproof) of an initial hypothesis by means of 

experimental correlation between observed phenomena. However, it is easy to 

confuse correlation with causation, so, one could question when correlation is 

causation for real. Not surprisingly, correlation methods and their interpretation are still 

under study and represent a matter of debate in each field [62-64]. At the basis of the 

correlation potential “deceptiveness” there are two fundamental aspects: the logic 

correctness behind hypothesis and conclusions - including the logical selection of 

variables subjected to comparison - and the lack of a rigorous, not purely statistical, 

formalism. It is important, then, to understand the real logic lying in a correlation result, 

so to not incur any paralogism (using the Aristotelian definition). Nevertheless, we need 

more and more accurate correlation calculations, deterministic rather than statistical, 

in order to prevent misleading results, as well as to improve both scientific research 

and communication.  
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In general, the natural requirements for a correlation coefficient are: 1) symmetry 2) 

invariancy to linear transformation of variables, 3) limit values indicating inverse, zero 

and full dependence. The last point is considered a merely technical requirement, for 

the practical convenience linked to the scaleless measure of correlation. Several 

correlation coefficients have been implemented with a view to estimate the mean 

interdependence of variables [65-67], but, nowadays, the Pearson’s coefficient is still 

the most accepted one and several modifications either adjustments have been 

implemented [68, 69]. Given two variables x and y, the Pearson correlation coefficient, 

r, estimates the linear correlation between them. It is calculated for a sample (or a 

population) as the ratio between the covariance of x and y, cov (x, y), and the product 

of their standard deviations, sxsy: 

𝑟𝑥𝑦 =
𝑐𝑜𝑣(𝑥, 𝑦)

𝑠𝑥𝑠𝑦
= 

= [∑ (𝑥𝑖 − �̅�)(𝑦𝑖 − �̅�)𝑛
𝑖=1 ] [∑ (𝑥𝑖 − �̅�)2𝑛

𝑖=1 ∑ (𝑦𝑖 − �̅�)2𝑛
𝑖=1 ]−1/2      (20) 

As reported in Equation 20, the mean value of both x and y is crucial for the resulting 

correlation, making the latter highly dependent on the sample size. Indeed, the 

Pearson coefficient is not an unbiased estimator. Starting from a practical analytical 

problem (sections 3.1 and 3.3), a new correlation coefficient (E.M.) was implemented 

during the PhD work as formally described herein. 

 

2.3.2 The E.M. Equation 

Two numerical discrete variables x and y are given, describing the same or any 

different measurable, physical-logical property. It is also provided that xi ∈ X and yi ∈ Y 

(i = 1), such that X and Y are finite sets extracted from one or individual systems with 

same dimensions N, i.e. the sets are treated through a bijective mapping (one to one 

correspondence). We assume that for X and Y there is always a bijective function, 

f(x,y), estimating correlation between variables, independently on the nature of the 

latter. Basically, correlation f between x and y can be algebraically expressed as 

equality/inequality, (x − y), ratio, (x/y), and either in dependence or independence on 
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the sign. Such expressions constitute the simplest and most logical approach to 

understand objects’ interdependence. However, from a mathematical point of view, 

difference is never normalized and, consequently, does not give any generalizable 

direct estimation; by quotient, similarly, we lose information about the specific sign of 

each variable, as {(+ / −) = (− / +) = −}. Thus, we want to: find a function, expressed in 

terms of xi and yi, f(x,y), which restitutes a single number representing their 

equality/inequality, their ratio and the sign of both at one time. 

Using the basic rules of exponentiation and the average of two numbers, it is possible 

to provide a simple equality test: the non-negative square root of two variables’ product 

will be equal to the median of the same variables, if and only if values assigned to each 

variable are equal (Equation 21): 

𝑓(𝑥, 𝑦) = √|𝑥𝑖𝑦𝑖| −  1 2⁄ (|𝑥𝑖| + |𝑦𝑖|)     (21) 

for xi = yi 

√|𝑥𝑖𝑥𝑖| = √|𝑥𝑖|2 = 1 2⁄ (2|𝑥𝑖|) =  |𝑥𝑖| 

𝑓(𝑥, 𝑦) = 0 

where the sign (±1) of the variables was momentarily omitted, to satisfy the radical 

definition. The deviation above can yield 0 (equality), values > 0 for {0 < √(|xiyi|) < 1} 

and <0 for {√(|xiyi|) > 1}, however, it does not involve explicitly neither the ratio nor the 

sign of variables yet. The sign difference must be calculated, thus, signs’ product is 

introduced and multiplied by the radical, as formally extracted from the radicand. The 

sign is applied to the average as well, but in this case, only one can be multiplied, 

without preference between x and y, with a view to prevent that the sign total difference 

is cancelled, in fact, difference for any combination of signs should give always 0. 

Finally, the equation is normalized by the binomial average so that the resulting 

function is defined in a limited interval, following the common requirements of 

correlation coefficients (Equation 22). 
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𝑓(𝑥, 𝑦) = 𝐸. 𝑀. =  

= {
√(|𝑥𝑖𝑦𝑖|(𝑠𝑔𝑛𝑥 𝑠𝑔𝑛𝑦) −

1
2

[(|𝑥𝑖| + |𝑦𝑖|)(𝑠𝑔𝑛𝑥)]

|𝑥𝑖| + |𝑦𝑖|
2

} = 

= {[2√(|𝑥𝑖𝑦𝑖|(𝑠𝑔𝑛𝑥 𝑠𝑔𝑛𝑦)]/(|𝑥𝑖| + |𝑦𝑖|)} − (1)𝑠𝑔𝑛𝑥    (22) 

Applying any combination of signs for equality and inequality conditions respectively, 

f(x,y), the E.M. correlation coefficient, takes values between -2 and +2, due to the 

multiplication by 2 during normalization. As reported in Scheme 1, six endpoints are 

reported (0+, 0-, +1, -1, +2, -2), defining four intervals.  

 

Scheme 1. Axial representation of the E.M. coefficient intervals and generalized correlation cases. 

For convenience the double proportionality was retained. Intervals describe perfect 

and partial correlation, along with forward, inverse and backward correlation, as a 
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general treatment of signs’ correlation. Function takes endpoint values only if x and y 

are entire numbers. As scientific calculations/measurements yield numbers with 

several decimal places of accuracy (represented by k in Scheme 1), endpoints 

constitute limit values of the E.M. function. This aspect is extremely important since it 

allows to define the following steps proving the E.M. coefficient to be a function of the 

variables’ ratio and expressible in terms of normal distributions, differently from 

common available coefficients [69]. 

𝐸𝑀 =  
−𝑥 ( 𝑦 −  √|𝑥𝑦| )

2

|𝑥𝑦| ( |𝑥| +  |𝑦| )
 = 

=  
−𝑛𝑦 (𝑦 −  √|𝑛||𝑦|)

2

|𝑛𝑦2| ( |𝑛𝑦| +  |𝑦|)
 = 

=  (𝑠𝑔𝑛𝑥 𝑠𝑔𝑛𝑦) (
2√|𝑛|

|𝑛| + 1
− 𝑠𝑔𝑛𝑦) 

               (23) 

𝐸𝑀𝑔𝑎𝑢𝑠𝑠 = (𝑠𝑔𝑛𝑥𝑠𝑔𝑛𝑦)𝑒(−𝑘𝑁2) − (𝑠𝑔𝑛𝑥)     (24) 

 
Figure 1. EM correlation coefficient as a function of the logarithm of the ratio of two variables. 
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As reported in Equation 23, after several manipulations, the EM coefficient can be 

derived as a function of the absolute ratio |n| of the variables (the full formalism is 

omitted for simplicity). Finally, as the EM values are dependent on n and show limit 

values for either perfect or partial correlation, the function can be expressed as a 

normal gaussian poly-distribution around the logarithm of |n| (N) (Equation 24, Figure 

1). In Equation 24, k is a factor defined depending on the decimal places of accuracy 

of measurements subjected to correlation.
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3.1. Could the presence of sodium ion influence the 

accuracy and precision of the ligand-posing in the 

human A2A adenosine receptor orthosteric binding site 

using a molecular docking approach? Insights from 

DockBench. 

Enrico Margiotta, Giuseppe Deganutti and Stefano Moro 

(2018) J. Comput. Aided Mol. Des. 32, 1337–1346. https://doi.org/10.1007/s10822-018-0174-2 

 

Abstract 

The allosteric modulation of G protein-coupled receptors (GPCRs) by sodium ions has 

received considerable attention as crystal structures of several receptors, in their 

inactive conformation, show a Na+ ion bound to specific residues which, in the human 

A2A adenosine receptor (hA2A AR), are Ser913.39, Trp2466.48, Asn2807.45, and 

Asn2847.49. A cluster of water molecules completes the coordination of the sodium 

ion in the putative allosteric site. It is absolutely consolidated that the progress made 

in the field of GPCRs structural determination has increased the adoption of docking-

driven approaches for the identification or the optimization of novel potent and selective 

ligands. Despite the extensive use of docking protocols in virtual screening 

approaches, to date, almost any of these studies have been carried out without taking 

into account the presence of the sodium cation and its first solvation shell in the 

putative allosteric binding site. In this study, we have focused our attention on 

determining how the presence of sodium ion binding and additionally its first hydration 

sphere, in hA2AAR could influence the ligand positioning accuracy during molecular 

docking simulations for most of the available resting and activated hA2A AR crystal 

structures, using DockBench as a comparative benchmarking tool and implementing a 

new correlation coefficient (EM). This work provides indications on the evidence that 

the posing performance (accuracy and/or precision) of the docking protocols in 

reproducing the crystallographic poses of different hA2A AR antagonists is generally 

https://doi.org/10.1007/s10822-018-0174-2
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increased in the presence of the sodium cation and its first solvation shell, in agreement 

with experimental observations. Consequently, the inclusion of sodium ion and its first 

solvation shell should be considered in order to facilitate the selection of new potential 

ligands in all molecular docking-based virtual screening protocols that aim to find novel 

GPCRs antagonists and inverse agonists. 

 

Introduction 

The adenosine A2A receptor (A2A AR) is one of the four subtypes of adenosine 

receptors (A1 AR, A2A AR, A2B AR, A3 AR) belonging to the G protein-coupled receptor 

(GPCR) family. It is largely distributed in the human body, particularly in the heart, 

blood vessels, lungs, and brain. The A2A AR plays important roles in cardiovascular 

physiology and immune function, and it is also a target for the treatment of Parkinson’s 

disease, where A2AAR antagonists have been shown to enhance signaling through the 

D2 dopamine receptor [1]. For the first time, in 2012 a high-resolution crystal structure 

of the inactive hA2AAR in complex with the antagonist 4-(2-[7-amino-2-(2-furyl)-1,2,4-

triazolo[1,5-a] [1, 3, 5] triazin-5-yl-amino]ethyl)phenol (ZM241385) identified the 

precise location of a sodium ion in the region around the conserved Asp522.50, as 

previously hypothesized for other GPCRs [2]. Residues Ser913.39, Trp2466.48, 

Asn2807.45, and Asn2847.49 (Ballesteros-Weinstein numbering [3]), together with a 

cluster of water molecules, completed the coordination of the sodium ion in the putative 

allosteric site of the hA2AAR. Mutation of these amino acids highlighted the importance 

of this allosteric site for basal receptor functionality [4]. This structure was followed by 

several other GPCRs in complex with a sodium ion [2, 5, 6, 7, 8, 9, 10]. Interestingly, 

at physiological concentrations of sodium ions, approximately, the 80% of hA2A ARs is 

occupied by the cation, which reduces the agonist orthosteric binding [11]. 

Nonetheless, in a very recent study, the binding kinetics of sodium ion has been 

elucidated, not only for the hA2A AR, but even for seven well-known GPCRs belonging 

to the class A (β2AR, M3, 5HT1B, 5HT2B, H1, S1P, and LA1R) [12]. Hundreds of 

microsecond long Monte Carlo MD simulations revealed that, for this class of 

receptors, sodium ion binding is a highly favored thermodynamic process. As shown 

in Fig. 1, the putative allosteric site is close to the canonical orthosteric binding site of 

https://link.springer.com/article/10.1007%2Fs10822-018-0174-2#CR1
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the hA2AAR, and the presence of the sodium ion with its hydration shell can influence 

both the shape and the interaction network of the orthosteric binding site. In principle, 

this aspect can affect the recognition process and the binding mode of both agonists 

and antagonists, as previously described in the literature [11, 12, 13, 14, 15]. 

 

Fig. 1 a Superposition of four different antagonists (ZMA, VPD, T4E, and TEP—see Fig. SF1 for 
structural details) in the A2A AR orthosteric site, along with the sodium ion and its first solvation shell. 
The receptor is shown as a white ribbon (TM7 has been removed for clarity). b Binding modes of the 
four A2A AR antagonists: N2536.55 and E169EL2 are engaged in a hydrogen bond, while F168 (cyan 
transparent surface) makes hydrophobic contacts with the ligands. 

It is absolutely consolidated that the progress made in the field of GPCRs structural 

determination has increased the adoption of docking-driven approaches for the 

identification or the optimization of novel potent and selective ligands 

[16, 17, 18, 19, 20, 21, 22]. As routinely demonstrated, docking programs are usually 

successful in generating multiple poses that include binding modes similar to the 

crystallographically determined bound structure. We have already proposed an 

alternative quality assessment strategy, named DockBench, to compare the 

performances of different docking/scoring combinations on a collection of 

crystallographic structures of ligand–protein complexes, including the hA2A AR in 

complex with both agonists and antagonists [17, 18]. Despite the extensive use of 

docking protocols in virtual screening approaches, to date, almost all these studies 

have been carried out without considering the presence of the sodium cation and its 

first solvation shell in the putative allosteric binding site. In this study, we have focused 

our attention on determining how the presence of sodium ion binding and additionally 

https://link.springer.com/article/10.1007%2Fs10822-018-0174-2#CR11
https://link.springer.com/article/10.1007%2Fs10822-018-0174-2#CR12
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its first hydration sphere, in hA2AAR could influence the ligand positioning accuracy 

during molecular docking simulations for most of the available resting hA2AAR crystal 

structures, using DockBench as a comparative benchmarking tool. Sixteen different 

docking/scoring combinations (Table ST1), applied to 36 crystallographic structures of 

antagonists - hA2AAR complexes (Table ST2 and Fig. SF1) were compared. Accuracy 

and precision variations in ligand posing have been calculated in either absence or 

presence of sodium cation and its first hydration shell for all docking/scoring 

combinations and correlated by a new statistical coefficient (EM) (Eq. 3). Great 

attention was addressed to the preparation of the sodium-bounded receptors 

structures and to the sodium parameterization. This work provides indications that the 

posing performance (accuracy and/or precision) of the docking protocols in 

reproducing the crystallographic poses of different hA2AAR antagonists is generally 

increased in the presence of the sodium cation and its first solvation shell, in agreement 

with experimental observations. Consequently, the inclusion of sodium and its first 

solvation shell could facilitate the selection of new potential GPCRs blocking agents in 

all molecular docking-based virtual screening protocols. 

 

Materials and Methods 

General 

The MOE suite (Molecular Operating Environment, version 2016.0801) [23] was 

exploited in order to perform general molecular modeling operations. All preliminary 

computations were carried out on a 12 CPU (Intel® Xeon® CPU E5-1650 3.80 GHz) 

Linux workstation. Docking simulations were performed on a 64 CPU cluster based on 

Ubuntu Operating system (distribution 14.04, 64 bit), exploiting the platform 

DockBench 1.0 [17]. All the input files were edited to include water molecules and 

sodium ions during docking runs. Plots were generated using Gnuplot 4.6 [24]. 2D 

chemical structures were drawn with Marvin Sketch [25]. Molecular graphics were 

performed with the UCSF Chimera package [26]. 
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https://link.springer.com/article/10.1007%2Fs10822-018-0174-2#CR25
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Protein preparation for docking in absence of the sodium ion 

A2AAR crystal structures were retrieved from the RCSB Protein Data Bank (PDB) [27] 

database (Table ST2 and Fig. SF1). 

Fusion proteins and antibody portions were removed, along with ions and any other 

co-crystallized molecule (water molecules were retained at this stage). Protein 

structures were protonated by means of the MOE Protonate 3D tool [28], at 

physiological pH 7.4, temperature 310 K and salt concentration 0.1 M. More precisely, 

the Generalized Born solvation model [29] was used, with an inner dielectric constant 

value of 2 and the 800R3 van der Waals energy function. MOE energy minimization 

tool was exploited to minimize bad contacts between hydrogen atoms, using the 

Amber12:EHT force field [30], until the RMS of the conjugate gradient, was < 0.05 

kcal∙mol−1∙Å−1. Ligands partial charges were calculated by means of the PM3/ESP 

semiempirical Hamiltonian [31] after being removed from their complex. Protein atomic 

partial charges were computed according to the Amber12:EHT force field. 

Protein preparation for docking in presence of the sodium ion 

Whenever missing, sodium ion and water molecules belonging to its hydration shell 

were copied after superposition over one of the highest resolution structures 5NM2 [9] 

(resolution = 1.948 Å). No critical contact energy was detected after the insertion, 

according to the MOE structure analysis tool. Finally, a further protein set containing 

the sodium hydration shell but the ion was prepared to evaluate the putative contribute 

of water molecules to the overall results. 

Docking settings and sodium parameterization 

Self-docking simulations were performed by means of DockBench 1.0 [17, 18], using 

36 crystal structures, 15 ligands (Table ST2 and Fig. SF1) and 16 different protocols 

(belonging to Autodock [32], Glide [33], GOLD [34], MOE [23], Plants [35], rDock [36]; 

Table ST1), considering both the presence and the absence of the sodium ion and the 

coordinated water molecules in the allosteric site. For each run, the radius of the 

docking volume was set to 20 Å around the centroid coordinates of the crystallographic 

ligand, and the first 20 poses were retained; the RMSD threshold for the conformational 

search was set to 1.0 Å. Default software settings were employed, as previously 

described [17, 18]. Involvement of water molecules in docking simulations made 

https://link.springer.com/article/10.1007%2Fs10822-018-0174-2#CR27
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https://link.springer.com/article/10.1007%2Fs10822-018-0174-2#CR32
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necessary, for most of the packages used, to perform some preliminary steps. A python 

script was implemented, which, exploiting Open Babel [37]: extracts coordinates of 

each water molecule, as required by Gold, Plants, rDock and Glide packages, 

calculates Gasteiger partial charges [38] and yields the respective files; 

generates pdbqt structure files for Autodock packages, containing both water 

molecules and protein. Another bash code script was necessary to generate, for any 

docking software, new configuration files containing water molecules explicitly. 

AutoDock Vina 1.1.2 [39] was excluded from the benchmark, as it does not allow the 

editing of energy parameters for the sodium ion (any parameter is already embedded 

in the main executable code). On the other hand, sodium parameters for Autodock 4.2 

were extracted from the 12-6-4 parameters set derived by Pengfei Li and colleagues 

[40], which reproduce both the experimental HFE (hydration free energy) and IOD (ion-

oxygen distance) values of some monovalent ions (Table ST3). 

Visualization of DockBench results 

 

Fig. 2 Comparison between the protocol scores (see Fig. SF5) obtained in the presence and absence 
of the sodium ion in the allosteric site. Blue spots indicate improving docking protocols/A2A structures. 

For each self-docking, the root mean square deviation (RMSD) between the 

coordinates of the predicted poses and the crystallographic conformations were 

https://link.springer.com/article/10.1007%2Fs10822-018-0174-2#CR37
https://link.springer.com/article/10.1007%2Fs10822-018-0174-2#CR38
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computed and employed for the RMSDmin, RMSDave, N(RMSD < R) and Protocol Scores 

analysis, in analogy with a previous work from our group [41] (Table ST5 and Figs. 

SF2, SF3, SF4, SF5). In order to compare the results yielded in the presence and 

absence of the sodium ion and the water shell, an analogue plot was introduced 

(Fig. 2). It shows the difference between Protocol Scores in absence of the first 

sodium-water shell (panel A Fig. SF5) and Protocol Scores in its presence (panel B 

Fig. SF5). Absolute score deviations with value 1 were not considered as critical for 

comparison, due to an intrinsic variability of docking protocols. 

Precision, accuracy and EM correlation coefficient 

Precision and accuracy variations of docking results were estimated introducing two 

further scores, namely delta precision (Δp—Eq. 1) and delta accuracy (Δa—Eq. 2). 

 

∆𝑝 = 100 × [
(𝑅𝑀𝑆𝐷𝑚𝑖𝑛−𝑅𝑀𝑆𝐷𝑎𝑣𝑒)𝑥−(𝑅𝑀𝑆𝐷𝑚𝑖𝑛−𝑅𝑀𝑆𝐷𝑎𝑣𝑒)𝑦

|(𝑅𝑀𝑆𝐷𝑚𝑖𝑛−𝑅𝑀𝑆𝐷𝑎𝑣𝑒)| max(𝑥,𝑦)
]      (1) 

∆𝑎 = 100 × [
(𝑅𝑀𝑆𝐷𝑎𝑣𝑒𝑥−𝑅𝑀𝑆𝐷𝑎𝑣𝑒𝑦)

(𝑅𝑀𝑆𝐷𝑎𝑣𝑒) max(𝑥,𝑦)
]   (2) 

The former aims to describe the change in precision and its direction (i.e. if the 

presence of the sodium ion and water molecules enhance or not the output 

convergence), while the latter describes the variation in accuracy (a more detailed 

description is given in the SI). x is referred to the inserted structural element set 

(sodium or water molecules), while y represents the reference one (the structure 

without the inserted structural reference), so, if ∆p > 0, precision increases in favor of 

the new component x, otherwise, it does in favor of the reference structure y. On the 

other hand, if ∆a < 0, the insertion of the new structural component leads to an increase 

in accuracy. As shown in Fig. 4, comparisons were made between: (a) A2A without 

sodium and water molecules/A2A with the ion in its orthosteric site; (b) A2A with the ion 

in its orthosteric site/A2A with both the ion and the water molecules in the orthosteric 

site; (c) A2A without sodium and water molecules/A2A with both the sodium and the 

water molecules in the orthosteric site. Considering that accuracy and precision can 

change independently, we tried to compose them in a single expression (Eq. 3): the 

https://link.springer.com/article/10.1007%2Fs10822-018-0174-2#CR41
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EM coefficient (whose value ranges between − 2 and 2) quantifies if the absolute 

variation and the “direction” of both precision and accuracy are the same (i.e. if the 

insertion of the new structural element leads to better performances of both precision 

and accuracy). 

𝐸𝑀 = {
√(|𝛥𝑝𝛥𝑎| (

𝛥𝑝|𝛥𝑎|
|𝛥𝑝|𝛥𝑎

 ) −
1
2 [(|𝛥𝑝| + |𝛥𝑎|) (

𝛥𝑝
|𝛥𝑝|

)]

|𝛥𝑝| + |𝛥𝑎|
2

} =
−𝛥𝑝( 𝛥𝑎 −  √|𝛥𝑝𝛥𝑎| )

2

|𝛥𝑝𝛥𝑎| ( |𝛥𝑝| +  |𝛥𝑎| )
 

  (3) 

EM aims to quantify the correlation between two variables, dependent on one (or more) 

of interest, and estimates the influence of the latter in a commutative way, by 

determining their identity in value and sign case by case. Notable values of EM index 

are reported in Table ST4. Results for each structure-protocol pair are shown in Fig. 4, 

together with one of the most representative examples, t4e-5OM4/GOLD-chemscore, 

whose results improved after the addition of the sodium (step A in Fig. 4) and the water 

molecules (step B in Fig. 4). Pink and salmon spots, in general, indicate accuracy 

worsening in presence of the new structural element, vice versa cyan and light-blue 

spots; finally, red and blue spots indicate a total convergence of docking results 

accuracy, along with precision (perfect forward or backward correlation), towards the 

reference structure and the new structural element respectively (see Table ST4). 

 

Results and discussion 

Available structures have disclosed the hallmarks of both agonist and antagonist 

recognition mechanism in the A2A AR orthosteric binding site. While a common binding 

mode was observed for the agonists adenosine, NECA (N-ethyl-5′-carboxamido 

adenosine, PDB codes 2YDV) and CGS21680 (2-[p-(2-carboxyethyl)phenylethyl-

amino]-5′-N-ethylcarboxamido adenosine, PDB code 4UHR) a higher conformational 

variability characterizes the A2A antagonists and inverse agonists 

[2, 5, 6, 7, 8, 9, 42, 43, 44, 45, 46]. Indeed, the latter class of ligands explores a wider 

chemical space, which leads to a range of slightly different binding modes (Fig. 1a, b). 
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A common feature of antagonist-bound A2A structures is the presence of a sodium ion 

in the transmembrane domain. In this site, the sodium coordinates three water 

molecules as well as the D522.50 and S913.39 side chains (Fig. 1a). From a 

pharmacological point of view, the occupation of this particular spot leads to negative 

allosterism in all the class A GPCRs [13, 47]. In the present study, we investigated the 

influence exerted by the sodium ion (and its first solvation shell) on different docking 

protocols. More precisely, the self-docking on 36 available A2A structure in inactive 

state (Table ST2 and Fig. SF1), both in presence and absence of sodium ion and its 

shell water molecules in the allosteric site, was performed by means of 16 docking 

protocols (Table ST1), as implemented in the DockBench software [17, 18]. The self-

docking was also simulated (i) in presence of the sodium ion alone and (ii) in presence 

of the ion along with the solvation shell, with the aim to differentiate the respective 

putative influence on the results. Comparing the RMSDmin (Table ST5 and Fig SF2), 

RMSDave (Tables ST5, SF3) and N(RMDS < R) (Tables ST5, SF4) analysis in 

presence and absence of the sodium ion (and its first solvation shell), no remarkable 

differences can be spotted, as color densities are distributed almost equally. As a 

general view, protocols belonging to RDock, PLANTS, GOLD, and GLIDE were able 

to generate poses with the highest accuracy (RMSDmin analysis, Fig. SF2). Taking 

into account RMSDave and N (RMSD < R) analysis, reported in Figures SF3 and SF4, 

many protocols worsen their performances, with GOLD ones (GOLD-chemscore, 

GOLD-plp, GOLD-asp, and GOLD-goldscore) overall able to better reproduce the 

experimental data (Fig. SF5). Using this specific test set and the standard DockBench 

setups, Gold is usually the best performer and MOE the weakest (Figs. SF2–4, in 

particular, the last one). However, as we have already stressed [17, 18], this 

comparative data obtained with DockBench should not be considered as an absolute 

assessment of the performances of the individual docking programs, but rather a 

relative comparison based on the particular case analyzed and of the specific setup 

conditions used. The Score Deviation Plot (Fig. 2) allows a more direct comparison, 

taking into account all the above-reported indexes. In general, a slight improvement 

was observed for self-docking runs performed on antagonist-bound structures, with the 

exception of complexes involving ZMA, which were generally not affected. On the other 

hand, the self-docking of theophylline (PDB code 5MZJ) showed improvement for 5 

protocols out of 16 (Autodock-ga, Autodock-lga, Gold-goldscore, Gold-chemscore, and 

https://link.springer.com/article/10.1007%2Fs10822-018-0174-2#Fig1
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RDock-std). Considering the score deviation plot (Fig. 2), the software most influenced 

by the presence of the sodium ion was GOLD, especially when in conjunction with the 

ASP (Astex statistical potential) scoring function. Indeed, five self-docking results out 

of 18 (excluding ZMA-bound A2A structures) improved when the cation and its water 

shell were considered. Figure 3 shows a superposition of the poses obtained for the 

antagonist T4E (PDB code 5OM4, Table ST2, and Fig. SF1) using the GOLD + ASP 

protocol. Interestingly, the presence of sodium ion and solvation water molecules 

(Fig. 3b) led to higher accuracy of the conformational solutions, compared to the poses 

proposed in their absence (Fig. 3a). The ASP is a knowledge-based scoring function 

introduced in 2005 [48] with the aim to improve the description of the protein 

environment that surrounds the docked compounds. For each atom type, the fraction 

of available volume is computed using a grid, therefore introducing a volume correction 

in the energetic potential within 8 Å from the ligand. Recently, ASP has been selected 

as the default for GOLD from version 5.1 and later, in light of the performances 

obtained in different benchmarks [49, 50, 51, 52]. For this subset of ligand-

A2A complexes, it is plausible that the precision and the accuracy of the docking 

predictions were influenced by the hindrance of the sodium and its first solvation shell. 

The influence exerted by water molecules on virtual screening was investigated in a 

previous work [53, 54]. This study considered water molecules located in the binding 

site and directly involved in hydrogen bonds with A2A AR antagonists. In our work, 

instead, the impact of water molecules on docking results are most likely due to effects 

on computed long-range interactions. 

 

Fig. 3 Comparison between docking poses obtained for the T4E antagonist, according to the GOLD-
ASP protocol in the absence (a) and presence (b) of the sodium ion along with its first solvation shell. 
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Although Score Deviation Plot (Fig. 2) is very useful to compare the overall 

performance of different docking protocols through a “self-docking” approach, we 

believe that it is not the most efficient approach to estimate the perturbation in accuracy 

and precision of the individual poses obtained from various docking protocols in the 

absence or in the presence of sodium ion and its first solvation shell.  

Table ST6. Deviations of correlation and accuracy after the successive additions of the sodium ion and 
the water molecules. A B and C correspond to the steps shown in Figure 4. Numbers in blue and red 
indicate, respectively, positive and negative balance after each step. Data are reported as a percentage 
on the total number of the protocols tested. 

step 
(∆p, ∆a) [xx-yy]tot (%) 

Total correlation 

(∆p=-∆a) [xx-yy] (%) 

Perfect correlation 

∆a [x-y] (%) 

Accuracy  

A +4.51 +10.4 +4.86 

B -0.86 +10.7 -4.86 

C +3.47 +14.58 +0.347 

SUM +7.11 +35.76 +0.347 

 

As reported in detail in the Methods section, in this study we have mathematically 

defined both accuracy and precision of ligand posing process, defined by the 

Eqs. 1 and 2 respectively and using as reference the poses collected in the 

crystallographic structures. In particular, considering that accuracy and precision may 

vary independently from each other, it was necessary to introduce a correlation 

coefficient, called EM and defined by Eq. 3, which indicates if precision and accuracy 

vary by either the same (absolute) percentages or the same direction as we add 

gradually the sodium cation and its water molecule in his first solvation shell. 

As reported in Table ST6, the overall pose accuracy, in presence of the sodium ion 

generally increased (+ 4.9%), while it decreased when the water molecules were 

added (− 4.9%). Both accuracy and precision enhancement occurred when the sodium 

ion was added alone (+ 4.5%) or in combination with its solvation shell (+ 3.5%). 

The EM metric allowed highlighting also the cases characterized by a perfect 

correlation of precision and accuracy (i.e. the same direction and the same 

percentage—blue (forward correlation) and red (backward correlation) spots in Fig. 4). 

In general, the precision and accuracy of docking improved equally if sodium ion, 
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water, or both are added to the system, regardless of the ligand. Overall, this body of 

data suggests that the contemporary introduction of sodium ion and water molecules 

leads to an improvement of antagonists docking and a worsening of agonists docking. 

Docking performed on similar ligands could respond very differently to the insertion of 

a new structural element. This was the case of structures 5MZP and 5MZJ, which were 

crystallized with caffeine and theophylline respectively (this two xanthine differ other 

only for the N7 substitution). The proteins are highly comparable in terms of resolution 

(Table ST2) and conformation, but the precision-accuracy behavior is totally different 

for almost any docking protocol. To investigate this aspect, a cross-docking was 

performed using the protocol GOLD-chemscore, in presence or absence of sodium ion 

and its first solvation shell (Fig. 5). Notably, the EM index computed for the theophylline 

on both the two systems was still EM = − 2, while caffeine EM index (0.152 on 5MZP 

and 1.850 on 5MZJ) were enhanced due to accuracy increase (but also precision 

decrease) in presence of sodium and first solvation shell. This indicates that small 

modifications in the structure of both the ligand and crystal structure can significantly 

affect the results, however, the ligand seems to play a major role. In Figure SF6 is 

shown a further structure-protocol pair with score EM = − 2 (tep-5MZJ/GOLD-

chemscore—sodium-water/no sodium-water, Fig. 4, panel 3).  
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Fig. 4 The EM coefficient was computed a comparing docking results obtained in absence of the sodium 
ion (and water molecules) to results obtained in presence of sodium (but not the water 
molecules); b comparing docking results obtained in presence of the sodium ion (but not the water 
molecules) to results obtained in presence of the sodium (and the water molecules); c comparing 
docking results obtained in absence of the sodium ion (and water molecules) to results obtained in 
presence of the sodium (and the water molecules). 
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Fig. 5 Cross docking between caffeine and theophylline. Docking poses obtained for a theophylline in 
structure 5MZP; b theophylline in structure 5MZP in presence of the sodium ion and its solvation 
shell; c caffeine in structure 5MZJ; d caffeine in structure 5MZJ in presence of the sodium ion and its 
solvation shell. The TM7 and a segment of the ECL3 were removed for clarity. 

Interestingly, in absence of the sodium ion and water molecules, the ligand poses 

highly differ in terms of scaffold orientation (only a few of them overlaps on the 

crystallographic one), while in their presence the RMSD decreases, leading to a gain 

in precision and accuracy. We speculate that the sodium ion and the water shell may 

force the conformational search algorithms to explore different solutions, with important 

variations due to the ligand structure complexity (e.g. the number of rotatable bonds, 

the van der Waals molecular surface extension, hydrogen bond donors–acceptors), 

the crystal structure and docking protocol used, as any of these variables converges 

in precision-accuracy changes. 
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Conclusions 

The 1.8 Å resolution structure of the hA2A AR in complex with the antagonist ZM-

241385 revealed a highly conserved sodium ion binding site and provided a good 

opportunity to examine the role of the allosteric modulation of sodium ions in this 

receptor. Several already published findings suggest that the binding of the sodium ion 

to the allosteric pocket selectively stabilizes the inactive conformation of the receptor, 

and this allosteric effect is responsible for the observed reduction in orthosteric agonist 

binding. 

In the present study were taken into account 36 crystal structures containing 15 

different antagonists and 16 different docking/scoring combinations in the absence and 

the presence of the sodium ion and the coordinated water molecules in the allosteric 

site. In particular, we have focused our attention on determining how the presence of 

sodium ion binding and additionally its first hydration sphere, in hA2A AR could 

influence the ligand positioning accuracy during molecular docking simulations for 

most of the available resting hA2A AR crystal structures, using DockBench as a 

comparative benchmarking tool. The EM correlation coefficient was implemented to 

evaluate the correlation between precision and accuracy variations of docking results, 

due to the presence of sodium ion and its first hydration shell. As a rule of thumb, the 

posing performance (accuracy and/or precision) of the docking protocols in 

reproducing the crystallographic poses of different h-A2A AR ligands is affected by the 

presence of the sodium cation and its first solvation shell, regardless of the type of the 

docking protocol or from the nature of the analyzed ligand-receptor complex. 

Considering the results obtained from DockBench it is clear that the presence of the 

sodium ion and its first sphere of hydration improves the accuracy and precision of 

positioning of the antagonist, with respect to the crystallographic poses, by most of the 

docking programs and regardless of the chemical nature of the ligand. These data are 

strongly consistent with the crystallographic evidence and that would seem to indicate 

that sodium and his first hydration sphere are an integral part of the orthosteric site that 

recognizes the structure of antagonist, also for those crystallographic structures in 

which these have not been solved. By logical extension, sodium and its first hydration 

sphere should be incorporated into all docking studies that take into account the 
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interaction between an antagonist and its orthosteric receptor cavity. Moreover, from a 

mechanistic point of view, it remains to be clarified how sodium leaves its allosteric site 

to allow the agonist to recognize, in a pharmacologically functional manner, the 

orthostatic receptor site. Unbiased and supervised molecular dynamics simulations are 

ongoing in our laboratories to try to clarify this important mechanistic detail that could 

help to better understand the activation process of this important receptor family. 
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Abstract 

In the last decades, the field of therapeutic application in targeting the human 

A3 adenosine receptor has represented a rapidly growing area of research in 

adenosine field. Both agonists and antagonists have been described to have a 

potential application in the treatment of several diseases, including, for example, 

glaucoma, cancer, and autoimmune inflammations. To date, the most severe factor 

limiting the accuracy of the structure-based molecular modeling approaches is the fact 

that the three-dimensional human A3 structure has not yet been solved. However, the 

crystallographic structures of either human A1 or A2A subtypes are available as 

potential templates for the construction of its homology model. In this study, we have 

compared the propensity of both models to accommodate a series of known potent 

and selective human A3 agonists and antagonists. As described, on the basis of the 

results obtained from this preliminary study, it is possible to affirm that the human 

A3 receptor model based on the crystallographic structure of the A1 subtype can 

represent a valid alternative to the one conventionally used today, based on the 

available A2A structures. 

 

Introduction 

Adenosine is a key extracellular signaling molecule that regulates the cellular 

responses to tissue damage, hypoxia, and energy depletion, through activation of G 

protein-coupled receptors [1]. To date, four adenosine receptor (AR) subtypes have 

been identified and pharmacologically characterized: A1 A2A, A2B, and A3. These 

receptors are ubiquitously expressed on almost all cell types [1]. Retrospectively, the 

human A3 AR subtype (hA3 AR) was the last member of the adenosine family to have 

been cloned. It was originally described in 1991 by Meyerhof and collaborators as an 

orphan receptor from rat testis and coded as tgpcr1, sharing 40% of sequence 

similarity with canine A1 and A2A ARs [2]. One year later, Zhou and collaborators 

described the cDNA sequence, initially named R226 and extracted from the rat 

striatum, that encoded for a G protein-coupled receptor with an identical sequence of 

tgpcr1 and able to bind adenosine [3]. This experimental evidence led to the conclusion 

https://www.mdpi.com/2076-3417/9/5/821/htm#B1-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B1-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B2-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B3-applsci-09-00821


  

Applied Sciences 9, 821.  69 

 

3. SCIENTIFIC WORK 

that it was a new AR subtype, namely A3. In the last decades, the field of the 

therapeutic application in targeting the hA3 AR represents a rapidly growing area of 

research in adenosine field, both agonists and antagonists have been described to 

have a potential application in the treatment of several diseases, e.g. glaucoma, 

cancer, and autoimmune inflammations [4]. In particular, hA3 AR agonists have been 

recently described as promising antinociceptive agents in different preclinical models 

of chronic pain [5] and in clinical trials as drug candidates for treating psoriasis, 

rheumatoid arthritis, and hepatocellular carcinoma [6]. In addition, hA3 AR antagonists 

were described as potential drug candidates for the treatment of respiratory tract 

inflammations, such as asthma [7] and glaucoma [8]. 

As recently reviewed by several authors, in the recent past structure-based molecular 

modeling approaches, above all molecular docking, have been increasingly applied in 

rationalizing the structure-activity relationships (SARs) of both agonists and 

antagonists and in supporting the design of novel potent and selective hA3 AR ligands 

[9]. More recently, molecular dynamics (MD) simulations have been performed to 

elucidate the ligand recognition at the hA3 AR [10]. 

To date, the most severe fact that limits the accuracy of the structure-based molecular 

modeling approaches is due to the fact that the three-dimensional hA3 AR structure 

has not been solved yet. The first fundamental breakthrough in this field is the 

disclosure of the first structure of the hA2A AR, a close homolog, which allowed the 

construction of three-dimensional models for homology by an accuracy level much 

higher than before, in terms of sequence identity and resolution of the available 

templates [11]. Following the publication of the first structure, the availability of novel 

crystallographic information of hA2A AR in complexes with both agonists and 

antagonists are contributing to increase the knowledge at the molecular level of ligand 

recognition at ARs, leading, finally, to an increased applicability domain and accuracy 

of structure-based ligand design (SBLD) approaches (not only in the adenosine field). 

Nowadays, just 46 crystal structures are already available, bound to a wide variety of 

agonists and antagonists that are either natural or synthetic, and representing the 

majority of structural determinants on adenosine receptors ligands’ activity. However, 

dealing with the hA3 AR at a molecular level is still challenging, because the accuracy 

of the hA3 AR model strongly depends on the sequence identity/similarity and 

resolution of the available crystallographic templates used for its construction. These 

https://www.mdpi.com/2076-3417/9/5/821/htm#B4-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B5-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B6-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B7-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B8-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B9-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B10-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B11-applsci-09-00821
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bioinformatics and structural details are particularly important especially if we consider 

their impact in guaranteeing an accurate structural description of extra-cellular 

domains, for which it has already been described as having a key role in defining both 

the ligand orthosteric binding site and the ligand meta-binding sites [12,13,14]. 

Very recently, crystallographic structures of the hA1 AR have been solved, 

representing both its active [15] and inactive conformation [16]. These structures were 

co-crystallized with the endogenous agonist adenosine (PDB code: 6D9H), as with the 

antagonist 4-{[3-(8-cyclohexyl-2,6-dioxo-1-propyl-1,2,6,7-tetrahydro-3H-purin-3-

yl)propyl]carbamoyl}benzene-1-sulfonyl fluoride (PDB code: 5UEN), which actually 

constitutes the most representative example of an interaction scheme for the system 

of interest. 

As expected, several remarkable differences to the previously solved hA2A AR 

structures have been underlined, in particular, the hA1 AR revealed a peculiar 

conformation of the second extracellular loop and a wider ligand binding site (Figure 

1). Intriguingly, from a phylogenetic and functional point of view, the hA3 AR is much 

closer to the hA1 AR than to the hA2A AR. Indeed, hA3 AR shows a higher sequence 

identity with the hA1 AR (54%) than the hA2A AR (49%), and both A3 AR and A1 AR, 

coupled to Gi/o proteins share, from a functional point of view, the crucial biochemical 

pathway based on the inactivation of the adenyl cyclase activity. Structurally, another 

important element of similarity between the hA3 AR and the hA1 AR is related to both 

receptors having only a single cysteine residue on the second extracellular loop (EL2) 

which establishes a disulfide bridge, largely conserved among the Rhodopsin-family of 

GPCRs, along with a second cysteine located on the transmembrane helix 3 (TM3) 

[15,16]. Moreover, the lack of the additional disulfide bridges at the EL2 level, as 

present in the A2A AR subtype, involves a significant reorganization of the 

transmembrane helices 1, 2, 3 and 7, leading to a different shape of the orthosteric 

binding cavity. An additional disulfide, C260-C263, present in both A1 AR and A2A AR, 

staples the conformation of the EL3. Taking all the above arguments into 

consideration, from a computational point of view the question arises spontaneously: 

“could the crystallographic structure of the human A1 AR be a better template than the 

human A2A AR for the construction of a homology model of the A3 subtype?”, the 

question which provided the scientific motivation in taking up the present research 

https://www.mdpi.com/2076-3417/9/5/821/htm#B12-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B13-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B14-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B15-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B16-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#applsci-09-00821-f001
https://www.mdpi.com/2076-3417/9/5/821/htm#applsci-09-00821-f001
https://www.mdpi.com/2076-3417/9/5/821/htm#B15-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B16-applsci-09-00821
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work. To appreciate the qualitative and the quantitative differences obtained by using 

the two alternative templates, we decided to retrospectively compare the posing and 

scoring performance of molecular docking for a selection of well-known potent 

selective agonists and antagonists, summarized in Figure 2 and Figure 3. 

 

Figure 1. Structural superposition of hA1 (dark blue) and hA2a (gold) ARs crystal structures in their active 
state (PDB code: 6D9H and 2YDO, respectively). Panel (A) and (B) representations differ only for 
camera orientation. Additional A2A disulfide bridges are highlighted in red. 

 

Materials and Methods 

Computational Facilities 

The MOE suite (Molecular Operating Environment, version 2016.0801) [17] was 

exploited to perform general molecular modeling operations. All computations were 

carried out on a 12 CPU (Intel® Xeon® CPU E5-1650 3.80GHz) Linux workstation 

(distribution 14.04, 64 bit). Docking simulations were performed exploiting the docking 

program GOLD 5.4.1 [18] and the Scoring Function GoldScore. Plots were generated 

using Gnuplot 4.6 [19]. 2D chemical structures were drawn with Marvin Sketch [20]. 

Molecular graphics were performed with the UCSF Chimera package [21]. 

 

https://www.mdpi.com/2076-3417/9/5/821/htm#applsci-09-00821-f002
https://www.mdpi.com/2076-3417/9/5/821/htm#applsci-09-00821-f003
https://www.mdpi.com/2076-3417/9/5/821/htm#B17-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B18-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B19-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B20-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B21-applsci-09-00821
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Figure 2. Chemical structures of agonists selected for docking studies. Experimental Ki values (in nM 
or activity assay percentages) for each receptor subtype are also reported for comparison. 

 

Figure 3. Chemical structures of antagonists selected for docking studies. Experimental Ki values (in 
nM or activity assay percentages) for each receptor subtype are also reported for comparison. 
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Protein Preparation 

The hA2A and hA1 AR crystallographic structures were retrieved from the RCSB Protein 

Data Bank (PDB) database [22]. In the case of inactive models, the A3-3PWH model 

was retrieved from the Adenosiland web-platform [23]. Fusion proteins and antibody 

portions were removed, along with ions and any other co-crystallized molecule. Protein 

structures were ionized using MOE Protonate 3D tool [24], at physiological pH 7.4, 

temperature 310 K and salt concentration 0.1 M. The Generalized Born (GB) solvation 

model [25] was used, with an inner dielectric constant value of 2 and the 800 R3 van 

der Waals (vdW) energy function. MOE energy minimization tool was exploited to 

minimize contacts between hydrogen atoms, using the Amber12:EHT force field [26], 

until the RMS of the conjugate gradient was < 0.05 kcal∙mol−1∙Å−1. Sodium ion and its 

first hydration shell were included during docking simulations on antagonists, basing 

on one of the highest resolution hA2A AR crystal structures: PDB code 5NM2 [27]. The 

3D-structures of ligands were built by the MOE-builder tool. Tautomeric states and 

atoms’ hybridization were checked. Geometry minimization was performed by the 

MMFF94x [28], setting the root mean square gradient < 0.05 kcal∙mol−1∙Å−1. Ligands 

partial charges were calculated by means of the PM3/ESP semiempirical Hamiltonian 

[29]. Protein atomic partial charges were computed according to the Amber12:EHT 

force field. 

Sequence Alignment 

The hA1 and hA2A AR crystallographic structures (5UEN and 3PWH, respectively) 

were aligned and superposed by MOE Sequence Editor. Structural domains were 

annotated basing on visual inspection of each TM region. The canonical fasta 

sequence of the hA3 adenosine receptor (ID P0DMS8-1) was retrieved from the 

UniProt database [30] and aligned on the sequences of hA1 and hA2A AR (see Table 

1). Sequence identity and similarity percentages were calculated for all domains using 

BLOSUM62 matrix (see Results section). To perform a more robust comparative 

analysis, we calculated the deviation values between either sequence identity (SI) or 

sequence similarity (SS) of each domain of the hA3 AR calculated on the hA1 (A3/A1) 

from the one calculated on the hA2A AR (A3/A2a), as reported in Equations (1) and (2): 

https://www.mdpi.com/2076-3417/9/5/821/htm#B22-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B23-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B24-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B25-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B26-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B27-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B28-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B29-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B30-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#applsci-09-00821-t001
https://www.mdpi.com/2076-3417/9/5/821/htm#applsci-09-00821-t001
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∆𝑆𝐼 =
(𝑆𝐼𝐴3/𝐴1 − 𝑆𝐼𝐴3/𝐴2𝑎)

𝑆𝐼𝑚𝑖𝑛(𝐴1,𝐴2𝑎)

 ∙  100 (1) 

∆𝑆𝑆 =
(𝑆𝑆𝐴3/𝐴1 − 𝑆𝑆𝐴3/𝐴2𝑎)

𝑆𝑆𝑚𝑖𝑛(𝐴1,𝐴2𝑎)

 ∙  100 (2) 

Negative values are in favor of the hA2A subtype, while positive values are of hA1. 

Table 1. Sequence alignment of the hA3 AR canonical isoform primary sequence (second row) on the 
PDB crystallographic structures 5UEN (hA1 AR) and 3PWH (hA2A AR), basing on respective structural 
domains. 

 A3/A1 Sequence Alignment A3/A2A Sequence Alignment 

TM1 10AAYIGIEVLIALVSVPGNVLVIWAVKV36 15AIAVLAILGNVLVCWAVWLNSNLQNVT41 

 13VTYITMEIFIGLCAIVGNVLVICVVKL39 21FIGLCAIVGNVLVICVVKLNPSLQTTT47 

IL1 37NQALRD42 42NYFVVS47 

 40NPSLQT45 48FYFIVS53 

TM2 43ATFCFIVSLAVADVAVGALVIPLAILINI71 48LAAADIAVGVLAIPFAITISTGFCAACHG76 

 46TTFYFIVSLALADIAVGVLVMPLAIVVSL74 54LALADIAVGVLVMPLAIVVSLGITIHFYS82 

EL1 72GPQTY76 77CLFIA81 

 75GITIH79 83CLFMT87 

TM3 
77FHTCLMVACPVLILTQSSILALLAIAVDRYLR

VK110 
82CFVLVLTQSSIFSLLAIAIDRYIAIRIPLRYNGL115 

 
80FYSCLFMTCLLLIFTHASIMSLLAIAVDRYLR

VK13 

88CLLLIFTHASIMSLLAIAVDRYLRVKLTVRYKRV12

1 

IL2 111IPLRYKMVVT120 116VTGTRAKGII125 

 114LTVRYKRVTT123 122TTHRRIWLAL131 

TM4 121PRRAAVAIAGCWILSFVVGLTPMF144 126AICWVLSFAIGLTPMLGWNNCGQP149 

 124HRRIWLALGLCWLVSFLVGLTPMF147 132GLCWLVSFLVGLTPMFGWNMKLTS155 

EL2 
145GWNNLSAVERAWAANGSMGEPVIKCEFE

KVIS176 
150KEGKNHSQGCGEGQVACLFEDVVP173 

 
148GWNMKLTSE--YHRNVTF----

LSCQFVSVMR173 
156EYHRNVTFLSCQFVSVMR173------ 

TM5 
177MEYMVYFNFFVWVLPPLLLMVLIYLEVFYL

IRKQ210 

174MNYMVYFNFFACVLVPLLLMLGVYLRIFLAAR
RQ207 

 
174MDYMVYFSFLTWIFIPLVVMCAIYLDIFYIIR

NK207 

174MDYMVYFSFLTWIFIPLVVMCAIYLDIFYIIRNK20

7 

IL3 211LNKKVSASSGDPQ223 208LKQMESQPLPGERAR222 

 208LSLNLS-NSKETG219 208LSLNLSN---SKETG219 

TM6 
224KYYGKELKIAKSLALILFLFALSWLPLHILN

CITLF259 

223STLQKEVHAAKSLAIIVGLFALCWLPLHIINCFT
FF258 

 
220AFYGREFKTAKSLFLVLFLFALSWLPLSIIN

CIIYF255 

220AFYGREFKTAKSLFLVLFLFALSWLPLSIINCIIY
F255 

EL3 260CPSCHKP266 259CPDCSHAP266 

 ----256NGEVP260 256N---GEVP260 

TM7 267SILTYIAIFLTHGNSAMNPIVYAFR291 267LWLMYLAIVLSHTNSVVNPFIYAYR291 

 261QLVLYMGILLSHANSMMNPIVYAYK285 261QLVLYMGILLSHANSMMNPIVYAYK285 
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Homology Modeling 

Homology models of both the active and the inactive state were built using the MOE 

Homology Model Tool. Only aligned residues were overridden. C/N-terminus outgap 

modeling was disabled, while automatic detection of disulfide bonds was enabled. he 

maximum number of main chain models was set to 10 and side chain sampling was 

set to 1 at 300 K. Differently from the intermediates, the final state was ionized at 

physiological pH (7.4 units) and subjected to medium minimization in order to 

moderately relieve the steric strain, according to the AMBER12:EHT force field. The 

final output model was checked, inspecting the wellness of its assigned biophysical 

parameters and scores, along with good superposition with the reference structure, 

transmembrane domain side chain rotamers and exposure, dissociation state of 

charged residues and tautomeric state of the histidine residues. For inactive state 

model of the hA3 AR, the following template PDB structures were adopted and then 

subjected to the comparison (see Section 3): 3PWH, 5NM2 (A2a) and 5UEN (A1). For 

the active state model 2YDO (A2A-based) and 6D9H (A1-based) PDB templates were 

used. All generated homology models passed with all major biophysical checkpoints, 

basing on the MOE tool. For the adenosine bound hA1 AR crystal structure (PDB code: 

6D9H), two homology models were carried out by disabling or enabling the Induced 

Fit option, respectively. This option permits the side chains of the amino acids defining 

the ligand binding pocket to adapt their conformational position around the ligand 

during the construction of the homology model. 

Agonists and Antagonists Selection 

A specific subset of agonists and antagonists against hA3 AR has been selected basing 

on their potency and selectivity profiles, maximizing as much as possible their chemical 

diversity [31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48]. The selected 

ligands are shown in Figure 2 and Figure 3. 

Molecular Docking 

GOLD (Genetic Optimization for Ligand Docking, version 5.4.1) docking algorithm was 

selected as a conformational search program and Goldscore as a scoring function, 

https://www.mdpi.com/2076-3417/9/5/821/htm#sec3-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B31-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B32-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B33-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B34-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B35-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B36-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B37-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B38-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B39-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B40-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B41-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B42-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B43-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B44-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B45-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B46-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B47-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B48-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#applsci-09-00821-f002
https://www.mdpi.com/2076-3417/9/5/821/htm#applsci-09-00821-f003


  

76  Applied Sciences 9, 821. 

 

3. SCIENTIFIC WORK 

referring to previous docking benchmark studies performed by our research group 

[49,50,51]. For any ligand, 20 docking simulation runs were performed on each 

receptor subtype, searching on a sphere of 20Å radius, centered on the sidechain 

nitrogen of the conserved N6.55. The RMSD threshold for the conformational search 

was set to 1.0 Å, and 20 poses were collected. 

Docking Analysis 

Ligand and protein partial charges were calculated using the PM3 method and 

AMBER12EHT force field respectively. Then, overall electrostatic (Ele) and van der 

Waals (vdW) energy contributions to the binding energy were calculated by MOE, 

together with per residue electrostatic and hydrophobic interactions, giving the so-

called “Interaction Energy Fingerprints” (IEF) [49]. The interactions of most relevant 

residues were reported in histograms, whose height is proportional to the strength of 

the interaction. All the plots were produced using GNUPLOT 4.6 [19]. 

Docking-based Homology Models’ Comparison 

To appreciate the qualitative and the quantitative differences derived by using the two 

alternative templates, we decided to retrospectively compare the performance of 

molecular docking in posing and scoring for a selection of known potent and selective 

either agonists or antagonists. For each ligand and each homology model, 20 docking 

poses were retained and the representative one has been selected using the 

combination of two conditions: (1) the best match in reproducing the two crucial and 

conserved ligand-receptor interactions (hydrogen-bond with N6.55 and π-π stacking 

with FEL2); (2) for all poses in agreement with the previous condition, the best 

combination of the force field-driven energetic Ele and vdW contributions. 

The EM correlation coefficient (whose value ranges between -2 and 2) was recently 

implemented as a statistical tool to evaluate the correlation between two variables 

dependent on one or more of interest, and to estimate the commutative influence of 

the latter without statistical bias [52]. It quantifies simultaneously (Equation (3), Figure 

4): if two variables (numerical results), x and y, have the same absolute value and the 

same sign (positive or negative); the sign of each variable (sgnx, sgny); the ratio 

https://www.mdpi.com/2076-3417/9/5/821/htm#B49-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B50-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B51-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B49-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B19-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B52-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#applsci-09-00821-f004
https://www.mdpi.com/2076-3417/9/5/821/htm#applsci-09-00821-f004


  

Applied Sciences 9, 821.  77 

 

3. SCIENTIFIC WORK 

between x and y (|x/y|). Here, we demonstrate that the EM coefficient can be solved 

as a function of the ratio x/y: 

𝐸𝑀 =
√(|𝑥𝑦|)(𝑠𝑔𝑛𝑥𝑠𝑔𝑛𝑦) − [(

|𝑥| + |𝑦|
2

) (𝑠𝑔𝑛𝑥)]

(
|𝑥| + |𝑦|

2
)

= 

=  
−𝑥(𝑦 − √|𝑥𝑦|)

2

|𝑥𝑦|(|𝑥| + |𝑦|)
 = 

=  (𝑠𝑔𝑛𝑥𝑠𝑔𝑛𝑦) (
2√|𝑥 𝑦⁄ |

|𝑥 𝑦⁄ | + 1
− 𝑠𝑔𝑛𝑦) 

𝐸𝑀𝑔𝑎𝑢𝑠𝑠 = (𝑠𝑔𝑛𝑥𝑠𝑔𝑛𝑦)𝑒
(

−2𝑁2

3
)

− (𝑠𝑔𝑛𝑥) 

(3) 

 

Figure 4. Graphical representation of the EM correlation coefficient (Equation 3), a Gaussian function 
of the logarithmic ratio between x and y absolute values (N). 



  

78  Applied Sciences 9, 821. 

 

3. SCIENTIFIC WORK 

In this work, y, specifically, represents the energy contribution of the ligand (Ele or 

vdW) calculated on the reference model complex (A2a-based model), 

while x represents the energy contribution of the same ligand calculated on the model 

subjected to the comparison (A1-based model). Positive energy values indicate 

disfavored binding poses, negative values in contrast indicate favorable binding poses. 

Four combinations of x and y energy values are possible, giving four different possible 

behaviors: 

1. one pose is better than the other (x model pose is better than y model pose, 

blue spots, −+; y model pose is better than x model pose, red spots, +−); 

2. both the poses are disfavored (++, orange spots); 

3. both the poses are favored (−−, white spots). 

In the latter case of white spots, the exponential form of the EM coefficient is expressly 

related to the ratio of x and y, with a view to individuate the most favored pose. In this 

way, we determined the models’ influence on the binding mode of ligands and, finally, 

their wellness. 

MMSDocking Video Maker 

The in-house MMsDocking video maker tool was exploited to produce videos showing 

the docking poses, per residue IEFhyd and IEFele data for selected residues. 

Representations of docking poses were produced using CHIMERA52 [21], two-

dimensional depictions were constructed through the cheminformatics toolkit RDKit 

[52], the heat maps were obtained through GNUPLOT 4.6 [19]; in the end, videos were 

mounted using MEncoder [53]. 

 

Results and Discussion 

Sequence Comparison and Homology Modeling 

The bioinformatics analysis of the protein sequences of the four adenosine receptor 

subtypes has already been presented and discussed in the literature [54–56]. The 

https://www.mdpi.com/2076-3417/9/5/821/htm#B21-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B52-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B19-applsci-09-00821
https://www.mdpi.com/2076-3417/9/5/821/htm#B53-applsci-09-00821
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overall sequence identity/similarity between human adenosine receptors is relatively 

high. Interestingly, the adenosine A3 receptor reveals higher sequence 

identity/similarity to the adenosine A1 receptor (48/69%) than to the adenosine A2A 

(37/48%) receptor, as summarized in Tables 1 and 2. 

Table 2. Sequence identity (SI) and sequence similarity (SS) percentages calculated for each alignment 
performed on structural domains of crystal structures 5UEN (hA1 AR) and 3PWH (hA2A). Overall values 
are also reported along with domains showing the highest SI and SS percentages. 

 A3/A1 A3/A2a 

 SI(%) SS(%) SI(%) SS(%) 

TM1 48.1 66.7 51.9 63 

IL1 33.3 66.7 66.7 83.3 

TM2 65.5 89.7 51.7 62.1 

EL1 20 40 60 80 

TM3 64.7 85.3 47.1 76.5 

IL2 50 70 20 30 

TM4 58.3 79.2 50 66.7 

EL2 25 40.6 12.5 25 

TM5 52.9 79.4 44.1 67.6 

IL3 23.1 58.3 13.3 20 

TM6 69.4 80.6 50 66.7 

EL3 14.3 28.6 12.5 12.5 

TM7 52 76 48 80 

overall 48.2 68.7 31.6 47.8 

max TM6 TM2 IL1 IL1 

In homology modeling, the simplest template selection rule is to select the structure 

with the highest sequence similarity to the modeled sequence [57]. Moreover, when it 

is possible, a template bound to the same or similar ligands as the modeled sequence 

should generally be used. By the analysis of data shown in Table 2 and Figure 5, i.e. 

the SI% and SS% for all the receptor domains involved in the recognition of agonists 

and antagonists, the hA1 AR can be considered a better possible template than the 

hA2A AR. As anticipated in the Introduction, the A3 AR has not yet been crystallized. 

To appreciate the qualitative and the quantitative differences derived by using hA1 AR 

as alternative templates of the conventional hA2A AR, we decided to retrospectively 

compare the performance of molecular docking in posing and scoring a selection of 

known potent and selective agonists and antagonists, summarized in Figures 2 and 3. 

Moreover, we have recently reported that the presence of the sodium ion and its first 
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sphere of hydration improves the accuracy and precision of positioning of the 

antagonist, with respect to the crystallographic poses. This occurs through most of the 

docking programs and regardless of the chemical nature of the ligand [51]. These data 

are strongly consistent with the crystallographic evidence which would seem to indicate 

sodium and his first hydration sphere being an integral part of the orthosteric site that 

recognizes the structure of antagonist, even for those crystallographic structures in 

which these have not been solved. By logical extension, sodium and its first hydration 

sphere should be incorporated into all docking studies, taking into account the 

interaction between an antagonist and its orthosteric receptor cavity. On the contrary, 

the presence of sodium and its first hydration sphere, as observed crystallographically, 

are not an integral part of the orthosteric site that recognizes the structure of the 

agonist. Taking into account the evidence described above, in this work we have 

constructed two different hA3 AR homology models: one used for the recognition of 

agonists (in which the sodium cation and its first hydration sphere are absent), and 

another used for the recognition of antagonists (in which the sodium cation and its first 

hydration sphere are an integral part of the orthostatic site). 

 

Figure 5. Sequence comparison calculations on each topological position and overall alignment. The 
percentage reported on the y-axis indicates how much the difference in identity (ΔSI, cyan), or in 
similarity (ΔSS, orange), favors alignment towards the hA1 or hA2a AR. 
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3.2. “Agonist-driven” hA3 AR Models 

The first comparative validation was performed using the structure of adenosine, its 

endogenous agonist. We have compared the adenosine binding motif in both hA1 AR  

 

Figure 6. Per residue energy histograms and selected docking pose of adenosine on either the hA2A 

based model (a) or the induced fit hA1-based model (b). 

and hA2A AR crystallographic structures with those obtained through our docking 

procedure on the hA3 AR models derived from the use of the two different 

crystallographic templates, hA1 AR and hA2A AR respectively. As shown in Figure 6, 

the best docking poses of adenosine in both the hA3 ARs are geometrically similar to 

the crystallographic poses in hA1 AR and hA2A AR. In particular, in each model, 

adenosine engages its canonical stabilizing bidentate H-bond of N7 and N6 H with 

Asn250 (6.55) and the π-π stacking interaction with Phe168 (EL2). However, in the 

case of the hA2A AR model, the ribose ring is not anchored to Thr94 (3.36) by hydrogen 

bond, conversely, in the hA1 AR model, it is, by a pretty network. This is also confirmed 

by corresponding energy histograms, in which the hA2A AR model is shown to be highly 

disfavored not only because of Thr94 (3.36) but also of critical residues such as Val169 

(EL2). Moreover, the π-π stacking interaction with Phe168 (EL2) is not verified, as no 

hydrophobic interaction is detected. It is evident that an increased stabilization of 
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adenosine occurred in the hA1 AR-based model due to some crucial amino acids, i.e. 

Thr94 (3.36), Phe168 (EL2) and the not conserved residues Val169 (EL2) and Leu90 

(3.32). As for adenosine, all other agonists have been docked to any of the hA3 ARs, 

and the best docking poses have been summarized in Video S1 (available as 

Supplementary Information). Summarizing the docking results, all analyzed agonists 

were preferably fitted in the orthosteric binding site of the hA1-based models of hA3, as 

graphically shown in the correlation matrix of Figure 7, where the energetic 

contributions (electrostatic and van der Waals) assigned to the hA1-based model are 

compared with the hA2A-based one. 

 
Figure 7. EM correlation matrix of energy contributions (electrostatic and van der Waals) for agonist 
poses (y-axis) obtained from the hA1-based model with induce fit (6D9H-in) and without induce fit 
(6D9H), as compared to the reference model (2YDO). 

The chromatic scale must be interpreted as follows: a) the white color indicates 

favorable energetic contributions of the specific ligand (reported in the y-axis) for both 

hA1-based model and hA2A-based models (as for example calculated for ADO and 

MRS5127); b) the orange color indicates unfavorable energetic contributions of the 
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specific ligand for both hA1-based model and hA2A-based models; c) the blue color 

indicates favorable energetic contributions of the specific ligand (reported in the y-axis) 

for the hA1-based model and unfavorable for the hA2A-based model (as for example 

calculated for MRS7110 and MRS5644); and, finally, d) the red color indicates 

unfavorable energetic contributions of the specific ligand for the hA1-based model and 

favorable for the hA2A-based model. Moreover, the numerical value inside each cell 

describes, in logarithmic form, the ratio of the specific energy contribution calculated 

between the hA1-based model and the hA2A-based reference model (see Equation 2, 

x and y respectively). From an interpretative point of view, if this value is more negative 

it means that this energetic contribution is much more favorable for the binding of the 

ligand versus the hA1-based model compared to the hA2A-based model, whereas when 

this value is more positive, the energetic contribution is much more favorable for the 

binding of the ligand versus the hA2A-based model and compared to the hA1-based 

model.  

From the analysis of the correlation matrix is deducible that all homology models, 

independently from the original template, are able to properly accommodate all 

selected agonists inside the orthosteric binding site of the hA3 AR. However, in general, 

the energetic contributions for agonist-receptor interaction (electrostatic and/or van der 

Waals) indicates a higher stabilization in the hA1-based model compared to a model 

based on A2A structure, in particular for the agonists MRS7110 and MRS5644. 

Interestingly, when docked to the hA1-based model, MRS-7110 achieves a very 

suitable accommodation for the 2-(4-aryl-1,2,3-triazolyl) substituent, in the proximity to 

both EL2 and TM2 (Figure 8). The 2-aryl-triazolyl derivative shows the conserved 

binding pattern of agonists and a ribosyl C2′-endo conformation. Conversely, MRS-

5644 is partially displaced from the binding site. MRS-5644 presents a huge planar 2-

arylethynyl substituent, which is thought to be responsible for selectivity towards the 

hA3 AR. A favorable as possible accommodation of the substituent (without prohibitive 

sterical hindrance) must be determinant for hA3 selectivity. None of the built models is 

able to predict the most suitable pose for this ligand, but the hA1-based model can 

accommodate its analog MRS-7710, which shares a geometrically similar substituent 

in C2. This seems to be consistent with the evidence that the different conformation of 

the ELs and the TMs’ shift observed for the hA1 AR, as compared with the hA2A 

subtype, leads to a different shape of the binding cavity. It is reasonable to assume 
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that peculiar residues of the hA3 AR sequence could further enhance this aspect, 

making the binding cavity more prone to locate even rigid bulky substituents, especially 

towards the TM2 and EL2. In order to explore this hypothesis, we built up another 

structure, based on the already obtained 6D9H-A3 model, exploiting the MOE Induced 

Fit functionality in presence of the MRS-7110 ligand pose, whose coordinates had 

been previously superposed to the MRS-5644 pose (indeed, these ligands differ only 

for the respective functionalities in C2). 

 

Figure 8. Per residue energy histograms and selected docking poses of MRS7110 (panel A) and 
MRS5644 (panel B) on either the hA2A based model (a) or the hA1 based models (b, c). 

Docking results on the 6D9H-in A3 AR model are visibly better: 5 out 5 poses are in 

line with the canonical binding interaction geometry of AR ligands, as shown in Video 

S2. Furthermore, interaction with Thr94 (3.36) and Asn250 (6.55) is significantly more 

stable for each ligand. Importantly, as hypothesized, MRS-5644 reaches a reliable 

orientation (Figure 8), with the 2-aryl-ethynyl substituent directed towards the TM2, on 

the side of EL2. Indeed, the model, as compared to the template 6D9H, shows a slight 
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outward shift of the TMs 2, 3 and 7 upper regions, while an inward shift of the EL2 is 

observed (the measured Cα-RMSD is about 0.28 Å).  

These results indicate that, ideally, the orthosteric site of the hA3 AR active state may 

accommodate the peculiar substituents of selective agonists in the proximity of EL2 

and TMs 2-3 through some expansion of the cavity, favored by the conserved and not 

conserved residues located in these regions, as Leu90 (3.32) [58], Gln167 (EL2) [59] 

and Thr94 (3.36). 

 “Antagonist-driven” hA3 AR Models 

 

Figure 9. EM correlation matrix of energy contributions (electrostatic and van der Waals) for antagonists 
poses (y-axis), obtained from the hA2A-based model (5NM2) and the hA1-based model (5UEN), in 
comparison with the reference model (3PWH). 

In contrast to the construction of the “agonist-driven” hA3 AR models, in the case of 

“antagonist-driven” hA3 AR, it has been decided to build up three different homology 

models, with two of these models using as templates the two hA2A AR structures in 

complex with the antagonist ZM241385 (PDB codes: 3PWH and 5NM2, respectively), 

and the third one using as a template the hA1 AR structure in complex with the 
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antagonist DU1 (PDB code: 5UEN). As already anticipated, all “antagonist-driven” hA3 

AR models have been built up considering the sodium cation and its first hydration 

sphere as an integral part of the orthostatic site. 

All other antagonists, as listed in Figure 3, have been docked in any of the three hA3 

ARs and the best docking poses have been summarized in Video S2 (available as 

Supplementary Information). 

As for the comparison of agonists-driven docking results, even for antagonists the 

correlation matrix, shown in Figure 9, summarizes the energetic contributions 

(electrostatic and van der Waals) assigned to the hA1-based and the hA2A 5NM2 model 

compared to the hA2A 3PWH model. 

From the analysis of the correlation matrix, in this case, it is deducible that not all 

homology models equally stabilize the accommodation of the different antagonists in 

the orthosteric binding site of hA3 AR. In particular, the energetic contributions for 

antagonist-receptor interaction (electrostatic and/or van der Waals) would seem to 

show a much higher stabilization in the hA1-based model, compared to models based 

on both the A2A structures, for several antagonists such as the highly selective 1,4-

dihydropyridine derivative MRS-1334 (especially the S-enantiomers) or the 

isoquinoline VUF-5455. As an example, the highly selective 1,4-dihydropyridine 

derivative MRS-1334 exists in two possible enantiomers, (4R) and (4S). It has been 

already demonstrated that the (S)-enantiomer is the main responsible for selectivity for 

this class of compounds [47]. The (4S)-enantiomer orients the p-nitrobenzyl substituent 

in the same direction of the aryl-ethynyl one, by intramolecular aromatic stacking 

interaction, conversely, the (4R)-enantiomer does to the top between TMs 1 and 7 

(Figure 10). Enantiomers’ poses differ mainly in the orientation of the ethyl ester 

substituent, up (4S) and down (4R), leading to different interactions as well. The (4R)-

enantiomer shows very unfavorable interactions of the 2-phenyl moiety with the EL2 

residue Val169. Conversely, the (4S)-enantiomer ethyl ester substituent contracts 

favorable interactions with Val169 and strong hydrophobic interactions with Phe168 

(EL2). Hydrophobic interactions are established also with Val65 and Leu90. In general, 

the latter gives the main contribution to both enantiomers of MRS-1344 poses. These 

data are largely in favor of the (4S)-enantiomer, consistently with enantioselectivity 

observed. Asn250 (6.55) contribution is not determinant in this case, suggesting that 

excluding inevitable limitations of homology modeling, the atypical dihydropyridine 
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scaffold in its S-configuration could be unable to engage hydrogen bonds with Asn250 

(6.55), except if we consider a rotation of the amidic side chain, i.e. the driving 

component of the final state may be mainly hydrophobic. The potent antagonist VUF-

5455, characterized by a not xanthinic scaffold as well, reveals a peculiar 

accommodation when docked to the hA1 AR model. As shown in Figure 11 and Video 

S2, in this case, this antagonist establishes a highly favorable hydrogen bond with the 

canonical Asn250 (6.55), which is unfavorable instead in other models. Interaction with 

Leu90 (3.32), Phe168 (EL2) and Thr94 (3.36) is crucial, suggesting that also in this 

case these residues can play a major role in ligand recognition, creating highly 

selective hydrophobic locations for selective substituents. 

 

Conclusions 

On the basis of the results obtained from this preliminary study, it is possible to affirm 

that the human A3 receptor model based on the crystallographic structure of the A1 

subtype can represent a valid alternative to the models conventionally used today 

based on the available A2A structures, as supported by the comparative analysis of 

agonists and antagonists docking simulations on both models. A new series of 

molecular dynamics simulations (unbiased and supervised) are ongoing in our 

laboratory to accurately explore the time-dependent behavior of both models in terms 

of three-dimensional structure stability and in their capability to recognize both agonists 

and antagonists starting from an unbound state.  
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Figure 10. Per residue energy histograms and selected docking poses of (4R)-MRS1334 (panel A) and 
(4S)-MRS1334 (panel B) on either the hA2A-based models (a, b) or the hA1-based model (c). 
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Figure 11. Per-residue energy histograms and selected docking poses of VUF-5455 on either the hA2A-
based models (A, B) or the hA1-based model (C). 
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Abstract 

[1,2,4]Triazolo[1,5-c]pyrimidine is a promising platform to develop adenosine receptor 

antagonists. Here, we tried to investigate the effect of the substituent at the 8 position 

of [1,2,4]triazolo[1,5-c]pyrimidine derivatives on affinity and selectivity at the human 

A3 adenosine receptor subtype. In particular, we have introduced 

both esters and amides, principally with a benzylic nature. In addition, a small series 

of 5-substituted [1,2,4]triazolo[1,5-c]pyrimidines was designed in order to complete 

the structure-activity relationship analysis. Several of these new compounds showed 

affinity towards human A3 adenosine receptor in the low nanomolar range, with the 

most potent derivative of the series bringing a 4-ethylbenzylester at the 8 position 

(compound 18, hA3AR Ki = 1.21 nM). Docking studies performed on the synthesized 

compounds inside models of human A1, A2A and A3 adenosine receptors showed 

similar binding modes, comparable with the typical crystallographic binding mode of 

the inverse agonist ZM-241,385. 
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1. Introduction 

Adenosine is an endogenous autacoid which carries out its actions by interacting with 

specific G protein-coupled receptors named adenosine receptors (ARs) [1]. Adenosine 

possesses a double face in pathological conditions: in some cases it can help to 

resolve or to limit the disease process; while in others, it has a detrimental effect on 

the pathological event. It is exactly in this second situation that antagonists towards 

the adenosine receptors could be useful therapeutic agents [2]. Adenosine receptors 

are divided in four different subtypes: A1, A2A, A2B and A3ARs [3]. A2A and A2B ARs are 

mainly coupled to Gs proteins; on the contrary, A1 and A3 ARs are generally coupled 

to Gi proteins, thus leading to an enhancement or decrease of intracellular cAMP 

levels, respectively [1]. Additionally, the various AR subtypes are able to activate other 

pathways, such as PLC (A1, A2B and A3 ARs; A2B and A3 via Gq coupling) 

and MAPK (all ARs) pathways [4]. A1AR was found also to activate potassium 

channels and to inactivate calcium (N, P and Q type) channels [1]. AR subtypes 

showed different organ and tissue distribution in the human body, which confers to 

them diverse physio-pathological implications. In particular, antagonists for human 

A1AR (hA1AR) were studied for the treatment of heart and renal failure [5] [6], 

while Parkinson's disease is the main therapeutic application for hA2AAR antagonists, 

even if a possible use was suggested also for other neurodegenerative diseases such 

as Alzheimer's disease and depression [7], and in addiction problems [8]. Concerning 

hA2BAR antagonists there is high interest for their potential as drugs in inflammatory 

conditions such as asthma [9] but also in hypoxic conditions like sickle cell 

disease [10]. Finally, antagonists towards hA3AR were principally proposed for the 

treatment of glaucoma, but a beneficial effect was suggested also for some kind of 

cancer and inflammation [11]. For the hA3AR subtype, opposite or contradictory results 

were found in various pathophysiological conditions (i.e. inflammation and cancer), 

also depending on the species involved [12]. Maybe for these reasons, even though 

many ligands targeting hA3AR are available, only few of them reached the clinical 

or preclinical phases of experimentation (Fig. 1). In particular, the agonist IB-MECA is 

advancing in phase II and II/III for conditions like psoriasis, rheumatoid arthritis and dry 

eye disease [13] while Cl-IB-MECA is under phase II clinical trial for the treatment 

of hepatocellular carcinoma, and phase I/II for chronic hepatitis genotype 1 [14]. 

https://www.sciencedirect.com/topics/chemistry/adenosine
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/autacoid
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/g-protein-coupled-receptor
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib1
https://www.sciencedirect.com/topics/chemistry/antagonist
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib2
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib3
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib1
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mitogen-activated-protein-kinase
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib4
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/potassium-channel
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/potassium-channel
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib1
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/tissue-distribution
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib5
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib6
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/parkinson-disease
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/degenerative-disease
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/alzheimer-disease
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib7
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib8
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib9
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/sickle-cell-anemia
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/sickle-cell-anemia
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib10
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib11
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib12
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/preclinical-study
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/experimentation
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#fig1
https://www.sciencedirect.com/topics/chemistry/agonist
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/piclidenoson
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/psoriasis
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/rheumatoid-arthritis
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib13
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/liver-cell-carcinoma
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/chronic-hepatitis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/genotyping
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib14


  

European Journal of Medicinal Chemistry 157, 837-15. 97 

 

3. SCIENTIFIC WORK 

Instead, as antagonists, Palobiofarma compound PBF-677 (structure not disclosed) 

has recently positively completed a “first in human” phase Ia study to assess safety 

and tolerability in healthy volunteers [15]. 

 

Fig. 1. hA3AR ligands in clinical phases: agonists IB-MECA (I) and Cl-IB-MECA (II). 

In a previous work, we have reported a series of [1,2,4]triazolo[1,5-c]pyrimidines (TP) 

as adenosine receptor antagonists [16]. Concerning the hA3AR subtype, two 

compounds emerged from the series: compound 1 and 2 (Fig. 2). These compounds 

bear a methylamino (compound 1) and ethylamino (compound 2) moieties at the 5 

position of the [1,2,4]triazolo[1,5-c]pyrimidine scaffold, respectively. Both of them 

showed an affinity value towards the hA3AR in the nanomolar range (1, hA3AR 

Ki = 4.14 nM; 2, hA3AR Ki = 3.30 nM), with compound 1 displaying a better selectivity 

profile against the other AR subtypes (1, hA1/hA3 = 236; hA2A/hA3 = 25 vs 2, 

hA1/hA3 = 49; hA2A/hA3 = 15) (See Fig. 3). 

 

Fig. 2. Reference [1,2,4]triazolo[1,5-c]pyrimidine compounds 1–2 [16]. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/tolerability
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib15
https://www.sciencedirect.com/topics/chemistry/agonist
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/piclidenoson
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/adenosine-receptor-antagonists
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib16
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#fig2
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#fig3
https://www.sciencedirect.com/science/article/pii/S0223523418307116?via%3Dihub#bib16


  

98                                                        European Journal of Medicinal Chemistry 157, 837-151. 

 

3. SCIENTIFIC WORK 

 

Fig. 3. Modifications carried out at the 5 (pink) and 8 (blue) positions of reference compound 1 which 
led to newly synthesized compounds 3–43. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article) 

The aim of this work was to enhance affinity, but especially, selectivity towards the 

hA3AR, maintaining the methylamino moiety at the 5 position of TP and exploring the 

8 position through substitution of the ethyl ester moiety with other alkyl or aralkylesters 

and amides. In addition, a further investigation on the 5 position of TP was performed. 

In particular, different moieties which share the presence of a second functional group 

(i.e. amino or ester moieties) where introduced in order to explore their ability to gain 

new key interactions within the binding site of hA3AR. 

 

2. Results and discussion 

2.1. Chemistry 

Designed compounds 3–43 were synthesized as depicted in Scheme 1, Scheme 2, 

Scheme 3, following procedures already reported in literature [16] [17]. The synthesis 

started with the pyrimidine nucleus (44) by reacting S-methylisothioureahemisulfate 

salt with diethyl ethoxymethylenmalonate in basic conditions. The resulting 5-

methylthio-pyrimidine derivative 44 was in turn chlorinated with phosphorous 

oxychloride and then reacted with the 2-furoylhydrazide to afford the 4-hydrazinyl-

pyrimidine derivative 45. The last underwent cyclization under dehydrative conditions 

(hexamethyldisiloxane and phosphorous anhydride in dry xylene) to the TP 46. At this 

point, substitution at the 5 position was carried out using methylamine in ethanol and 

heating to 90–110 °C in a sealed tube, yielding compound 1. Finally, in order to obtain 

different substitutions at the 8 position, the ethyl ester was hydrolyzed with lithium 

hydroxide to the corresponding carboxylic acid (47), which was in turn reacted with the 

corresponding alcohol or amine in the presence of phosphorous oxychloride and 
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pyridine affording the desired esters (3–19) and amides (20–32), respectively (Scheme 

1). 

 

Scheme 1. Synthetic pathway for compounds 3–33. Reagents and conditions. a: NaOH, water, EtOH, 
rt, 24 h; b: 1. POCl3, reflux, 3 h, 2.2-furoylhydrazide, DBU, THF, rt, 16 h; c: P2O5, HMDS, xylene, 90 °C, 
2 h, reflux, 48 h; d: NH2CH3 33 wt% in EtOH, EtOH, 120 °C in a sealed tube, 3 h; e: LiOH.H2O, water, 
EtOH, reflux, 3 h; f: NH2NHPh, EDCI, HOBT, EtOH, rt, 16 h; g: ROH or NH2R, POCl3, pyr, rt, 16 h. For 
R specification of compounds 3–32 see Table 1. 

 

Scheme 2. Synthetic pathway for compound 34. a: NH2CH2Ph-3,4(OCH3)3, EtOH, 120 °C in a sealed 
tube, 3 h; b: LiOH.H2O, water, EtOH, reflux, 3 h; c: NH2CH(Ph)2, POCl3, pyr, rt, 16 h. 
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Scheme 3. Synthetic pathway for compounds 35–43. a: appropriate amine (NH2CH2COOEt.HCl for 35, 
NH2NHPh for 36, NH2CH2CH2NHBoc for 37, N-Boc-Pyperazine for 38, NH2NHBoc for 39), EtOH, 
120 °C in a sealed tube, 3 h; b: HCl/EtOAc, rt, 2 h, c: LiOH H2O, H2O, EtOH, reflux, 3 h; d: Ethyl 5-
ethoxy-2-(furan-2-yl)-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylate (50) was obtained as byproduct. 

The only exception is represented by compound 33, which was obtained by a coupling 

reaction between acid derivative 47 and phenylhydrazine in the presence of EDCI and 

HOBT. The same strategy reported in Scheme 1 was applied also to obtain 

compound 34: TP 46 was reacted with veratrylamine in ethanol under heating to afford 

compound 48, which was hydrolyzed and the obtained acid (49) was finally reacted 

with benzhydryl amine (Scheme 2). Furthermore, in order to obtain the desired 

compounds 36–39, the same strategy used for compound 1 was applied, that is a 

nucleophilic substitution on derivative 46 with the corresponding amines in ethanol at 

120 °C. On the other hand, the same reaction using glycine ethyl ester as amine gave 

both the substitution at the 5 position and the amidation at the 8 position, affording 
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compound 35. Deprotection with hydrochloric acid in ethyl acetate of Boc-protected 

derivatives 37–39 afforded diamino derivatives 40–42 (Scheme 3). Instead, carboxylic 

acid derivative 43 was obtained from compound 37 analogously to compounds 47,49. 

Finally, compound 50 is a secondary product isolated from reactions of 

derivatives 38 and 39 in ethanol, which was also characterized and assayed 

at adenosine receptor subtypes. In fact, the yields for these reactions were low 

(e.g. 38 = 45%; 39 = 15%), indicating a poor reactivity of the amines used which 

allowed to ethanol (solvent) to play as reagent for the substitution at the 5 position. 

2.2. Pharmacology 

All the synthesized compounds 3–43, 50 were tested at the four adenosine receptor 

subtypes. In particular, radioligand binding assays were applied to hA1, hA2A and 

hA3 ARs expressed in CHO cells which afforded affinity values, expressed as Ki for the 

tested compounds. [3H]CCPA (1 nM), [3H]NECA (10 nM) and [3H]HEMADO (1 nM) 

were used as radioligands for hA1, hA2A and hA3 ARs binding assays, respectively. 

Instead, for hA2BAR, potency of newly synthesized compounds was determined using 

a functional assay, which consists in measurement of the inhibition of NECA-

stimulated adenylyl cyclase activity on membranes of CHO cells expressing hA2BAR. 

2.3. Structure-activity relationship 

As previously described, the first aim of this work was to explore the 8 position of the 

[1,2,4]triazolo[1,5-c]pyrimidine scaffold by introducing various esters and amides of 

different nature (e.g. alkyl and aralkyl), while maintaining the methylamino group at the 

5 position and the fur-2-yl ring at the 2 position such as in compound 1, which showed 

the best affinity/selectivity profile in the previous series [16]. Pharmacological results 

about synthesized esters and amides 3–33 are reported in Table 1. In order to better 

exploit the chemical space around 5 and 8 positions and to explore the effect on 

selectivity among ARs, compound 34, bearing big substituents at both positions, was 

synthesized. In particular, the already reported compound 48, which bears a 

veratrylamino group at the 5 position and displayed good affinity and poor selectivity 

towards hA3AR was selected as starting point and modified by introduction of the big 

benzhydrylamido moiety at the 8 position [16]. 
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Table 1. Binding affinity (hA1, hA2A, hA3) and potency (hA2B) of compounds 1–35 and 48 at the four 
human adenosine receptor subtypes and selectivity towards hA3AR. 

 

Cmpd R hA1AR 
(Ki nM) 

hA2AAR 
(Ki nM) 

hA2BAR 
(Ki nM) 

hA3AR 
(Ki nM) 

hA1/hA3 hA2A/hA3 

1a OEt 978 
(716–
1340) 

104 (89.2–
122) 

2450 
(1770–
3370) 

4.14 
(3.53–
4.86) 

236 25 

2a OEt 162 
(157–
167) 

50.3 (48.8–
51.9) 

3060 
(2230–
4200) 

3.30 
(2.85–
3.83) 

49 15 

3 OCH(CH3)2 744 
(577–
959) 

86.5 (63.9–
117) 

>3000 2.75 
(2.43–
3.12) 

270 32 

4 OCH2Ph 277 
(220–
350) 

114 (80.3–
161) 

>3000 7.21 
(4.22–
12.3) 

38 16 

5 OCHPh2 48.3 
(43.0–
54.2) 

197 (118–
329) 

>10,000 1.99 
(1.6–
2.47) 

24 99 

6 OCH2Ph-2-CH3 93.9 
(73.0–
121) 

37.2 (29.2–
47.4) 

>10,000 30.6 
(19.0–
49.1) 

3 1 

7 OCH2Ph-3-CH3 79.7 
(47.8–
133) 

21.0 (17.2–
25.6) 

>10,000 10.8 
(6.92–
16.8) 

7 2 

8 OCH2Ph-4-CH3 190 
(180–
201) 

62.2 (36.8–
105) 

>10,000 3.72 
(3.07–
4.50) 

51 17 

9 OCH2Ph-2-OCH3 55.2 
(42.0–
72.4) 

13.2 (8.03–
21.8) 

>10,000 1.71 
(1.14–
2.57) 

32 8 

10 OCH2Ph-3-OCH3 34.3 
(28.6–
41.0) 

14.9 (10.5–
21.0) 

≈1000 7.42 
(5.51–
9.99) 

5 2 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/binding-affinity
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11 OCH2Ph-4-OCH3 102 
(79.9–
131) 

194 (111–
337) 

>10,000 5.62 
(4.73–
6.67) 

18 35 

12 OCH2Ph-2-Cl 348 
(249–
485) 

32.0 (23.8–
43.2) 

>10,000 6.05 
(4.61–
7.95) 

58 5 

13 OCH2Ph-3-Cl 26.4 
(15.1–
46.2) 

15.7 (13.5–
18.4) 

≈10,000 6.73 
(4.06–
11.2) 

4 2 

14 OCH2Ph-4-Cl 216 
(195–
238) 

71.9 (61.1–
84.5) 

>10,000 4.88 
(3.03–
7.86) 

44 15 

15 OCH2Ph-2-Br 313 
(231–
423) 

24.3 (21.1–
27.9) 

>10,000 14.3 
(6.56–
31.2) 

22 2 

16 OCH2Ph-3-F 130 
(93.5–
181) 

32.5 (26.5–
39.9) 

>10,000 3.37 
(1.99–
5.73) 

39 10 

17 OCH2Ph-4-F 556 
(316–
980) 

71.5 (58.2–
87.8) 

>10,000 5.21 
(4.30–
6.32) 

107 14 

18 OCH2Ph-4-CH2CH3 119 
(79.1–
178) 

21.0 (17.2–
25.6) 

>10,000 1.21 
(0.907–
1.62) 

98 17 

19 OCH(CH3)Ph 51.0 
(35.3–
73.8) 

11.0 (6.83–
17.6) 

3720 
(1980–
6990) 

3.19 
(2.06–
4.93) 

16 3 

20 NHCH2Ph 23.4 
(19.0–
28.9) 

18.6 (10.8–
32.1) 

>10,000 3.73 
(3.00–
4.65) 

6 5 

21 NHCHPh2 28.3 
(20.5–
39.1) 

61.6 (52.3–
72.5) 

≈10,000 5.08 
(4.53–
5.70) 

6 12 

22 NHCH2Ph-4-CH3 46.6 
(41.5–
52.4) 

100 (75.6–
132) 

>10,000 5.02 
(3.9–
6.46) 

9 20 

23 NHCH2Ph-4-OCH3 41.0 
(29.3–
57.3) 

81.3 (60.3–
110) 

>10,000 12.5 
(9.9–
15.8) 

3 7 

24 NHCH2Ph-4-CF3 3850 
(2430–
6090) 

2950 
(1930–
4500) 

>10,000 15.3 
(11.6–
20.1) 

252 193 
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25 NHCH2Ph-4-Cl 137 
(110–
169) 

59.4 (50.8–
69.4) 

>10,000 10.0 
(9.58–
10.5) 

14 6 

26 NHCH2Ph-4-F 250 
(228–
274) 

47.6 (39.8–
56.8) 

>10,000 7.23 
(5.96–
8.77) 

35 7 

27 NHCH2Ph-4-Ph >100,000 9390 
(8600–
10,300) 

>10,000 521 
(341–
797) 

>191 18 

28 NHCH2Ph-
3,4(OCH3)2 

246 
(166–
365) 

141 (106–
187) 

>10,000 102 
(90.2–
115) 

2 1 

29 NH(CH2)2Ph 73.1 
(47.8–
112) 

29.7 (27.1–
32.6) 

>10,000 6.82 
(5.10–
9.12) 

11 4 

30 NH(CH2)2Ph-
3,4(OCH3)2 

177 
(121–
259) 

169 (105–
271) 

>10,000 107 
(91.4–
124) 

2 2 

31 NHC(CH3)2CH2Ph 38.0 
(30.0–
48.0) 

6.12 (5.92–
6.33) 

>3000 6.52 
(4.40–
9.66) 

6 1 

32 NH(CH2)2OPh 172 
(165–
180) 

38.2 (28.0–
52.2) 

>10,000 16.4 
(10.5–
25.7) 

10 2 

33 NH NH-Ph 58.7 
(54.2–
63.6) 

342 (286–
408) 

>10,000 15.1 
(13.3–
17.2) 

4 23 

34 NHCHPh2 122 
(77.0–
193) 

137 (115–
163) 

>30,000 69.9 
(46.8–
105) 

2 2 

35 – 21,900 
(21,500–
22,300) 

1540 
(1090–
2170) 

>10,000 646 
(524–
797) 

34 2.4 

48a OEt 315 
(203–
489) 

116 (44.3–
305) 

13,300 
(7950–
22,200) 

38.7 
(28.2–
53.1) 

8 3 

adata from reference [16]. 

All the derivatives (3–35) displayed good affinities at the hA3AR with different degrees 

of selectivity versus the other receptor subtypes, while they were inactive towards the 

hA2BAR receptor (Ki > 3000 nM for all compounds except for compound 10). Instead, 
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at the hA1 and hA2A AR subtypes, substitution at the 8 position on the TP nucleus was 

able to modulate affinity and consequently also selectivity against hA3AR. 

In the ester series, an improvement of affinity towards the hA1AR was observed with 

the increase of the size of the ester substituent. The affinity order is: benzhydryl (5) ≥ α-

methylbenzyl (19) » benzyl (4) » isopropyl (3) > ethyl (1). In particular, benzhydryl (5) 

and α-methylbenzyl (19) derivatives showed affinity values of 48.3 and 51.0 nM, 

respectively. Introduction of a methyl (but also ethyl such as for compound 18) or 

methoxy substituent on the phenyl ring of benzyl ester derivative 4 improved the 

affinity at the hA1AR (compounds 6–11). In detail, substitution at the meta position 

gave the best results (7, hA1AR Ki = 79.7 nM; 10, hA1AR Ki = 34.3 nM), followed by 

substitutions at the ortho (6, hA1AR Ki = 93.9 nM; 9, hA1AR Ki = 55.2 nM) 

and para positions (8, hA1AR Ki = 190 nM; 11, hA1AR Ki = 102 nM). A different 

behaviour was observed when a halogen atom was introduced in the benzyl ester 

group (compounds 12–17). In fact, the substitution with halogens did not necessarily 

lead to an improvement of affinity at the hA1 AR. For example, ortho chlorine (12, 

hA1AR Ki = 348 nM) and bromine (15, hA1AR Ki = 313 nM) derivatives displayed a 

worse affinity than unsubstituted derivative 4 (hA1AR Ki = 277 nM). 

Compound 13 (meta-chlorine) is the most potent benzyl ester compound at the hA1AR 

with a Ki of about 26.4 nM. Regarding the amide series (20–34), it could be observed 

that while the benzylester (4) was poorly active at the hA1AR, the benzylamide 

derivative (20) displayed a Ki of 23.4 nM at the same receptor (about ten-fold more 

potent). This affinity value was comparable to that showed by the benzhydrylamide 

derivative 21 (hA1AR Ki = 28.3 nM). Also the α-dimethyl-phenylethylamide (31, hA1AR 

Ki = 38 nM) gave good results in terms of affinity at the hA1AR, while the corresponding 

not branched phenylethylamide (29) and the longer phenoxyethylamide (32) 

derivatives had a detrimental effect (29, hA1AR Ki = 73.1 nM and 32, hA1AR 

Ki = 172 nM). Regarding substitutions on the benzyl group of derivative 20, only 

the para position was investigated (compounds 22–27). The introduction of a moiety 

at this position led to a decrease of affinity at the hA1AR, especially when halogen 

atoms were present (24–26). The same behaviour was observed in the veratrylamido 

derivative 28 (hA1AR Ki = 246 nM). Finally, also the replacement of methylene in 

the benzyl derivative 20 with an amino group as in the phenylhydrazide 
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derivative 33 was detrimental in terms of affinity towards the hA1AR (20, hA1AR 

Ki = 23.4 nM versus 33, hA1 Ki = 58.7 nM). 

In general, in the ester series (3–19) affinities were better towards the hA2AAR than 

towards hA1AR and the affinity trend was not related to the size of ester substituent. In 

fact, the order of affinity values is: α-methylbenzyl (19) » isopropyl (3) >ethyl 

(1) > benzyl (4) »benzhydryl (5). Substitution on the phenyl ring of the benzylester 4 led 

to an improvement of affinity at the hA2AAR (compounds 6–18), excepted for the para-

methoxy derivative 11 (4, hA2AAR Ki = 114 nM versus 11, hA2AAR 

Ki = 194 nM). Meta and ortho susbtitutions were preferred to para substitution (i.e. 6, 

hA2AAR Ki = 37.2 nM and 7, hA2AAR Ki = 21 nM versus 8, hA2AAR Ki = 62.2 nM). 

Similarly, regarding amide series (20–34), unsubstituted benzylamide group (20, 

hA2AAR Ki = 18.6 nM) was preferred over substituted benzylamido moieties as present 

in compounds 22–28 (i.e. 22, hA2AAR Ki = 100 nM). The introduction of a phenylethyl 

(29), phenoxyethyl (32) or benzhydryl (21) amido group at the 8 position of TP led to a 

slight decrease of affinity at the hA2AAR compared to the benzylamido group (i.e. 32, 

hA2AAR Ki = 38.2 nM versus 20, hA2AAR Ki = 18.6 nM). On the contrary, α-dimethyl-

phenylethylamido derivative 31 showed the best affinity value towards A2AAR, with a 

Ki value of 6.12 nM. 

Concerning the hA3AR subtype, which is the target of this work, most of the 

synthesized derivatives displayed affinity values below 30 nM. The isopropyl 

derivative 3 exhibited a slightly better affinity and selectivity against hA3AR than the 

corresponding ethyl ester 1 (3, hA3AR Ki = 2.75 nM versus 1, hA3AR Ki = 4.14 nM). 

Among arylalkyl esters, benzylester (4) led to a decrease of affinity toward hA3AR (4, 

hA3AR Ki = 7.21 nM) which was gained again with bulkier esters such as α-methyl-

benzyl (19, hA3AR Ki = 3.19 nM) and benzhydryl esters (5, hA3AR Ki = 1.99 nM). In 

general, the substitution on the phenyl ring of the benzyl group of 

compound 4 conferred an improvement in affinity towards the hA3AR. A particular 

relationship between affinity and the position of the substituent on the phenyl ring was 

not observed. The only observation that could be made is that para-substitutions 

(8,11,14,17,18) led to an increase of affinity at the hA3AR compared to the 

unsubstituted derivative 4 (i.e. 18, hA3AR Ki = 1.21 nM versus 4, hA3AR Ki = 7.21 nM), 

independent of the nature of the substituent. Selectivity against the other adenosine 

receptor subtypes was better in the para-substituted benzyl ester derivatives 
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(8,11,14,17,18) than in the other benzyl-susbtituted compounds (8, hA1/hA3 = 51, 

hA2A/hA3 = 17, versus 7, hA1/hA3 = 7, hA2A/hA3 = 2) as well. Instead, in the amide series 

(20–34), the benzylamido group (compound 20) gave an affinity at the hA3AR of 

3.73 nM and substitutions on the phenyl ring led to a detrimental effect in terms of 

affinity at the hA3AR (22–28), especially when a big moiety such as another phenyl 

ring was introduced at the para position (27, hA3AR Ki = 521 nM). Interestingly, when 

a para-trifluoromethyl-benzylamido group was introduced at the 8 position of TP (24), 

the affinity at hA3AR was 15.3 nM, thus was less potent than reference 

compound 1 (hA3AR Ki = 4.14 nM), but selectivity against both hA1 and hA2A ARs was 

good. In fact, compound 24 was 252- and 193- fold selective for hA3AR versus hA1 and 

hA2A ARs, respectively. In addition, elongation of the amide chain such as for 

compounds 29–32 did not improve affinity at the hA3AR. Surprisingly, the 

phenylhydrazide moiety was well tolerated at this receptor subtype. In fact, 

derivative 33 showed an affinity of 15 nM at the hA3AR, which was four-fold less potent 

than benzylamido compound 20, but more than four-fold selective against hA2AAR (33, 

hA3AR Ki = 15.1 nM, hA1/hA3 = 4, hA2A/hA3 = 23 versus 20, hA3AR Ki = 3.73 nM, 

hA1/hA3 = 6, hA2A/hA3 = 5). Both affinity and selectivity were completely lost when a 

bigger moiety than a methylamino group was introduced at the 5 position of 

compound 21, such as in compound 34 (hA3AR Ki = 69.9 nM, hA1/hA3 = 2, 

hA2A/hA3 = 2). Comparing compound 34 to its parent compound 48 it is possible to 

observe that substitution of the ethyl ester with a big amido moiety does not enhance 

selectivity versus hA3AR. In fact, compound 34 is actually two fold less potent at this 

receptor subtype than derivative 48. A worst behaviour in terms of affinity was 

observed when the less bulky ethyl glycine ester was introduced at the 5 position and 

on the carboxylic acid at the 8 position in compound 35 (hA3AR Ki = 646 nM). 

Most importantly, the introduction of both, different esters and amides at the 8 position 

of the TP compared to that present in the reference compound 1, led in general to a 

decrease of selectivity against hA1 and hA2A ARs. An exception, as described before, 

was represented by isopropyl ester derivative 3 which displayed a slight improvement 

in both affinity and selectivity for the hA3AR (hA3AR Ki = 2.75 nM, hA1/hA3 = 270, 

hA2A/hA3 = 32), but selectivity against hA2AAR remained poor. Unfortunately, if an 

improvement of both, affinity at the hA3AR and selectivity against hA2AAR was 

obtained, a detrimental effect was observed regarding selectivity against hA1AR, such 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ester-derivative
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as for compound 5, which bears the benzhydryl ester group at the 8 position of TP (5, 

hA3AR Ki = 1.99 nM, hA1/hA3 = 24, hA2A/hA3 = 99). 

In order to better define the structure-activity relationship of TP at the hARs, also 

additional substitutions at the 5 position of the TP scaffold (compounds 36–43) were 

investigated which were not considered in the previous work [16]. In particular, 

moieties containing an additional functional group such as another amino group or a 

carboxylic group were introduced to explore the opportunity to gain other 

key electrostatic interactions inside the hA3AR binding cleft which could confer an 

enhancement of both, affinity and selectivity for the targeted AR subtype. In addition, 

these substituents could be considered as spacers containing a site of linkage for other 

possible functionalizing moieties, such as fluorophores, that can be useful in the study 

of the physiopathological role of hA3AR [18] [19]. Pharmacological results about 

compounds 36–43 were reported in Table 2. 

Table 2. Binding affinity (hA1, hA2A, hA3) and potency (hA2B) of compounds 1–2, 36–43, 50 at the four 
human adenosine receptor subtypes and selectivity towards hA3AR. 

 

Cmpd R hA1AR 
(Ki nM) 

hA2AAR 
(Ki nM) 

hA2BAR 
(Ki nM) 

hA3AR 
(Ki nM) 

hA1/hA3 hA2A/hA3 

1a CH3 978 (716–
1340) 

104 
(89.2–
122) 

2450 
(1770–
3370) 

4.14 
(3.53–
4.86) 

236 25 

2a CH2CH3 162 (157–
167) 

50.3 
(48.8–
51.9) 

3060 
(2230–
4200) 

3.30 
(2.85–
3.83) 

49 15 

36 NHPh 1360 
(1060–
1740) 

41.8 
(35.9–
48.8) 

6060 
(4140–
8910) 

339 
(235–
488) 

4 0.1 

37 CH2CH2NHCO2C(CH3)3 >100,000 376 (337–
420) 

>30,000 129 
(124–
133) 

>775 2.9 

38 CO2C(CH3) >100,000 >100,000 >10,000 >30,000 – – 

https://www.sciencedirect.com/topics/chemistry/structure-activity-relationship
https://www.sciencedirect.com/science/article/pii/S0223523418307116#bib16
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/static-electricity
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gene-linkage
https://www.sciencedirect.com/science/article/pii/S0223523418307116#bib18
https://www.sciencedirect.com/science/article/pii/S0223523418307116#bib19
https://www.sciencedirect.com/science/article/pii/S0223523418307116#tbl2
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/binding-affinity
https://www.sciencedirect.com/topics/chemistry/adenosine
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/receptor-subtype
https://www.sciencedirect.com/science/article/pii/S0223523418307116#tbl2fna
https://www.sciencedirect.com/science/article/pii/S0223523418307116#tbl2fna
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Cmpd R hA1AR 
(Ki nM) 

hA2AAR 
(Ki nM) 

hA2BAR 
(Ki nM) 

hA3AR 
(Ki nM) 

hA1/hA3 hA2A/hA3 

39 NHCO2C(CH3)3 12,100 
(11,800–
12,300) 

827 (674–
1010) 

>10,000 89 
(63.5–
125) 

136 9.3 

40 CH2CH2NH2 2340 
(1880–
2900) 

829 (772–
890) 

>30,000 2000 
(1620–
2480) 

1.2 0.4 

41 H >100,000 >30,000 >10,000 28,600 
(9710–
84,300) 

>3.5 >1 

42 NH2 2080 
(1360 
3190) 

63.1 (49.3 
80.7) 

>10,000 159 
(128–
199) 

13 0.40 

43 – >100,000 22,600 
(17,800–
28,800) 

>30,000 7750 
(7580–
7910) 

>13 2.9 

50 – 4100 
(2790–
6020) 

1860 
(1451–
2387) 

>10,000 108 
(94.4–
124) 

38 17 

adata from reference [16]. 

As could be seen, not only diamino (36,40–42) compounds, but also the mono-Boc 

protected diamino derivatives (38,39,43) were tested for their affinity against the ARs. 

All derivatives showed a loss of affinity against the hA3AR subtype. A free amino group 

at the 5 position was not tolerated (40,41) for substituents bigger than hydrazine (42). 

In fact, hydrazine derivative 42 was the only derivative with a free amino group which 

exhibited an affinity value in the sub-micromolar range (hA3AR Ki = 159 nM). The 

presence of a Boc moiety on the second amino group led to a more potent and 

selective compound towards hA3AR (39, hA3AR Ki = 89 nM), while a phenyl group was 

less well tolerated (36, hA3AR Ki = 339 nM). Also, the Boc-ethylendiamino chain gave 

some affinity at the hA3AR (37, hA3AR Ki = 129 nM), but the corresponding acid 

derivative 43 was 60-fold less potent (43, hA3AR Ki = 7750 nM), confirming that an 

ester (or amido) moiety was essential at the 8 position of TP in order to obtain affinity 

in the nanomolar range against this AR subtype. Finally, compound 50, which bears 

an ethoxy group at the 5 position of TP instead of an ethylamino group of reference 

compound 2, showed a loss of affinity against all ARs, suggesting that the amino group 

at the 5 position is involved in crucial interactions inside the binding pocket. 

https://www.sciencedirect.com/science/article/pii/S0223523418307116#bib16
https://www.sciencedirect.com/topics/chemistry/hydrazine
https://www.sciencedirect.com/topics/chemistry/phenyl-group
https://www.sciencedirect.com/topics/chemistry/ethoxy-group
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2.4. Molecular modeling 

Molecular docking simulations were performed with the aim to rationalize binding at a 

molecular level. The compounds were docked to the hA1, hA2A and hA3 adenosine 

receptor subtypes, while disregarding the hA2B receptor, since none of the compounds 

showed significant interaction with this receptor (Ki > 3000 nM). As reported in the 

methods section, a crystallographic structure was retrieved from the Protein Data 

Bank for hA1 (PDB ID: 5UEN [20]) and hA2A (PDB ID: 3PWH [21]) subtypes, while a 

homology model constructed on the 3PWH hA2AAR structure was employed for the 

hA3 receptor. 3PWH structure was chosen because the ionic interaction between E169 

and H264 is lacking, leaving more space for the placement of the compounds 

(especially for the substituted amine at position 5). Poses with positive electrostatic 

potentials and highly positive van der Waals interactions (higher than 50 kcal mol−1) 

were rejected; in the case of some non-binders or low affinity binders it was not 

possible to satisfy this condition (compounds 8 on hA1, 27 and 50 on hA2A, 38 on hA3), 

but the pose with the lowest energy contribution was retained also for these 

compounds for completeness. In the other cases, a single pose was chosen for each 

ligand by visual inspection, in a way to optimize the ligand-protein interaction network. 

According to the selected poses, the ligands bind to the three AR subtypes in a similar 

fashion, comparable with the typical crystallographic binding mode of the inverse 

agonist ZM-241,385, as summarized in Videos S1-2-3. Electrostatic and hydrophobic 

interactions were computed for each compound and each receptor at a per residue 

level; the results, plotted in the form of heat maps called Interaction 

Energy Fingerprints (Fig. 4, Fig. 5, panels A and B), highlight conserved hot spots in 

the three receptor subtypes. These zones are focused on the upper portion of 

transmembrane helices TM2, TM3, TM6 and TM7, and on extracellular loop EL2. In 

particular, significant hydrophobic interactions are common to two apolar residues at 

positions 2.64 and 3.32, leucine 3.33, a phenylalanine in EL2, tryptophan 6.48, leucine 

6.51, isoleucine 7.39; while a strong electrostatic interaction is found at level 

of asparagine 6.55. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/docking-molecular
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/crystal-structure
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-data-bank
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-data-bank
http://www.rcsb.org/pdb/explore.do?structureId=5UEN
https://www.sciencedirect.com/science/article/pii/S0223523418307116#bib20
http://www.rcsb.org/pdb/explore.do?structureId=3PWH
https://www.sciencedirect.com/science/article/pii/S0223523418307116#bib21
https://www.sciencedirect.com/topics/chemistry/van-der-waals-force
https://www.sciencedirect.com/topics/chemistry/protein-ligand-interaction
https://www.sciencedirect.com/topics/chemistry/inverse-agonist
https://www.sciencedirect.com/topics/chemistry/inverse-agonist
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/interaction-energy
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/interaction-energy
https://www.sciencedirect.com/science/article/pii/S0223523418307116#fig4
https://www.sciencedirect.com/science/article/pii/S0223523418307116#fig5
https://www.sciencedirect.com/topics/chemistry/leucine
https://www.sciencedirect.com/topics/chemistry/phenylalanine
https://www.sciencedirect.com/topics/chemistry/tryptophan
https://www.sciencedirect.com/topics/chemistry/isoleucine
https://www.sciencedirect.com/topics/chemistry/asparagine
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Fig. 4. Panel A. Electrostatic Interaction Energy Fingerprints (IEFele) shown as heat map reporting the 
electrostatic interaction between each compound (y-axis) and each residue (x-axis) of hA3AR. The 
strength of the interaction is rendered by a colorimetric scale going from blue to red for negative to 
positive values. Panel B. Hydrophobic Interaction Energy Fingerprints (IEFhyd) shown as heat map 
representing the hydrophobic interaction between each compound (y-axis) and each residue (x-axis) of 
hA3AR. The strength of the interaction is rendered by a colorimetric scale going from white to dark green 
for low to high values. Panel C. Histograms representing electrostatic and hydrophobic interactions of 
few selected hA3AR residues with compounds 5 (dark green), 9 (light green), 18 (yellow) 
and 21 (orange). Panel D. Representation of the predicted structure of the complex between hA3AR 
(grey) and compounds 5 (green) and 21 (orange). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article) 

The main interactions of conserved and non-conserved residues are reported by the 

histograms in panels C of Fig. 4, Fig. 5: the strength of the interactions at equivalent 

positions of the three AR subtypes is shown to highlight how single point differences 

among the receptors could affect binding. Data are reported for 

compounds 5, 9 and 18, the ligands with highest affinity for hA3AR; and, in addition, 

for compound 21, the amide homolog of compound 5. As an example, the binding 

mode of compounds 5 and 21 is described representing the ester and amide 

substitutions at position 8 of the [1,2,4]triazolo[1,5-c]pyrimidine scaffold. Concerning 

the hA3AR, the selected poses of compounds 5 and 21 point the furan substituent at 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/static-electricity
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/interaction-energy
https://www.sciencedirect.com/science/article/pii/S0223523418307116#fig4
https://www.sciencedirect.com/science/article/pii/S0223523418307116#fig5
https://www.sciencedirect.com/topics/chemistry/furan
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position 2 towards the bottom of the binding pocket, the methylamino group at position 

5 towards TM6 and the benzhydrylester or benzhydrylamido substituent at position 8 

towards TM2 and TM7 (Fig. 4, panel D).  

 
Fig. 5. Panel A. Electrostatic Interaction Energy Fingerprints (IEFele) shown as heat map reporting the 
electrostatic interaction between each compound (y-axis) and each residue (x-axis) of hA2AAR. The 
strength of the interaction is rendered by a colorimetric scale going from blue to red for negative to 
positive values. Panel B. Hydrophobic Interaction Energy Fingerprints (IEFhyd) shown as heat map 
representing the hydrophobic interaction between each compound (y-axis) and each residue (x-axis) of 
hA2AAR. The strength of the interaction is rendered by a colorimetric scale going from white to dark 
green for low to high values. Panel C. Histograms representing electrostatic and hydrophobic 
interactions of few selected hA2AAR residues with compounds 5 (dark green), 9 (light 
green), 18 (yellow) and 21 (orange). Panel D. Representation of the predicted structure of the complex 
between hA2AAR (grey) and compounds 5 (green) and 21 (orange). (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article) 

The TP scaffold is stabilized by a π-π stacking interaction with F168 (EL2), and by 

hydrophobic interactions with L264 (7.35) and I268 (7.39). Residues L90 (3.32), L91 

(3.33), W243 (6.48) and L246 (6.51) define a hydrophobic region that accommodates 

the furan substituent, while V72 (2.64) contributes to the stabilization of the benzhydryl 

substituent by hydrophobic effect. The compounds are engaged in a double hydrogen 

bond with N250 (6.55), where the methylamino group at position 5 behaves as donor 

https://www.sciencedirect.com/science/article/pii/S0223523418307116#fig4
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/static-electricity
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/interaction-energy
https://www.sciencedirect.com/topics/chemistry/hydrophobic-effect
https://www.sciencedirect.com/topics/chemistry/hydrogen-bond
https://www.sciencedirect.com/topics/chemistry/hydrogen-bond
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and the endocyclic nitrogen at position 3 as acceptor. The presence of the double 

hydrogen bond with an asparagine at position 6.55 is observed also in the other AR 

subtypes, and explains the loss of affinity of compounds which do not present a 

hydrogen bond donor at position 5 of the TP scaffold (compounds 50, 38, 41). 

With regard to the hA2AAR (Fig. 5, panel D), the ligands are involved in the already 

described double hydrogen bond with N253 (6.55), the TP scaffold is engaged in a π-

π stacking interaction with F168 (EL2) and in a hydrophobic interaction with I274 

(7.39), while the interaction with the residue at position 7.35, here M270, is feeble. The 

furan substituent is positioned in a hydrophobic cleft defined by V84 (3.32), L85 (3.33), 

W246 (6.48), L249 (6.51), H250 (6.52), while I66 (2.64) is involved in interactions with 

the benzhydryl group. 

A similar binding mode was predicted on hA1AR (Fig. 6, panel D), where the ligands 

interact through a double hydrogen bond with N254 (6.55) and through a π-π stacking 

interaction with F168 (EL2). An hydrophobic environment is created also in this case 

by residues V87 (3.32), L88 (3.33), W247 (6.48), L250 (6.51), close to the furan moiety, 

and by residues I274 (7.39) and I69 (2.64), surrounding the benzhydryl group. The 

presence of T270 at position 7.35, which substitutes the L264 encountered in the 

hA3 receptor, reduces the hydrophobic interactions between the ligands and the 

receptor in comparison with hA3 subtype. In general, the compounds under 

investigation present a slight selectivity towards hA3 receptor, which is difficult to be 

rationalized by molecular docking results, in which a hypothesis on just the static and 

final situation of the complex binding process is proposed. Considering the dynamic 

behaviour of the receptor, a relevance can be attributed to two residues of EL2 that 

differentiates the hA3 from the other subtype, but which are not directly involved in 

interactions in the docked poses. The position that in hA1AR and hA2AAR is occupied 

by a glutamate (E172 and E169, respectively), in hA3AR is substituted by V169 (EL2), 

which can better stabilize the methylamino group in 5. Moreover, E170 of hA1 and L167 

of hA2A are replaced by Q167 on hA3 receptor, which can play a role in the stabilization 

of both the ester and amide moiety at position 8, acting as hydrogen bond donor as 

well as acceptor. 

https://www.sciencedirect.com/topics/chemistry/nitrogen
https://www.sciencedirect.com/science/article/pii/S0223523418307116#fig5
https://www.sciencedirect.com/science/article/pii/S0223523418307116#fig6
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/glutamic-acid
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Fig. 6. Panel A. Electrostatic Interaction Energy Fingerprints (IEFele) shown as heat map reporting the 
electrostatic interaction between each compound (y-axis) and each residue (x-axis) of hA1AR. The 
strength of the interaction is rendered by a colorimetric scale going from blue to red for negative to 
positive values. Panel B. Hydrophobic Interaction Energy Fingerprints (IEFhyd) shown as heat map 
representing the hydrophobic interaction between each compound (y-axis) and each residue (x-axis) of 
hA1AR. The strength of the interaction is rendered by a colorimetric scale going from white to dark green 
for low to high values. Panel C. Histograms representing electrostatic and hydrophobic interactions of 
few selected hA1AR residues with compounds 5 (dark green), 9 (light green), 18 (yellow) 
and 21 (orange). Panel D. Representation of the predicted structure of the complex between hA1AR 
(grey) and compounds 5 (green) and 21 (orange). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article) 

 

3. Conclusions 

A novel series of [1,2,4]triazolo[1,5-c]pyrimidines variously substituted at the 8 and 5 

position (3–43) were synthesized as A3 adenosine receptor antagonists and 

pharmacologically characterized at the four adenosine receptor subtypes. In all 

cases, substitution at the 5 position had a detrimental effect in terms of affinity towards 

hA3AR. Instead, substitution at the 8 position of TP with 

various esters and amides generally led to hA3AR antagonists with affinity in the 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/static-electricity
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/interaction-energy
https://www.sciencedirect.com/topics/chemistry/adenosine
https://www.sciencedirect.com/topics/chemistry/antagonist
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/receptor-subtype
https://www.sciencedirect.com/topics/chemistry/substitution-reaction
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ester
https://www.sciencedirect.com/topics/chemistry/amide
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nanomolar range. Unfortunately, selectivity against the other adenosine receptor 

subtypes was not improved; in fact, obtained compounds displayed similar or worse 

selectivity profile than reference compound 1. The only exception was the 4-

trifluoromethylbenzylamido derivative 24, which showed a quite good affinity at the 

hA3AR (Ki = 15.3 nM) accompanied to an optimal selectivity against hA1, hA2A and 

hA2B ARs. This behaviour is difficult to be rationalized by molecular docking studies, in 

fact, the ligands bind the three AR subtypes in a similar fashion. In conclusion, despite 

the goal to obtain potent hA3AR antagonists with a [1,2,4]triazolo[1,5-c]pyrimidine 

scaffold was achieved, selectivity against other AR subtypes remains unmet. Future 

perspectives will be the exploration of the 2 position of the TP scaffold, in order to 

assess its role in regulation of affinity/selectivity at the four ARs. 

 

4. Experimental part 

4.1. Chemistry 

General: Reactions were routinely monitored by thin-layer chromatography (TLC) 

on silica gel (precoated F254 Macherey-Nagel aluminium sheets). Flash 

chromatography was performed using Macherey-Nagel 230–400 mesh silica gel. Light 

petroleum ether refers to the fractions boiling at 40–60 °C. Melting points were 

determined on a Büchi-Tottoli instrument and are uncorrected. 1H NMR were 

determined in CDCl3, DMSO-d6, or D2O solutions with a Varian Gemini 200 

spectrometer, peaks positions are given in parts per million (δ downfield relative to the 

central peak of the solvent). The following abbreviations were used: s, singlet; bs, 

broad singlet; d, doublet; dd, double doublet; t, triplet; q, quartet; m, 

multiplet. Electrospray mass spectra were recorded on an ES Bruker 4000 Esquire 

spectrometer, accurate mass spectra were recorded on micrOTOF-Q-Bruker and 

compounds were dissolved in methanol. Procedures for the obtainment of 

compounds 1,44–49 were previously reported [16]. 

4.1.1. General procedure for the synthesis of ester and amide derivatives 3–32 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/docking-molecular
https://www.sciencedirect.com/topics/chemistry/chromatography
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/silica-gel
https://www.sciencedirect.com/topics/chemistry/ether
https://www.sciencedirect.com/topics/chemistry/boiling
https://www.sciencedirect.com/topics/chemistry/electrosprays
https://www.sciencedirect.com/topics/chemistry/mass-spectrum
https://www.sciencedirect.com/topics/chemistry/methanol
https://www.sciencedirect.com/science/article/pii/S0223523418307116#bib16
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To 2.45 mmol of carboxylic acid derivatives (47) dissolved in 0.7 mL of 

dry pyridine were added 0.1 mL of phosphorous oxychloride. The mixture was led 

to −10 °C and then was added 39.2 mmol of the appropriate amine or alcohol. The 

reaction was stirred at room temperature for 16 h, then was added water and the 

product extracted with ethylacetate. The organic layer was washed with a 

NaHCO3 solution, dried and concentrated. The residue was purified by flash 

chromatography (Ethyl acetate 9: Light Petroleum 1). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 

isopropyl ester (3): yield 12%; pale yellow solid; mp 161 °C; 1H NMR (200 MHz, CDCl3) 

δ 1.41 (6H, d, J = 6.2 Hz), 3.30 (3H, d, J = 5.1 Hz), 5.32 (1H, m), 6.58–6.65 (2H, m), 

7.38 (1H, d, J = 4.1 Hz), 7.61 (1H, d, J = 2.3 Hz), 8.69 (1H, s). HRMS (ESI/Q-TOF) m/z: 

[M+H]+ Calcd for C14H16N5O3 302.1253; Found 302.1254 (Δ = 0.0001); [M+Na]+ Calcd 

for C14H15N5NaO3 324.1073, Found 324.1067 (Δ = 0.0006). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid benzyl 

ester (4): yield 31%; brown solid; mp 130 °C; 1H NMR (200 MHz, CDCl3) δ 3.31 (3H, 

d, J = 4.1 Hz), 5.47 (2H, s), 6.60–6.76 (2H, m), 7.33–7.40 (5H, m), 7.56–7.63 (2H, m), 

8.76 (1H, s). ES-MS m/z: [M+H]+ 350.1, [M+Na]+ 372.1. 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 

benzhydryl ester (5): yield 23%; white solid; mp 117 °C; 1H NMR (200 MHz, CDCl3) δ 

3.31 (3H, d, J = 5.4 Hz), 6.61–6.75 (2H, m), 7.16 (1H, s), 7.29–7.40 (8H, m), 7.59–7.63 

(4H, m), 8.81 (1H, s). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C24H20N5O3 426.1566; Found 426.1565 (Δ = 0.0001); [M+Na]+ Calcd for 

C24H19N5NaO3 448.1386, Found 448.1384 (Δ = 0.0002). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 2-

methyl-benzyl ester (6): yield 16%; white solid; mp 170 °C; 1H NMR (200 MHz, CDCl3) 

δ 2.48 (3H, s), 3.30 (3H, d, J = 5.4 Hz), 5.47 (2H, s), 6.60 (1H, 

dd, J = 2.1 Hz, J = 4.2 Hz), 6.47 (1H, bs), 7.22–7.28 (3H, m), 7.39 (1H, d, J = 4.2 Hz), 

7.62–7.67 (2H, m), 8.74 (1H, s). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C19H18N5O3 364.1410; Found 364.1415 (Δ = 0.0005); [M+Na]+ Calcd for 

C19H17N5NaO3 386.1229, Found 386.1229 (Δ = 0). 

https://www.sciencedirect.com/topics/chemistry/pyridine
https://www.sciencedirect.com/topics/chemistry/amine
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/acetic-acid-ethyl-ester
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/petroleum
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ester
https://www.sciencedirect.com/topics/chemistry/electrospray-ionization-mass-spectrometry
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2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 3-

methyl-benzyl ester (7): yield 13%; white solid; mp 170 °C; 1H NMR (200 MHz, CDCl3) 

δ 2.38 (3H, s), 3.30 (3H, d, J = 5.4 Hz), 5.43 (2H, s), 6.59 (1H, 

dd, J = 2.1 Hz, J = 4.2 Hz), 6.67 (1H, bs), 7.13–7.17 (1H, m), 7.24–7.38 (5H, m), 7.61 

(1H, d, J = 2.1 Hz), 8.75 (1H, s). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C19H18N5O3 364.1410; Found 364.1411 (Δ = 0.0001); [M+Na]+ Calcd for 

C19H17N5NaO3 386.1229, Found 386.1229 (Δ = 0). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 4-

methyl-benzyl ester (8): yield 23%; white solid; mp 202 °C; 1H NMR (200 MHz, CDCl3) 

δ 2.36 (3H, s), 3.29 (3H, d, J = 5.4 Hz), 5.42 (2H, s), 6.59–6.64 (2H, m), 7.20 (2H, 

d, J = 8.3 Hz), 7.37 (1H, d, J = 4.1 Hz), 7.45 (2H, d, J = 8.3 Hz), 7.62 (1H, d, J = 2.1 Hz), 

8.73 (1H, s). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for C19H18N5O3 364.1410; Found 

364.1403 (Δ = 0.0007); [M+Na]+ Calcd for C19H17N5NaO3 386.1229, Found 386.1221 

(Δ = 0.0008). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 2-

methoxy-benzyl ester (9): yield 19%; white solid; mp 181 °C; 1H NMR (200 MHz, 

CDCl3) δ 3.30 (3H, d, J = 5.4 Hz), 3.87 (3H, s), 5.51 (2H, s), 6.58–6.63 (2H, m), 6.89–

7.06 (2H, m), 7.37 (1H, d, J = 4.1 Hz), 7.62 (1H, d, J = 2.3 Hz), 7.76 (1H, d, J = 8.3 Hz), 

8.76 (1H, s). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for C19H18N5O4 380.1359; Found 

380.1355 (Δ = 0.0004); [M+Na]+ Calcd for C19H17N5NaO4 402.1178, Found 402.1174 

(Δ = 0.0004). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 3-

methoxy-benzyl ester (10): yield 13%; white solid; mp 156 °C; 1H NMR (200 MHz, 

CDCl3) δ 3.30 (3H, d, J = 5.4 Hz), 3.83 (3H, s), 5.45 (2H, s), 6.59 (1H, 

dd, J = 2.1 Hz, J = 4.3 Hz), 6.70 (1H, bs), 6.87 (1H, dd, J = 1.6 Hz, J = 8.3 Hz), 7.11–

7.14 (1H, m), 7.20 (1H, m), 7.31–7.35 (1H, m), 7.41 (1H, d, J = 4.3 Hz), 7.61 (1H, 

d, J = 2.1 Hz), 8.76 (1H, s). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C19H18N5O4 380.1359; Found 380.1354 (Δ = 0.0005); [M+Na]+ Calcd for 

C19H17N5NaO4 402.1178, Found 402.1171 (Δ = 0.0007). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 4-

methoxy-benzyl ester (11): yield 23%; white solid; mp 189 °C; 1H NMR (200 MHz, 
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CDCl3) δ 3.29 (3H, d, J = 5.4 Hz), 3.81 (3H, s), 5.40 (2H, s), 6.60 (1H, 

dd, J = 2.1 Hz, J = 4.3 Hz), 6.70 (1H, bs), 6.91 (2H, dd, J = 2.1 Hz, J = 7.2 Hz), 7.36 (1H, 

d, J = 4.3 Hz) 7.47 (2H, dd, J = 2.1 Hz, J = 7.2 Hz), 7.61 (1H, d, J = 2).1 Hz, 8.72 (1H, 

s). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for C19H18N5O4 380.1359; Found 380.1364 

(Δ = 0.0005); [M+Na]+ Calcd for C19H17N5NaO4 402.1178, Found 402.1182 

(Δ = 0.0004). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 2-

chloro-benzyl ester (12): yield 29%; white solid; mp 205 °C; 1H NMR (200 MHz, CDCl3) 

δ 3.29 (3H, d, J = 5.4 Hz), 5.56 (2H, s), 6.60 (1H, dd, J = 2.1 Hz, J=4.3 Hz), 6.69 (1H, 

d, J = 5.4 Hz), 7.28–7.52 (4H, m), 7.62 (1H, d, J = 2.1 Hz), 7.90 (1H, 

dd, J = 2.1 Hz, J = 7.3 Hz), 8.78 (1H, s). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C18H15ClN5O3 384.0863 and 386.0834; Found 384.0871 (Δ = 0.0008) and 386.0850 

(Δ = 0.0016); [M+Na]+ Calcd for C18H14ClN5NaO3 406.0683 and 408.0653, Found 

406.0688 (Δ = 0.0005) and 408.0668 (Δ = 0.0015). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 3-

chloro-benzyl ester (13): yield 32%; white solid; mp 195 °C; 1H NMR (200 MHz, CDCl3) 

δ 3.31 (3H, d, J = 5.4 Hz), 5.44 (2H, s), 6.60 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 6.70 (1H, 

d, J = 5.4 Hz), 7.30–7.33 (2H, m), 7.41–7.42 (2H, m), 7.63 (1H, d, J = 1.2 Hz), 7.68 (1H, 

d, J = 2.1 Hz), 8.77 (1H, s). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C18H15ClN5O3 384.0863 and 386.0834; Found 384.0867 (Δ = 0.0004) and 386.0857 

(Δ = 0.0023); [M+Na]+ Calcd for C18H14ClN5NaO3 406.0683 and 408.0653, Found 

406.0680 (Δ = 0.0003) and 408.0672 (Δ = 0.0019). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 4-

chloro-benzyl ester (14): yield 32%; white solid; mp 205 °C; 1H NMR (200 MHz, CDCl3) 

δ 3.30 (3H, d, J = 5.4 Hz), 5.43 (2H, s), 6.62 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 6.69 (1H, 

d, J = 5.4 Hz), 7.32–7.40 (3H, m), 7.53 (2H, d, J = 8.3 Hz), 7.62 (1H, d, J = 2.1 Hz), 8.75 

(1H, s). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for C18H15ClN5O3 384.0863 and 

386.0834; Found 384.0869 (Δ = 0.0006) and 386.0850 (Δ = 0.0016); [M+Na]+ Calcd 

for C18H14ClN5NaO3 406.0683 and 408.0653, Found 406.0685 (Δ = 0.0002) and 

408.0658 (Δ = 0.0005). 
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2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 2-

bromo-benzyl ester (15): yield 17%; white solid; mp 223 °C; 1H NMR (200 MHz, CDCl3) 

δ 3.31 (3H, d, J = 5.4 Hz), 5.53 (2H, s), 6.60 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 6.68 (1H, 

bs), 7.19 (1H, d, J = 6.2 Hz), 7.35–7.42 (2H, m), 7.58–7.63 (2H, m), 7.91 (1H, 

d, J = 8.3 Hz), 8.80 (1H, s). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C18H15BrN5O3 428.0358 and 430.0338; Found 428.0368 (Δ = 0.0010) and 430.0345 

(Δ = 0.0007); [M+Na]+ Calcd for C18H14BrN5NaO3 450.0178 and 452.0157, Found 

450.0175 (Δ = 0.0003) and 452.0164 (Δ = 0.0007). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 3-fluoro-

benzyl ester (16): yield 4.4%; white solid; mp 193 °C; 1H NMR (200 MHz, CDCl3) δ 3.30 

(3H, d, J = 5.4 Hz), 5.46 (2H, s), 6.61 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 6.70 (1H, 

d, J = 5.4 Hz), 6.99–7.07 (1H, m), 7.31–7.41 (3H, m), 7.53 (1H, d, J = 10.6 Hz), 7.63 

(1H, d, J = 2.1 Hz), 8.77 (1H, s). HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for 

C18H14FN5NaO3 390.0978 and 391.1012, Found 390.0983 (Δ = 0.0005) and 391.1013 

(Δ = 0.0001). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 4-fluoro-

benzyl ester (17): yield 16%; white solid; mp 181 °C; 1H NMR (200 MHz, CDCl3) δ 3.30 

(3H, d, J = 5.4 Hz), 5.43 (2H, s), 6.61 (1H, dd, J = 2,.1 Hz J = 4.3 Hz), 6.68 (1H, bs), 

7.03–7.12 (2H, m), 7.34 (1H, d, J = 4.3 Hz), 7.53–7.63 (3H, m), 8.74 (1H, s). HRMS 

(ESI/Q-TOF) m/z: [M+Na]+ Calcd for C18H14FN5NaO3 390.0978 and 391.1012, Found 

390.0985 (Δ = 0.0007) and 391.1013 (Δ = 0.0001). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 4-ethyl-

benzyl ester (18): yield 16%; white solid; mp 175 °C; 1H NMR (200 MHz, CDCl3) δ 1.24 

(3H, t, J = 8.2 Hz), 2.66 (2H, q, J = 8.2 Hz), 3.29 (3H, d, J = 5.4 Hz), 5.43 (2H, s), 6.59–

6.65 (2H, m), 7.20–7.24 (2H, m), 7.36 (1H, d, J = 4.3 Hz), 7.47 (2H, d, J = 8.2 Hz), 7.62 

(1H, d, J = 2.1 Hz), 8.74 (1H, bs). 13C NMR (101 MHz, CDCl3) δ 163.31, 158.03, 

152.22, 151.86, 148.64, 145.71, 144.80, 144.41, 133.46, 128.35, 128.15, 113.91, 

112.17, 104.74, 66.71, 28.78, 28.11, 15.76. HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C20H20N5O3 378.1566; Found 378.1574 (Δ = 0.0008); [M+Na]+ Calcd for 

C20H19N5NaO3 400.1386, Found 400.1389 (Δ = 0.0003). 
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2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 1-

methyl-2-phenyl-ethyl ester (19): yield 18%; brown sticky foam; 1H NMR (200 MHz, 

CDCl3) δ 1.39 (3H, d, J = 6.3 Hz), 2.97–3.15 (2H, m), 3.28 (3H, s), 5.42–5.48 (1H, m), 

6.58 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 6.76 (1H, bs), 7.19–7.39 (6H, m), 7.61 (1H, 

d, J = 2.1 Hz), 8.65 (1H, s). ES-MS m/z: [M+H]+ 400.1. 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 

benzylamide (20): yield 16%; white solid; mp 246 °C; 1H NMR (200 MHz, CDCl3) δ 3.30 

(3H, d, J = 5.4 Hz), 4.77 (2H, d, J = 6.2 Hz), 6.49 (1H, bs), 6.59 (1H, 

dd, J = 2.1 Hz, J = 4.3 Hz), 7.16 (1H, d, J = 4.3 Hz), 7.32–7.46 (5H, m), 7.62 (1H, 

d, J = 2.1 Hz), 8.86 (1H, s). HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for 

C18H16N6NaO2 371.1232, Found 371.1236 (Δ = 0.0004). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 

benzhydryl-amide (21): yield 42%; pale yellow solid solid; mp 199 °C; 1H NMR 

(200 MHz, CDCl3) δ 3.32 (3H, d, J = 5.4 Hz), 6.50–6.53 (2H, m), 6.63 (1H, 

dd, J = 2.1 Hz, J = 4.3 Hz), 7.15 (1H, d, J = 4.3 Hz),7.21–7.46 (10H, m), 7.66 (1H, 

d, J = 2.1 Hz), 8.85 (1H, s), 9.72 (1H, d, J = 8.2 Hz). HRMS (ESI/Q-TOF) m/z: 

[M+H]+ Calcd for C24H21N6O2 425.1726, Found 425.1722 (Δ = 0.0004); [M+Na]+ Calcd 

for C24H20N6NaO2 447.1545, Found 447.1541 (Δ = 0.0004). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 4-

methyl-benzylamide (22): yield 11%; white solid; mp 236 °C; 1H NMR (200 MHz, 

CDCl3) δ 2.35 (3H, s), 3.30 (3H, d, J = 5.4 Hz), 4.72 (2H, d, J = 5.4 Hz), 6.43 (1H, bs), 

6.59 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 7.16–7.35 (5H, m), 7.62 (1H, d, J = 2.1 Hz), 8.66 

(1H, s), 9.03 (1H, bs). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C19H19N6O2 363.1569, Found 363.1564 (Δ = 0.0005); [M+Na]+ Calcd for 

C19H18N6NaO2 385.1389, Found 385.1382 (Δ = 0.0007). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 4-

methoxy-benzylamide (23): yield 20%; pale yellow solid; mp 232 °C; 1H NMR 

(200 MHz, CDCl3) δ 3.29 (3H, d, J = 5.4 Hz), 3.80 (3H, s), 4.69 (2H, d, J = 5.4 Hz), 6.48 

(1H, bs), 6.58 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 6.90 (2H, dd, J = 2.1 Hz, J = 7.2 Hz), 7.15 

(1H, d, J = 4.3 Hz), 7.37 (2H, dd, J = 2.1 Hz, J = 7.2 Hz), 7.62 (1H, d, J = 2.1 Hz), 8.85 

(1H, s), 8.99 (1H, bs). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 
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C19H19N6O3 379.1519, Found 379.1522 (Δ = 0.0003); [M+Na]+ Calcd for 

C19H18N6NaO3 401.1338, Found 401.1341 (Δ = 0.0003). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 4-

trifluoromethyl-benzylamide (24): yield 18%; orange solid; mp 249 °C; 1H NMR 

(200 MHz, CDCl3) δ 3.31 (3H, d, J = 5.4 Hz), 4.82 (2H, d, J = 5.4 Hz), 6.52 (1H, bs), 

6.60 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 7.17 (1H, d, J = 4.3 Hz), 7.52–7.64 (5H, m), 8.86 

(1H, s), 9.13 (1H, bs). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C19H16F3N6O2 417.1287, Found 417.1315 (Δ = 0.0028). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 4-

chloro-benzylamide (25): yield 13%; pale brown solid; mp 225 °C; 1H NMR (200 MHz, 

CDCl3) δ 3.30 (3H, d, J = 5.4 Hz), 4.72 (2H, d, J = 5.4 Hz), 6.52 (1H, bs), 6.60 (1H, 

dd, J = 2.1 Hz, J = 4.3 Hz), 7.17 (1H, d, J = 4.3 Hz), 7.29–7.35 (4H, m), 7.63 (1H, 

d, J = 2.1 Hz), 8.85 (1H, s), 9.06 (1H, bs). HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for 

C18H15ClN6NaO2 405.0843 and 407.0813, Found 405.0847 (Δ = 0.0004) and 407.0820 

(Δ = 0.0007). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 4-fluoro-

benzylamide (26): yield 26%; white solid; mp 225 °C; 1H NMR (200 MHz, CDCl3) δ 3.30 

(3H, d, J = 5.4 Hz), 4.72 (2H, d, J = 5.4 Hz), 6.51 (1H, bs), 6.59 (1H, 

dd, J = 2.1 Hz, J = 4.3 Hz), 7.00–7.09 (2H, m), 7.15 (1H, d, J = 4.3 Hz), 7.36–7.43 (2H, 

m), 7.63 (1H, d, J = 2.1 Hz), 8.85 (1H, s), 9.05 (1H, bs). HRMS (ESI/Q-TOF) m/z: 

[M+H]+ Calcd for C18H16FN6O2 367.1319, Found 367.1310 (Δ = 0.0009); 

[M+Na]+ Calcd for C18H15FN6NaO2 389.1138, Found 389.1131 (Δ = 0.0007). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 

(biphenyl-4-ylmethyl)-amide (27): yield 5.5%; pale yellow solid; mp > 250 °C; 1H NMR 

(200 MHz, DMSO-d6) δ 3.01 (3H, d, J = 5.4 Hz), 4.70 (2H, d, J = 5.4 Hz), 6.75 (1H, 

dd, J = 2.1 Hz, J = 4.3 Hz), 7.32 (1H, d, J = 4.3 Hz), 7.38–7.50 (5H, m), 6.66 (4H, 

d, J = 8.2 Hz), 7.98 (1H, d, J = 2.1 Hz), 8.58 (1H, s), 8.92 (1H, bs), 9.10 (1H, bs). HRMS 

(ESI/Q-TOF) m/z: [M+H]+ Calcd for C24H21N6O2 425.1726, Found 425.1726 (Δ = 0); 

[M+Na]+ Calcd for C24H20N6NaO2 447.1545, Found 447.1546 (Δ = 0.0001). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 3,4-

dimethoxy-benzylamide (28): yield 23%; pale yellow solid; mp 190 °C; 1H NMR 
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(200 MHz, CDCl3) δ 3.30 (3H, d, J = 5.4 Hz), 3.88 (6H, s), 4.70 (2H, d, J = 5.4 Hz), 6.51 

(1H, bs), 6.58 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 6.88 (1H, m), 7.33–7.40 (5H, m), 7.56–

7.63 (2H, m), 8.76 (1H, s). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C20H21N6O4 409.1624, Found 409.1630 (Δ = 0.0006); [M+Na]+ Calcd for 

C20H20N6NaO4 431.1444, Found 431.1443 (Δ = 0.0001). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid 

phenethyl-amide (29): yield 45%; pale yellow solid solid; mp 204 °C; 1H NMR 

(200 MHz, CDCl3) δ 3.00 (2H., t, J = 7.2 Hz), 3.29 (3H, d, J = 5.4 Hz), 3.83 (2H, 

q, J = 7.2 Hz), 6.49 (1H, bs), 6.60 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 7.09 (1H, 

d, J = 4.3 Hz), 7.27–7.34 (5H, m), 7.64 (1H, d, J = 2.1 Hz), 8.69 (1H, bs), 8.82 (1H, s). 

HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for C19H20N6O2 363.1570, Found 363.1566 

(Δ = 0.0004); [M+Na]+ Calcd for C19H18N6NaO2 385.1389, Found 385.1388 

(Δ = 0.0001). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid [2-(3,4-

dimethoxy-phenyl)-ethyl]-amide (30): yield 25%; pale yellow solid solid; mp 211 °C; 1H 

NMR (200 MHz, CDCl3) δ 2.94 (2H, t, J = 7.2 Hz), 3.29 (3H, d, J = 5.4 Hz), 3.74–3.86 

(8H, m), 6.50 (1H, bs), 6.60 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 6.83–6.88 (3H, m), 7.07 

(1H, d, J = 4.3 Hz), 7.64 (1H, d, J = 2.1 Hz), 8.70 (1H, bs), 8.83 (1H, s). HRMS (ESI/Q-

TOF) m/z: [M+H]+ Calcd for C21H23N6O4 423.1781; Found 423.1782 (Δ = 0.0001); 

[M+Na]+ Calcd for C21H22N6NaO4 445.1600, Found 445.1605 (Δ = 0.0005). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid (1,1-

dimethyl-2-phenyl-ethyl)-amide (31): yield 40%; white solid solid; mp 172 °C; 1H NMR 

(200 MHz, CDCl3) δ 1.52 (6H, s), 3.23 (2H, s), 3.29 (3H, d, J = 5.4 Hz), 6.44 (1H, bs), 

6.57 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 7.12 (1H, d, J = 4.3 Hz), 7.18–7.27 (5H, m), 7.62 

(1H, d, J = 2.1 Hz), 8.58 (1H, bs), 8.82 (1H, s). 13C NMR (101 MHz, CDCl3) δ 161.87, 

156.32, 151.60, 150.22, 147.82, 145.38, 145.00, 138.14, 130.82, 128.00, 126.34, 

113.45, 112.11, 107.27, 54.85, 46.10, 28.11, 27.20. HRMS (ESI/Q-TOF) m/z: 

[M+H]+ Calcd for C21H23N6O2 391.1883; Found 391.1886 (Δ = 0.0003); [M+Na]+ Calcd 

for C21H22N6NaO2 413.1702, Found 413.1703 (Δ = 0.0001). 

2-Furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid (2-

phenoxy-ethyl)-amide (32): yield 34%; white solid solid; mp 198 °C; 1H NMR (200 MHz, 
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CDCl3) δ 3.29 (3H, d, J = 5.4 Hz), 3.96 (2H, q, J = 5.2 Hz), 4.23 (2H, q, J = 5.2 Hz) 6.50 

(1H, d, J = 5.4 Hz), 6.58 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 6.70–7.03 (3H, m), 7.15 (1H, 

d, J = 4.3 Hz), 7.30–7.34 (2H, m), 7.63 (1H, d, J = 2.1 Hz), 8.83 (1H, bs), 9.13 (1H, s). 

HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for C19H19N6O3 379.1519; Found 379.1530 

(Δ = 0.0011); [M+Na]+ Calcd for C19H18N6NaO3 401.1338, Found 401.1347 

(Δ = 0.0009). 

4.1.2. Procedure for the synthesis of 2-furan-2-yl-5-methylamino-[1,2,4]triazolo[1,5-

c]pyrimidine-8-carboxylic acid N′-phenyl-hydrazide (33) 

150 mg of compound 47 (0.58 mmol) were dissolved in 10 mL of ethanol, then 333 mg 

of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (1.74 mmol), 

235 mg of 1-hydroxybenzotriazole hydrate (1.74 mmol) and 68 μL 

of phenylhydrazine (0.70 mmol) were added. The mixture was stirred at room 

temperature overnight. Then, ethanol was removed under reduced pressure and 

30 mL of water were added to the residue. The product was extracted three times with 

10 mL of ethylacetate. The organic layers were combined, dried over 

anhydrous sodium sulfate and concentrated. The residue was purified by flash 

chromatography (from Light Petroleum 7: Ethyl acetate 3 to Light Petroleum 3: Ethyl 

acetate 7) to afford 79 mg of a pale yellow solid (yield 39%). Mp > 220 °C; 1H NMR 

(200 MHz, CDCl3) δ 3.30 (3H, d, J = 5.4 Hz), 6.60–6.63 (2H, m), 6.91–7.00 (3H, m), 

7.21–7.29 (4H, m), 7.65 (1H, d, J = 2.1 Hz), 8.82 (1H, s), 10.03 (1H, bs). ES-MS m/z: 

[M+H]+ 350.2, [M+Na]+ 372.2, [M+K]+ 388.1. 

4.1.3. Synthesis of 5-(3,4-dimethoxy-benzylamino)-2-furan-2-yl-[1,2,4]triazolo[1,5-

c]pyrimidine-8-carboxylic acid benzhydryl-amide (34) 

For the synthesis of compound 34 was applied the same procedure reported for 

derivatives 3–32 but using derivative 49 as carboxylic acid derivative and 

benzhydrylamine as amine. Yield 63%; pale brown solid; mp 170 °C; 1H NMR 

(200 MHz, CDCl3) δ 3.85 (6H, s), 4.82 (2H, d, J = 6.2 Hz), 6.48 (1H, d, J = 6.2 Hz), 6.60 

(1H, dd, J = 2.1 Hz, J = 4.3 Hz), 6.74 (1H, bs), 6.82–6.98 (3H, m), 7.14 (1H, 

d, J = 4.3 Hz), 7.32–7.46 (10H, m), 7.62 (1H, d, J = 2.1 Hz), 8.88 (1H, s), 9.68 (1H, 

d, J = 6.4 Hz). ES-MS (negative mode) m/z: [M-H]- 559.2. 

https://www.sciencedirect.com/topics/chemistry/hydrochloride
https://www.sciencedirect.com/topics/chemistry/hydrate
https://www.sciencedirect.com/topics/chemistry/phenylhydrazine
https://www.sciencedirect.com/topics/chemistry/sodium-sulfate
https://www.sciencedirect.com/topics/chemistry/ethyl
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4.1.4. General procedure for nucleophilic substitution with amino compounds 

(compounds 35–39) 

To 100 mg (0.33 mmol) of compound 46 dissolved in ethanol was added the 

appropriate amine (0.99 mmol–1.98 mmol). The mixture was heated in a sealed tube 

at 120 °C for 3 h. The solvent was then removed and the residue was purified by flash 

chromatography (from Light petroleum 7: Ethyl acetate 3 to Ethyl acetate). 

Ethyl 2-(5-((2-ethoxy-2-oxoethyl)amino)-2-(furan-2-yl)-[1,2,4]triazolo[1,5-c]pyrimidine-

8-carboxamido)acetate (35): reaction was performed using 138 mg of glycine ethyl 

ester hydrochloride (0.990 mmol) and 138 μL of TEA (0.99 mmol) leading to 

concomitant substitution at the 5 position and amidation at the 8 position of 

[1,2,4]triazolo[1,5-c]pyrimidine; yield 55%; pale yellow solid; mp 182 °C; 1H NMR 

(200 MHz, CDCl3) δ 1.28 (3H, t, J = 7.2 Hz), 1.44 (3H, t, J = 7.2 Hz), 4.12 (2H, 

d, J = 5.4 Hz), 4.22 (2H, q, J = 7.2 Hz), 4.47 (4H, m), 6.59 (1H, 

dd, J = 2.1 Hz, J = 4.3 Hz), 6.76 (1H, bs), 7.35 (2H, m), 7.62 (1H, d, J = 2.1 Hz), 8.65 

(1H, s). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for C18H21N6O6 417.1523; Found 

417.1521 (Δ = 0.0002); [M+Na]+ Calcd for C18H20N6NaO6 439.1342, Found 439.1341 

(Δ = 0.0001). 

Ethyl 2-(furan-2-yl)-5-(2-phenylhydrazinyl)-[1,2,4]triazolo[1,5-c]pyrimidine-8-

carboxylate (36): reaction was performed using 97 μL of phenylhydrazine (1.32 mmol); 

yield 71%; brown solid; mp 141–155 °C; 1H NMR (200 MHz, CDCl3) δ 1.42 (3H, 

t, J = 7.2 Hz), 4.46 (2H, q, J = 7.2 Hz), 6.62 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 6.95–6.99 

(3H, m), 7.22–7.28 (4H, m), 7.43 (1H, d, J = 3.2 Hz), 7.65 (1H, d, J = 2.1 Hz), 8.66 (1H, 

s). ES-MS m/z: [M+H]+ 365.1, [M+Na]+ 387.1. 

5-(2-tert-Butoxycarbonylamino-ethylamino)-2-furan-2-yl-[1,2,4]triazolo[1,5-

c]pyrimidine-8-carboxylic acid ethyl ester (37): reaction was performed using 159 mg 

of mono-Boc-ethylendiamine (0.99 mmol); yield 45%; pale yellow solid; mp 170 °C; 1H 

NMR (200 MHz, CDCl3) δ 1.43–1.53 (12H, m), 3.52 (2H, bs), 3.83 (2H, bs), 4.47 (2H, 

q, J = 7.2 Hz), 4.92 (1H, bs), 6.59 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 7.14 (1H, bs), 7.37 

(1H, d, J = 4.3 Hz), 7.62 (1H, d, J = 2.1 Hz), 8.68 (1H, s). ES-MS m/z: [M+Na]+ 439.2. 

https://www.sciencedirect.com/topics/chemistry/glycine
https://www.sciencedirect.com/topics/chemistry/ethyl-ester
https://www.sciencedirect.com/topics/chemistry/ethyl-ester
https://www.sciencedirect.com/topics/chemistry/substitution-reaction
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/amidation


  

European Journal of Medicinal Chemistry 157, 837-15. 125 

 

3. SCIENTIFIC WORK 

Ethyl 5-(4-(tert-butoxycarbonyl)piperazin-1-yl)-2-(furan-2-yl)-[1,2,4]triazolo[1,5-

c]pyrimidine-8-carboxylate (38): reaction was performed using 245 mg of N-Boc-

pyperazine (1.32 mmol); yield 28%; white solid; mp 170 °C; 1H NMR (200 MHz, CDCl3) 

δ 1.40–1.50 (12H, m), 3.63–3.68 (4H, m), 4.32–4.34 (4H, m), 4.47 (2H, q, J = 7), 6.57 

(1H, dd, J = 2, J = 4), 7.34 (1H, d, J = 4), 7.61 (1H, d, J = 2), 8.64 (1H, s). HRMS (ESI/Q-

TOF) m/z: [M+H]+ Calcd for C21H27N6O5 443.2043; Found 443.2045 (Δ = 0.0002); 

[M+Na]+ Calcd for C21H26N6NaO5 465.1862, Found 465.1861 (Δ = 0.0001). This 

reaction afforded also ethyl 5-ethoxy-2-(furan-2-yl)-[1,2,4]triazolo[1,5-c]pyrimidine-8-

carboxylate (50): white solid; mp 126 °C; 1H NMR (200 MHz, CDCl3) δ 1.46 (3H, 

t, J = 7.2 Hz), 1.61 (3H, t, J = 7.2 Hz), 4.50 (2H, q, J = 7.2 Hz), 4.87 (2H, q, J = 7.2 Hz), 

6.59 (1H, dd, J = 2.1, Hz J = 4.3 Hz), 7.39 (1H, d, J = 4.3 Hz), 7.63 (1H, d, J = 2.1 Hz), 

8.68 (1H, s). HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for C14H15N4O4 303.1093; Found 

303.1097 (Δ = 0.0004); [M+Na]+ Calcd for C14H14N4NaO4 325.0913, Found 325.0911 

(Δ = 0.0002). 

Ethyl 5-(2-(tert-butoxycarbonyl)hydrazinyl)-2-(furan-2-yl)-[1,2,4]triazolo[1,5-

c]pyrimidine-8-carboxylate (39): reaction was performed using 260 mg of tert-butyl 

hydrazinecarboxylate (1.98 mmol); yield 15%; white solid; mp 159 °C; 1H NMR 

(200 MHz, CDCl3) δ 1.41–1.49 (12H, m), 4.49 (2H, q, J = 7.2 Hz), 6.58–6.60 (1H, m), 

7.40 (1H, d, J = 4.3 Hz), 7.63 (1H, s), 7.94 (1H, bs), 8.71 (1H, s). HRMS (ESI/Q-

TOF) m/z: [M+H]+ Calcd for C17H21N6O5 389.1573; Found 389.1584 (Δ = 0.0011); 

[M+Na]+ Calcd for C17H20N6NaO5 411.1393, Found 411.1393 (Δ = 0). This reaction 

afforded also ethyl 5-ethoxy-2-(furan-2-yl)-[1,2,4]triazolo[1,5-c]pyrimidine-8-

carboxylate (50): see compound 38 synthesis for its charachterization. 

4.1.5. General procedure for the removal of tert-butyloxy carbonyl protecting group 

(compounds 40–42) 

0.05 mmol of derivatives 37–39 (21 mg of 37, 22 mg of 38 and 19 mg of 39) were 

dissolved in 5 mL of a saturated solution of hydrochloric acid in ethyl acetate. Reaction 

was stirred at room temperature for 2 h. Solvent was then removed under reduced 

pressure and the solid was filtered off to give the desired compounds 40–42. 

2-(8-Ethoxycarbonyl-2-furan-2-yl-[1,2,4]triazolo[1,5-c]pyrimidin-5-ylamino)-ethyl-

amine hydrochloride (40): yield 75%; white solid; mp 250 °C; 1H NMR (200 MHz, 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/hydrochloric-acid
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DMSO-d6) δ 1.35 (3H, t, J = 7.2 Hz), 3.14 (2H, bs), 3.93 (2H, bs), 4.34 (2H, 

q, J = 7.2 Hz), 6.55 (1H, dd, J = 2.1 Hz, J = 4.3 Hz), 7.21 (1H, d, J = 4.3 Hz), 7.61 (1H, 

d, J = 2.1 Hz), 8.30 (3H, bs), 8.53 (1H, s). ES-MS m/z: [M+H]+ 317.1. 

Ethyl 2-(furan-2-yl)-5-(piperazin-1-yl)-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylate 

hydrochloride (41): yield quantitative; white solid; mp 270 °C; 1H NMR (200 MHz, D2O) 

δ 1.39 (3H, t, J = 7.2 Hz), 3.50 (4H, bs), 4.36–4.47 (4H, m), 4.79 (2H, under solvent 

signal), 6.69 (1H, m), 7.28 (1H, d, J = 3.2 Hz), 7.75 (1H, s), 8.62 (1H, s). HRMS (ESI/Q-

TOF) m/z: [M+H]+ Calcd for C16H19N6O3 343.1519; Found 343.1519 (Δ = 0); 

[M+Na]+ Calcd for C16H18N6NaO3 365.1338, Found 365.1338 (Δ = 0.0008). 

Ethyl 2-(furan-2-yl)-5-hydrazinyl-[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylate 

hydrochloride (42): yield quantitative; brown solid; mp 146–154 °C; 1H NMR (200 MHz, 

D2O) δ 1.39 (3H, t, J = 7.2 Hz), 4.40 (2H, q, J = 7.2 Hz), 6.67 (1H, s), 7.26 (1H, s), 7.73 

(1H, s), 8.63 (1H, s). ES-MS m/z: [M+H]+ 289.1, [M+Na]+ 311.1. 

4.1.6. Synthesis of 5-(2-tert-butoxycarbonylamino-ethylamino)-2-furan-2-yl-

[1,2,4]triazolo[1,5-c]pyrimidine-8-carboxylic acid (43) 

To 0.167 mmol of ethyl ester compound 37 dissolved in ethanol was added 1.67 mmol 

of LiOH.H2O and 1.5 mmol of water. The mixture was refluxed and stirred for 3 h. Then, 

a little amount of water was added and HCl was added since pH 3. The carboxylic acid 

derivative precipitated and the solid was filtered off. Yield 78%; pale yellow solid; mp 

150 °C; 1H NMR (400 MHz, DMSO-d6) δ 1.30 (9H, s), 3.22 (2H, m), 3.68 (2H, m), 6.75 

(1H, dd, J = 2.1 Hz, J = 4.3 Hz), 6.92 (1H, bs), 7.26 (1H, d, J = 4.3 Hz), 7.97 (1H, 

d, J = 2.1 Hz), 8.53 (1H, s), 9.00 (1H, bs), 12.75 (1H, bs). ES-MS m/z: [M+Na]+ 411.1. 

4.2. Biology 

4.2.1. Binding at the human A1, A2A and A3 ARs 

All pharmacological methods followed the procedures as described earlier [22]. Briefly, 

membranes for radioligand binding were prepared from CHO cells stably transfected 

with human AR subtypes in a two-step procedure. In a first low-speed step (1000 × g), 

cell fragments and nuclei were removed, thenthe crude membrane fraction was 

https://www.sciencedirect.com/topics/chemistry/quantitative-yield
https://www.sciencedirect.com/science/article/pii/S0223523418307116#bib22
https://www.sciencedirect.com/topics/chemistry/radioligand
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sedimented from the supernatant at 100,000 × g. The membrane pellet was 

resuspended in the buffer used for the respective binding experiments (50 mMTris/HCl 

buffer pH 7.4 for hA1 and hA2A AR; 50 mMTris/HCl, 10 mM MgCl2, 1 mM EDTA, pH 

8.25 for hA3AR), frozen in liquid nitrogen and stored at −80 °C. For radioligand binding 

at the hA1 AR 1 nM [3H]CCPA was used, whereas 10 nM [3H]NECA and 1 nM 

[3H]HEMADO were used for hA2A and hA3 ARs, respectively. Non specific binding of 

[3H]CCPA was determined in the presence of 1 mM theophylline, in the case of 

[3H]NECA and [3H]HEMADO, 100 μM R-PIA was used ([22], [23], [24]). Ki-values from 

competition experimentswere calculated with the program SCTFIT [25]. 

4.2.2. Adenylyl cyclase activity 

The potency of antagonists at the hA2BAR was determined in 

adenylyl cyclase experiments. The procedure was carried out as described previously 

with minor modifications [22,26]. In this case only one high speed centrifugation of 

the homogenate of CHO cells stably transfected with human A2BAR subtypes was 

used. The resulting crude membrane pellet was resuspended in 50 mMTris/HCl, pH 

7.4 and immediately used for the cyclase assay. Therefore, inhibition of NECA-

stimulated adenylyl cyclase activity (stimulation with 5 μM of NECA) was determined 

as a measurement of affinity of compounds. Membranes were incubated with about 

150,000 cpm of [α-32P]ATP for 20 min in the incubation mixture as described 

without EGTA and NaCl [26]. IC50 values were calculated with the Hill equation. Hill 

coefficients in all experiments were near unity. 

4.3. Molecular modeling 

4.3.1. Software overview 

Molecular modeling studies were performed on a 8 CPU (Intel® Xeon® CPU E5-1620 

3.50 GHz) linux workstation. General molecular modeling operations were executed 

using the MOE suite (Molecular Operating Enviroment, version 2018.01) [27]. 

GOLD (Genetic Optimization for Ligand Docking, version 5.4.1) [28] suite was used as 

docking program, and the collected poses were analyzed (energy computation and 

visual inspection) through MOE. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/supernatant
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ethylenediaminetetraacetic-acid
https://www.sciencedirect.com/topics/chemistry/nitrogen
https://www.sciencedirect.com/topics/chemistry/theophylline
https://www.sciencedirect.com/science/article/pii/S0223523418307116#bib22
https://www.sciencedirect.com/science/article/pii/S0223523418307116#bib23
https://www.sciencedirect.com/science/article/pii/S0223523418307116#bib24
https://www.sciencedirect.com/science/article/pii/S0223523418307116#bib25
https://www.sciencedirect.com/topics/chemistry/antagonist
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cyclase
https://www.sciencedirect.com/science/article/pii/S0223523418307116#bib22
https://www.sciencedirect.com/science/article/pii/S0223523418307116#bib26
https://www.sciencedirect.com/topics/chemistry/centrifugation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/homogenate
https://www.sciencedirect.com/topics/chemistry/inhibition
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/adenylate-cyclase
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4.3.2. Three-dimensional structures of adenosine receptors 

A crystallographic structure was retrieved from the Protein Data Bank for hA2A and 

hA1 adenosine receptors, resulting in structure 3PWH [21] and 5UEN [20], 

respectively. Among the various crystallographic structures available for hA2AAR, one 

complex with the inverse agonist ZM-241,385 was chosen, because of the chemical 

similarity of its 7-amino [1,2,4]triazolo[1,5,a] [1,3,5]triazine scaffold with the 5-

amino[1,2,4]triazolo[1,5-c]pyrimidine moiety of the compounds under investigation. 

Given the lack of any crystallographic structures for hA3AR, a homology model was 

retrieved from the Adenosiland web-platform [29,30] previously developed by our 

research group. The model was constructed using 3PWH as a template, considering 

the presence of ZM-241,385 as environment for induced fit. The residues of ARs are 

identified according the generic Ballesteros Weinstein numbering system [31] 

throughout this work. 

4.3.3. Molecular docking 

Three dimensional structures of the ligands were built by the MOE-builder tool. 

Ionization states were predicted using the MOE-protonate 3D tool [32]. Tautomers and 

atom hybridation were checked, and structures were minimized by the MMFF94x until 

the root mean square (RMS) gradient fell below 0.1 kcal mol−1 A−1. GOLD docking tool 

was selected as a conformational search program and Goldscore as scoring function, 

referring to a previous docking benchmark study performed by our team [33,34]. For 

each ligand, 20 docking simulation runs were performed on each receptor subtype, 

searching on a sphere of 20 Å radius, centered on the lateral chain nitrogen of the 

conserved N6.55. 

4.3.4. Docking analysis 

Ligand and protein partial charges were calculated using the PM3 [35] method and 

AMBER12EHT force field respectively. Then, electrostatic and Van der Waals energy 

contributions to the binding energy were calculated by MOE, together with per residue 

electrostatic and hydrophobic interactions. Per residue information were reported in 

the so-called “Interaction Energy Fingerprints” (IEF) [33]: they consists in heat maps 
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reporting the strength of the interaction of each residue (x-axis) and each ligand (y-

axis) according to a colorimetric scale going from blue to red for negative to positive 

values in the case of electrostatic contributions (IEFele), and from white to dark green 

for low to high values for hydrophobic contributions (IEFhyd). The interactions of most 

relevant residues were also reported in histograms, whose height is proportional to the 

strength of the interaction. All the plots were produced using GNUPLOT 4.6 [36]. 

4.3.5. MMSDocking video maker 

The in-house MMsDocking video maker tool was exploited to produce videos showing 

the docking poses, per residue IEFhyd and IEFele data for selected residues, 

experimental binding data and scoring values. Representations of docking poses were 

produced using CHIMERA52 [37], two-dimensional depictions were constructed 

through the cheminformatics toolkit RDKit [38], the heat maps were obtained through 

GNUPLOT 4.6 [36]; in the end, videos were mounted using MEncoder [39]. 
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Abstract 

A series of adenosine receptor antagonists bearing a reactive linker was developed. 

Functionalization of these derivatives is useful to easily obtain multi-target ligands, 

receptor probes, drug delivery systems, and diagnostic or theranostic systems. The 

pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidine scaffold was chosen as a 

pharmacophore for the adenosine receptors. It was substituted at the 5 position with 

reactive linkers of different lengths. Then, these compounds were used to synthesise 

probes for the adenosine receptors by functionalization with a fluorescent moiety. Both 

series of compounds were evaluated for their binding at the four adenosine receptor 

subtypes. Different affinity and selectivity profiles were observed towards hA1, 

hA2A and hA3 adenosine receptors. In particular, fluorescent compounds behave as 

dual hA2A/hA3 ligands. Computational studies suggested different binding modes for 

developed compounds at the three receptors. Both molecular docking and supervised 

molecular dynamics (SuMD) simulations confirmed that the preferred binding mode at 

the single receptor was driven by the substitution present at the 5 position. Obtained 

results rationalized the compounds' binding profile at the adenosine receptors and 

pave the way for the development of more potent conjugable and conjugated ligands 

targeting these membrane receptors. 

 

 

Introduction 

Functionalization of a ligand is a strategy useful in the design of receptor 

probes,1,2 drug delivery systems3–5 and multitarget ligands.6 In particular, a 

pharmacophore is conjugated to a function bearing moiety by means of a linker, which 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit1
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is incorporated at an insensitive site on the pharmacophore structure.7 For example, 

receptor probes could be obtained by introducing a fluorophore,8 or a lipid could be 

used to gain specific characteristics useful in delivering the active molecule at a target 

tissue.9 

Adenosine receptors (ARs) are family A G protein-coupled receptors (GPCRs) 

involved in a number of physiological and pathological conditions that make them 

promising therapeutic targets for several diseases. In particular, four distinct AR 

subtypes have been identified so far: A1, A2A, A2B and A3 ARs.10 Each subtype has a 

specific distribution in the human body, which confers to their ligands particular 

potential therapeutic applications, such as in: pain conditions (A1 and 

A3 agonists),11 myocardial perfusion imaging (A2A agonists),12 cardiac and renal 

conditions (A1 antagonists),13 neurodegenerative diseases (A2A antagonists),14 cancer 

immunotherapy (A2A antagonists),14 inflammatory bowel disease 

(A2B antagonists)15 and glaucoma (A3 antagonists).16 It is clear that a pharmacophore, 

with tunable affinity towards AR subtypes might be useful in order to easily obtain 

theranostic agents, drug delivery systems or multivalent ligands for these receptors. 

The pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidine (PTP) is a well-known scaffold (Fig. 

1) from which many potent AR antagonists have been derived. Among these, 

preladenant (1) is an A2AAR antagonist under clinical development to treat 

neurodegeneration and other pathological conditions.17 As depicted in Fig. 1, the PTP 

scaffold could be simultaneously substituted at different positions, which determines a 

desired specific affinity and selectivity profiles for the targets. In addition, we have 

extensive experience on this scaffold.18–21 For these reasons, in this work we have 

developed conjugable AR antagonists bearing a PTP scaffold (2–19). In order to 

understand the structural requirements crucial to retain the affinity and selectivity 

towards ARs, we have investigated these antagonists both from a pharmacological 

and computational perspective. In a previous study, these compounds were 

functionalized with a fluorophore leading to fluorescent receptor probes (20–25), which 

we have reported here, with their full characterization, as an example of application of 

our strategy.22,23 
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https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig1
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig1
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit17
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig1
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit18
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit22
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Fig. 1 General structure of the pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidine (PTP) nucleus and 
structure of the hA2AAR antagonist preladenant (1). 

 

Results and discussion 

Development of conjugable adenosine receptor ligands 

In order to obtain a molecule that is easily functionalized with the desired function-

bearing moiety, we decided to use the PTP scaffold and to introduce the linker at the 

5 position. In fact, in our previous AR docking studies, we obtained data supporting 

that alkylamino substituents at the 5 position of PTP point away from the binding pocket 

of the ARs, thus becoming a suitable molecular site for modification.20 The rationale is 

that the PTP scaffold lies inside the binding cleft of the receptor to provide high affinity 

and selectivity towards the target, while the linker could bridge between the 

pharmacophore and a function-bearing moiety in the extracellular side of the 

membrane. In order to investigate the effect on the AR affinity, we decided to design 

nine homologous derivatives bearing diamino linkers of different lengths, from a 

hydrazino linker to longer diaminopolyglycolic chains. These chains are versatile 

because one amino group could be reacted with the AR ligand and the other with the 

detection moiety. In fact, there are several groups that could react with amines, such 

as carboxylic acids or their activated derivatives, isocyanates and isothiocyanates. 

Chemistry. As reported in Scheme 1, for the synthesis of desired compounds a 

straightforward procedure was applied starting from the 5-chloro-pyrazolo[4,3-

e][1,2,4]triazolo[1,5-c]pyrimidine intermediate 26.22 Specifically, it involved a 

nucleophilic substitution of chlorine with the mono-tert-butyloxycarbonyl (Boc)-

protected diaminoalkyl chain in the presence of a base, which afforded 2–10, followed 

by a standard acid-mediated Boc deprotection to obtain derivatives 11–19. 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit20
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#sch1
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit22
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Scheme 1 Synthesis of diamino-linked PTP 2–19. Reagents and conditions: a) appropriated mono-Boc-
protected-diamino linker, TEA, ethanol, 110 °C, sealed tube, 2 h; b) tert-butyl piperazine-1-carboxylate, 
TEA, ethanol, 110 °C, sealed tube, 2 h; c) ethyl acetate-HCl, rt, 1 h. 

Pharmacology and structure–activity relationship. Synthesized compounds were 

evaluated for their binding at the four human ARs (hARs). Both Boc-protected (2–10) 

and free amino conjugable (11–19) derivatives were assayed. As shown in Table 1, 

few compounds displayed selectivity towards a single AR. In addition, none of the 

compounds showed potency below 3 μM at the hA2BAR. 

Table 1 Binding profile at the four hAR subtypes for compounds 2–19 

 

Compd X R hA1 (Ki 
nM)a 

hA2A (Ki 
nM)b 

hA2B (Ki 

nM)c 

hA3 (Ki 
nM)d 

2, 

WS86 

- Boc 7,820 

(6,510-

9,380) 

3,900 

(3,630-

4,200) 

> 10,000 173 

(124-241) 

3 -CH2CH2- Boc 2,550 

(1,740-

3,760) 

624 

(467-834) 

> 10,000 553 

(470-651) 

4, 

WS88 

-CH2CH2CH2- Boc 1,770 

(1,430-

2,200) 

195 

(129-295) 

> 3,000 32.1 

(21-49.1) 

5 -CH2CH2CH2CH2- Boc 1,750 

(1,310-

2,340) 

313 

(256-383) 

11,500 

(8,590-

15,300) 

84.4 

(79.5-

89.7) 

6 -CH2CH2CH2CH2CH2 - Boc 2,580 

(1,690-

3,940) 

346 

(299-401) 

3000 129 

(98.1-171) 

7, 

WS91 

-CH2CH2OCH2CH2OCH2CH2- Boc 12,200 

(10,700-

13,800) 

1,260 

(995-

1,590) 

> 10,000 585 

(438-781) 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#tab1
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aDisplacement of specific [3H]-CCPA binding at hA1ARs expressed in CHO cells (n = 3–
6). bDisplacement of specific [3H]-NECA binding at hA2AARs expressed in CHO cells (n = 3–
6). cInhibition of the NECA-stimulated adenylyl cyclase in CHO cells (n = 3–6) expressing 
hA2BARs. dDisplacement of specific [3H]-HEMADO binding at hA3ARs expressed in CHO cells (n = 3–
6). Data are expressed as geometric means with 95% confidence limits. 

In particular, in the Boc-protected series (2–10) we observed low affinity towards 

hA1AR: long or bulky linkers (7–10) were not tolerated at this receptor, while simple 

alkyl chains lead to Ki values in the range of 1.7–2.6 μM (i.e.7, hA1AR Ki = 12 200 

nM vs.4, hA1AR Ki = 1770 nM). Better results were obtained at the hA2AAR, where the 

affinity follows the same trend observed at the hA1AR. Nevertheless, most of the 

compounds displayed affinities in the submicromolar range, with a propyl linker 

providing the best Ki value (4, hA2AAR Ki = 195 nM). On the other hand, Boc-protected 

derivatives were quite good A3AR antagonists (2–10, hA3AR Ki = 32.1–856 nM). In 

particular, a clear hA3AR affinity enhancement was observed comparing 

derivatives 3 and 4 (WS88), which bear an ethyl and a propyl chain, respectively (3, 

8 -

CH2CH2CH2O(CH2CH2O)2CH2CH2CH2- 

Boc 8,480 

(5,960-

12,060) 

674 

(568-799) 

> 10,000 264 

(136-515) 

9 - Boc 4,070 

(3,470-

4,770) 

2,170 

(1,980-

2,370) 

~ 10,000 856 

(696-

1,053) 

10 - Boc > 100,000 21,400 

(18,900-

24,300) 

> 10,000 737 

(505-

1,077) 

11 - H x HCl 7,100 

(4,870-

10,300) 

233 

(128-422) 

> 10,000 174 

(126-241) 

12 -CH2CH2- H x HCl 2,500 

(1,480-

4,230) 

756 

(454-

1,260) 

> 10,000 2,400 

(1,938-

2,971) 

13 -CH2CH2CH2- H x HCl 1,440 

(1,290-

1,610) 

253 

(186-344) 

> 10,000 3,784 

(3,031-

4,723) 

14 -CH2CH2CH2CH2- H x HCl 1,220 

(1,080-

1,370) 

169 

(108-263) 

> 3,000 4,205 

(3,715-

4,760) 

15, 

WS98 

-CH2CH2CH2CH2CH2- H x HCl 778 

(608-994) 

52.6 

(45.1-61.4) 

> 3,000 2,246 

(2,139-

2,359) 

16 -CH2CH2OCH2CH2OCH2CH2- H x HCl 5,110 

(4,830-

5,400) 

314 

(256-387) 

> 10,000 2,662 

(2,461-

2,880) 

17 -

CH2CH2CH2O(CH2CH2O)2CH2CH2CH2- 

H x HCl 1,660 

(1,350-

2,050) 

348 

(269-450) 

> 10,000 312 

(264-368) 

18 - H x HCl 5,520 

(3,530-

8,620) 

682 

(610-762) 

>10,000 2,914 

(1,714-

4,955) 

19 - H x HCl > 100,000 12,900 

(10,400-

15,900) 

> 10,000 8,646 

(7,293-

10,250) 
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hA3AR Ki = 553 nM vs.4, hA3AR Ki = 32.1 nM). Elongation of the linker caused a 

progressive decrease of hA3AR affinity (i.e.5, hA3AR Ki = 84.4 nM, 7, hA3AR Ki = 585 

nM) as also observed when constrained in a piperazine ring (10, hA3AR Ki = 737 nM). 

With a Ki value of 32.1 nM, compound 4 was the most potent derivative towards the 

hA3AR, and it showed 55- and 6-fold selectivity against hA1 and hA2A ARs, 

respectively. Thus, it was the analogue that displayed the best balance between affinity 

and selectivity. The most selective compound for the hA3AR was the piperazine 

derivative 10, which displayed a >136- and 29-fold higher affinity value at the hA3AR, 

with respect to hA1 and hA2A ARs, respectively, but it showed an affinity in the high 

nanomolar range towards hA3AR (Ki = 737 nM). The other compounds of this 

subseries displayed a common selectivity profile at the ARs that was very low against 

hA2AAR (hA2A/hA3 = 1.1–3.7) and higher towards hA1AR (hA1/hA3 = 20–55). A different 

behaviour was observed when the shorter hydrazine linker was present at the 5 

position of PTP. In fact, first of all, with compound 2 (WS86) we gained hA3AR affinity 

with respect to the ethyl compound 3 (3, hA3AR Ki = 553 nM vs.2, hA3AR Ki = 173 nM). 

Moreover, this compound exhibited one of the best selectivity profiles against both 

hA2AAR (22.5-fold) and hA1AR (45-fold). However, when the Boc group was removed 

(leading to the free amino series 11–19) affinity at the hA1AR was not particularly 

affected (e.g.9, hA1AR Ki = 4070 nM vs.18, hA1AR Ki = 5520 nM). Conversely, at the 

hA3AR we observed a pronounced detrimental effect (e.g.9, hA3AR Ki = 856 nM vs.18, 

hA3AR Ki = 2914 nM) and a simultaneous increase of hA2AAR affinity (e.g.9, hA2AAR 

Ki = 2170 nM vs.18, hA2AAR Ki = 682 nM). As a consequence, in general, free amino 

compounds could be considered hA2AAR antagonists. Among these, an exception was 

seen with compounds 11 and 17, which showed similar Ki values towards hA2A and 

hA3 ARs (11, hA2AAR Ki = 233 nM, hA3AR Ki = 174 nM; 17, hA2AAR Ki = 348 nM, 

hA3AR Ki = 312 nM). Thus, they could be considered as dual hA2A–hA3 AR 

antagonists. Interestingly, it seems that for hA3AR, with the hydrazine linker 

compounds (2, 11) the presence of the Boc group did not influence the affinity at this 

receptor (2, hA3AR Ki = 173 nM vs.11, hA3AR Ki = 174 nM), while it had a strong effect 

on the hA2AAR (2, hA2AAR Ki = 3900 nM vs.11, hA2AAR Ki = 233 nM). Notably, 

observing data for compounds bearing oxygen-containing chains (16, 17), the longer 

{[(propoxy)-ethoxy]-ethoxy}-propyl linker conferred higher hA3AR affinity than the 

diethoxyethyl linker (17, hA3AR Ki = 312 nM vs.16, hA3AR Ki = 2662 nM). A similar 



  

Med. Chem. Commun. 10, 1094–1108.  139 

 

3. SCIENTIFIC WORK 

behaviour was observed, although to a less extent, in Boc-protected compounds (8, 

hA3AR Ki = 264 nM vs.7, hA3AR Ki = 585 nM). Concerning the structure–activity 

relationship (SAR) at the hA2AAR, an affinity enhancement was observed upon chain 

elongation from 2 to 5 methylene units that decreased when longer or bulkier linkers 

were present at the 5 position. Compound 15 displayed the best hA2AAR affinity of the 

series, with a Ki value of 52.6 nM and a 15- and 43-fold selectivity against hA1 and 

hA3 ARs, respectively. 

Longer linkers, which should extend into the extracellular part of the receptor, gave 

especially low affinity compounds and variable selectivity profiles. This observation 

suggested that the linker had a very crucial role in the recognition process. In order to 

better understand this behaviour, we performed computational studies on the ligand–

receptor recognition process. 

Conjugation with a fluorescent moiety 

In order to prove the effectiveness of our strategy, we have reported here an example 

of application where amino-linked compounds 11, 13–17 were conjugated with 

fluorescein isothiocyanate to afford fluorescent conjugates 20–25.22 Fluorescent 

ligands could be used to probe the ARs serving as pharmacological tools. As an 

alternative to radioligands, such fluorescent probes could be useful both in the drug 

discovery process and in physiological or pathophysiological studies at cellular and 

tissue levels.24 

Chemistry. The free amino derivatives (11, 13–17) were conjugated with fluorescein 

isothiocyanate (FITC) in the presence of a base, affording fluorescent thioureidic 

probes 20–25 (Scheme 2). Spectroscopic characterization of derivatives 20–

25 showed an absorption maximum wavelength at 512–525 nm and a maximum 

emission wavelength at 537–541 nm. Thus, the obtained compounds showed a less 

than optimal Stokes shift, as could be observed in the spectrum of compound 21 (Fig. 

2). 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit22
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit24
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#sch2
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig2
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig2
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Scheme 2 Synthesis of fluorescent probes 20–25.22 Reagents and conditions: a) FITC, TEA, DMF, rt, 
48 h. 

 

 

 

Fig. 2 Superimposition of absorbance spectra of compound 13 (10−3 M) and of its fluorescent derivative 
21 (10−4 M) and emission spectra of compound 21 (10−5 M). 
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Table 2 Binding profile at the four hAR subtypes for compounds 20–25a 

aAll data are from ref. 22. bDisplacement of specific [3H]-RPIA binding at hA1ARs expressed in CHO 
cells (n = 3–5). cDisplacement of specific [3H]-CGS21680 binding at hA2AARs expressed in HEK293 
cells (n = 3–5). dDisplacement of specific [125I]I-AB-MECA binding at hA3AR expressed in CHO cells (n = 
3–5). Duplicate determination. Data are expressed as geometric means with 95% confidence limits. 

Pharmacology and structure–activity relationship. As reported in Table 2, fluorescent 

derivatives 20–25 were tested for binding affinity at hA1, hA2A and hA3 ARs. However, 

given the precursors' inactivity towards the hA2BAR subtype, this receptor was not 

considered a target for the synthesized compounds. In addition, results at hA1AR 

showed that all compounds were unable to bind the receptor at low micromolar 

concentrations. Instead, concerning hA2A and hA3 ARs a SAR could not be deduced 

from the data reported in Table 2. Nevertheless, compounds displayed affinities in the 

micromolar range that were similar towards the two receptor subtypes, and thus they 

could be considered as poor hA2A/hA3 AR antagonists. The most potent compounds of 

the series were those bearing the propyl (21) and the pentyl (23) linkers (21, hA2AAR 

Ki = 460 nM, hA3AR Ki = 720 nM; 23, hA2AAR Ki = 920 nM, hA3AR Ki = 780 nM;), while 

longer chains led to a severe detrimental effect (i.e.25, hA2AAR Ki = 6010 nM, hA3AR 

Ki = 7090 nM). The low affinity of these compounds highlights again the crucial role of 

the linker in the recognition process, suggesting that the PTP core alone is not 

sufficient to provide the desired affinity and selectivity at the hARs. The introduction 

between the PTP core and the linker of a substituent able to achieve a specific affinity 

for one of the receptors could enhance the affinity and selectivity of the conjugated 

compounds. 

 

Compd 
 

X 
 

hA1  

(Ki nM)b 
hA2A  

(Ki nM)c 

hA3  

(Ki nM)d 

20 - > 10,000 2,480 
(1,640-3,320) 

2,390 
(1,070-3,710) 

21 -CH2CH2CH2- > 10,000 460 
(340-580) 

720 
(580-860) 

22 -CH2CH2CH2CH2- > 10,000 1,750 
(810-2,690) 

5,660 
(4,440-6,880) 

23 -CH2CH2CH2CH2CH25- 9,500d 920 
(700-1140) 

780 d 

24 -CH2CH2OCH2CH2OCH2CH2- > 10,000 > 10,000 9,390 
(5,930-12,850) 

25 -
CH2CH2CH2O(CH2CH2O)2CH2CH2CH2- 

> 10,000 6,010 
(5,170-6,850) 

7,090 
(6,350-7,830) 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#tab2fna
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit22
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#tab2
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#tab2
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Computational studies 

 

Fig. 3 The binding modes observed for the PTP scaffold during molecular docking simulations. 

Molecular docking simulations were performed with the aim to rationalize the affinity 

data and SAR, as described in detail in the Experimental section. According to our 

recently published work,25 all molecular docking studies have been carried out with a 

sodium ion and its first hydration shell in all AR structures. As previously reported, also 

in this case, regardless of the nature of the receptor subtype considered, docking 

simulations suggested, for all ligands belonging to the PTP class, three different and 

alternative binding modes (BM) in their orthosteric binding sites.20 With a specific 

reference to the position assumed by the furyl moiety, the binding modes differ for the 

orientation of the ring along the main axis of the binding cavity (see details in Fig. 3): 

in particular, BM1 and BM3 orient the furyl ring down compared to the extracellular 

environment (for BM1, alternative up orientation is also retrieved), while BM2 orients it 

towards the TM2. Interestingly, the three binding modes guarantee the stabilizing 

interaction with Asn (6.55) and with other hydrophobic residues, such as Phe (EL2). 

The relative BM sampling frequency strongly depends critically on the nature of the 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit25
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit20
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig3
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substituent at the 5-position of the PTP scaffold, suggesting that the specific 

substituents there can modulate the receptor potency and/or receptor subtype 

selectivity. Considering this specific PTP series, docking studies suggested that BM2 

 

Fig. 4 A) IE map of the electrostatic interaction between each compound (y-axis) and each residue (x-
axis) of hA1AR. The strength of the interaction is represented by a colorimetric scale going from blue to 
red for negative to positive values. B) IE map representing the hydrophobic interaction between each 
compound (y-axis) and each residue (x-axis) of hA1AR. The strength of the interaction is represented 
by a colorimetric scale going from white to dark green for low to high values. 

is the most frequently sampled for any receptor, even if BM3 is its most relevant 

alternative on the hA3AR. In Fig. 4–6 are shown the interaction energy fingerprint (IEF) 

maps of both electrostatic and hydrophobic contributions, calculated for each sampled 

pose on all three receptor subtypes. 

Interestingly, regardless of the nature of the receptor subtype considered, almost any 

analyzed PTP analogue can be accommodated in the orthosteric site by the canonical 

binding pattern, already annotated for other AR antagonists: these include the 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig4
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hydrogen bonds and the aromatic hydrophobic π–π interactions with Asn (6.55) and 

Phe (EL2), respectively. Results can be related to the structural and sequence 

diversities between receptors. Indeed, favorable electrostatics are detected along the 

EL1 and TM2 for ligands docked to the hA2AAR, while, for the hA1AR, some repulsion 

is achieved at the TM3, i.e. non-conserved residues play a major role. 

 

Fig. 5 A) IE map of the electrostatic interaction between each compound (y-axis) and each residue (x-
axis) of hA2AAR. The strength of the interaction is represented by a colorimetric scale going from blue 
to red for negative to positive values. B) IE map representing the hydrophobic interaction between each 
compound (y-axis) and each residue (x-axis) of hA2AAR. The strength of the interaction is represented 
by a colorimetric scale going from white to dark green for low to high values. 

To analyze in more detail the interactive scheme of some representative ligands 

belonging to this class of antagonists, per-residue interaction energy profiles 

(electrostatic, van der Waals and hydrophobic contributions) were calculated for 

compounds 4 (WS88), 7 (WS91), 15 (WS98) and 23, and shown in Fig. 7–10. 

Conserved and non-conserved residues were selected for each receptor subtype to 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig7
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better appreciate their contributions in the stabilizing ligand–receptor binding state. 

Moreover, docking poses are also collected in Videos S1–S3 (ESI†), together with 

 

Fig. 6 A) IE map of the electrostatic interaction between each compound (y-axis) and each residue (x-
axis) of hA3AR. The strength of the interaction is represented by a colorimetric scale going from blue to 
red for negative to positive values. B) IE map representing the hydrophobic interaction between each 
compound (y-axis) and each residue (x-axis) of hA3AR. The strength of the interaction is represented 
by a colorimetric scale going from white to dark green for low to high values. 

electrostatic and hydrophobic contributions of peculiar residues. The first analyzed 

antagonist was derivative 4, the most potent compound of the series towards the 

hA3AR (Ki = 32.1 nM), despite its modest selectivity (hA1/hA3 = 55.3 and hA2A/hA3 = 

6.1). Interestingly, derivative 4 preferably recognizes the orthosteric binding site of the 

hA1AR using the interactive scheme BM1up, the hA2A subtype using the interactive 

scheme BM3, and the hA3 using the interactive scheme BM1down. As shown in Fig. 

7, these three different binding modes are characterized by three different interaction 

energy profiles and the analysis shows that the most favorable interactive scheme is 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fn1
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig7
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig7
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for subtype hA3 engaging strong hydrophobic contacts with the conserved Phe168 

(EL2), with the non-conserved Leu90 (3.32), and an electrostatically favorable 

interaction with Glu19 (1.39), without showing relevant repulsive van der Waals 

contributions.  

 

Fig. 7 Interaction energy histograms of compound 4 (WS88) 

Conversely, an unfavorable van der Waals term is detected when derivative 4 is 

docked to both hA1 and hA2A ARs, mediated by Asn254 and Asn253, respectively 

(6.55). The second analyzed antagonist is derivative 7, a moderately selective 

compound for the hA3AR, especially when compared to the hA1AR (hA1/hA3 = 135.7 

and hA2A/hA3 = 2.1). This antagonist preferably recognizes the orthosteric binding site 

of the hA1AR using the interactive scheme BM2, and the hA2A and hA3 using the 

interactive scheme BM3. Interestingly, unless for Glu172 (EL2) and Val87 (3.32), the 

analysis of the interaction energy profiles indicates a very modest stabilizing interaction 
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network compared to the hA3AR. At the hA2AAR, the ligand interacts unfavourably with 

His250 (6.52). The most favourable profile is observed at the hA3AR.  Derivative 15 is 

the highest affinity compound of the series at the hA2AAR (Ki = 52.6 nM). Nevertheless, 

it shows affinity constants in high nanomolar (Ki = 778 nM) and micromolar ranges (Ki 

= 2246 nM), for the hA1 and hA3 ARs, respectively. Derivative 15 preferably recognizes 

the orthosteric binding site of the hA1 and hA2AARs using the interactive scheme BM2, 

but interactive scheme BM3 is used at the hA3AR. For this ligand, at the hA1AR, several 

stabilizing interactions were detectable, in particular with Phe171 (EL2), Glu172 (EL2) 

and Asn254 (6.55), as shown in Fig. 9. 

 

Fig. 8 Interaction energy histograms of compound 7 (WS91) 

This stabilizing network of interactions is also present at the hA2A AR, even if the 

intensity of each interaction energy term is lower than that measured at the hA1AR. To 

appropriately interpret the lower affinity determined experimentally against the 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig9
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hA3 subtype, it is possible to invoke the crucial repulsive interactions detected for 

Val169 (EL2) and Phe168 (EL2), together with highly unfavorable van der Waals 

contributions by Asn250 (6.55). Involvement of these residues is likely to be critical for 

affinity. The final analyzed antagonist is derivative 23, the most representative  

 

Fig. 9 Interaction energy histograms of compound 15 (WS98) 

compound among the fluorescent ligands of the series, and the most selective towards 

hA3AR. As expected, BM2 is the only interactive scheme sampled for each receptor 

subtypes, allowing a better comparison (Fig. 10). As already described, this specific 

binding mode allows us to orient the substituent that carries the fluorescent probe 

towards the extracellular environment. Unfortunately, in this case, considering the 

relevant volumetric properties of these ligands and the fact that their receptor 

recognition involves not only the orthosteric binding sites but also relevant portions of 

the extracellular loops (in particular, the EL2), the analysis of the interaction energy 

profiles is not very helpful to interpret the experimental selectivity profile. However, it 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig10
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is emphasized that all the most crucial interactions with the conserved Phe (EL2) and 

Asn (6.55) are preserved. Moreover, the amino acid sequences and the architectures 

of EL2 play an important role in controlling both the selectivity profiles and ligand 

affinities of the fluorescent analogues against all receptor subtypes. 

 

Fig. 10 Interaction energy histograms of compound 23 (FLUO). 

Finally, to support or negate the hypothesis suggested by docking studies concerning 

the presence of different and alternative ligand binding modes (BM) inside the receptor 

orthosteric binding site, we decided to carry out a supervised molecular dynamics 

(SuMD) study with the aim to explore the possible ligand–receptor recognition 

pathways (from an unbound state to the orthosteric bound state) and to verify if the 

final states reached by supervised trajectories converge to the most populated poses 

obtained by molecular docking. For this specific scope, we decided to use the smaller 

PTP analogue of this series, derivative 2 (WS86), which showed a moderate affinity 
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against the hA3AR (Ki = 173 nM) and a reasonable selective profile (hA1/hA3 = 45.2 

and hA2A/hA3 = 22.5). ocking simulations suggested that derivative 2 preferably 

recognizes the orthosteric binding site of the hA1AR using the interactive scheme 

BM1up; the hA2AAR used the interactive scheme BM3, whereas the hA3 used two 

distinct interactive schemes BM1down and BM2. 

As already reported for all previously analyzed antagonists, these four different binding 

modes are characterized by four different interaction energy profiles and the analysis 

shows that the most favorable interactive scheme for subtype hA3AR is the one in 

which the ligand preferably adopts the interactive scheme BM1down, establishing the 

already described stabilizing interaction with the conserved Phe168 (EL2) and Asn250 

(6.55) (Fig. 11). Considering the appreciable hA3AR affinity, all SuMD simulations have 

been performed using this specific receptor subtype. Five independent supervised 

simulations have been carried out starting from an unbound state in which the ligand 

has been randomly positioned 40 Å far away from the center of the orthosteric hA3AR 

binding cavity. As expected, and already reported in previous studies,26 each SuMD 

trajectory describes a specific ligand–receptor recognition pathway (see Fig. 12, Panel 

A) and allows the ligand to sit in different regions of the orthosteric binding site (bound 

state) and adopt different binding poses (see Fig. 12, Panel B). Even if the different 

bound states obtained by SuMD simulations are not perfectly superimposable to those 

suggested by docking experiments, we emphasize that the possibility to have a 

multiple binding mode for a single ligand is clearly shown in the results of the SuMD 

trajectory analysis. Particularly interesting is the result extrapolated from Replica 5, in 

which the observed bound state is close to the one described as BM2, as shown in 

Video S4.  

As previously reported, also for derivative 2, the different SuMD trajectories described 

the presence of several meta-binding sites (energetically stable binding sites spatially 

distinct from the orthosteric site) with an energy profile (Fig. 12, Panel A) that smoothly 

decreases from an average value 〈E1〉 of −30 kcal mol−1 (for distances >10 Å) to an 

average value 〈E2〉 of −50 kcal mol−1 (〈E2〉 ≈ 2 〈E1〉), in a distance window 

between 2 and 10 Å. This behavior of the interaction energy profile is typical of a 

ligand–receptor recognition process characterized by a reasonably high kon value. 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig11
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit26
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig12
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig12
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig12
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Fig. 11 Interaction energy histograms of compound 2 (WS86) for conserved and non-conserved 
residues of any receptor subtype. BM1down and BM2 are reported for the hA3AR subtype. 

As already anticipated, different bound states obtained by SuMD simulations are not 

perfectly superimposable to the poses suggested by docking experiments, even if in 

Replica 5 the SuMD bound state is close to the one described as BM2. Starting from 

the Replica 5 final bound state, a non-biased molecular dynamics simulation has been 

performed to analyse the time-evolution (stability) of this specific bound state. 

Surprisingly, after 250 ns of simulation, the ligand flips its original position assuming a 

new configuration very similar to the BM3 detected in docking simulations, as shown 
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in Fig. 13, and more energetically favored. This evidence indicates that the 

accommodation of the furyl ring down, compared to the extracellular side, is the most 

favored one. 

 

Fig. 12 A) Total compound 2 (WS86)-protein interaction energy vs. distance from the binding site, for 
each SuMD simulation, represented by different colors. Average energies are reported for particular 
distance ranges. B) Visual indicative inspection of final states as vdW surfaces within the binding site. 
Peculiar regions of the transmembrane receptor are reported. 

The analysis of both supervised and non-biased MD trajectories showed that the 

adaptive positioning of the ligand inside the orthosteric binding site is strictly related to 

the simultaneous conformational variation of the side chains of the two amino acids 

Phe168 (EL2) and Trp243 (6.48) or, in other words: the final ligand pose depends on 

the reshaping of the binding cavity (induce fit) caused by the side chains of the two 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig13
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amino acids Phe168 (EL2) and Trp243 (6.48). Moreover, considering that all SuMD 

simulations have been carried out with a sodium ion and its first hydration shell in the 

hA3AR structure, it is interesting to note that both the sodium ion and its coordinated 

water molecules are also involved in this transition (Video S4†). 

In conclusion, the combination of molecular docking and dynamics (supervised and 

non-biased) simulations can be considered an interesting computational strategy to 

improve the descriptive capacity of the interaction modality of this new series of AR 

antagonists. In particular, SuMD can facilitate the interpretation at a molecular level of 

the possible ligand–receptor recognition pathways bridging the stability of the 

canonical orthosteric binding (thermodynamic binding propensity) with the ease of 

accessing the orthostatic site (kinetic binding propensity). 

 

Fig. 13 Compound 2 (WS86)-protein interaction energy vs. simulation time of the SuMD complex 
(binding mode 2). Total energy is decomposed in electrostatic (Elec, blue) and van der Waals (vdW, 
red) energy. Chemical structures of BM2 and BM3 are also reported. 

 

 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fn1
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Experimental 

Chemistry. Synthesis of compound 26 is reported in the literature.20 Mono-Boc-

protected-diamines were synthesized following the procedure reported by Onajole et 

al.27 

General chemistry. Reactions were routinely monitored by thin-layer chromatography 

(TLC) on silica gel (Macherey-Nagel, SIL G UV254). Flash chromatography was 

performed using Macherey-Nagel, silica 60, 230–400 mesh. Light petroleum ether 

refers to the fractions boiling at 40–60 °C. Melting points were determined on a Buchi-

Tottoli instrument and are uncorrected. 1H-NMR were determined in CDCl3, DMSO-

d6 or D2O solutions with a Varian Gemini 200, Varian 400 or a Varian 500 spectrometer 

of the University of Trieste, peaks positions are given in parts per million (δ) downfield 

from tetramethylsilane as an internal standard, and J values are given in Hz. MS-ESI 

analysis was performed using an ESI Bruker 4000 Esquire spectrometer and 

compounds were dissolved in methanol, accurate mass spectra were recorded on a 

micrOTOF-Q-Bruker and compounds were dissolved in methanol. Absorption 

experiments were performed on a Varian Cary 5000 spectrophotometer. Fluorescence 

measurements were recorded on a Varian Cary Eclipse fluorescence 

spectrophotometer, with an excitation filter at 361 nm and an emission filter at 390–

600 nm. 

General procedure for synthesis of 5-substituted-2-furan-2-yl-8-methyl-8H-

pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidines 2–10 

5-Chloro-derivative 26 (100 mg, 0.364 mmol) was dissolved in 5 mL of ethanol in a 

tube. Triethylamine (51 μL, 0.364 mmol) and the appropriate amine (1.092 mmol) were 

added to the mixture, and the tube was sealed and heated at 110 °C for 2 h. The 

reaction was monitored by TLC (ethyl acetate 9 : methanol 1) to assess the 

disappearance of the starting material, then the solvent was removed under reduced 

pressure and the residue was purified by flash chromatography (ethyl acetate 

9.5 : MeOH 0.5) affording the desired compound. 

N′-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-yl)-

hydrazine carboxylic acid tert-butyl ester (2) 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit20
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit27
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Yield 90%; white solid; mp 160 °C; 1H-NMR (200 MHz, CDCl3) δ: 1.49 (9H, s), 4.13 

(3H, s), 6.59 (1H, dd, J = 2, J = 4), 6.81 (1H, bs), 7.21 (1H, d, J = 4), 7.62 (1H, d, J = 

2), 7.90 (1H, bs), 8.16 (1H, s). HRMS (ESI-QTOF): m/z [M + Na]+ calcd for C16H18N8O3: 

393.1394, found: 393.1398. 

[2-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-ylamino)-

ethyl]-carbamic acid tert-butyl ester (3) 

Yield 85%; white solid; mp 217 °C; 1H-NMR (200 MHz, CDCl3) δ: 1.43 (9H, s), 3.50–

3.55 (2H, m), 3.76–3 (2H, m), 4.11 (3H, s), 4.96 (1H, bs), 6.58–6.65 (2H, m), 7.20 (1H, 

d, J = 4), 7.62 (1H, d, J = 2), 8.10 (1H, s). HRMS (ESI-QTOF): m/z [M + Na]+ calcd for 

C18H22N8O3: 421.1707, found: 421.1709. 

[3-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-ylamino) 

propyl]-carbamic acid tert-butyl ester (4 

Yield 66%; white solid; mp 217 °C; 1H-NMR (200 MHz, CDCl3) δ: 1.46 (9H, s), 1.93 

(2H, quint, J = 6), 3.27 (2H, bs), 3.75 (2H, q, J = 6), 4.11 (3H, s), 5.11 (1H, bs), 6.53–

6.59 (2H, m), 7.21 (1H, d, J = 4), 7.62 (1H, d, J = 2), 8.08 (1H, s). 13C NMR (101 MHz, 

CDCl3) δ 192.40, 156.64, 155.89, 147.23, 145.65, 144.67, 144.48, 143.07, 126.90, 

114.68, 112.46, 109.11, 79.71, 77.48, 77.16, 76.84, 40.73, 38.80, 37.84, 29.99, 28.55. 

HRMS (ESI-QTOF): m/z [M + Na]+ calcd for C19H24N8O3: 435.1864, found: 435.1862. 

[4-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-ylamino)-

butyl]-carbamic acid tert-butyl ester (5) 

Yield 79%; white solid; mp 167 °C; 1H-NMR (200 MHz, CDCl3) δ: 1.44 (9H, s), 1.60–

1.84 (4H, m), 3.14–3.26 (2H, m), 3.48–3.80 (2H, m), 4.10 (3H, s), 4.59 (1H, bs), 6.31 

(1H, bs), 6.59 (1H, dd, J = 2, J = 4), 7.21 (1H, d, J = 4), 7.62 (1H, d, J = 2), 8.08 (1H, 

s). ES-MS (methanol): m/z 449.47 [M + Na]+. HRMS (ESI-QTOF): m/z [M + Na]+ calcd 

for C20H26N8O3: 449.2020, found: 449.2021. 

[5-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-ylamino)-

pentyl]-carbamic acid tert-butyl ester (6) 

Yield 82%; white solid; mp 119 °C; 1H-NMR (200 MHz, CDCl3) δ: 1.43–1.82 (15H, m), 

3.08–3.18 (2H, m), 3.69 (2H, dd, J = 7, J = 14), 4.11 (3H, s), 4.54 (1H, bs), 6.27 (1H, 

bs), 6.60 (1H, dd, J = 2, J = 4), 7.22 (1H, d, J = 4), 7.63 (1H, d, J = 2), 8.09 (1H, s). ES-
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MS (methanol): m/z 463.2 [M + Na]+. HRMS (ESI-QTOF): m/z [M + Na]+ calcd for 

C21H28N8O3: 463.2177, found: 463.2179. 

(2-{2-[2-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

ylamino)-ethoxy]-ethoxy}-ethyl)-carbamic acid tert-butyl ester (7) 

  

Yield 55%; sticky foam; 1H-NMR (200 MHz, CDCl3) δ: 1.41 (9H, s), 3.36 (2H, bs), 3.56–

3.66 (6H, m), 3.80–3.92 (4H, m), 4.11 (3H, s), 5.14 (1H, bs), 6.59 (1H, dd, J = 2, J = 

4), 6.62 (1H, bs), 7.23 (1H, d, J = 4), 7.62 (1H, d, J = 2), 8.11 (1H, s). HRMS (ESI-

QTOF): m/z [M + Na]+ calcd for C22H30N8O5: 509.2231, found: 509.2233. 

[3-(2-{2-[3-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

ylamino)-propoxy]-ethoxy}-ethoxy)-propyl]-carbamic acid tert-butyl ester (8) 

Yield 67%; pale pink solid; mp 69 °C; 1H-NMR (200 MHz, CDCl3) δ: 1.44 (9H, s), 1.68–

1.82 (2H, m), 1.96–2.15 (2H, m), 3.24 (2H, bs), 3.51–3.86 (14H, m), 4.12 (3H, s), 5.00 

(1H, bs), 6.60 (1H, dd, J = 2, J = 4), 6.84 (1H, bs), 7.22 (1H, d, J = 4), 7.62 (1H, d, J = 

2), 8.08 (1H, s). HRMS (ESI-QTOF): m/z [M + Na]+ calcd for C26H38N8O6: 581.2807, 

found: 581.2805. 

{4-[(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

ylamino)-methyl]-cyclohexylmethyl}-carbamic acid tert-butyl ester (9) 

Yield 79%; pale yellow solid; mp 65 °C; 1H-NMR (200 MHz, CDCl3) δ: 1.43–1.80 (19H, 

m), 2.95–3.08 (4H, m), 4.10 (3H, s), 4.56 (1H, bs), 6.35 (1H, bs), 6.59 (1H, dd, J = 

2, J = 4), 7.20 (1H, d, J = 4), 7.62 (1H, d, J = 2), 8.07 (1H, s). C24H32N8O3. M.W.: 

480.56. HRMS (ESI-QTOF): m/z [M + Na]+ calcd for C24H32N8O3: 503.2490, found: 

503.2494. 

4-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-yl)-

piperazine-1-carboxylic acid tert-butyl ester (10) 

Yield 63%; pale yellow solid; mp 112 °C; 1H-NMR (200 MHz, CDCl3) δ: 1.52 (9H, s), 

3.68–3.70 (4H, m), 3.85–3.99 (4H, m), 4.15 (3H, s), 6.59 (1H, dd, J = 2, J = 4), 7.23 

(1H, d, J = 4), 7.64 (1H, d, J = 2), 8.19 (1H, s). HRMS (ESI-QTOF): m/z [M + Na]+ calcd 

for C20H24N8O3: 447.1864, found: 447.1866. 
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General procedure for the synthesis of amino derivatives 11–19 

tert-Butyloxycarbonyl derivatives 2–10 (100 mg) were dissolved in a saturated solution 

of hydrogen chloride in ethyl acetate (5 mL) and stirred at room temperature for 1 hour. 

The reaction was monitored by TLC (ethyl acetate 9 : methanol 1, the desired 

compound doesn't move). The solvent was then removed under reduced pressure and 

the desired compounds (11–19) were filtered off. 

N′-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-yl)-

hydrazinium; chloride (11) 

Yield 65%; yellow solid; mp 192 °C; 1H-NMR (200 MHz, CDCl3–D2O) δ: 4.13 (3H, s), 

4.77–4.83 (2H, bm), 6.59 (1H, dd, J = 2, J = 4), 7.21 (1H, d, J = 4), 7.63 (1H, d, J = 2), 

8.13 (1H, s). 13C NMR (101 MHz, DMSO-d6) δ 155.71, 153.57, 149.37, 145.53, 144.97, 

143.31, 126.62, 112.81, 112.28, 98.34, 40.22. HRMS (ESI-QTOF): m/z [M + H]+ calcd 

for C11H10N8O: 271.1050, found: 271.1045. 

2-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-ylamino)-

ethyl-ammonium; chloride (12) 

Yield 62%; pale yellow solid; mp 212 °C; 1H-NMR (200 MHz, D2O) δ: 3.31–3.40 (2H, 

m), 3.79–3.83 (2H, m), 3.92 (3H, s), 6.56 (1H, bs), 6.86 (1H, bs), 7.59 (1H, bs), 7.97 

(1H, s). HRMS (ESI-QTOF): m/z [M + H]+ calcd for C13H14N8O: 299.1363, found: 

299.1367. 

3-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-ylamino)-

propyl-ammonium; chloride (13) 

Yield 75%; pale yellow solid; mp 198 °C; 1H-NMR (200 MHz, D2O) δ: 2.06 (2H, m), 

3.12 (2H, t, J = 7), 3.56 (2H, t, J = 7), 3.93 (3H, s), 6.57 (1H, dd, J = 2, J = 4), 6.94 (1H, 

d, J = 4), 7.59 (1H, d, J = 2), 8.00 (1H, s). HRMS (ESI-QTOF): m/z [M + H]+ calcd for 

C14H16N8O: 313.1520, found: 313.1521. 

4-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-ylamino)-

butyl-ammonium; chloride (14) 

Yield 69%; pale brown solid; mp 224 °C; 1H-NMR (200 MHz, D2O) δ: 1.72–1.88 (4H, 

m), 3.05 (2H, t, J = 7), 3.43 (2H, t, J = 7), 3.92 (3H, s), 6.59 (1H, dd, J = 2, J = 4), 6.92 
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(1H, d, J = 4), 7.62 (1H, d, J = 2), 8.01 (1H, s). HRMS (ESI-QTOF): m/z [M + H]+ calcd 

for C15H18N8O: 327.1676, found: 327.1674. 

5-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-ylamino)-

pentyl-ammonium; chloride (15) 

Yield 73%; pale yellow solid; mp 126 °C; 1H-NMR (200 MHz, D2O) δ: 1.41–1.56 (2H, 

m), 1.70–1.74 (4H, m), 3.03 (2H, t, J = 7), 3.37 (2H, t, J = 7), 3.91 (3H, s), 6.56 (1H, 

dd, J = 2, J = 4), 6.88 (1H, d, J = 4), 7.58 (1H, d, J = 2), 7.95 (1H, s). HRMS (ESI-

QTOF): m/z [M + H]+ calcd for C16H20N8O: 341.1833, found: 341.1833. 

2-{2-[2-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

ylamino)-ethoxy]-ethoxy}-ethyl-ammonium; chloride (16) 

Yield 61%; sticky foam; 1H-NMR (200 MHz, D2O) δ: 3.16 (2H, bs), 3.74–3.87 (10H, m), 

3.96 (3H, s), 6.61 (1H, dd, J = 2, J = 4), 6.96 (1H, d, J = 4), 7.64 (1H, d, J = 2), 8.07 

(1H, s). HRMS (ESI-QTOF): m/z [M + H]+ calcd for C17H22N8O3: 387.1888, found: 

387.1885. 

3-(2-{2-[3-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

ylamino)-propoxy]-ethoxy}-ethoxy)-propyl-ammonium; chloride (17) 

Yield 56%; sticky foam; 1H-NMR (200 MHz, D2O) δ: 1.87–1.99 (4H, m), 3.05 (2H, t, J = 

7), 3.55–3.75 (14H, m), 3.97 (3H, s), 6.62 (1H, dd, J = 2, J = 4), 6.99 (1H, d, J = 4), 

7.65 (1H, d, J = 2), 8.08 (1H, s). HRMS (ESI-QTOF): m/z [M + H]+ calcd for 

C21H30N8O4: 459.2463, found: 459.2464. 

N-((4-(Aminomethyl)cyclohexyl)methyl)-2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-

e][1,2,4]triazolo[1,5-c]pyrimidin-5-ammonium; chloride (18) 

Yield 66%; sticky foam; 1H-NMR (200 MHz, D2O) δ: 1.78–1.82 (10H, m), 2.84–3.18 

(4H, m), 3.78 (3H, s), 6.34 (1H dd, J = 2, J = 4), 6.58 (1H, d, J = 4), 7.36 (1H, d, J = 2), 

7.73 (1H, s). HRMS (ESI-QTOF): m/z [M + H]+ calcd for C19H24N8O: 381.2146, found: 

381.2148. 

4-(2-Furan-2-yl-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-yl)-

piperazin-1-ium; chloride (19) 
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Yield 67%; white solid; mp > 300 °C; 1H-NMR (200 MHz, D2O) δ: 3.46–3.54 (4H, m), 

3.98–4.14 (7H, m), 6.63 (1H, dd, J = 2, J = 4), 7.06 (1H, d, J = 4), 7.68 (1H, d, J = 2), 

8.21 (1H, s). 13C NMR (101 MHz, DMSO-d6) δ 154.35, 154.14, 150.41, 145.74, 145.27, 

145.22, 126.02, 112.37, 112.16, 98.86, 44.59, 41.98, 40.09. HRMS (ESI-

QTOF): m/z [M + H]+ calcd for C15H16N8O: 325.1520, found: 325.1521. 

General procedure for the preparation of fluorescein isothiocyanate-conjugated 

pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidine derivatives 20–25 

0.214 mmol of compounds 11, 13–17 were dissolved in 5 mL of dry DMF, then 30 μL 

of TEA (0.214 mmol) were added and the mixture was stirred for a few minutes. At the 

reaction were added 83 mg of FITC (0.214 mmol) and it was stirred for 48 h. The 

reaction was monitored with TLC using 9 ethyl acetate : 1 methanol as an eluent. The 

solvent was removed under reduced pressure and the residue was purified by 

preparative TLC in the same solvent dissolving the residue in a little amount of 

methanol and the final compounds (20–25) were obtained as orange solids. 

5-(2-(2-(Furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

yl)hydrazinecarbothioamido)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid (20) 

Yield 63%, orange solid, mp 180 °C (methanol); 1H NMR (500 MHz, DMSO-d6) δ: 3.78 

(3H, s), 6.44 (4H, bs), 6.57 (1H, s), 6.75 (2H, bs), 6.85 (1H, s), 7.32 (1H, d, J = 7.3), 

7.72 (2H, m), 8.05 (2H, m), 8.11 (1H, s), 10.83 (1H, bs), 12.45 (1H, bs). UV: λmax 525. 

Fluorescence: λem 541. HRMS (ESI-QTOF): m/z [M + Na]+ calcd for C32H21N9O6S: 

682.1228, found: 682.1224. 

5-(3-(3-((2-(Furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

yl)amino)propyl)thioureido)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid (21) 

Yield 54%, orange solid, mp > 250 °C (methanol); 1H NMR (500 MHz, DMSO-d6) δ: 

1.97 (m, 2H), 3.51–3.70 (4H, m), 3.99 (3H, s), 6.30 (4H, m), 6.68 (2H, d, J = 8.3), 6.71 

(1H, s), 7.10 (1H, d, J = 7.6), 7.19 (1H, s), 7.67 (1H, s), 7.92 (1H, s), 8.06 (1H, s), 8.18 

(1H, s), 8.45–8.54 (2H, m), 10.17 (1H, bs). UV: λmax 518. Fluorescence: λem 541. 

HRMS (ESI-QTOF): m/z [M + Na]+ calcd for C35H27N9O6S: 724.1697, found: 724.1699. 

5-(3-(4-((2-(Furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

yl)amino)butyl)thioureido)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid (22) 
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Yield 56%, orange solid, mp > 250 °C (methanol); 1H NMR (500 MHz, DMSO-d6) δ: 

1.67 (m, 2H), 1.70–1,77 (2H, m), 3.48–3.66 (4H, m), 4.00 (3H, s), 6.53 (2H, d, J = 8.3), 

6.57–6.66 (4H, m), 6.72 (1H, s), 7.13 (1H, d, J = 8.3), 7.20 (1H, d, J = 3.2), 7.77 (1H, 

d, J = 8.2), 7.92 (1H, s), 8.02 (1H, t, J = 5.6), 8.27 (1H, s), 8.55 (1H, s), 8.59 (1H, s), 

10.36 (1H, bs). UV: λmax 521. Fluorescence: λem 537. HRMS (ESI-QTOF): m/z [M + 

Na]+ calcd for C36H29N9O6S: 738.1854, found: 738.1854. 

5-(3-(5-((2-(Furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

yl)amino)pentyl)thioureido)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid (23) 

Yield 49%, orange solid, mp 220 °C (methanol); 1H NMR (500 MHz, DMSO-d6) δ: 

1.37–1.47 (2H, m), 1.65–1.76 (2H, m), 3.49 (4H, m), 4.00 (3H, s), 6.37–6.54 (4H, m), 

6.64 (2H, d, J = 9), 6.71 (1H, dd, J = 4, J = 2), 7.06 (1H, d, J = 8), 7.19 (1H, d, J = 4), 

7.75 (1H, d, J = 8), 7.92 (1H, s), 7.98 (1H, t, J = 7), 8.24 (1H, s), 8.45–8.68 (2H, m), 

10.50 (1H, bs). UV: λmax 522. Fluorescence: λem 541. HRMS (ESI-QTOF): m/z [M + 

Na]+ calcd for C37H31N9O6S: 752.2010, found: 752.2011. 

5-(3-(2-(2-(2-((2-(Furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-

c]pyrimidin-5-yl)amino)ethoxy)ethoxy)ethyl)thioureido)-2-(6-hydroxy-3-oxo-3H-

xanthen-9-yl)benzoic acid (24) 

Yield 43%, orange solid, mp 216 °C (methanol); 1H NMR (500 MHz, DMSO-d6) δ: 3.30 

(m, 2H), 3.60 (6H, m), 3.67 (4H, m), 4.00 (3H, s), 6.37–6.54 (4H, m), 6.63 (2H, d, J = 

7.7), 6.71 (1H, s), 7.12 (1H, d, J = 8.1), 7.19 (1H, d, J = 2.9), 7.72 (1H, s), 7.83 (1H, s), 

7.92 (1H, s), 8.17 (1H, s), 8.25 (1H, s), 8.55 (1H, s), 10.11 (1H, bs). UV: λmax 522. 

Fluorescence: λem 538. HRMS (ESI-QTOF): m/z [M + Na]+ calcd for C38H33N9O8S: 

798.2065, found: 798.2068. 

5-(3-(3-(2-(2-(3-((2-(Furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-

c]pyrimidin-5-yl)amino)propoxy)ethoxy)ethoxy)propyl)thioureido)-2-(6-hydroxy-3-oxo-

3H-xanthen-9-yl)benzoic acid (25) 

Yield 53%, orange solid, mp 245 °C (methanol); 1H NMR (500 MHz, DMSO-d6) δ: 1.74 

(2H, m), 1.92 (2H, m), 2.89–3.30 (m, 16H), 4.00 (3H, s), 6.27 (4H, m), 6.57–6.88 (3H, 

m), 7.04 (1H, s), 7.19 (1H, s), 7.68 (1H, s), 7.92 (1H, s), 8.14 (1H, s), 8.50 (1H, s), 
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10.31 (1H, bs). UV: λmax 512. Fluorescence: λem 540. HRMS (ESI-QTOF): m/z [M + 

Na]+ calcd for C42H41N9O9S: 870.2640, found: 870.2643. 

Pharmacology 

All pharmacological methods followed the procedures as described earlier.22,28–32 In 

particular, two slight different protocols were used for compounds 2–19 (ref. 28–31) 

and for compounds 20–25.22,32 For radioligand binding at the hA1, hA2A and hA3 ARs, 

[3H]CCPA or [3H]R-PIA, [3H]NECA or [3H]CGS21680 and [3H]HEMADO or [125I]I-AB-

MECA were used, respectively. Radioligand binding at hA2BARs is problematic as no 

high-affinity radioligand agonist is commercially available for this subtype.33 Therefore, 

inhibition of NECA-stimulated adenylyl cyclase activity was determined as a 

measurement of potency of compounds, following a well-known procedure.28 

Computational studies 

The MOE suite34 was exploited in order to perform general molecular 161odelling 

operations. All preliminary computations were carried out on a 12 CPU (Intel® Xeon® 

CPU E5-1650 3.80 GHz) Linux workstation. SuMD and MD simulations were 

performed exploiting the ACEMD engine35 on NVIDIA drivers: NVIDIA GTX 980Ti and 

NVIDIA GTX 980. The CHARMM36/CHARMM36 general force field (CgenFF) 

combination was adopted. The GOLD37 suite and goldscore scoring function were 

used as the docking program. 3D structures of the ligands were built by the MOE-

builder tool. Ionization states were predicted using the MOE-protonate 3D tool. 

Tautomers and atom hybridization were checked. Structures were minimized by the 

MMFF94x until the root mean square (RMS) gradient fell below 0.05 kcal mol−1 A−1. 

For each ligand, 20 docking simulation runs were performed on each receptor subtype, 

searching on a sphere of 20 Å radius, centered on backbone nitrogen of the conserved 

Asn (6.55). Ligand and protein partial charges were calculated by means of the 

MMFF94 and AMBER14:EHT38 force fields, respectively. The hA2A and hA1 AR 

coordinates were retrieved from the Protein Data Bank39 using the crystal structures 

coded as 3PWH40 and 5UEN,41 respectively. Given the lack of any crystallographic 

structures for hA3AR, a homology model was used. The model was built 

using 5UEN as a template, as reported in our recently submitted work,42 after a 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit22
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit28
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit22
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit33
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit28
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit34
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit35
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit36
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit37
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit38
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit39
http://xlink.rsc.org/?pdb=3PWH
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit40
http://xlink.rsc.org/?pdb=5UEN
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit41
http://xlink.rsc.org/?pdb=5UEN
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit42
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docking/structural based model assessment. According to our recently published 

work,25 all molecular docking studies have been carried out with a sodium ion and its 

first hydration shell in all adenosine receptor structures. 

The Ballesteros–Weinstein43 numbering system is used sometimes to indicate 

conserved residues. IE electrostatic and van der Waals energy contributions to the 

binding energy were calculated by MOE, together with per residue electrostatic and 

hydrophobic interactions. Per-residue information was reported in the so-called 

“Interaction Energy Fingerprints”: they consist of heat maps reporting the strength of 

the interaction of each residue (x-axis) and each ligand (y-axis) according to a 

colorimetric scale going from blue to red for negative to positive values in the case of 

electrostatic contributions and from white to dark green for low to high values for 

hydrophobic contributions. Interactions of most relevant residues were also reported 

by histograms, whose height is proportional to the strength of the interaction. Plots 

were generated using Gnuplot 4.6.44 2D chemical structures in figures were drawn with 

Marvin Sketch.45 Molecular graphics were performed with the UCSF Chimera 

package,46 except Fig. 12B, which was obtained using the VMD program (version 

1.9.3).47 The in-house MmsDocking video maker tool was exploited to produce videos 

showing the docking poses, per residue hydrophobic and electrostatic contributions for 

selected residues, experimental binding data, and scoring values. Representations of 

docking poses were produced using the UCSF Chimera package, 2D depictions were 

constructed by the cheminformatics toolkit RDKit,48 and the heat maps were obtained 

by Gnuplot 4.6; in the end, videos were mounted using Mencoder. Ligand 3 force field 

parameters for MD simulations were initially retrieved from the Paramchem web 

service and then deeply optimized in concordance with CgenFF, at the MP2/6-31G* 

level of the theory49 by using Gaussian 09 (ref. 50) and RESP partial charges. Systems 

were embedded in a 1-palmitoyl-2oleyl-sn-glycerol-3-phospho-choline (POPC) lipid 

bilayer, according to the pre-orientation provided by the Orientations Proteins in 

Membrane (OPM) database51 and by using the VMD membrane builder plugin. Lipids 

within 0.4 Å from the protein were removed and TIP3P52 model water molecules were 

added to solvate the system by means of Solvate1.0.53 System charge neutrality was 

reached by adding Na+/Cl− counterions to a final concentration of 0.154 M. 

Equilibration was performed through a three-step procedure. In the first one, 1500 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit25
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit43
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit44
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit45
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit46
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#fig12
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit47
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit48
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit49
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit50
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit51
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit52
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit53
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conjugate-gradient minimization steps were applied in order to reduce the clashes 

between protein and lipids. Then, a 5 ns long MD simulation was performed in the NPT 

ensemble, with a positional constraint of 1 kcal mol−1 Å−2 on ligand, protein, and lipid 

phosphorus atoms. During the second stage, 10 ns MD simulation in the NPT 

ensemble was performed constraining all the protein and ligand atoms but leaving the 

POPC residues free to diffuse in the bilayer. In the last equilibration stage, positional 

constraints were applied only to the ligand and protein backbone alpha carbons for 

further 5 ns MD simulation. All the MD simulations were performed using: (1) an 

integration time step of 2 fs; (2) the Berendsen barostat54 in order to maintain the 

system pressure at 1 atm; (3) the Langevin thermostat55 to maintain the temperature 

at 310 K with a low dumping of 1 ps−1; (4) the M-SHAKE algorithm56 to constrain the 

bond lengths involving hydrogen atoms; and (5) a long-range cutoff of 10 Å. According 

to the SuMD approach,57,58 the timescale needed to reproduce complete 

intermolecular complex formations is in the range of nanoseconds, instead of hundreds 

of nanoseconds or microseconds usually necessary with unsupervised MD. Sampling 

is gained by applying a tabu-like algorithm to monitor the distance between the centers 

of mass of the ligand and the binding site, during short unbiased MD simulations. 

SuMD considers the ligand atoms and the atoms of user-defined protein residues to 

monitor the distance between the centers of mass of the binder and the binding site. A 

series of 600 ps unbiased MD simulations are performed and after each simulation, 

the distance points collected at regular time intervals are fitted into a linear function. If 

the resulting slope is negative the next simulation step starts from the last set of 

coordinates and velocities produced, otherwise the simulation is restarted by randomly 

assigning the atomic velocities. Short simulations are perpetuated under the 

supervision until the distance between the ligand and the binding site goes below 5 Å, 

then, the supervision is disabled and a classical MD simulation is performed. For the 

orthosteric center of mass, we considered hA3AR residues N250, F168, H272, and 

S247. NAMD energy Plugin 1.4 (ref. 59) was used to calculate ligand–protein 

interaction energies. 

 

 

https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit54
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit55
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit56
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit57
https://pubs.rsc.org/en/content/articlelanding/2019/md/c9md00014c#cit59
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Conclusions 

A series of pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidines bearing diaminoalkyl chains 

at the 5 position (2–19) was developed to target ARs after conjugation with the desired 

function-bearing moiety. Compounds 2–19 showed different binding profiles at hA1, 

hA2A and hA3 ARs. In particular, compound 4 and compound 15 are the most potent 

compound towards hA3 and hA2A ARs, respectively. Docking simulations suggested 

four different binding modes for synthesised compounds at the considered ARs. The 

preference for one of these binding modes is regulated by the substitution at the 5 

position. SuMD analysis on hA3AR confirmed the existence of multiple binding modes 

and that sodium and its hydration molecules are involved in the transition from one 

pose to another. An example of application of these compounds was reported. In 

particular, conjugation with fluorescein isothiocyanate led to dual, but weak, hA2A and 

hA3 AR fluorescent ligands. Docking revealed that the insertion of the bulky fluorescent 

moiety on the PTP scaffold forced the ligand to adopt the BM2, in which the linker 

oriented the fluorophore to the extracellular side of the receptor, and could be the 

reason for the weak AR interaction. Notably, combination of molecular docking with 

SuMD techniques helped to better understand the SAR of these derivatives. This can 

facilitate the future development of a second generation of more potent and selective 

conjugable compounds with different linkers, and, in addition, the inclusion of an 

alternative scaffold to PTP is not excluded. 
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Abstract 

Compounds able to simultaneously bind a biological target and be conjugated to a 

second specific moiety are attractive tools for the development of multi-purpose ligands 

useful as multi-target ligands, receptor probes or drug delivery systems, with both 

therapeutic and diagnostic applications. The human A3 adenosine receptor is a G 

protein-coupled receptor involved in many physio-pathological conditions, e.g. cancer 

and inflammation, thus representing a promising research target. In this work, two 

series of conjugable hA3AR antagonists, based on the pyrazolo[4,3-e]-1,2,4-

triazolo[1,5-c]pyrimidine nucleus, were developed. The introduction of an aromatic ring 

at the 5 position of the scaffold, before (phenylacetamido moiety) or after (1,2,3-triazole 

obtained by click chemistry) the conjugation is aimed to increase affinity and selectivity 

towards the hA3AR receptor. As expected, conjugable compounds showed good 

affinity towards the hA3AR. In order to prove their potential in the development of 

hA3AR ligands for different purposes, compounds were also functionalized with 

fluorescent probes. Unfortunately, conjugation decreased affinity and selectivity for the 

target as compared to the hA2AAR. Computational studies identified specific non-

conserved residues of the extracellular loops which constitute a structural barrier able 
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to discriminate between ligands, giving insights into the rational development of new 

highly selective ligands. 

 

Introduction 

Activation or blockade of adenosine receptors (ARs) are responsible for diverse 

pharmacological effects in various tissues and organs. Considering the wide 

distribution of endogenous adenosine, it is generally accepted that the regulation of 

ARs has great therapeutic potential [1–6]. ARs are members of the superfamily of G 

protein-coupled receptors (GPCRs), and four subtypes are currently known, named 

A1AR, A2AAR, A2BAR, and A3AR [7]. In recent decades, numerous medicinal chemistry 

groups have developed promising ligands, agonists and antagonists for these receptor 

subtypes [8]. In particular, the search for selective antagonists held greater appeal than 

selective agonists, not only for their potential therapeutic applications but also for their 

preferential use as molecular probes for pharmacological characterization of receptors 

[9].In this field, our research group and others have extensively investigated the 

pyrazolo[4,3-e]-1,2,4-triazolo[1,5-c]pyrimidine nucleus (PTP) that, by appropriate 

modifications at the N7, N8, and 5 positions, led to very potent and selective human 

(h) A2A and A3 AR antagonists [10–16]. These derivatives have previously been used 

for the study of the functional role of A2A and A3 ARs, in particular through the 

preparation of radiolabeled or irreversible derivatives [17–21]. Nevertheless, another 

interesting approach for the investigation of AR subtypes could be considered the 

functionalization of the PTP scaffold with spacers able to link various groups such as 

fluorophore or nanoparticles for drug delivery [22–32]. Using the PTP scaffold we have 

recently reported a new series of derivatives of general formulae 1, in which a diamino 

moiety of different lengths was introduced at the 5 position. Using this approach, a new 

series of derivatives bearing a fluorophore group linked to the free amino group was 

reported as potential fluorescent probes (Figure 1) [33].  
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Figure 1. Structures of previously reported AR antagonists and reference compounds. 

In this work, we explored the structure activity relationship (SAR) of conjugable AR 

ligands useful for the development of probes selective for the hA3AR. In addition to 

their usefulness to better define the specific role of the target protein in both 

physiological and pathological processes, availability of hA3AR selective probes could 

used for diagnostic purposes. In fact, hA3AR was found to be overexpressed in certain 

cancers, such as melanoma and breast and colorectal cancer, and the overexpression 

level well correlates with the severity of the tumor, thus making it a possible biomarker 

of such tumors [34–38]. Unfortunately, the previously synthesized PTP derivatives 

generally showed a poor affinity for the hA3AR and low A3AR selectivity versus the 

other receptor subtypes [33]. A possible explanation of lack of affinity and selectivity of 

these compounds could be attributed to the absence of an aromatic moiety at the 5 

position, which previous studies indicated to be important for both affinity and 

selectivity at the hA3AR [10]. 

Taking into account these experimental observations and with the aim of improving 

selectivity versus the hA3AR subtype, we decided to design a new series of conjugable 

PTPs bearing an aromatic portion at the 5 position (3-18) and anchored to chains of 

different lengths. These chains act as spacers and at their terminal position bear a 

functional group for subsequent functionalization. On the basis of our modeling of the 

AR interactions of PTP ligands, the most reliable orientation of the linker is towards the 

extracellular loops (ELs) of the receptors [33]. This means that any difference in 

sequence and conformation of the ELs of the AR subtypes could affect either selectivity 

or affinity through direct ligand interaction. Indeed, our recent work about the selection 

of the best template for hA3AR homology modeling highlighted that EL region displays 

the highest sequence variability between the hA1, hA2A, and hA3AR subtypes [39], 
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suggesting that the ligand partitioning between the ELs and the hydrophobic cavity is 

crucial for binding.  

Thus, finally, we decided to conjugate the new functionalized AR ligands with a 

fluorescent moiety (e.g. fluorescein) that is able to protrude in the extracellular side, 

giving new leads for the development of hA3AR fluorescent probes (Figure 2).  

Alternatively, a parallel series of N5 alkynyl functionalized antagonists (19-22) was 

prepared as precursors for copper(I)-catalyzed azide-alkyne (click) cycloaddition. 

Based on previous studies performed on the triazoloquinazoline nucleus of the 

nonseletive antagonist CGS15943, which led to a potent and selective fluorescent 

hA3AR antagonists (MRS5449, 2, Figure 1) [40], a fluorophore (e.g. Alexa Fluor-488) 

was introduced to afford potential A3AR fluorescent antagonist 23 (Figure 2). 

 

Figure 2. Structures of the synthesized PTP derivatives. 

 

Chemistry 

All the designed compounds 3-23 have been synthesized as summarized in Schemes 

1-3. Saponification with lithium hydroxide of previously reported PTP ester derivative 

24 [41] led to the corresponding carboxylic acid 3, which after condensation in 
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presence of EDCI with the appropriate mono BOC-protected diamine 25-29 afforded 

the desired functionalized compounds 4-8. A common BOC deprotection with 

trifluoroacetic acid in dichloromethane provided the free amino compounds 9-13 as 

salts. Then, after coupling with fluorescein isothiocyanate (FITC) in methanol under an 

argon atmosphere, the final compounds 14-18 were obtained. (Scheme 1) 

Alkynyl PTP derivatives 19-22 were instead prepared by reacting the free amino PTP 

derivative 30 with the appropriate acyl chlorides 35-38 which were obtained by 

treatment of the corresponding carboxylic acids 31-34 with oxalyl chloride (Scheme 2). 

 

Scheme 1. Synthesis of fluorescent adenosine receptor ligands 14-18. Reagents and conditions: i: 
LiOH, THF, MeOH, water, rt. overnight; ii: NH2XNHBoc (25-29), EDCI, DMAP, DMF, rt, overnight; iii: 
TFA, DCM, rt, 2h; iv: FITC, TEA, MeOH, rt, 72h. 

The final derivative 23 was prepared by reacting the alkynyl derivative 22 with Alexa 

Fluor-488 5-carboxamido (6-azidohexanyl)bis(triethylammonium salt) in DMF [40]. 

(Scheme 3) 
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Scheme 2. Synthesis of alkyne derivatives 19-22. Reagents and conditions: i: oxalyl chloride, DMF cat., 
CDCl3, 0°C to rt, 3 h; ii: TEA. dioxane, reflux, overnight. 

 

Scheme 3. Synthesis of Alexa Fluor-488 fluorescent AR ligand 23. Reagents and conditions: 
i: Alexa Fluor 488 5-carboxamido-(6-azidohexanyl) bis(triethylammonium salt), aq. sodium 
ascorbate, aq. cupric sulfate pentahydrate solution, water, DMF, rt, overnight. 

 

Results and discussion 

Newly synthesized compounds (3-23) were tested at the hA1, hA2A and hA3 ARs 

expressed in CHO (hA1AR, hA3AR) and HEK293 (hA2AAR) cells: [3H]RPIA (hA1AR), 

[3H]CGS21680 (hA2AAR) and [125I]AB-MECA (hA3AR) were used as radioligands in 

binding assays (Table 1) [40,42]. 

Table 1. Binding profile of synthesized compounds 3-23 at the hA1, hA2A and hA3 ARs (see figure 2 for 
compounds’ structures). 

Compd X R hA1 
a
 hA2A

b
 hA3 

c
 hA1/hA3 hA2A/hA3 hA1/hA2A 

3 - - 4% 1,010 128 > 78 7.8 > 10 

4 (CH2)3 Boc 15% 150 2.75 > 3,636 54.5 > 66 

5 (CH2)4 Boc 2% 304 3.46 > 2,890 88 > 33 
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6 (CH2)5 Boc 14% 376 4.47 > 2,237 84.1 > 26.5 

7 (CH2CH2O)2CH2CH2 Boc 7% 456 74.8 > 133.6 6.1 > 22 

8 (CH2)3O(CH2CH2O)2(CH2)3 Boc 11% 327 82.4 > 121.3 3.9 > 30.5 

9 (CH2)3 Hd 9% 175 8.06 > 1,240 21.7 > 57 

10 (CH2)4 Hd 4% 172 6.00 > 1,666 28.6 > 58 

11 (CH2)5 Hd
 6% 203 2.66 > 3,759 76.3 > 49 

12 (CH2CH2O)2CH2CH2 Hd
 17% 267 19.2 > 520 14 > 37.4 

13 (CH2)3O(CH2CH2O)2(CH2)3 Hd
 1% 328 10.3 > 970 30.3 > 30 

14 (CH2)3 FITC 27% 110 104 > 96 1 > 96 

15 (CH2)4 FITC 28% 60.4 73.6 > 23.7 0.18 > 129 

16 (CH2)5 FITC 21% 106 96.7 > 103 1.1 > 94 

17 (CH2CH2O)2CH2CH2 FITC 29% 95.7 137 > 73 0.69 > 94 

18 (CH2)3O(CH2CH2O)2(CH2)3 FITC 32% 91.5 207 > 48 0.44 > 109 

19 (CH2)2 - 55% 133 11.0 > 909 16.5 > 2.34 

20 (CH2)3 - n.d. 199 4.11 - 48.4 - 

21 (CH2)4 - 891 151 7.26 122.7 20.7 5.9 

22 (CH2)5 - 62% 482 12.8 > 781 37.6 > 20.7 

23e - - n.d. 90 31.8 - 2.83 - 

aDisplacement of specific [3H]R-PIA binding at hA1AR expressed in CHO cells, (n=3-6). bDisplacement 
of specific [3H]CGS21680 binding at hA2AAR expressed in CHO cells, (n=3-6). cDisplacement of specific 
[125I]-AB-MECA binding at hA3AR expressed in CHO cells, (n=3-6). Data are expressed as Ki (nM) or 
as % of inhibition (in italics) at a 10 μM concentration of radioligand. n.d. Not determined. Data complete 
of SEM are reported in ESI (Table S1). d Compounds as TFA salts. e MRS5763. 

As clearly summarized in Table 1, all the synthesized ureido (3-18) and amido (19-23) 

compounds showed affinities at the hA3AR ranging from high nanomolar to nanomolar 

concentrations, with different degrees of selectivity versus the other subtypes.  

The presence of a carboxylic group at the 5 position of compound 3 led to affinity values 

of 128 nM at the hA3AR and 1.01 µM at the hA2AAR, while it was inactive at the hA1AR 

(4% of radioligand displacement at 10 µM). Among all the series, compound 3 is the 

only one to exhibit a micromolar affinity against the hA2AAR, suggesting that the 
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carboxylic moiety is involved in interactions with different key residues in the orthosteric 

binding site of the AR subtypes, which are, thus, responsible for the observed 

selectivity.  

Conjugation of the acid moiety with the mono-N-BOC protected diamino spacers led 

to compounds 4-8 which showed high affinity for the hA3AR (Table 1). It should be 

noted that the length of the diamino spacer could be a major determinant of the hA3AR 

interaction. In fact, while shorter spacers (e.g. compounds 4-6) gave good results in 

terms of both affinity (Ki hA3 = 2.75-4.47 nM) and selectivity (hA2A/hA3 = 54.5-88) for 

the hA3AR (e.g. compound 3, Ki hA3 = 2.75 nM, hA1/hA3 = > 3,636; hA2A/hA3 = 54.5), 

longer diamino moieties (e.g compounds 7, 8) led to derivatives showing a significant 

loss of affinity at the hA3AR with a consequent reduction of selectivity, especially 

towards the hA2AAR subtype (e.g. compound 8, Ki hA3 = 82.4 nM, hA1/hA3 > 133; 

hA2A/hA3 = 6.1). 

However, the corresponding N-BOC deprotected derivatives 9-13 showed good hA3AR 

affinity independently of the spacer length, albeit, in general, the selectivity vs the 

hA2AAR subtype was significantly reduced with respect to the N-BOC derivatives (4-8) 

(e.g. compound 10, Ki hA3 = 6 nM, hA1/hA3 = > 1,666; hA2A/hA3 = 28 vs. compound 5, 

Ki hA3 = 3.46 nM, hA1/hA3 = > 2,890; hA2A/hA3 = 88). Interestingly, compounds bearing 

PEG-like spacers (7, 8 and 12, 13) showed a different selectivity profile, denoting that 

also the nature of the spacer was important for the AR interactions, in particular for the 

hA2A and hA3 ARs. In fact, while in the BOC protected series a very low selectivity was 

observed (compound 7, hA2A/hA3 = 6.1 and compound 8, hA2A/hA3 = 3.9), in the free 

amino series, compounds gained affinity and selectivity towards the hA3AR subtype 

(compound 12, hA2A/hA3 = 14 and compound 13, hA2A/hA3 = 30.3). In order to assess 

if the nature, and in particular the polarity of the linker could be someway related to the 

affinity profile displayed by compounds, the logarithm of the octanol/water partition 

coefficient (logP(o/w)) was calculated for each compound (Figure 3). As expected, Boc-

free ligands showed lower values than Boc-functionalized ones, with polyethers being 

more polar than alkyls. Only for the Boc-free mini-series, the affinity at the hA3AR 

increased with the logP(o/w) value of the compound, while in the other homologous 

series a correlation between polarity and affinity at the three adenosine receptors was 

not observed. 
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Figure 3. Calculated octanol/water partition coefficient logarithm. 

Concerning the fluorescent ligands, introduction of a fluorophore such as FITC on 

amino function gave compounds 14-18 which showed a significant reduced hA3AR 

affinity with a drastic reduction of selectivity vs hA2AAR, independently of the spacer 

length. (e.g. compound 16, Ki hA3 = 96.7 nM, hA1/hA3 = > 103; hA2A/hA3 = 1.1). Thus, 

they can be considered as dual hA2A/hA3AR fluorescent ligands. 

In the amido alkynyl series (19-22), all the synthesized compounds proved to be quite 

potent at the hA3AR with affinity ranging from 4 to 12 nM and poor affinities versus the 

other AR subtypes, even if the hA2AAR selectivity was not pronounced (e.g. compound 

21, Ki hA3 = 7.26 nM, hA1/hA3 = 122; hA2A/hA3 = 20.7). These results suggest that the 

triple bond likely formed interactions with nonconserved residues in the hA3AR binding 

site.  

Finally, Alexa Fluor-488 conjugated derivative 23, a potential fluorescent ligand, 

retained a good affinity at the hA3AR (Ki hA3 = 31.8 nM) and selectivity towards the 

hA2AAR was improved (hA1/hA3 = 2.83) compared to FITC derivatives (19-22), even if 

further optimization is needed (Table 1). 

It is quite clear that, in the present case, it was not possible to obtain a conjugable, 

selective ligand which could be differentially functionalized and that retained the 

selectivity and affinity profile of the parent compound. Even if the functional moiety 

(such as the fluorophore), was separated from the pharmacophore through a long 

spacer, it influenced the ligand-receptor recognition process. 
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Molecular modelling studies were performed with a view to rationalize affinity data 

and SAR of the tested ligands. 

 

Figure 4. IE map of the electrostatic and hydrophobic interactions between each compound (y-axis) and 
each residue (x-axis) of AR subtypes (hA1, A; hA2A, B; hA3, C) The strength of the electrostatic interaction 
is represented by a colorimetric scale going from blue to red, from negative to positive values. The 
strength of the hydrophobic interaction is represented by a colorimetric scale going from white to dark 
green, from low to high values. 
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Molecular docking simulations were performed on each AR subtype, using inactive 

states, in the presence of the sodium ion and its hydration shell [43]. Independently of 

the receptor subtype considered, the ligands retained the classical binding pattern of 

AR antagonists: hydrogen bonds with Asn (6.55) and π-π interactions with Phe (EL2) 

(Videos S1-3). Moreover, the linker was generally oriented towards the ELs. Despite 

the overall findings, in the case of the hA1AR (Video S1), several binding modes result 

energetically unfavorable or geometrically unreliable (e.g. pointing the furyl ring 

towards the ELs), consistent with the high A3AR selectivity observed vs A1 Interaction 

energy fingerprint (IEF) maps calculated for each docking pose on three subtypes, 

revealed that docking at the hA1AR (Figure 4, A) was less favorable than at hA2A and 

hA3 ARs (Figure 4, B-C), because of unfavorable electrostatics at the EL2 Interaction 

energy fingerprint (IEF) maps calculated for each docking pose on three subtypes, 

revealed that docking at the hA1AR (Figure 4, A) was less favorable than at hA2A and 

hA3 ARs (Figure 4, B-C), because of unfavorable electrostatics at the EL2 Interaction 

energy fingerprint (IEF) maps calculated for each docking pose on three subtypes, 

revealed that docking at the hA1AR (Figure 4, A) was less favorable than at hA2A and 

hA3 ARs (Figure 4, B-C), because of unfavorable electrostatics at the EL2 Interaction 

energy fingerprint (IEF) maps calculated for each docking pose on three subtypes, 

revealed that docking at the hA1AR (Figure 4, A) was less favorable than at hA2A and 

hA3 ARs (Figure 4, B-C), because of unfavorable electrostatics at the EL2 Interaction 

energy fingerprint (IEF) maps calculated for each docking pose on three subtypes, 

revealed that docking at the hA1AR (Figure 4, A) was less favorable than at hA2A and 

hA3 ARs (Figure 4, B-C), because of unfavorable electrostatics at the EL2 Interaction 

energy fingerprint (IEF) maps calculated for each docking pose on three subtypes, 

revealed that docking at the hA1AR (Figure 4, A) was less favorable than at hA2A and 

hA3 ARs (Figure 4, B-C), because of unfavorable electrostatics at the EL2 Interaction 

energy fingerprint (IEF) maps calculated for each docking pose on three subtypes, 

revealed that docking at the hA1AR (Figure 4, A) was less favorable than at hA2A and 

hA3 ARs (Figure 4, B-C), because of unfavorable electrostatics at the EL2 and TMs 5-

7. hA3AR ligand poses were highly favored at these locations, more than at hA2A and 

hA1 ARs, also in terms of hydrophobic contacts. Furthermore, as explained below, in 

the hA3AR, TM1 contributed significantly to stabilization by electrostatics, differently 

from other subtypes.  
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Figure 5. Interaction energy histograms of compound 3 (EA2) for conserved and non-conserved 
residues of A1, A2A and A3 subtypes. 

Per-residue interaction energy profiles (electrostatic, van der Waals and hydrophobic 

contributions) were calculated for three representative antagonists: 3 (EA2), 16 (FITC 

ligand, EA8) and 22 (ethynyl ligand, EA20). Both conserved and non-conserved 

residues for each receptor subtype were chosen from TMs and ELs, in order to give a 

better understanding of how they affect binding affinity and selectivity, as shown in 

Figures 5-7. 
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Figure 6. Interaction energy histograms of compound 16 (EA8) for conserved and non-conserved 
residues of A1, A2A and A3 subtypes. 

Antagonist 3 (EA2) is the parent compound of the series. Nonetheless, it is the only 

one to show affinity towards the hA2AAR in the micromolar range (Ki hA2A = 1.01 μM, 

Ki hA3 = 128 nM). Interestingly, it is characterized by a negatively charged carboxylic 

moiety. When docked to the hA1AR, the ligand pose is highly disfavoured by strong 

repulsion with Glu172 (EL2) and other polar residues (Figure 5). 
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Figure 7. Selected docking pose of ligand 16 (EA8) at the hA3AR subtype and visualization of the most 
relevant structural regions interacting with the linker and the fluorophore (FITC). 

Similarly, at the hA2AAR, Glu169 (EL2) disfavors the final state. The mutation of Glu 

into Val169 at the EL2, and the mutation of Val in Leu90 (3.32) at the TM3 of the hA3AR 

are crucial in improving complex stability by hydrophobic interactions. These results 

predict that negatively charged moieties, exposed to the ELs of the hA1 and hA2A ARs, 

inhibit binding by electrostatic repulsion with Glu (EL2). Finally, a favourable 

electrostatic interaction is observed with the conserved residue Glu19 (1.39) at the 

TM1 of the hA3AR, while the same is absent in other subtypes, giving indications about 

the different shape and nature of the A3 binding site. The antagonist 16 (EA8, Figures 

6 and 7), bearing a longer linker and a fluorophore moiety (FITC), shows strong van 

der Waals repulsion with Glu172 (EL2) and Asn254 (6.55) at the hA1AR, while such 

interactions are favourable at the hA2AR (Glu169, Asn253) and accompanied by 

several hydrophobic contacts (Leu267 (6.70), Val92 (3.32), Ile74 (3.14)). The hA3AR 

shows a similar profile, but hydrophobic interactions are not significant, consistently 

with the absence of selectivity observed, as compared to A2A. However, nonconserved 

residues Gly257, Glu258 and Gln261 (EL3) contribute favourably by electrostatic and 

van der Waals interactions with the phenyl-acetamido moiety at the 5 position of the 

PTP. The FITC moiety is also involved and interacts with several residues located at 
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the ELs 2 and 3, participating in the overall recognition process. As shown in Figure 7, 

the alkyl linker sits between the loops and adapts to their conformation thanks to its 

high rotational fredoom. Depending on the latter, the fluorophore is pointed between 

the ELs, facing several polar residues like Thr173, Arg174 (EL2) and Asn256 (EL3). 

Ethynyl derivative 22 (EA20) prefers the hA3AR cavity through several hydrophobic 

contacts with non-conserved residues and electrostatic interactions, mainly due to the 

terminal triple bond, which could explain the selectivity observed (Figure 8). At the 

hA2AAR, in fact, such interactions are absent, and even some electrostatic repulsion is 

observed with Glu169 (EL2) and His250 (6.52). 

Finally, three supervised molecular dynamics (SuMD) simulations were performed with 

a view to 1) simulate binding to the hA3AR, 2) inspect which structural domains at the 

extracellular side or the hydrophobic cavity may be determinants of the ligand 

preference. Ligand 3 (EA2) was chosen because it yields the lowest affinity towards 

the hA2AAR within the entire series while preserving affinity for the A3 subtype in the 

nanomolar range. Moreover, basing on per-residue interaction fingerprints (Figures 5-

6-8), its carboxylic moiety is clearly important for the A2A/A3 selectivity. The ligand 

completely reached the binding site only in simulation 1. As shown in Video S4, the 

ligand intercalates between the ELs 2-3 and finally binds the receptor assuming a pose 

closely resembling the one predicted by molecular docking (Video S1). Two residues 

(conserved and non-conserved, respectively) seem to play an important role in the 

recognition process: Glu19 (1.39) and Gln261 (EL3). Glu19, located at the TM1, 

interacts with the pyrazole ring favouring binding during the entire process. Gln261 

(EL3) (Leu267 in the hA2A AR) makes hydrogen bonds with the ligand’s carboxylate 

exposed to the ELs, either in the initial phase of approach or in the phase of 

stabilization. Such interaction is detectable in the ligand-protein interaction energy 

profile for distances of about 10 Å. Interestingly, in both simulations 2 and 3, the ligand 

stops just at 10 Å, between the ELs 2-3, giving the same interaction energy peak 

observed in simulation 1 (Figure 9). The interaction energy is weaker than the bound 

state 1, indicating that the ligand can effectively cross that “barrier”. This result 

indicates that the ELs’ structural region is crucial for binding, as ligands can cross it 

more (or less) efficiently depending on the specific substitution present at the 5 position 

of PTP. Indeed, the ligand 3 establishes highly favorable contacts even at long 
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distances, corresponding to the EL3 or EL2 (20-30 Å), where several non-conserved 

residues are located, in agreement with per-residue interaction energy calculations. 

Some contacts are more stabilizing than the final state 1 (meta-binding sites), however, 

the great conformational freedom of the EL2 (see Video S4) could explain the 

progression of the ligand path. 

 

Figure 8. Interaction energy histograms of compound 22 (EA20) for conserved and non-conserved 
residues of A1, A2A and A3 subtypes. 
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Figure 9. Ligand 3 (EA2)-protein interaction energy vs distance from the binding site, for each SuMD 
simulation. VdW surfaces of the respective final states are reported with different colors, along with 
particular regions of the receptor. 

 

Experimental Section 

Chemistry  

General. Reactions were routinely monitored by thin-layer chromatography (TLC) on 

silica gel (precoated Macherey-Nagel, 60FUV254). Flash chromatography was 

performed using Macherey-Nagel, silica 60, 230-400 mesh silica gel. Light petroleum 

ether refers to the fractions boiling at 40-60 °C. Melting points were determined on a 

Buchi-Tottoli instrument and are uncorrected. 1H-NMR were determined in CDCl3, 

DMSO-d6 or CD3OD solutions with a Varian Gemini 200, a Bruker 400 or a Varian 500 

spectrometers. Peaks positions are given in parts per million (δ) downfield relative to 

the central peak of the solvents, and J values are given in Hz. The following 
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abbreviations were used: s, singlet; bs, broad singlet; d, doublet; dd, double doublet; 

bd, broad doublet; t, triplet; m, multiplet. Electrospray mass spectra were recorded on 

a ESI Bruker 4000 Esquire spectrometer and compounds were dissolved in methanol. 

Absorption experiments were performed on a Varian Cary 5000 spectrophotometer. 

Fluorescence measurements were recorded on Varian Cary Eclipse fluorescence 

spectrophotometer, with excitation filter at 361 nm, emission filter at 390-600 nm (all 

experiments were performed using a λex of 488 nm). Oct-7-ynoic acid was synthesized 

as reported in the literature. 

2-(4-(3-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-

5-yl)ureido)phenyl)acetic acid (3). Ethyl ester derivative 24 (1.95 mmol, 900 mg) was 

dissolved in a mixture of tetrahydrofuran/methanol/water (4:1:1, 12 mL) and lithium 

hydroxide monohydrate (5.9 mmol, 245 mg) was added. The suspension was stirred 

at room temperature overnight. Reaction was monitored by TLC (ethyl acetate 9.5 / 

methanol 0.5). Water was added to the mixture, the solution was cooled to 0°C and 1 

M hydrochloric acid was added (pH 2) leading to the precipitation of a pale brown solid. 

Solid was filtered and washed with ethyl ether and identified as the desired compound 

in a quantitative yield. Mp >300°C; 1H-NMR (200 MHz, DMSO-d6) δ 10.67 (s, 1H) 9.55 

(bs, 1H), 8.78 (s, 1H), 7.93 (s, 1H) 7.78-7.36 (m, 3H), 7.38–6.96 (m, 3H), 6.76 (bs, 1H), 

4.34 (s, 3H), 3.56 (s, 2H). ES-MS negative mode (methanol) m/z: 431.0 [M-H]-. 

General procedure for the synthesis of amides 4-8. The carboxylic acid derivative 

3 (0.58 mmol, 250 mg) was dissolved in DMF (3 mL) and the appropriate mono-BOC-

protected diamine (25-29) was added (0.58 mmol). Reaction was stirred and cooled to 

0°C under an argon atmosphere and then 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimmide hydrochloride (EDCI.HCl, 1.16 mmol, 222 mg) 

and 4-dimethylaminopyridine (DMAP, 1.44 mmol, 177 mg) were added. Mixture was 

stirred at room temperature overnight and monitored by TLC (dichloromethane 9.3 / 

methanol 0.7). The solvent was evaporated under reduced pressure. The residue was 

suspended in water and extracted with ethyl acetate (3 times). The organic layers were 

collected and dried over sodium sulfate anhydrous and the solvent removed under 

reduced pressure. The crude product was purified on flash silica column 

chromatography (dichloromethane 9.7 / methanol 0.3) to afford the desired compound 

(4-8).  
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tert-Butyl(3-(2-(4-(3-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-

c]pyrimidin-5-yl)ureido)phenyl)acetamido)propyl)carbamate (4). Yield 29.4%; 

white solid; mp 198-205°C; 1H-NMR (200 MHz, CDCl3) δ 11.19 (s, 1H), 8.60 (s, 1H), 

8.23 (s, 1H), 7.80–7.46 (m, 3H), 7.30–7.26 (m, 3H), 6.62 (dd, J = 3.4, 1.8 Hz, 1H), 6.05 

(bs, 1H), 4.94 (bs, 1H), 4.21 (s, 3H), 3.58 (s, 2H), 3.27 (q, J = 6 Hz, 2H), 3.15-3.00 (m, 

2H), 1.56 (t, J = 6, 2H), 1.42 (s, 9H); ES-MS (methanol) m/z: 611.3 [M+Na]+. 

tert-Butyl(4-(2-(4-(3-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-

c]pyrimidin-5-yl)ureido)phenyl)acetamido)butyl)carbamate (5). Yield 34.5%; white 

solid; mp 186-193°C; 1H-NMR (200 MHz, CDCl3) δ 11.19 (s, 1H), 8.60 (s, 1H), 8.22 (s, 

1H), 7.90–7.48 (m, 3H), 7.38–7.09 (m, 3H), 6.62 (s, 1H), 5.63 (bs, 1H), 4.60 (bs, 1H), 

4.21 (s, 3H), 3.57 (s, 2H), 3.22 (bs, 2H), 3.09 (bs, 2H), 1.75 (bs, 4H), 1.43 (s, 9H); ES-

MS (methanol) m/z: 625.4 [M+Na]+, 641.3 [M+K]+. 

tert-Butyl(5-(2-(4-(3-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-

c]pyrimidin-5-yl)ureido)phenyl)acetamido)pentyl)carbamate (6). Yield 28%; white 

solid; mp 78-185°C; 1H-NMR (200 MHz, CDCl3) δ 11.20 (s, 1H), 8.61 (s, 1H), 8.23 (s, 

1H), 7.66 (bs, 3H), 7.26 (bs, 3H), 6.62 (bs, 1H), 5.47 (bs, 1H), 4.56 (bs, 1H), 4.21 (s, 

3H), 3.57 (s, 2H), 3.20 (bs, 2H), 3.07 (bs, 2H), 1.60-1.10 (m, 15H); ESMS (methanol) 

m/z: 639.4 [M+Na]+, 655.3 [M+K]+. 

tert-Butyl(2-(2-(2-(2-(4-(3-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e] [1,2,4] 

triazolo[1,5-c]pyrimidin-5-yl) ureido) phenyl) acetamido) ethoxy) ethoxy) ethyl) 

carbamate (7). Yield 54%; white solid; mp 157-165°C; 1H-NMR (200 MHz, CDCl3) δ 

11.18 (s, 1H), 8.60 (s, 1H), 8.23 (s, 1H), 7.78–7.56 (m, 3H), 7.42–7.15 (m, 3H), 6.62 

(dd, J = 3.2, 1.6 Hz, 1H), 5.97 (bs, 1H), 5.02 (bs, 1H), 4.22 (s, 3H), 3.73 – 3.35 (m, 

12H), 3.29 (bs, 2H), 1.42 (s, 9H); ES-MS (methanol) m/z: 685.4 [M+Na]+, 701.4 [M+K]+. 

tert-Butyl (1-(4-(3-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-

c]pyrimidin-5-yl)ureido)phenyl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-

yl)carbamate (8). Yield 21.6%; white solid; mp 151-158°C; 1H-NMR (270 MHz, CDCl3) 

δ 11.19 (s, 1H), 8.60 (s, 1H), 8.24 (s, 1H), 7.80–7.61 (m, 3H), 7.45–7.19 (m, 3H), 6.63 

(bs, 1H), 6.20 (bs, 1H), 4.96 (bs, 1H), 4.22 (s, 3H), 3.71–3.49 (m, 14H), 3.35 (bs, 2H), 

3.20 (bs, 2H), 1.73 (t, J = 3.2, 4H), 1.49 (s, 9H); ES-MS (methanol) m/z: 757.4 [M+Na]+. 
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General synthesis of compounds 9-13 by N-BOC deprotection. The N-BOC 

protected derivatives (4-8) were dissolved in a solution of TFA and dichloromethane 

(1:1) and the mixtures were stirred for 2 hours at room temperature. Reactions were 

monitored by TLC (dichloromethane 9.3 / methanol 0.7). The solvent was removed 

under reduced pressure and the solids were filtered to afford the desired compounds 

as trifluoroacetate salts (9-13). 

N-(3-aminopropyl)-2-(4-(3-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-

e][1,2,4]triazolo[1,5-c]pyrimidin-5-yl)ureido)phenyl)acetamide trifluoroacetate 

salt (9). Yield 89.8%; white solid; mp 142-150°C; 1H-NMR (200 MHz, CD3OD) δ 11.28 

(s, 1H), 8.48 (s, 1H), 8.31 (bs, 1H), 7.76 (s, 1H), 7.62 (d, J = 8.2 Hz, 2H), 7.30 (d, J = 

8.2 Hz, 1H), 7.24 (d, J = 3.4 Hz, 1H) 6.66 (bs, 1H), 4.15 (s, 3H), 3.52 (s, 2H), 3.34–

3.10 (m, 2H), 2.89 (t, J = 7.0 Hz, 2H), 1.85 (p, J = 7.0 Hz, 2H). 

N-(4-Aminobutyl)-2-(4-(3-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-

e][1,2,4]triazolo[1,5-c]pyrimidin-5-yl)ureido)phenyl)acetamide trifluoroacetate 

salt (10). Yield 95.1%; white solid; mp 167-173°C; 1H-NMR (200 MHz, CD3OD) δ 8.48 

(s, 1H), 8.19 (bs, 1H), 7.76 (s, 1H), 7.63 (d, J = 8.2 Hz, 2H), 7.39–7.13 (m, 3H), 6.70-

6.62 (m, J = 1H), 4.14 (s, 3H), 3.51 (s, 2H), 3.32–3.30 (m, 2H), 2.92 (t, J = 6.7 Hz, 2H), 

1.78–1.49 (m, 4H).  

N-(5-aminopentyl)-2-(4-(3-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-

e][1,2,4]triazolo[1,5-c]pyrimidin-5-yl)ureido)phenyl)acetamide trifluoroacetate 

salt (11). Yield 85.3%; white solid; mp 170-178°C; 1H-NMR (200 MHz, CD3OD) δ 8.47 

(s, 1H), 8.13 (bs, 1H), 7.75 (s, 1H), 7.61 (d, J = 7.7 Hz, 2H), 7.29 (d, J = 7.7 Hz, 2H), 

7.25 (s, 1H), 6.66 (s, 1H), 4.14 (s, 3H), 3.49 (s, 2H), 3.33–3.08 (m, 2H), 2.88 (t, J = 7.3 

Hz, 2H), 1.77–1.47 (m, 4H), 1.47–1.25 (m, 2H). 

2-(2-(2-(2-(4-(3-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-

c]pyrimidin-5-yl)ureido)phenyl)acetamido)ethoxy)ethoxy)ethanamine 

trifluoroacetate salt (12). Yield 83.3%; white solid; mp 152-160°C; 1H-NMR (200 

MHz, CD3OD) δ 8.49 (s, 1H), 8.15 (bs, 1H), 7.76 (bs, 1H), 7.62 (d, J = 7.3 Hz, 2H), 

7.44–7.13 (m, 3H), 6.66 (bs, 1H), 4.15 (s, 3H), 3.85–3.38 (m, 12H), 3.09 (bs, 2H); ES-

MS (methanol) m/z: 563.3 [M+H]+, 585.3 [M+Na]+. 
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N-(3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)-2-(4-(3-(2-(furan-2-yl)-8-

methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

yl)ureido)phenyl)acetamide trifluoroacetate salt (13). Yield 94.2%; white solid; mp 

133-140°C; 1H-NMR (270 MHz, CDCl3) δ 11.13 (s, 1H), 8.28 (s, 1H), 7.81 (bs, 2H), 

7.66 (s, 1H), 7.60 (d, J = 7.7 Hz, 2H), 7.41–7.13 (m, 3H), 6.62 (s, 1H), 5.40 (bs, 2H), 

4.21 (s, 3H), 3.75 (s, 2H), 3.66–3.54 (m, 12H), 3.36 (bs, 2H), 3.24 (bs, 2H), 2.02 (bs, 

2H), 1.78 (bs, 2H). 

General synthesis of fluorescein conjugates (14-18). 0.075 mmol of amino 

derivatives 9-13 were dissolved in 4 mL of dry methanol. 21.6 µL (0.155 mmol) of TEA 

were added to the solution which was stirred at room temperature for 30 minutes under 

an argon atmosphere. Then 30.2 mg (0.075 mmol) of FITC were added and the 

reaction was stirred for 72 hours in the dark. The products were purified by column 

chromatography starting with dichloromethane:methanol (9:1) as eluent. The obtained 

solids were suspended in dichloromethane, filtered and washed several times with 

ethyl ether yielding to the desired compounds as orange solids (14-18).  

5-(3-(3-(2-(4-(3-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-

c]pyrimidin-5-yl)ureido)phenyl)acetamido)propyl)thioureido)-2-(6-hydroxy-3-

oxo-3H-xanthen-9-yl)benzoate (14). Yield 54.7%; orange solid; mp 198-204°C; 1H-

NMR (200 MHz, DMSO-d6) δ 10.69 (s, 1H), 10.09 (bs, 3H), 8.76 (s, 1H), 8.41–8.05 (m, 

3H), 7.98 (s, 1H), 7.76 (d, J = 3.2 Hz, 1H), 7.50 (d, J = 7.4 Hz, 2H), 7.39–7.03 (m, 4H), 

6.76 (s, 1H), 6.65–6.47 (m, 6H), 4.12 (s, 3H), 3.50 (bs, 2H), 3.35 (s, 2H), 3.15 (bs, 2H), 

1.71 (bs, 2H); 13C-NMR (50 MHz, DMSO-d6) δ 180.29, 170.29, 168.44, 160.06, 159.79, 

154.77, 152.93, 151.98, 151.93, 151.91, 149.57, 149.52, 148.96, 148.89, 145.30, 

144.99, 141.23, 140.14, 136.60, 131.29, 129.65, 129.59, 129.49, 129.23, 129.20, 

129.16, 129.13, 129.01, 126.24, 124.15, 118.95, 112.68, 112.54, 112.18, 109.81, 

102.17, 98.68, 45.69, 41.86, 41.44, 36.37, 28.73; UV-VIS λmax 523 nm; Fluorescence 

λem 537; ES-MS (methanol) m/z 878.3 [M+H]+, 900.3 [M+Na]+, 916.3 [M+K]+. 

5-(3-(4-(2-(4-(3-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-

c]pyrimidin-5-yl)ureido)phenyl)acetamido)butyl)thioureido)-2-(6-hydroxy-3-oxo-

3H-xanthen-9-yl)benzoate (15). Yield 53.8%; orange solid; mp 200-207°C; 1H-NMR 

(200 MHz, DMSO-d6)δ 10.72 (s, 1H), 10.06 (bs, 3H), 8.74 (s, 1H), 8.26 (bs, 2H), 8.07 
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(bs, 1H), 7.96 (s, 1H), 7.76 (d, J = 6.9 Hz, 1H), 7.50 (d, J = 8.0 Hz, 2H), 7.35–7.08 (m, 

4H), 6.75 (s, 1H), 6.70-6.37 (m, 6H), 5.76 (s, 1H), 4.11 (s, 3H) 3.36 (s, 2H), 3.08 (bs, 

4H), 1.51 (bs, 4H); 13C-NMR (50 MHz, DMSO-d6) δ 180.21, 169.96, 168.47, 160.33, 

160.10, 154.46, 153.01, 152.94, 152.43, 152.19, 149.96, 149.86, 148.88, 148.81, 

145.30, 145.03, 141.33, 140.40, 136.61, 131.40, 129.44, 129.10, 129.04, 129.02, 

126.20, 124.23, 118.98, 112.94, 112.91, 112.45, 112.16, 109.88, 102.25, 98.62, 45.76, 

43.43, 41.85, 38.10, 26.82, 25.84; UV-VIS λmax 524 nm; Fluorescence λem 535; ES-MS 

(methanol) m/z: 892.4 [M+H]+, 914.3 [M+Na]+, 930.3 [M+K]+. 

5-(3-(5-(2-(4-(3-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-

c]pyrimidin-5-yl)ureido)phenyl)acetamido)pentyl)thioureido)-2-(6-hydroxy-3-

oxo-3H-xanthen-9-yl)benzoate (16). Yield 28%; orange solid; mp 190-200°C; 1H-

NMR (200 MHz, DMSO-d6) δ 10.73 (s, 1H), 10.13 (bs, 1H), 8.75 (s, 1H), 8.27 (bs, 2H), 

8.11–7.87 (m, 2H), 7.76 (d, J = 5.6 Hz, 1H), 7.50 (d, J = 6.3 Hz, 2H), 7.39–7.02 (m, 

4H), 6.75 (s, 1H), 6.71–6.39 (m, 6H), 4.12 (s, 3H), 3.38 (s, 2H), 3.07 (bs, 4H), 1.74–

1.10 (m, 4H), 1.08–0.75 (m, 2H); 13C-NMR (50 MHz, DMSO-d6) δ 180.17, 169.90, 

168.45, 160.02, 159.91, 154.73, 152.99, 151.96, 149.80, 149.77, 148.92, 148.88, 

145.24, 145.03, 141.35, 140.32, 136.63, 131.37, 129.49, 129.44, 129.27, 129.23, 

129.02, 129.00, 126.21, 124.08, 119.27, 118.92, 112.94, 112.88, 112.85, 112.46, 

112.18, 109.86, 102.17, 98.64, 43.74, 41.84, 40.61, 40.20, 28.79, 28.03, 23.88; UV-

VIS λmax 523 nm; Fluorescence λem 537; ES-MS (methanol) m/z: 928.4 [M+Na]+. 

5-(3-(2-(2-(2-(2-(4-(3-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-

e][1,2,4]triazolo[1,5-c]pyrimidin-5-

yl)ureido)phenyl)acetamido)ethoxy)ethoxy)ethyl)thioureido)-2-(6-hydroxy-3-

oxo-3H-xanthen-9-yl)benzoate (17). Yield 54.3%; orange solid; mp 182-185°C; 1H 

NMR 1H-NMR (200 MHz, DMSO-d6) δ 10.72 (s, 1H), 10.14 (bs, 3H), 8.75 (s, 1H), 8.30 

(s, 1H), 8.13 (d, J = 5.0 Hz, 2H), 7.95 (s, 1H), 7.76 (d, J = 7.7 Hz, 1H), 7.49 (d, J = 7.9 

Hz, 2H), 7.37–7.07 (m, 4H), 6.74 (s, 1H), 6.69–6.42 (m, 6H), 4.11 (s, 3H), 3.79–3.48 

(m, 8H), 3.51–2.86 (m, 6H); 13C-NMR (50 MHz, DMSO-d6) δ 180.47, 170.26, 168.54, 

159.65, 159.61, 154.82, 154.78, 152.92, 151.96, 151.86, 149.68, 148.89, 145.26, 

145.00, 141.27, 140.25, 136.60, 131.30, 129.58, 129.47, 128.97, 126.77, 126.27, 

124.04, 118.95, 112.70, 112.67, 112.53, 112.19, 109.77, 102.21, 102.19, 98.68, 69.62, 
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69.52, 69.07, 68.46, 45.70, 43.69, 41.71, 41.03; UV-VIS λmax 524 nm; Fluorescence 

λem 537; ES-MS (methanol) m/z: 952.4 [M+H]+, 974.4 [M+Na]+, 990.4 [M+K]+. 

5-(3-(1-(4-(3-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-

c]pyrimidin-5-yl)ureido)phenyl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-

yl)thioureido)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoate (18). Yield 63%; 

orange solid; mp 143-149°C; 1H-NMR (200 MHz, DMSO-d6) δ 10.65 (bs, 1H), 10.36–

9.87 (m, 3H), 9.51 (bs, 1H), 8.78 (s, 1H), 8.34–8.11 (m, 2H), 7.99 (s, 2H), 7.74 (d, J = 

8.2 Hz, 1H), 7.49 (d, J = 7.8 Hz, 2H), 7.37–7.03 (m, 4H), 6.76 (s, 1H), 6.69–6.45 (m, 

6H), 4.13 (s, 3H), 3.65–3.18 (m, 14H), 3.18–2.79 (m, 4H), 1.81 (bs, 2H), 1.63 (bs, 2H); 

13C-NMR (50 MHz, DMSO-d6) δ 180.23, 169.94, 168.39, 159.33, 159.27, 154.82, 

151.74, 149.01, 148.96, 148.89, 145.34, 144.91, 141.28, 139.69, 136.40, 131.51, 

129.47, 129.38, 129.27, 129.22, 128.92, 128.77, 126.34, 123.87, 118.94, 112.66, 

112.49, 112.47, 112.39, 112.21, 112.15, 109.43, 102.16, 98.78, 69.72, 69.53, 69.51, 

68.13, 68.01, 41.82, 41.35, 40.62, 35.97, 29.31, 28.58, 9.10; UV-VIS λmax 524 nm; 

Fluorescence λem 537; ES-MS (methanol) m/z: 1046.4 [M+Na]+. 

General synthesis for the N-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-

e][1,2,4]triazolo[1,5-c]pyrimidin-5-yl)alkynamides (19-22). Alkyne acid (1.175 

mmol) (31-24) was dissolved in deuterated chloroform (2 mL) and a catalytic amount 

of DMF was added (200 µL). The solution was cooled to 0°C and oxalyl dichloride was 

added dropwise (1.175 mmol, 99 µL) and the reaction was stirred at room temperature 

for 3 hours. A little amount of reaction was diluted in deuterated chloroform and 

monitored by 1H-NMR. The peaks of desired acyl chlorides (35-38) were shifted from 

those of the corresponding carboxylic acids. When the conversion was complete, to 

the reaction were added 1,4-dioxane (5 mL), triethylamine (1.959 mmol, 273 µL) and 

the 5-amino-pyrazolo-triazolo-pyrimidine 30 (0.392 mmol, 100 mg). The reaction was 

stirred at reflux overnight (TLC ethyl acetate 9.5/ methanol 0.5) then the solvent was 

removed under reduced pressure. The residue was dissolved in water and extracted 

with dichloromethane (3 times), The organic layers were collected and dried over 

sodium sulfate anhydrous and the solvent removed under reduced pressure. The 

crude was purified on flash silica column chromatography (ethyl acetate 9.8 / methanol 

0.2) to afford the desired compound (19-22).  
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N-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

yl)pent-4-ynamide (19). Yield 40%; pale brown solid; mp 264-271 °C d; 1H-NMR (200 

MHz, CDCl3) δ 9.11 (s, 1H), 8.22 (s, 1H), 7.65 (s, 1H), 7.23 (s, 1H), 6.61 (s, 1H), 4.20 

(s, 3H), 3.50 (t, J = 6.8 Hz, 2H), 2.70 (t, J = 6.8 Hz, 2H), 2.01 (s, 2H); 13C-NMR (50 

MHz, CDCl3) δ 171.47, 155.68, 153.84, 148.92, 145.09, 144.81, 138.67, 125.55, 

111.13, 112.24, 100.04, 82.89, 74.39, 69.33, 41.06, 37.05, 13.86. ES-MS (methanol) 

m/z: 336.2 [M+H]+, 358.1 [M+Na]+, 374.1 [M+K]+. 

N-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

yl)hex-5-ynamide (20). Yield 19%; pale yellow solid; mp 210-216 °C d; 1H-NMR (200 

MHz, CDCl3) δ 9.05 (s, 1H), 8.21 (s, 1H), 7.65 (s, 1H), 7.26 (s, 1H), 6.62 (s, 1H), 4.21 

(s, 3H), 3.26 (t, J = 6.3 Hz, 2H), 2.40 (s, 2H), 2.18 – 1.85 (m, 3H); 13C-NMR (50 MHz, 

CDCl3) δ 172.67, 156.07, 153.55, 149.05, 145.19, 144.92, 138.68, 124.95, 112.92, 

112.16, 100.13, 83.49, 69.33, 40.80, 36.69, 23.34, 18.04. ES-MS (methanol) m/z: 

372.2 [M+Na]+. 

N-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

yl)hept-6-ynamide (21). Yield 15%; white solid; mp 208-215 °C d; 1H-NMR (200 MHz, 

CDCl3) δ 9.02 (s, 1H), 8.21 (s, 1H), 7.65 (s, 1H), 7.23 (d, J = 3.2 Hz, 1H), 6.60 (d, J = 

3.2 Hz 1H), 4.20 (s, 3H), 3.36 (t, J = 7 Hz, 2H), 2.32-2.24 (m, 2H), 1.97-1.86 (m, 3H), 

1.77-1.66 (m, 2H); 13C-NMR (50 MHz, CDCl3) δ 173.09, 155.76, 153.92, 148.96, 

144.96, 138.75, 125.38, 112.89, 112.19, 100.05, 84.24, 68.76, 41.03, 37.23, 28.01, 

23.52, 18.56. ES-MS (methanol) m/z: 364.2 [M+H]+, 386.2 [M+Na]+, 402.1 [M+K]+. 

N-(2-(furan-2-yl)-8-methyl-8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

yl)oct-7-ynamide (22). Yield 40%; white solid; mp 204-208 °C d; 1H-NMR (200 MHz, 

CDCl3) δ 8.99 (s, 1H), 8.21 (s, 1H), 7.65 (d, J = 1.8 Hz, 1H), 7.25 (d, J = 3.2 Hz, 1H), 

6.61 (dd, J = 1.8 Hz, J = 3.2 Hz 1H), 4.20 (s, 3H), 3.24 (t, J = 7.2 Hz, 2H), 2.23-2.04 

(m, 2H), 1.95-1.73 (m, 3H), 1.61-1.56 (m, 4H); 13C-NMR (50 MHz, CDCl3) δ 173.28, 

155.74, 153.95, 148.95, 144.96, 138.76, 125.37, 112.88, 112.18, 100.06, 84.57, 68.4, 

41.02, 37.62, 28.47, 28.38, 23.91, 18.48. ES-MS (methanol) m/z: 378.2 [M+H]+, 400.2 

[M+Na]+, 416.1 [M+K]+. 
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Synthesis of 2-(6-amino-3-iminio-4,5-disulfonato-3H-zanthen-9-yl)-5-((6-(4-((8-

methyl-2-(furan-2-yl)- 8H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-

yl)amino)-4-oxobutyl)-1H-1,2,3-triazol-1-yl)hexyl)carbamoyl)benzoate (23) 

A solution of Alexa Fluor-488 5-carboxamido-(6-azidohexanyl)bis(triethyammonium 

salt) (0.5 mg, 0.58 μmol, Invitrogen-Life Technologies, Grand Island, N.Y.) in water 

(200 l) was added to a solution of alkyne derivative 20 (0.38 mg, 1.1μmol) in DMF 

(100 l). A freshly prepared solution of aqueous sodium ascorbate (0.1 M, 8 μl, 5.86 

μmol) was added to the reaction mixture followed by the addition of aqueous copper 

sulfate pentahydrate solution (0.1 M, 2.94 μl, 0.29 μmol): The resulting mixture was 

stirred overnight at room temperature; 10 mM aqueous solution of triethylammonium 

acetate buffer (2 ml) was added with constant mixing. The resulting mixture was 

lyophilized and purified by HPLC with a Luna 5μ RP.C18 semipreparative column (250 

x 10 mm: Phenomenex, Torrance, Calif.) under the following conditions: flow rate of 2 

ml/min; H2O-MeCN from 100:0 (v/v) to 0:100 (v/v) in 30 min and isolated at 20.07 min 

to get the Alexa Fluor-488 conjugate 23 (0.16 mg, 28%) . Analytical purity > 99% by 

HPLC (retention time 10.13 min). 

 

Biology 

Radioligand Binding to hA1, hA2A and hA3 ARs  

[3H]R-PIA and [125I]AB-MECA were utilized in radioligand binding assays to 

membranes prepared from CHO cells expressing recombinant hA1and hA3 ARs, 

respectively, as previously described. [40] While, [3H]CGS21680 binding was used at 

hA2AAR expressed in HEK293 cells. ADA (3 units/mL) was present during the 

preparation of the membranes, in a preincubation of 30 min at 30 °C, and during the 

incubation with the radioligands. All non-radioactive compounds were initially dissolved 

in DMSO and diluted with buffer to the final concentration, where the amount of DMSO 

never exceeded 2%. Incubations were terminated by rapid filtration over Whatman 

GF/B filters, using a Brandell cell harvester (Brandell, Gaithersburg, MD). The tubes 

were rinsed three times with 3 mL of buffer each. At least six different concentrations 

of competitor, spanning 3 orders of magnitude adjusted appropriately for the IC50 of 
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each compound, were used. IC50 values, calculated with the nonlinear regression 

method implemented in Graph-Pad (Prism, San Diego, CA), were converted to Ki 

values as described. [40,42] 

 

Computational studies 

The MOE suite [44] was used for general molecular modeling operations, including 

logP(o/w) calculations as well. Preliminary computations were carried out on a 12 CPU 

(Intel® Xeon® CPU E5-1650 3.80 GHz) Linux workstation. SuMD simulations were 

performed with the ACEMD engine [45] on NVIDIA drivers: NVIDIA GTX 980Ti and 

NVIDIA GTX 980. The CHARMM36/CHARMM36 general force field (CGenFF) 

combination was adopted. The GOLD [46] suite (goldscore scoring function) was used 

as docking program. Ligands’ 3D structures were constructed by the MOE-builder tool. 

Ionization states were predicted using the MOE-protonate 3D tool. Tautomerization 

and atom hybridization were checked. Structures were minimized by the MMFF94x 

until the root mean square (RMS) gradient was below 0.05 kcal mol−1 A−1. For each 

ligand, 20 docking simulation runs were performed on each receptor subtype, 

searching on a sphere of 20 Å radius, centered on the backbone nitrogen of the 

conserved Asn (6.55). Ligand and protein partial charges were calculated by means of 

the MMFF94 and AMBER14:EHT [47] force fields, respectively. The hA2A and hA1AR 

coordinates were retrieved from the Protein Data Bank [48] using the crystal structures 

3PWH [49] and 5UEN [50], respectively. For the hA3AR a homology model was used, 

basing on our docking/structural based model assessment [39]. All molecular docking 

studies have been carried out with a sodium ion and its first hydration shell in all 

adenosine receptor structures, according to our previous studies [33]. The Ballesteros–

Weinstein [51] numbering system was used sometimes to indicate conserved residues. 

IE electrostatic and Van der Waals energy contributions to the binding energy were 

calculated by MOE, along with per residue electrostatic and hydrophobic interactions. 

Per-residue information was reported in the “Interaction Energy Fingerprints”: they are 

heat maps reporting the strength of the interaction of each residue (x-axis) and each 

ligand (y-axis) according to a colorimetric scale going from blue to red for negative to 

positive values in the case of electrostatic contributions and from white to dark green 
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for low to high values for hydrophobic contributions. Interactions of most relevant 

residues were also reported by histograms, whose height is proportional to the strength 

of the interaction. All the plots were generated using Gnuplot 4.6 [52], except Figure 3. 

Molecular graphics were performed with the UCSF Chimera package [53], except Fig. 

8, which was obtained using the VMD program (version 1.9.3) [54]. The in-house 

MMsDocking video maker tool was exploited to produce videos showing the docking 

poses, per residue hydrophobic and electrostatic contributions for selected residues, 

experimental binding data, and scoring values. Representations of docking poses were 

produced using the UCSF Chimera package, 2D depictions were constructed by the 

cheminformatics toolkit RDKit [55] and the heat maps were obtained by Gnuplot 4.6; 

in the end, videos were mounted using MEncoder. Ligand 3 force field parameters for 

MD simulations were initially retrieved from the Paramchem web service and then 

deeply optimized in concordance with CGenFF, at the MP2/6-31G [56] level of the 

theory by using Gaussian 09 [57] and RESP partial charges. Systems were embedded 

in a 1-palmitoyl-2oleyl-sn-glycerol-3-phospho-choline (POPC) lipid bilayer, according 

to the pre-orientation provided by the Orientations Proteins in Membrane (OPM) 

database [58] and by using the VMD membrane builder plugin. Lipids within 0.4 Å from 

the protein were removed and TIP3P [59] model water molecules were added to 

solvate the system by means of Solvate1.0 [60]. Charge neutrality of the system was 

obtained by adding Na+/Cl− counterions to a final concentration of 0.154 M. System 

was equilibrated through a three-step procedure. In the first step, 1500 conjugate-

gradient minimization steps were applied in order to reduce the clashes between 

protein and lipids. Then, a 5 ns long MD simulation was performed in the NPT 

ensemble, with a positional constraint of 1 kcal mol−1 Å−2 on ligand, protein, and lipid 

phosphorus atoms. During the second stage, 10 ns MD simulation in the NPT 

ensemble was performed constraining all the protein and ligand atoms but leaving the 

POPC residues free to diffuse in the bilayer. In the last equilibration stage, positional 

constraints were applied only to the ligand and protein backbone alpha carbons for 

further 5 ns MD simulation. All the MD simulations were performed using: (1) an 

integration time step of 2 fs; (2) the Berendsen barostat [61] to maintain the system 

pressure at 1 atm; (3) the Langevin thermostat [62] to maintain the temperature at 310 

K with a low dumping of 1 ps− 1; (4) the M-SHAKE algorithm [63] to constrain the bond 

lengths involving hydrogen atoms; and (5) a long-range cutoff of 10 Å. According to 
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the SuMD approach [64,65], the timescale needed to reproduce binding is in the range 

of nanoseconds, instead of hundreds of nanoseconds or microseconds usually 

necessary with unsupervised MD. Sampling is performed by a tabu-like algorithm to 

monitor the distance between the centers of mass of the ligand and the binding site 

during short unbiased MD simulations. SuMD considers the ligand atoms and the 

atoms of user-defined protein residues to monitor the distance between the centers of 

mass of the binder and the binding site. A series of 600 ps unbiased MD simulations 

are performed and after each simulation, the distance points collected at regular 

intervals are fitted into a linear function. If the resulting slope is negative the next 

simulation step starts from the last set of coordinates and velocities produced, 

otherwise the simulation is restarted by randomly assigning the atomic velocities. Short 

simulations are perpetuated under the supervision until the distance between the 

ligand and the binding site goes below 5 Å, then, the supervision is disabled and a 

classical MD simulation is performed. For the orthosteric center of mass, we 

considered hA3AR residues Asn250, Phe168, His272, and Ser247. NAMD energy 

Plugin 1.4 [66] was used to calculate ligand-protein interaction energies. 

 

Conclusions 

In this work we reported a new series of hA3AR conjugable derivatives that exhibited 

a very good selectivity towards hA1AR and a discrete selectivity versus the hA2AAR. 

We have developed both amino compounds, which could be functionalized by 

reactions with carboxylic acids or isothiocyanates, and alkyne derivatives, which are 

useful precursors for the click reaction. Unfortunately, attempts to use these 

compounds to obtain selective functionalized hA3AR ligands led mainly to dual 

hA2A/hA3 AR ligands, revealing that the functional moiety had an active role in the 

establishment of ligand-receptor interactions. Moreover, molecular docking and SuMD 

simulations highlighted that non-conservative residues, located at the ELs 2 and 3 

(Gln167, Val169, Gln261, Glu258 of the hA3AR), constitute a specific structural region 

able to discriminate ligands depending on their chemical and partition properties. 

These data can, thus, pave the way for a new understanding of selectivity towards 

ARs, leading finally to the rational design of highly selective ligands. In any case, 
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among the functionalized compounds, Alexa Fluor 488 derivative MRS5763 (23) 

showed the best hA3A affinity and selectivity profile, which, by further computer-guided 

optimization, could lead to a selective hA3AR probe useful as fluorescent tool for this 

receptor. 
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Abstract 

Halogen bonds are highly important in medicinal chemistry as halogenation of drugs, 

generally, improves both selectivity and efficacy towards protein active sites. However, 

accurate modelling of halogen bond interactions remains a challenge, since a thorough 

theoretical investigation of the bonding mechanism, focusing on the realistic complexity 

of drug-receptor systems, is lacking. Our systematic quantum chemical study on 

ligand/peptide-like systems reveals that halogen bonding is driven by the same 

bonding interactions as hydrogen bonding. Besides the electrostatic and the dispersion 

interactions, our bonding analyses, based on quantitative Kohn–Sham molecular 

orbital theory together with the energy decomposition analysis, reveal that donor–

acceptor interactions between the halogenated ligand and the protein need to be 

considered more carefully within the drug design process. 

 

1. Introduction 

Halogen bonding (XB) is commonly defined as the interaction occurring between the 

electrophilic region on a halogen atom and a nucleophilic region on another atom1. The 

first concrete approach to halogen bonding came out in the ‘50s of the last century 

when Mulliken theorized that a charge transfer (CT) process was the basis of UV 

absorption spectra observed for iodine in both acetone and aromatic solvents2. He was 

the first to consider these systems as Lewis acid-base pairs, in which orbital 

interactions would mediate the CT from the base to the acid, the halogen3. Such 

phenomena, based on spectroscopic observations, were then confirmed by the work 

of Odd Hassel about CT complexes4.  

In 2005, Clark et al. proposed a different understanding of halogen bonding by the so-

called σ-hole model5. Starting from a BLYP NBO analysis on halomethanes, the theory 

assumes the presence of a positive electrostatic potential surface, calculated on the 

halogen atom, to be the driving force of XB. Albeit still using the Lewis acid-base 

definition, it treats XB as a non-covalent electrostatic interaction, ignoring the 

importance of the CT phenomena proposed by Mulliken. Similarly, HBs have been 

considered as electrostatic non-covalent bonds for a long time, mainly because of their 
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weakness6. However, both experimental and theoretical studies have already pointed 

out the covalency contribution to their interaction mechanism7-8-9.  

Interestingly, even for XBs, ab initio calculations confirm the crucial involvement of 

stabilizing molecular orbital (MO) interactions10-11. Thus, electrostatics cannot be the 

only driving force of halogen bonding, and even exchange-repulsion, induction and 

dispersive effects are important12. Electrostatics, indeed, are not enough to explain 

bond directionality13, either to predict the structure of the complex in a variety of cases 

for which the final geometry cannot be rationalized by σ-hole14. Predicting stability and 

geometry of XBs deserves great attention in drug design15, where accurate analyses 

improve the predictive power of computations. There is an increasing need for 

modelling appropriately drug-receptor XBs, as the latter has turned out to be the key 

of selectivity and efficacy towards a wide range of protein therapeutic targets16-17. One 

of the first and most representative examples of XBs in medicinal chemistry derives 

from the work of Sandler et al, by which it was possible to elucidate the interaction 

mechanism of the iodinated thyroid hormones (T3, T4) and the related selectivity 

towards the nuclear receptors TRα and TRβ18. Not surprisingly, many computational 

methods have been developed to improve XB modelling19-20. The σ-hole model has 

been extensively used to give indications about the ideal interaction geometry between 

halogenated ligands and simple backbone monopeptide (N-methyl-acetamide) either 

sidechain models21, but generally paying more attention to the electrostatic properties 

of ligands rather than to the chemical-structural complexity of the protein target22. 

Moreover, in the available protein databases only a few ligands adopt the bond 

geometries classically predicted by σ-hole theory23-24, indicating the concrete necessity 

of a more accurate and reproducible XB model for drug design.  

In the present work, we have given a deeper understanding of the XB mechanism in 

ligand-protein systems, by means of the Kohn-Sham MO theory and of a quantitative 

energy decomposition analysis. Starting from the simplest model of interaction (Figure 

1), we inspected the effect of the local backbone environment on the XB complex 

geometry and energy. Bromobenzene (PhBr) was used as the basic model of 

halogenated ligands. In fact, after a “chemical structure search” on the Protein Data 

Bank (PDB) database25, 67.36% of the latter have shown at least a halobenzene 

moiety (including also fluorine). Among the elements able to donate XBs, bromine was 
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chosen due to its atomic properties, ranging between chlorine and iodine, although its 

relative abundance in the available crystal structures is four times lower than chlorine 

(Cl 76.32%, Br 18.53%, I 5.13%). Based on the insights emerging from our analyses, 

we support the potential use of bromine in drug design. Finally, we have investigated 

the resemblances between halogen bonding and hydrogen bonding. 

 

Figure 1. Molecular orbital interactions between a carbonyl electron donor and a halogenated benzene 
electron acceptor forming a halogen-bond complex. 

 

2. Methodology 

2.1. Computational settings. Density functional theory (DFT) calculations were 

performed with the Amsterdam Density Functional (ADF)26-27-28. Optimized geometries 

and energies were calculated in gas phase. The dispersion-corrected BLYP-D3(BJ) 

functional was used29-30 for weak interactions. The Kohn−Sham molecular orbitals (KS 

MOs) were constructed from a linear combination of Slater-type orbitals (STOs), 

having correct cusp behavior and long-range decay. The TZ2P basis set was used31. 

This is a triple-ζ quality basis set for all atoms, augmented with two sets of polarization 

functions: 2p and 3d on H, 3d and 4f on C and O, 5d and 6f on Br. Such combination 

has been reported to be accurate in reproducing structural and energy properties of 

related non-covalent bonds32-33. Neither frozen core approximation nor symmetry 

constraints were used. 3D molecular structures were generated by the ADF program. 

All the plots were obtained using GNUPLOT 4.634. PyFrag 2019 program was used in 

order to perform energy  calculations as a function of distances and angles35. 2D 

structures were drawn using Marvin Sketch36 and ChemDraw Professional 16.037 

softwares. 
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2.2 Energy decomposition analysis (EDA). Energy decomposition analysis is a 

valuable method to separate individual energetic terms38-39. The bond energy of 

complexes was decomposed into the strain (or preparation) energy ΔEStrain and the 

interaction energy ΔEInt: 

∆𝐸Bond =  ∆𝐸Strain +  ∆𝐸Int  (1) 

ΔEStrain is the energy necessary to deform the optimized separated monomers into their 

geometry in the final complex. The ΔEInt accounts for the effective interaction energy 

between monomers in the complex state and can be further decomposed into four 

physically meaningful terms: 

∆𝐸Int =  ∆𝑉Elstat + ∆𝐸Oi + ∆𝐸Pauli + ∆𝐸Disp (2)  

The term ΔVElstat represents the classical electrostatic interactions between charge 

distributions related to the deformed monomers. The orbital interaction energy term, 

ΔEOi, contains charge transfer (donor–acceptor interactions) and polarization effects 

(electron density redistribution on one monomer in the presence of the other 

monomer). The Pauli repulsion ΔEPauli accounts for the destabilization due to the 

overlap between the monomers’ occupied orbitals and is responsible for steric 

repulsion. The term ΔEDisp is added for dispersion corrections. 

2.3. Voronoi deformation density (VDD) charge.  VDD charges accumulation, ∆QA, 

have been calculated for halogen bonding as the change in electron density between 

isolated monomer 1 and 2 and the complex, giving indications about charge transfer 

processes40: 

∆𝑄𝐴 =  − ∫ (𝜌𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − 𝜌𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒1(𝑟) − 𝜌𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒2(𝑟) ) 𝑑𝑟

 

𝑉𝑜𝑟𝑜𝑛𝑜𝑖 𝑐𝑒𝑙𝑙 𝑜𝑓 𝐴

                              (3) 

A positive VDD charge corresponds to the loss of electrons, whereas a negative charge 

is related to the gain of electrons. 
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3. Results and discussion 

3.1. Bonding energies and geometries. The bonding energy  and the geometry of 

each complex presented in Scheme 1 were calculated to understand how the gradual 

substitution at the carbonyl acceptor towards realistic model systems affects the 

mutual orientation of the XB partners and the overall stability. The local protein 

environment and even small geometrical deformations of the target site, in fact, can be 

crucial for the perfect fit of the ligand and its bound-state stability. Solvation and 

entropic contributions were not considered, with a view to evaluate only the very 

intrinsic nature of halogen bonding as related to the chemical partners. In Table 1 the 

bond energy and different geometrical parameters are reported. The results clearly 

indicate that the stepwise functionalization of the carbonyl acceptor leads to important 

variations of energies and geometries. ΔEBond becomes more stabilizing almost linearly 

with the insertion of -CH3 and -NH2 groups for each complex set (1→3, 1→9, 1→6’), 

reaching the largest values for complexes 3 (-2.48 kcal mol-1), 6 (-2.79 kcal mol-1) and 

6’ (-3.19 kcal mol-1) respectively, while it becomes weaker when a formyl moiety is 

added to form complex 7 (-2.65 kcal mol-1). Data reveal, as the first instance, that the 

presence of the second peptide bond, close to the XB pair, is involved in complex 

stability (Table 1, complexes from 7 to 9). The Br-O distance follows the same trend of 

ΔEBond only for set 1→3, that is, it becomes shorter with a more stable ΔEBond. In set 

1→9, it shortens proportionally from complex 1 (3.164 Å) to complex 6 (3.034 Å), but, 

after the insertion of the formyl group, it slightly elongates, reaching, finally, a value of 

3.118 Å in complex 9. In complex 6’, yielding the strongest ΔEBond value among the 

overall set, the bond length shows some increase as well (3.063 Å). These values are 

consistent with previous benchmarks on available crystal structures.24 The ideal 

CArBrO angle θ (Figure 2) has been reported in the literature to be 175-180 degrees.23 

Comparison of the most stable complexes (3, 6 and 6’) highlights that, although they 

retain almost the same linear angle (176.9° and 175.2°), their respective energy is 

significantly different. So, a more linear XB does not necessarily implicate a stronger 

XB. The θ angle, indeed, neglects the effect of substituents on stability. The BrOC 

angle, ω, ranges on average between 99° and 120°. The dihedral angle between 

bromine, carbonyl oxygen, carbonyl carbon and its main geminal N atom (-H for 

formaldehyde and -CH3 for acetaldehyde or acetone), φ, can change significantly as 
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new moieties are added to the acceptor structure. Interestingly, complexes 7, 8, 9 and 

6’ feature the highest variability of φ as compared to the other systems, by negative 

and positive deviations from planarity (180°), respectively (136.1°, 127.8°, 125.2° and 

217.1°). This geometrical feature gives an indication of how the carbonyl bond plane 

is oriented towards the halogen atom: when a formyl group is added to complex 6, the 

main axis of the carbonyl bond is rotated drastically clockwise (φ << 180°), while in the 

-CH3 functionalized complex 6’, it is rotated anticlockwise (φ >> 180°) (vide infra). For 

both, the oxygen lone pair (LP) orientation with respect to the halogen atom changes 

significantly and even the resulting energy variation is different. The ΔEBond reaches 

the strongest energy for the 6’ complex (-3.19 kcal mol-1), giving preliminary 

suggestions about the higher stability of the Gln sidechain mediated XB. The inclusion 

of the formyl moiety (complex 7), on the other hand, leads to destabilization. Such 

evidences imply the existence of different forces determining the interaction 

mechanism. 

 

Figure 2. Representation of the halogen bonding angles. 
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Scheme 1. Schematic representation of the halogen-bond donor and halogen-bond acceptors in this 
study. Either methyl and amino (-CH3 and -NH2, highlighted in red) or formyl (-CHO, highlighted in blue) 
groups were stepwise added to formaldehyde. Each set is distinguished by a different background color 
(1→3 yellow; 1→6’ light blue; 1→9 light red). 

Table 1. Geometrical features and bonding energies of bromobenzene in complex with XB acceptors 
used in our study.a  

 set Complex Br•••O (Å) ω BrOC (°) θ CArBrO (°) φ BrOCN (°)b ΔE
Bond 

(kcal mol-1)c 

  1 3.164 99.1 165.0 180.0 -2.10 (-1.85) 

1-3 2 3.113 101.1 168.6 180.0 -2.29 (-2.02) 

  3 3.088 121.3 176.9 175.0 -2.48 (-2.18) 

  1 3.164 99.1 165.0 180.0 -2.10 (-1.85) 

  4 3.080 99.8 169.4 180.0 -2.47 (-2.16) 

  5 3.059 100.2 169.9 181.1 -2.60 (-2.30) 

1-9 6 3.030 120.7 176.9 168.7 -2.79 (-2.47) 

  7 3.090 110.9 174.9 136.1 -2.65 (-2.35) 

  8 3.111 105.2 174.5 127.8 -2.68 (-2.37) 

  9 3.118 103.5 174.1 125.2 -2.71 (-2.39) 

  1 3.164 99.1 165.0 180.0 -2.10 (-1.85) 

  4 3.080 99.8 169.4 180.0 -2.47 (-2.16) 

1-6’ 5’ 3.037 111.7 177.6 179.6 -2.79 (-2.46) 

  6’ 3.063 112.6 175.2 217.1 -3.19 (-2.83) 

aComputed at BLYP-D3(BJ)/TZ2P 
bFor the complex set 1→3, values refer to dihedral angles represented by BrOCH (1) and BrOCCH3 (2, 
3). 
cIn parantheses, the counterpoise corrected energy (see Supporting Information 1 for BSSE of 
monomers).  
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3.2. Nature of the halogen bond. The Energy Decomposition Analysis in combination 

with the Kohn-Sham molecular orbital theory offers a thorough understanding of the 

electronic mechanism involved in the stability of each XB complex set. 

 

Figure 3. EDA for XB complex sets 1→3 (A), 1→9 (B) and 1→6’ (C). 
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3.2.1 Set 1→3. For set 1→3, the stepwise addition of methyl groups yields an increase 

of all contributions to the ΔEInt (Figure 3, A). In magnitude, electrostatics is the most 

stabilizing component, whereas Pauli repulsion is highly destabilizing. However, 

ΔVElstat cannot provide the observed negative ΔEInt alone, because, if other favorable 

components were excluded, it would be largely canceled out by ΔEPauli. Both ΔEOi and 

ΔEDisp contribute significantly to the interaction energy. The electrostatic interaction 

energy shows a strong correlation with the orbital interaction energy. It can be seen 

that their gradient is almost equal for each pair of points in Figure 3 (ΔΔVElstat ≈ ΔΔEOi). 

The change in orbital interaction depends on the energies of the interacting orbitals. In 

general, the smaller HOMO-LUMO gap the stronger orbital interactions. The larger 

charge on the acceptor when going from 1 to 3 results in the destabilization of the 

oxygen LP orbital (see also Figure 4 and 6), thereby decreasing the HOMO-LUMO gap 

and thus yielding a stronger ∆EOi. 

3.2.2 Set 1→9. Analysis of set 1→9 is consistent with previous results (Figure 3, B). 

All the components increase their contribution up to the largest value (6), where ΔEOi 

equals even the ΔEInt. After the inclusion of the formyl moiety, all the contributions 

decrease, with the only exception of ΔEDisp. When the new peptide bond is formed, the 

other components reach a plateau. ΔEInt becomes more stabilizing due to dispersion 

effects, but also because of the considerable decrease in Pauli repulsion 

destabilization observed after the insertion of the formyl group. Contributions from the 

orbital and electrostatic interaction are still correlated. They become less stabilizing 

concerted with the clockwise reorientation of the LP located on the peptide carbonyl 

(Table 1, φ). 

3.2.3 Set 1→6’. Acetamide and propanamide (5’, 6’, Scheme 1) represent very simple 

models of sidechain acceptors: Asn and Gln, respectively. ΔEInt is more stabilizing for 

the Gln. ΔEPauli is increasingly destabilizing stepwise along the entire set, while ΔEDisp 

is more stabilizing. ΔEOi and ΔVElstat are approximately constant between 5’ and 6’ 

(Figure 3, C). The -CH3 and -NH2 stepwise functionalization is determinant in improving 

the overall stability, as already observed for the series formaldehyde-acetaldehyde-

acetone (set 1→3), but the higher stabilization observed for the Gln sidechain is due 

to dispersive effects only, because the β methyl group does improve neither 
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electrostatics nor orbital interaction, i.e.: when considering Gln sidechain as a potential 

acceptor, the stabilization observed is only due to dispersion effects, while, in the case 

of Asn sidechain, all the components are affected. The Gln is more favored than the 

Asn sidechain in forming XBs, following the better dispersion given by the β carbon. It 

is reasonable to assume that a linear alkyl elongation of acetamide would not affect 

the XB stability in terms of ΔEOi and ΔVElstat. Our calculations give concrete evidence 

of how the close local chemical environment of any potential acceptor can influence 

the ligand-protein XBs, acting on each energy component. In order to further elucidate 

the role of MO interactions in halogen bonding we performed an extensive KS MO 

analysis.  

3.3. Kohn-Sham Molecular Orbitals and charge transfer. In Figure 4, it is possible 

to see the overlap between the main interacting LUMO of bromobenzene (XB donor) 

and the HOMO of the XB acceptors. The LUMO (σ*) energy of bromobenzene is 

constant, and on the other moiety, the HOMO, which mainly consists of an oxygen LP, 

follows a certain trend, yielding different ΔεHOMO-LUMO values (Figure 5). εHOMO 

increases when going from acceptor 1 to acceptor 3, from 1 to 6 and from 1 to 6’, 

reflecting the observed ΔEBond trends and energy minima. As can be seen in Figure 4, 

the oxygen LP orbital on the acceptors overlaps significantly with the virtual orbital on 

Br. The introduction of another peptide bond into the complex 6 (complexes 7-8-9) 

stabilizes the εHOMO by 0.49 eV. The carbonyl bond axis rotates clockwise and a weaker 

ΔEOi contribution is observed for complexes 7, 8 and 9. The oxygen’s LP orbital of 

complexes 8 and 9, in fact, occupies a lower (more stabilized) energy level (HOMO-

1), and the HOMO is located on the other oxygen atom. Based on the significant 

contribution of ∆EOi to the total XB energy, and the good correlation between ∆EOi and 

the LP energy level (HOMO), we can conclude that MO interactions play an important 

role in halogen bonding. In order to further validate this observation, charge transfer 

mechanisms were explored by gross population analysis and VDD charges (Table 2, 

Figure 6). 

Gross population values give a measure of how many electrons migrate from the LP 

orbital of the XB acceptor towards the lowest unoccupied MOs of the XB donor (charge 

transfer). Values are consistent with the existence of a CT process for any XB complex. 

The gross populations increase for the LUMO and decrease for the HOMO when -CH3  
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Figure 4. Optimized complexes, MOs and related energies, reported in electron Volt units (eV). 

and -NH2 groups are added to the XB acceptor. The opposite behavior is observed in 

the presence of the second peptide bond. Indeed, the LUMO population decreases for 
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complex 7 and is kept constant for complexes 8 and 9, where only the HOMO 

population changes slightly.  

Table 2. Gross populations [in electrons] of main interacting MOs. 

complex LUMO HOMO 

1 0.013 1.989 

2 0.017 1.987 

3 0.021 1.985 

4 0.019 1.984 

5 0.021 1.983 

 5’ 0.023 1.985 

6 0.024 1.984 

 6’ 0.021 1.990 

7 0.018 1.992 

8  0.016 1.993a 

9 0.016 1.994a 

aValues refer to HOMO-1. 

The VDD charge analysis reported in Figure 6 gives further insight into the electron 

density flow from the XB acceptor to the donor. In all the complexes, the carbonyl 

compound VDD charge ∆Q is positive (it donates electrons), while the bromobenzene’s 

is always negative (it accepts electrons). As the methyl and amino groups are added 

to the system, acceptor and donor charges become respectively more positive and 

more negative, conversely when introducing another peptide bond. In set 1→6’, 

ΔεHOMO-LUMO becomes smaller with the methyl groups insertion, but ∆Q of the Asn 

sidechain acceptor (5’) is more negative than Gln (6’), indicating a less efficient CT in 

the latter case. Consistently, the greater XB length observed in 6’ (3.063 Å versus 

3.032 Å, Table 1) leads to a smaller HOMO-LUMO overlap, as compared to complex 

5’ (S2 = 0.008 in 5’, S2 = 0.005 in 6’). The CT is strongly evident when considering the 

series formaldehyde-acetaldehyde-acetone (1-3), in which -CH3 groups are added 

stepwise at both sides of the carbonyl moiety and LUMO population increases. In 

accordance, ΔεHOMO-LUMO (Figure 5) becomes smaller when going from 1 to 3. ΔεHOMO-

LUMO, gross population analysis and VDD charges resemble the same general trend,  
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Figure 5. Energy [in eV] of the interacting HOMO and LUMO, for sets 1→3 (A), 1→9 (B) and 1→6’ (C); 
for complexes 8-9, values refer to HOMO-1. 
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confirming the involvement of CT in XB stability and its dependence on the local 

chemical environment of the Lewis pair.  

 
Figure 6. VDD charges of the halogen bond acceptor and donor for sets 1→3 (A), 1→9 (B) and 1→6’ 
(C) due to the halogen bond formation (Equation 3). 
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Noteworthy, structural isomer pairs (5-5’, 6-6’) show that substituents’ position affects 

significantly the electronic distribution, since their ΔεHOMO-LUMO, gross populations and 

VDD charges are different for each complex, despite each member shares the same 

atoms with its analog. In general, we found that protein methyl and amino building 

blocks improve the charge donation and the stability of the complex, differently from 

the proximal peptide bond carbonyl, which tends to lower it. 

 

Figure 7. Directionality and energy of the most relevant HOMOs in formaldehyde XB complex. 

3.4. Halogen bonds vs Hydrogen Bonds. XBs and HBs share two features: 1) 

common bond acceptor, i.e. an electronegative atom with a partial negative charge 

acting as the XB or HB acceptor, and 2) directionality. In the previous sections, we 

have defined the presence of CT mechanisms mediated by MO interactions. Here, we 

address the importance of XB directionality and the main differences as compared to 

HB. In Figure 7, the most relevant HOMOs of formaldehyde are reported. Any of these 

orbitals could overlap in space with the main LUMO of the donor, yielding some 

interaction. As can be seen in Figure 7, all three orbitals can have a good overlap with 

the LUMO of the XB donor. However, the energy difference between the HOMO and 

lower-lying orbitals is very large. For example, the orbital energy goes down by 3.67 

eV when getting from the HOMO to HOMO-1, which amounts to an increase in the gap 

between the occupied MO and the LUMO of more than 72%. As a result, the HOMO-

LUMO interaction is stronger than the [HOMO-1]-LUMO interaction. The major overlap 

involves a LP of the oxygen oriented towards the halogen atom following the BrOC 
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angle, ω, close to 120° (Figure 2). A similar depiction was already provided in literature 

also for HBs and can be reliably related to the so-called “orthogonality” between HBs 

and XBs in ligand-protein systems41, i.e. the peptide carbonyl can engage both at one 

time, following the directionality of its LPs. 

 

Figure 8. XB/HB pairs comparison. HOMO and LUMO energies are reported in eV units, along with 
their gross population and bond length. 

With a view to validate the common nature of HBs and XBs, we have calculated the 

geometry and energy of the complexes obtained by use of pyridine and formaldehyde 

as bond acceptors (having different LP directionality) and water and bromobenzene as 

bond donors. Firstly, calculated geometries and MOs reported in Figure 8 confirm that 

XBs and HBs can have similar bonding mechanism. For each pair, donor-acceptor 

orbital overlap occurs exactly in the same direction of the LP HOMO. The bond 

distances are considerably smaller for the HB complexes. The gross populations 

reveal a similar charge transfer picture: the LP orbitals lose electron density, which is 
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being transferred to the opposing virtual orbital on the hydrogen (HB) or the halogen 

(XB). The gross populations for HBs and XBs are of the same order of magnitude. EDA 

discloses similarities between HBs and XBs in a more quantitative fashion (Table 3). 

ΔEBond and ΔEInt attribute more stability to the HBs than XBs.  

Table 3. EDA (kcal/mol) for HB and XB complexes. 

complex ΔV
Elstat

 ΔE
Pauli

 ΔE
Oi

 ΔE
Disp

 ΔE
int

 aΔE
Bond

 

HOH•••O=CH2 -7.56 7.43 -4.02 -1.21 -5.36 -5.27 (-4.94) 

HOH••• NC5H5 -13.01 13.73 -7.15 -1.70 -8.13 -7.90 (-7.50) 

Ph-Br•••O=CH2 -2.54 3.70 -1.41 -1.86 -2.11 -2.10 (-1.85) 

Ph-Br••• NC5H5 -6.44 9.36 -3.60 -2.70 -3.38 -3.33 (-2.99) 

aIn parantheses, the counterpoise corrected energy 

Energy components are more stabilizing for the pyridine than the formaldehyde 

acceptor in any complex pair, because of the higher LP orbital. Their relative 

contribution to the overall energy is approximately equal, independently of the complex 

considered. ΔEPauli and ΔVElstat give the highest contribution, followed by ΔEOi and 

ΔEDisp. Even in these cases, the electrostatic interaction and Pauli repulsion are not 

the only determining factors for the total interaction energy. Interestingly, ΔEOi shares 

with ΔVElstat the same order of magnitude, being generally more than one half of the 

latter. The dispersion interaction is relatively more important for the XBs than for the 

HBs. The effect of the bond donors on any energetic component is greater than the 

effect of the bond acceptors, especially if comparing bromobenzene and water as 

bound to the pyridine acceptor. Bond distance in a HB complex is ∼1.5 times shorter 

than in the analougous XB. However, the |ΔεHOMO-LUMO| is smaller for the XB than the 

HB, because the LUMO is more stabilized in bromobenzene than in water. Also, the 

MO interaction is more favorable for HB than XB and the bond length shorter. To 

analyze these aspects, we calculated the interaction energy profile of the HB and XB 

complexes by varying the distance between N and Br/H from 3.0 Å to 1.8 Å in 20 

geometry optimization steps (0.06 Å per step). The angles ∠CArBrN and ∠NHO were 

kept constant. Results are reported in Figure 9. In both HB and XB, electrostatics and 
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orbital interactions are the most important stabilizing components. Note that all 

individual contributions, as functions of the atom pair distance, are more favorable in 

halogen bonding, except for the ΔEPauli and ΔEStrain, which are less destabilizing in 

hydrogen bonding.  

 

Figure 9. Energy terms and the largest overlap are represented as functions of the distance between 
the acceptor N and donors Br (XB complex in blue) either H (HB complex in red), computed at the BLYP-
D3(BJ)/TZ2P level of theory. 
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The interaction energy gets stronger with shorter distances in HB, while in XB it quickly 

becomes destabilizing at ∼2.5 Å, indicating that shorter bond lengths are not allowed. 

Indeed, both Pauli repulsion and strain energy are 20 times more destabilizing in XB 

than in HB11. XB is clearly more favored than the latter one in terms of electrostatics, 

orbital interactions and dispersion at any distance. However, the strong Pauli repulsion, 

due to the overlap between the monomers’ filled orbitals, prevents the monomers from 

getting closer to each other. 

3.5. Directionality of Halogen Bonds. Bonding directionality is crucial in 

understanding the basis of XB stability, as the orbital overlap and, therefore, the orbital 

interaction are strongly affected by the relative orientation of the monomers. The σ-

hole theory models directionality by computing the electrostatic potential surface of the 

halogen atom in the isolated monomer. Based on this, the perpendicular orientation of 

the XB atom pair (θ = 90°, Figure 2) should be highly disfavored because of the 

electrostatic repulsion occurring between the negative charge density of the acceptor 

and the negative belt on the halogen. This model follows the classical chemical 

interpretation of repulsion occurring when strongly electronegative atoms approach 

each other. However, DFT calculations on perpendicular geometries, performed by 

Huber et al in 201313, provided results being highly inconsistent with this conclusion. 

In order to understand the directionality of XBs for medicinal chemistry, the pyridine-

bromobenzene complex model was used. Pyridine Lewis base is not a natural protein 

component, but its electron LP is highly directional and lies on the same plane of the 

bromine atom, making pyridine suitable for the specific correlation between stability 

and directionality. The geometry of the complex was re-optimized by starting from two 

possible orientations of the pyridine plane with respect to the phenyl ring, namely 

transverse and coplanar (Figure 10, panels A and B). The θ angles, corresponding to 

the minimum energy structures of the two constrained optimizations, were almost 

linear (178.2° and 179.3° respectively); bond lengths were 2.986 Å and 2.983 Å. The 

transverse and coplanar optimized structures differed in energy only 0.05 kcal mol-1, 

validating the usage of both in the subsequent step. For each structure, we performed 

single point energy calculations and energy decomposition analysis, as a function of 

the zenith and azimuthal angle θ, ranging from 180° to 90° in 10 steps. As expected, 

ΔEInt is unfavorable for θ ∼ 90°-140°, independently on the case considered.  
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Figure 10. Energy terms and MOs represented as functions of the zenith/azimuth θ angle between N, 
Br and aromatic C, computed at the BLYP-D3(BJ)/TZ2P level of theory (A, transverse orientation; B, 
coplanar orientation). 
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The azimuth angle variation leads to more destabilization than the zenith angle. ΔEDisp 

is linearly more favorable in any condition. ΔVElstat, ΔEOi are almost constant for the 

zenith angle, while they even become more stabilizing for the azimuth angle variation. 

In any case, the complex is highly destabilized in the perpendicular orientations (Figure 

10) because ΔEPauli increases, reaching the highest contribution for the 

coplanar/azimuth θ angle complex combination. Why does Pauli repulsion increase? 

As shown in Figure 10, depending on the angle considered, a different HOMO of the 

bromobenzene overlaps with the HOMO of pyridine. Such orbitals are the HOMO and 

HOMO-2, for the zenith and azimuthal angle respectively. In general, for the most 

stable geometries, the HOMOs of donor and acceptor do not overlap significantly and 

the ΔEInt is favorable. Independently of the case considered, in fact, for θ = 180°, S2 is 

always minor than 10-5 (Supporting Information 2-5). However, when θ decreases, the 

overlap becomes greater by several orders of magnitude as compared to the initial 

state. Specifically, for θ = 90°, S2  is always major than 10-3. The big HOMO-HOMO 

overlap causes strong Pauli repulsion and, finally, an unfavorable interaction energy is 

observed. As above mentioned, when concerning with the azimuth angle in Figure 10, 

the electrostatic interactions and orbital interactions are more stabilizing at 

perpendicular geometries than at the linear ideal ones. Indeed, this result is in total 

contrast with the σ-hole model - which, conversely, predicts destabilizing electrostatics 

for perpendicular XBs - and extremely pronounced for the coplanar complex (Figure 

10, B), where the orbital interactions are even stronger than electrostatics. 

 

5. Conclusions 

In the present study, we have investigated the effect of substituents on peptide 

halogen-bond (XB) acceptors, by the means of Kohn-Sham Molecular Orbital (KS MO) 

theory and energy decomposition analysis (EDA), giving the basis for more accurate 

ligand–protein interaction models. We find that peptide methyl and amino building 

blocks improve the stability of XB complexes by electrostatics, dispersion and charge 

transfer from the Lewis base to the halogenated Lewis acid. Conversely, the inclusion 

of a peptidic carbonyl, adjacent to the XB pair, decreases the stability of the XBs. Our 

results point out the great influence of the protein backbone environment in both the 
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complex geometries and energies. The most used N-methyl-acetamide acceptor 

model (complex 6), indeed, is not appropriate when describing ligand-peptide XBs. 

The inclusion of the dihedral angle φ dependence into our analysis provides a deeper 

understanding of the XB donor–acceptor orientation, by accurately describing the 

approach of the halogen atom towards the peptide bond plane. Moreover, we have 

found φ to be highly dependent on the chemical environment, whereas the widely used 

θ angle shows only little dependence. 

We have also compared the stability and geometry of XBs to HBs, as a function of the 

atom-pair distance. Our EDA on simple donor–acceptor models reveals that they share 

the same interaction mechanism, based on the subtle interplay of electrostatics, orbital 

interactions, dispersion, and Pauli repulsion. However, XBs are less stable, with bond 

lengths longer than HBs, due to a stronger Pauli repulsion. Finally, the directionality of 

XBs was thoroughly investigated using a pyridine-bromobenzene model. The zenith 

and azimuth θ angles were explored in a range between 180° and 90°, starting from 

either a transverse or coplanar orientation of the pyridine with respect to the 

bromobenzene ring. The electrostatic interactions appear to be always more favorable 

for the perpendicular than for the linear states, in total disagreement with the -hole 

model. Indeed, the only term responsible for the destabilization of the interaction 

energy is the Pauli repulsion arising from the HOMO–-HOMO overlap between the 

lone pair of the XB acceptor  and the π lone pairs of the XB donor. Thus, the 

directionality of XBs is ascribed to the Pauli repulsion and not to any electrostatic 

repulsion.  

This work has provided an insightful understanding of the halogen bonding mechanism 

in ligand–peptide systems, by means of an accurate quantum-chemical modeling 

methodology, comprising all underlying physicochemical factors required within a 

typical drug design process. Our findings will support the implementation of DFT-based 

forcefields, aimed at modelling more accurately even large ligand-protein systems. 

Indeed, the proposed strategy is highly suitable to the context of molecular docking, 

molecular dynamics and all those computational methods by which the correct 

prediction or rationalization of ligand binding states can make the difference to the 

identification of new powerful therapeutic candidates. 
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SUPPORTING INFORMATION 

1. The basis set superposition error (BSSE) related to the monomers and complex 

is reported. 

set Complex 
BSSEDONOR  

(kcal mol-1) 

BSSEACCEPTOR  

(kcal mol-1) 

BSSETOT  

(kcal mol-1)  

1 0.17 0.08 0.25 

1-3 2 0.19 0.08 0.27 
 

3 0.23 0.07 0.30 
 

1 0.17 0.08 0.25 
 

4 0.19 0.12 0.31 
 

5 0.20 0.10 0.30 

1-9 6 0.24 0.08 0.32 
 

7 0.23 0.07 0.30 
 

8 0.24 0.07 0.31 
 

9 0.24 0.08 0.32 
 

1 0.17 0.08 0.25 
 

4 0.19 0.12 0.31 

1-6’ 5’ 0.24 0.09 0.33 
 

6’ 0.28 0.08 0.36 

 HOH•••O=CH2 0.22 0.11 0.33 

 HOH•••NC5H5 0.32 0.08 0.40 

 PhBr•••NC5H5 0.27 0.07 0.34 

 

2. Pyridine/bromobenzene TRANSVERSE complex (ZENITH angle) overlap 

coefficients 

θ (deg) S2 (a.u.) <HOMO|HOMO> 

180 
0.00000961 

170 
0.00017956 
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160 
0.00087025 

150 
0.00198025 

140 
0.00332929 

130 
0.00473344 

120 
0.00595984 

110 
0.00680625 

100 
0.00710649 

90 
0.00667489 

 

3. Pyridine/bromobenzene TRANSVERSE complex (AZIMUTH angle) overlap 

coefficients 

θ (deg) S2 (a.u.) <HOMO|HOMO-2> 

180 0.00000001 

170 0.00051076 

160 0.00197136 

150 0.00418609 

140 0.00687241 

130 0.00968256 

120 0.01225449 

110 0.01425636 

100 0.015376 

90 0.015376 

 

4. Pyridine/bromobenzene COPLANAR complex (ZENITH angle) overlap 

coefficients 

θ (deg) S2 (a.u.) <HOMO|HOMO> 

180 
0.00000036 

170 
0.00023409 

160 
0.00094249 

150 
0.00200704 
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140 
0.003249 

130 
0.003249 

120 
0.00544644 

110 
0.00594441 

100 
0.00585225 

90 
0.00505521 

 

5. Pyridine/bromobenzene COPLANAR complex (AZIMUTH angle) overlap 

coefficients 

θ (deg) S2 (a.u.) <HOMO|HOMO-2> 

180 
0.00000049 

170 
0.000484 

160 
0.00192721 

150 
0.00414736 

140 
0.00685584 

130 
0.00972196 

120 
0.01238769 

110 
0.01456849 

100 
0.01600225 

90 
0.01646089 
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SUMMARY 

Summary 

G-protein coupled receptors (GPCRs) are membrane proteins regulating cell’s life by 

response to a wide variety of physical-chemical stimuli, either endogenous or 

exogenous, and represent a valuable biological target for the therapeutic treatment of 

several diseases. Since 2000, when the first GPCR belonging to the class A (bovine 

rhodopsin) was crystallized and solved using X-ray diffraction, a new way was paved 

for the structure-based rational design of new powerful drugs by computational 

methods. Among the class A GPCR family members, the human adenosine receptors 

(hARs) are interesting pharmacological targets due to: the related amount of well 

solved crystal structures bound to agonists and antagonists; the existence of receptor 

subtypes differently distributed in the human body; their role in many physio-

pathological conditions. Molecular Mechanics (MM) forcefields are generally suitable 

for systems made up of thousands or more atoms, thus, they were extensively used in 

our work. However, dealing with the ligand-protein recognition mechanisms may 

sometimes require estimations at a lower dimensional scale, which should include 

electrons explicitly, i.e. it could require Quantum Mechanics (QM) performances. This 

represents a suitable case for halogen bonds (XBs). Most of the approved drugs 

contain at least a halogen atom, commonly considered crucial in conferring both 

efficacy and selectivity towards their biological targets. Unfortunately, it is not yet 

possible to model accurately this kind of interaction as occurring in ligand-protein 

systems.  

The present Ph.D. work tries to give new insights into how the drug design process 

could be improved in order to achieve target efficacy and selectivity at different levels 

of computational accuracy, starting from the fundamentals reported in section 1 and 

using tools described in section 2. With this in mind, we addressed the structural 

complexity as well as the homology of hARs using molecular mechanics methods and 

a novel correlation coefficient, called EM, implemented in our group for the 

comparative analysis of data (section 2.3).  

Section 3.1. By means of molecular docking and EM analysis, we demonstrated that 

inclusion of sodium ion and its first hydration sphere into docking simulations of 15 
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antagonists and 36 A2A AR crystal structures improves significantly either precision or 

accuracy of ligand posing, regardless of the nature of the ligand and of the docking 

protocol, indicating that such structural elements should be incorporated in any 

molecular docking study on orthosteric antagonists.  

Section 3.2. Basing on structural comparison, docking simulations and EM coefficient 

analysis of hA3 active/inactive AR models, derived by hA1 and hA2A AR crystal 

structures, it was found that the hA1 template is a valid alternative to the conventionally 

used hA2A AR templates. 

Sections 3.3-3.5. Ligand structure-activity relationships and selectivity towards the hA3 

AR subtype were explored by means of either experimental or computational studies 

(docking, molecular dynamics) on synthetized compounds. The latter were designed 

in order to be also conjugated with fluorescent probes. Affinity tests showed a 

variegated binding profile of antagonists, indicating a strong selectivity in favour of the 

hA3 AR as compared to the hA1 subtype; in general, the best affinity has been observed 

for A3 and A2A receptors. The role of ligand scaffold, linker and probes was elucidated. 

In sections 3.4-3.5. we used the inactive A3 AR homology model described in section 

3.2., moreover, sodium ion and its first hydration sphere were included in both 

molecular docking and molecular dynamics simulations. Peculiar residues were 

identified by molecular docking and SuMD (Supervised Molecular Dynamics) 

simulations as important for either affinity or selectivity profiles observed, respectively 

located at the orthosteric site and extracellular loops of any receptor subtype. 

In section 3.6. we addressed the close mechanism of XB interactions in ligand-protein 

models, by means of the Kohn-Sham Molecular Orbital (KS MO) theory and of Energy 

Decomposition Analysis (EDA). We found that peptide methyl and amino building 

blocks increased the stability of XB complexes by electrostatics, dispersion and charge 

transfer from the Lewis base to the halogenated Lewis acid; on the contrary, the 

inclusion of a peptidic carbonyl, adjacent to the XB pair, lowered it. Geometrical 

descriptors were evaluated and the dihedral angle φ resulted to be more representative 

of the chemical environment than the commonly used angle θ. A comparison between 

hydrogen bonds (HBs) and XBs was performed. HBs showed better energies than XBs 

because of a lower Pauli repulsion for the same bond lengths. Finally, the interaction 
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energy of pyridine-bromobenzene complex was estimated for perpendicular XB 

geometries, as function of either the azimuthal or zenith orientations: results were in 

total contrast with “σ-hole” theory predictions, because electrostatics were even 

improved at 90° θ (CArBrO) angles. Indeed, the total interaction energy resulted 

destabilizing, as a consequence of the Pauli repulsion arising from the increased 

monomers’ HOMO-HOMO overlap. 

In summary, we used a combination of strategies, based mainly on MM, QM and 

mathematical statistics, in order to study a wide variety of cases, either purely 

computational or experimental. The EM correlation coefficient was introduced and 

extensively exploited for data analysis. Ranging from the adenosine receptor structural 

complexity and its ligands to the mechanism of halogen bonds, we provided a new 

understanding of the ligand-protein interactions from different perspectives. We laid 

the foundation for the more realistic and accurate description of molecular phenomena, 

which could finally fulfill the gap between experimental and computational 

observations, as well as the gap in molecular mechanics and quantum mechanics 

applications. 
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Sommario 

I recettori accoppiati a proteine G (GPCRs) sono proteine transmembrana preposte 

alla regolazione della vita cellulare mediante la risposta ad un’ampia varietà di stimoli 

di natura chimico-fisica, sia endogeni sia esogeni, e rappresentano un valido bersaglio 

biologico per il trattamento di molte patologie. Dal 2000, quando il primo recettore 

accoppiato a proteine G di classe A (rodopsina bovina) fu cristallizzato e risolto tramite 

la diffrazione a raggi X, è stata spianata una nuova strada per la progettazione 

razionale di nuovi e potenti farmaci, basata su studi strutturali e metodiche 

computazionali. Tra i membri della famiglia dei recettori accoppiati a proteine G di 

classe A, i recettori umani adenosinici (hARs) costituiscono dei bersagli farmacologici 

interessanti per: l’abbondanza di strutture cristallografiche ben risolte, leganti sia 

agonisti sia antagonisti; la presenza di sottotipi recettoriali distribuiti in maniera 

diversificata nel corpo umano; il loro ruolo in molte condizioni fisiopatologiche. I campi 

di forza della Meccanica Molecolare (MM) sono generalmente adatti a sistemi di 

migliaia di atomi o più, di conseguenza, essi sono stati ampiamente utilizzati nel nostro 

lavoro. Tuttavia, lo studio dei meccanismi di riconoscimento proteina-ligando potrebbe 

richiedere, talvolta, valutazioni su una scala dimensionale più bassa, che includano in 

modo esplicito anche gli elettroni, cioè, esso potrebbe richiedere le prestazioni della 

Meccanica Quantistica. Il caso è da considerarsi appropriato per i legami alogeno 

(XBs). La maggior parte dei farmaci approvati contiene almeno un atomo di alogeno, 

comunemente ritenuto cruciale nel conferire efficacia e selettività nei confronti dei loro 

bersagli biologici. Sfortunatamente, non è ancora possibile modellare accuratamente 

questo tipo di interazione quandunque questa si verifichi nei sistemi ligando-proteina. 

Il presente lavoro di dottorato cerca di dare nuovi elementi sul modo di migliorare la 

progettazione di farmaci, al fine di ottenere efficacia e selettività a diversi livelli di 

accuratezza di calcolo, partendo dai fondamentali riportati nella sezione 1 ed 

adottando le metodologie descritte nella sezione 2. In quest’ottica, abbiamo affrontato 

la complessità e l’omologia strutturale dei recettori umani adenosinici usando metodi 

di docking molecolare ed un nuovo coefficiente di correlazione, chiamato E.M., 

implementato nel nostro gruppo per l’analisi comparativa dei dati (sezione 2.3).  
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Sezione 3.1. Tramite analisi EM, abbiamo dimostrato che l’inclusione dello ione sodio 

e della sua prima sfera di idratazione in simulazioni di docking su 15 antagonisti e 36 

strutture cristallografiche del recettore adenosinico A2A migliora significativamente sia 

la precisione sia l’accuratezza del posizionamento di ligandi, indipendentemente dalla 

natura degli stessi e del protocollo di docking, indicando che tali elementi strutturali 

devono essere incorporati in qualsivoglia studio di docking molecolare fatto su 

antagonisti ortosterici. 

Sezione 3.2. Basandosi su comparazione strutturale, simulazioni di docking e analisi 

EM di modelli del recettore adenosinico umano A3, quest’ultimi derivati da strutture 

cristallografiche del recettore A1 e A2A, si è trovato che il riferimento A1 costituisce una 

valida alternativa a quelli convenzionalmente usati A2A. 

Sezioni 3.3-3.5. Sono state esplorate le relazioni struttura-attività e la selettività di 

ligandi nei confronti del recettore adenosinico umano A3, secondo studi sia 

sperimentali sia computazionali (docking, dinamica molecolare) su composti di sintesi. 

Gli ultimi sono stati progettati al fine di essere altresì coniugati con sonde fluorescenti. 

I test di affinità hanno mostrato un variegato profilo di legame degli antagonisti, 

indicando, in particolare, una forte selettività in favore del recettore A3 rispetto al 

sottotipo A1; in generale, la migliore affinità è stata osservata verso i recettori A3 e A2A. 

È stato elucidato Il ruolo del nucleo, dello spaziatore e delle sonde dei ligandi. Nella 

sezione 3.4. abbiamo utilizzato il modello di omologia del recettore adenosinico A3 

ottenuto nella sezione 3.2., inoltre, sono stati inclusi lo ione sodio e la sua prima sfera 

di idratazione sia nelle simulazioni di docking sia in quelle di dinamica molecolare. 

Grazie al docking molecolare e a simulazioni SuMD (Dinamica Molecolare 

Supervisionata) sono stati identificati residui caratteristici, importanti per i profili 

osservati, e di affinità e di selettività, situati rispettivamente nel sito ortosterico e nelle 

anse extracellulari di ciascun sottotipo recettoriale. 

Nella sezione 3.6. abbiamo affrontato l’intimo meccanismo delle interazioni di legame 

ad alogeno in modelli ligando-proteina, secondo la teoria degli Orbitali Molecolari di 

tipo Kohn-Sham (KS MO) e l’Analisi di Scomposizione dell’Energia (EDA). Abbiamo 

osservato che i componenti metilici e amminici del peptide aumentano la stabilità dei 

complessi di legame ad alogeno per mezzo di elettrostatiche, dispersione e 

trasferimento di carica dalla base di Lewis all’acido di Lewis alogenato; al contrario, 
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l’inclusione di un carbonile peptidico, adiacente alla coppia di legame ad alogeno, 

abbassa la stabilità. Sono stati valutati i descrittori geometrici e l’angolo diedro φ è 

risultato essere maggiormente rappresentativo dell’intorno chimico rispetto all’angolo 

θ comunemente usato. È stato operato un confronto tra i legami a idrogeno ed i legami 

ad alogeno. I legami a idrogeno hanno mostrato energie migliori di quelle relative ai 

legami ad alogeno, per via di una minore repulsione di Pauli a parità di lunghezze di 

legame. Infine, è stata stimata l’energia di interazione di un complesso piridina-

bromobenzene per geometrie perpendicolari di legame ad alogeno, in funzione di 

orientazioni sia di azimuth sia di zenith: i risultati si sono rivelati in netto contrasto con 

le previsioni basate sulla teoria della “buca σ”, dal momento che le elettrostatiche sono 

persino migliorate per angoli θ (CArBrO) di 90°. Invero, la energia totale di interazione 

è risultata destabilizzante come conseguenza della repulsione di Pauli derivante 

dell’aumentata sovrapposizione HOMO-HOMO dei monomeri. 

In sintesi, abbiamo usato una combinazione di strategie, basate principalmente su MM, 

QM e statistica matematica, al fine di studiare una grande varietà di casi, sia 

puramente computazionali sia sperimentali. È stato introdotto il coefficiente di 

correlazione EM, ampiamente sfruttato per l’analisi dei dati. Spaziando dalla 

complessità strutturale del recettore adenosinico e dei suoi ligandi al meccanismo dei 

legami ad alogeno, abbiamo fornito una nuova comprensione delle interazioni ligando-

proteina da prospettive differenti. Abbiamo posto le basi per una descrizione più 

realistica e accurata dei fenomeni di natura molecolare, in grado di colmare il divario 

tra le osservazioni sperimentali e computazionali, così come il divario tra le applicazioni 

della meccanica molecolare e quelle della meccanica quantistica.
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