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A B S T R A C T

The G protein-coupled receptor GPR17 is expressed by neuronal cells in various brain areas, where it modulates 
oligodendrocytes maturation and differentiation and myelination process. The altered expression and activity of 
this receptor are associated with neurodegenerative processes like myelinating disorders, brain ischemia, and 
multiple sclerosis. Hence, the development of pharmacological tools able to modulate GPR17 activity may 
represent a potential key strategy to treat CNS disorders. In this work, we developed adenine nucleotides con
sisting in 5′-triphosphate derivatives, their α,β- or β,γ-modified triphosphate analogues, and 3′,5′-bisphosphate 
derivatives, with the adenine core presenting further modifications given by the presence of substituents at the 2- 
and/or N6-position. Results of biological evaluation at HEK293 L9–2 cells transiently transfected with human 
GPR17 demonstrated that the novel compounds are endowed with nanomolar or picomolar potency and various 
profiles of efficacy. GPR17 selectivity of these molecules was also demonstrated by evaluating them at HEK293 
L9–2 cells transiently transfected with human purinergic P2Y12, P2Y13, and P2Y14 receptors.

1. Introduction

The screening of G protein-coupled receptors (GPCRs) has long been 
an attractive strategy for pharmacological intervention due to their 
involvement in many major diseases. Among these integral membrane 
proteins, GPR17 was identified as a GPCR implicated in neurodegener
ative processes. In physiological conditions, GPR17 is expressed by 
neuronal cells belonging to various brain areas including a subset of 
adult quiescent parenchymal oligodendrocyte progenitors [1]. After 
ischemia, GPR17 is further induced in microglia and adult oligoden
drocyte precursor cells, suggesting its regulatory role in response 
mechanisms to injury in embryonically distinct cell types. In fact, a key 
role of this system was hypothesized in the progression of brain ischemic 
damage [1–4].

The expression of GPR17 on oligodendrocytes has also been linked to 
the myelination process. GPR17 was found to be downregulated in oli
godendritic cells during the peak period of myelination and in adult
hood. Furthermore, myelinating disorders were observed in transgenic 
mice with enhanced GPR17 expression, while GPR17 knockout mice 
displayed early onset of oligodendrocyte myelination [5]. Contrary to 
this, data from Abbracchio and co-workers clearly argue for a role of 

GPR17 in driving and promoting oligodendrocyte maturation and dif
ferentiation, as demonstrated by the enhanced number of oligodendro
cyte precursor cells and of cells expressing anti-myelin basic protein 
after exposure to GPR17 agonists like UDP-glucose [6–8]. Despite these 
varying results, GPR17 represents a possible target for drug discovery in 
neurodegenerative diseases, including cerebral ischemia [2], traumatic 
brain injury [9], spinal cord injury [10], and demyelinating diseases 
such as multiple sclerosis [6,11].

Two isoforms of human GPR17 have been revealed in the brain 
[12,13]. A short isoform, presenting 339 amino acids and showing a 
strong expression in the brain, was the first GPR17 isoform that revealed 
dual responses to uracil nucleotides and cysteinyl leukotrienes (CysLTs). 
The long GPR17 isoform, a protein of 367 amino acids, is a functional 
receptor with an exclusive presence in brain, suggesting highly specific 
roles in the nervous system [14,15].

Several studies demonstrated that GPR17 stimulation leads to 
decrease of intracellular cAMP formation through stimulation of Gαi/o 
protein and consequent decrease of adenylyl cyclase activity. Further 
results suggested also that under some circumstances the GPR17 stim
ulation can modulate intracellular calcium levels [6,16,17]. As 
mentioned, GPR17 initially showed a peculiar dual pharmacology by 
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being activated by uracil nucleotides (UDP, UDP-glucose, and UDP- 
galactose) and CysLTs (CysLT C4 and CysLT D4) [1]. This is in accor
dance with the phylogenetic characterization of the receptor, which has 
been positioned as intermediate between purinergic P2Y and CysLT 
receptors, even if recent works suggest a potential phylogenetic corre
lation with additional receptors [1,18]. Furthermore, inhibitors of the 
P2Y and CysLT receptors modulated GPR17 signaling, confirming this 
dualism in which the orthosteric site is where nucleotides bind, whereas 
CysLTs are allosteric ligands. Subsequently, Benne-Jensen et al. 
confirmed the GPR17 ligand-binding profile for uracil nucleotides in 
transiently transfected HEK293 cells [15]. Further screening of various 
synthetic adenine and uracil nucleotides on the GPR17 receptor using 
either a [35S]GTPγS binding assay or a frontal affinity chromatography 
combined with mass spectroscopy (FAC-MS) confirmed the nucleotide 
binding site [19]. It must be noted that the GPR17 modulation by native 
or synthetic nucleotides has been contradicted by other research groups. 
Maekawa et al. obtained no response to UDP-glucose in 1321N1 cell 
clones stably expressing mouse GPR17 [20]. Total lack of activation by 
UDP and its sugar conjugates was outlined by Qi et al at GPR17 stably 
expressed in C6, 1321N1, and CHO cells or transiently expressed in COS- 
7 and HEK293 cells [21]. Likewise, also the binding of Cys-LTs to 
transfected GPR17 still lacks consensus. Heise et al. observed no 
calcium-dependent chloride conductance in response to LTC4 or LTD4 in 
GPR17 cRNA-injected Xenopus laevis oocytes [22]. Benned-Jensen et al. 
in HEK293 cells, Maekawa et al. in 1321N1, CHO or HEK-293 T cells, 
and Qi et al. in C6, 1321N1, CHO, COS-7 or HEK293 cells obtained no 
biological recognition to Cys-LTs [15,20,21]. In addition, GPR17 ligands 
have been identified bearing different structural characteristics from 
nucleotides and CysLTs. A class of indolic derivatives was then patented 
as GPR17 modulators, of which the compound MDL29,951 (Fig. 1) was 
reported as agonist and used for further receptor characterization 
[11,16,23,24]. More recent studies described the identification or 
development of GPR17 modulators based on various structural classes, 
whose activity was interpreted based on an orthosteric or allosteric 
mechanism of action [25–29].

The experimental 3D structure of the human GPR17-Gi complex was 
also recently reported, obtained with cryo-EM technique [30]. This 
structure was obtained in the ligand-free state and suggests a self- 
activation mechanism induced by the extracellular loop 2 (EL2) 
domain of the protein, potentially associated with a high level of basal 

signaling. The structure also suggests the presence of a hydrophilic 
orthosteric binding pocket. This clearly creates a need for through 
pharmacological characterization of the GPR17 receptor, identification 
of its endogenous ligand(s), and development of potent and selective 
synthetic modulators with therapeutic potential [31].

Our research group furnished the first set of ligands for the GPR17 
receptor [19,32], with 2-phenylethynyladenosine-5’-O-triphosphate (1, 
Fig. 1) showing a remarkable agonist profile. This adenosine-5’-O- 
triphosphate (ATP) analogue, bearing a large and lipophilic substituent 
in the 2-position, displayed EC50 values of 35 pM in GloSensor cAMP 
assay and 36 pM in [35S]GTPγS binding assay [32]. This data was also 
confirmed by a longer retention time of 1 in FAC-MS screening meth
odology performed on GPR17 entrapped on immobilized artificial 
membrane [19].

Starting from these observations and with the aim of finding new 
potent GPR17 ligands, new adenine nucleotides were designed and 
synthesized. Firstly, we probed the N6-position of 1 by designing and 
synthesizing an ATP derivative bearing a phenylethynyl chain in the 2- 
position combined with a N6-methyl substitution (Fig. 2).

Taking into account the low chemical stability of the triphosphate 
chain particularly in biological mediums, and based on other key ATP 
stable analogues like i.e. α,β-methyleneATP (reference P2 receptor 
ligand), a new analogue of 1 endowed with higher stability was designed 
and synthesized by substituting its 5’-O-triphosphate group with a 5’-O- 
α,β-methylenetriphosphate function (Fig. 2). Furthermore, Cangrelor 
(Fig. 1), a nucleotide derivative bearing a β,γ-dichloromethylene spacer 
within its triphosphate chain showed to behave as a nucleotidic GPR17 
antagonist endowed with IC50 value of 0.7 nM in [35S]GTPγS binding 
assay [19]. Based on this data, and taking into account the previously 
reported observations that the substitution of the β,γ‑oxygen atom of 2- 
MeS-ATP with a dichloromethylene spacer enhanced the stability of the 
compound in human blood serum samples and when exposed to ecto-5′- 
nucleotidases activity [33], we analogously substituted the 5’-O- 
triphosphate group of 1 with a 5’-O-β,γ-dichloromethylenetriphosphate 
chain (Fig. 2).

On the other hand, MRS 2179 and 2 (Fig. 1), two previously reported 
GPR17 antagonists, are endowed with IC50 values of 508 nM and 582 
nM, respectively [19]. Considering that these two GPR17 antagonists are 
structurally 2′-deoxy-3′,5′-bisphosphate nucleotide derivatives, a corre
sponding analogue of 1 bearing the 2-phenylethynylic group was 

Fig. 1. Structures of some known GPR17 ligands.
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synthesized (Fig. 2). Among the same set of triphosphates previously 
synthesized [19], N6-methylATP (3, Fig. 1) showed a nanomolar activity 
at the GPR17 receptor, precisely IC50 values of 144 nM in GloSensor 
cAMP assay and 112 nM in [35S]GTPγS binding assay [32]. Analogously 
to Cangrelor, 3 was modified by substituting the 5’-O-triphosphate 
group with a 5’-O-β,γ-dichloromethylenetriphosphate chain (Fig. 2).

All newly synthesized derivatives were tested at HEK293 L9–2 cells 
transiently transfected with hGPR17 by using the sensitive and non- 
radioactive GloSensor cAMP assay. This experiment evaluates a GPCR 
activity by monitoring the variation of the intracellular cAMP concen
tration with the aid of a mutant form of Photinus pyralis luciferase [32]. 
Since triphosphate or bisphosphate adenine derivatives could be 
endowed with activity at the purinergic P2Y receptors, we evaluated the 
selectivity of the newly synthesized compounds by testing them also at 
HEK293 L9–2 cells transiently transfected with hP2Y12, hP2Y13, and 
hP2Y14 by using the same assay. These receptors were selected given 
their functional coupling with a Gαi/o protein, whose activation leads to 
inhibition of adenylyl cyclase and decrease of intracellular cAMP 
(analogously to GPR17).

2. Results and discussion

2.1. Chemistry

The nucleotides and nucleotide analogues 8–10, 13, and 16 were 
prepared following various procedures as portrayed in Schemes 1–4. The 

synthesis of triphosphates 8–10 (Schemes 1 and 2) was undertaken via 
the protected 6-chloro-2-iodopurineriboside 4, obtained from commer
cially available guanosine in three steps [34]. Reaction of 4 with phe
nylethyne gave the 2-phenylacetylene analogue 5 via a palladium/ 
copper-catalyzed Sonogashira reaction. Reaction of the latter com
pound, in turn, with the appropriate amines permitted 6-amination and 
the deprotection of the sugar moiety providing the desired 2,6-disubsti
tuted adenosine derivatives 6 and 7 (Scheme 1).

These nucleosides were phosphorylated using different synthetic 
approaches based on the type of triphosphate intended as shown in 
Scheme 2. Nucleoside 7 was treated with phosphorus oxychloride and 
then with tributylammonium pyrophosphate in basic conditions by 
using proton sponge to afford the triphosphate nucleotide 8.

The PαPβ-methylene analogue of 1 was obtained by reacting nucle
oside 6 initially with methylenebis(phosphonic dichloride) and then 
with tributylammonium monophosphate in presence of proton sponge 
furnishing the desired 2-phenylethynyl-α,β-methyleneATP (9). To pre
pare 2-phenylethynyl-β,γ-dichloromethyleneATP (10), 2-phenylethyny
ladenosine (6) was subjected to phosphorylation using phosphorus 
oxychloride followed by reaction with bis-(tri-n-butylammonium) 
dichloromethylenediphosphonate in DMF and final quenching by 
addition of a cold 0.5 M aqueous TEAB solution [35].

The bisphosphate derivative 13 (Scheme 3) was synthesized starting 
from 2-iodo-2′-deoxyadenosine (11), which was obtained as reported in 
literature [36]. Hence, 11 was reacted with phenylacetylene, using the 
Sonogashira cross coupling reaction, to obtain the 2-phenylethynyl-2′- 

Fig. 2. Structures of newly synthesized GPR17 ligands.

Scheme 1. Reagents and conditions: a. phenylacetylene, (PPh3)2PdCl2, CuI, TEA, DMF, r.t., 3 h; b. NH3, r.t., 16 h or CH3NH2, r.t., 30 min.
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deoxyadenosine (12), which was treated with phosphorus oxychloride 
in the presence of proton sponge and trimethylphosphate as solvent to 
give the desired bisphosphate analogue 13.

The N6-methylATP analogue bearing 5’-O- 
β,γ-dichloromethylenetriphosphate (16) was obtained from commercial 
adenosine in a three-step synthetic procedure (Scheme 4). A typical 

Sandmeyer reaction on adenosine granted the 6-iodo-9-(β-D-ribofur
anosyl)purine (14), which upon reaction with methylamine afforded N6- 
methyladenosine (15). The phosphorylation of 15 was performed using 
the same procedure for the preparation of 10.

Scheme 2. Reagents and conditions: a. (i) POCl3, proton sponge, PO(OCH3)3, (ii) (nBu3N)2H4P2O7, nBu3N, Et3NHHCO3, 0 ◦C to r.t., 5 h; b. (i) CH2(PO)2Cl4, proton 
sponge, PO(OCH3)3, (ii) (nBu3N)H3PO4, nBu3N, 0 ◦C to r.t., 7 h; c. (i) POCl3, proton sponge, PO(OCH3)3, (ii) CH2Cl2Na2O6P2, nBu3N, DMF, 0 ◦C to r.t., 6 h.

Scheme 3. Reagents and conditions: a. phenylacetylene, (PPh3)2PdCl2, CuI, TEA, DMF, r.t., 7 h; b. POCl3, proton sponge, PO(OCH3)3, 0 ◦C to r.t., 1 h.
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2.2. Biological evaluation

All the synthesized compounds, 8–10, 13, and 16 (and also the 
already reported compound 2), were tested by using the non-radioactive 
GloSensor cAMP assay on HEK293 L9–2 cells transiently transfected 
with hGPR17 [32]. This GloSensor cAMP assay involves a non-lytic 
protocol, which permits the evaluation of GPCR activity in live cells. 
This assay uses a biosensor technology in which a cAMP binding domain 
is inserted into Photinus pyralis luciferase. The binding of cAMP induces 
conformational changes that promote large increases in light output 
allowing the evaluation of ligand activity at the receptor under study 
[37,38].

All the tested compounds were able to activate or antagonize to 
various extent the studied receptor, behaving as GPR17 receptor ago
nists or antagonists. Fig. 3 shows dose-response curves of agonists 8–10, 

and 13 and antagonists 2 and 16. Furthermore, these compounds gave 
no response in cells transfected with the empty vector, demonstrating a 
specific effect on the GPR17 receptor.

The triphosphate-modified analogues of 1 maintained high activity 
at the hGPR17, as shown in Table 1. Compound 9, bearing the 5’-O- 
α,β-methylenetriphosphate, displayed an activity 16-fold lower than the 
parent triphosphate 1 (1, EC50 = 35 pM vs 9, EC50 = 0.57 nM). The 5’-O- 
β,γ-dichloromethylenetriphosphate analogue 10 instead, maintained an 
EC50 of 62 pM, a very similar profile compared to 1 (EC50 = 35 pM).

On the other hand, the modification of the GPR17 antagonist N6- 
methylATP (3) by substituting its triphosphate chain with a 
β,γ-dichloromethylenetriphosphate group, led to compound 16 pre
senting a 11-fold increase of activity (16, IC50 = 13 nM vs 3, IC50 = 144 
nM) at the GloSensor cAMP assay. The substitution of the 2‑chlorine 
atom on previously reported 2′-deoxy-3′,5′-bisphosphate 2 with a 

Scheme 4. Reagents and conditions: a. CH2I2, isoamyl nitrite, DMF, 60 ◦C, 30 min; b) CH3NH2, r.t., 3 h; c) (i) POCl3, proton sponge, PO(OCH3)3, (ii) CH2Cl2Na2O6P2, 
nBu3N, DMF, 0 ◦C to r.t., 6 h.

Fig. 3. Dose–response curves on HEK293 L9–2 cells transiently transfected with hGPR17 of agonists 8–10, and 13, in comparison with MRS 2690 and ATP [32] used 
as reference agonists (A), and antagonists 2 and 16 (B). Forskolin (10 μM) was used to increase basal level of cAMP. Data are expressed as mean of three-four 
experiments performed in duplicate, with a maximum SE lower than ±10.
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phenylethynyl group led to compound 13. Results from the cAMP-based 
assay highlighted a complete change of activity. Differently from 2, an 
antagonist showing IC50 value of 69 nM at the hGPR17, the presence of 
the phenylethynyl moiety at the 2-position of 13 afforded a potent 
agonist with EC50 of 0.15 nM. These results confirm the high agonistic 
activity of compounds bearing the 2-phenylethynyl moiety at the 
hGPR17 (as confirmed also by the fact that α,β-methyleneATP was 
inactive at the hGPR17 compared to its 2-modified analogue, 9) and 
raises interrogations on the mode of interaction between this substituent 
and the receptor protein. The insertion of a N6-methyl substituent on 1 
led to a 45-fold decrease of compound potency (1, EC50 = 35 pM vs 8, 
EC50 = 1.6 nM), indicating that an unsubstituted 6-amine group pro
vides a better interaction with the receptor binding site compared to a 
N6-substituted triphosphate analogue.

Given that triphosphate or bisphosphate adenine derivatives could 
be endowed with activity at the purinergic P2Y receptors, we evaluated 
the activity of the three compounds 1, 9, and 10 (showing GPR17 
agonist profile) at the three P2Y receptor subtypes hP2Y12, hP2Y13, and 
P2Y14, which are coupled to Gαi/o protein like GPR17. The results are 
reported in Table 2. The aim of this task was to evaluate the selectivity of 
the above cited three molecules (at concentrations analogue to their 

EC50 values) versus these three P2Y receptor subtypes that functionally 
couple with the same second messenger of GPR17, to analyze if the 
observed decrease of cAMP could be due also to a P2Y modulation. For 
this test, three preparations of HEK293 L9–2 cells were transiently 
transfected with hP2Y12, hP2Y13, and hP2Y14, respectively. The activity 
at these receptors was measured again by using the non-radioactive 
GloSensor cAMP assay. P2Y modulators like ADP, UDP-glucose, MRS 
2690 [39], and the non-nucleotidic GPR17 agonist MDL29,951 
[11,16,23] were also tested.

MDL29,951 did not modulate the P2Y receptors and showed a high 
nanomolar potency as GPR17 agonist, in agreement with previously 
reported results [11]. MRS 2690 showed nanomolar potency at the 
P2Y14, analogously to what previously published [39]. Evaluation of 1, 
9, and 10 showed that these molecules are active at the three P2Y re
ceptor subtypes considered for this study, even if at concentrations 
ranging from high-nanomolar to micromolar levels. Hence, the po
tencies of these compounds measured at the GPR17 are thousand-fold 
higher than the ones at the hP2Y12, hP2Y13, and hP2Y14. These results 
demonstrate that at the picomolar concentrations needed to obtain a 
decrease of cAMP through GPR17 stimulation, 1, 9, and 10 have a 
substantially null effect at the analyzed P2Y receptors, proving the 
selectivity of these molecules for the GPR17 receptor.

2.3. Molecular modeling

The potential binding mode of the synthesized compounds at the 
hGPR17 was simulated with the aid of molecular modeling tools. Since 
the available cryo-EM structure of the hGPR17 (pdb code: 7Y89 [30]) 
was obtained in an apo form, we developed a homology model of the 
same protein by using the crystal structure of the human P2Y12 receptor 
in complex with the agonist 2-methylthio-ADP (pdb code: 4PXZ [40]) as 
a template. The hGPR17 experimental structure and homology model 
present the same general architecture, with the main difference con
sisting in the arrangement of the EL2 domain, whose conformation in 
the homology model leaves open the access to the hypothetical trans
membrane binding site. The homology modeling study, together with 
receptor model refinement with energy minimization tools, was per
formed within Molecular Operating Environment (MOE2022.02) Suite 
[41]. Docking experiments of the synthesized compounds were per
formed by using the Induced Fit docking protocol of MOE and the ge
netic algorithm docking tool of CCDC Gold [42]. The most frequent top- 
score conformations for each compound were selected for the analysis of 
the ligand-target interaction.

The results of the docking studies provide a suggestion of a potential 
binding mode of the compounds at the receptor. In detail, for the 
triphosphate and triphosphate-modified analogues (Fig. 4), docking 
results suggest a conformation in which the triphosphate and 
triphosphate-modified chain gets inserted between residues Tyr66 
(TM1), Arg115 (TM2), His119 (TM2), Gln211 (EL2), Tyr279 (TM6), 
Arg283 (TM6), Asn307 (TM7), Arg308 (TM7), and Ser311 (TM7). The 
ribose group makes a polar interaction with the alpha-phosphate group 
and interacts with residues Tyr286 (TM6) and Asn307 (TM7). The 
adenine moiety makes non-polar interaction with Gly52 (N-term), 
Val208 (EL2), and Leu210 (EL2). Potential additional interaction is 
given with Tyr118 (TM2) and Ala304 (TM7).

The 2-substituent points toward residues of TM6 and TM7 domains. 
In the case of the agonists, their 2-phenylethynyl chain gets inserted in a 
small aromatic cluster of residues like Tyr286 (TM6), His289 (TM6), and 
Tyr290 (TM6). Additional non-polar interaction may occur with Leu303 
(TM7) and Ala304 (TM7). The agonist activity of the compounds 
bearing a 2-phenylethynyl chain could be related to the stacking inter
action of this substituent and the protein domains TM6–7, which is not 
possible for compounds unsubstituted at the 2-position and endowed 
with partial agonist (i.e. ATP [32]) or antagonist activity.

The N6 amine group makes polar interaction with Glu54 (N-term) 
carboxyl function. The presence of an additional methyl group appears 

Table 1 
Biological activity and response of the compounds evaluated by using the Glo
Sensor cAMP assay at HEK293 L9–2 cells transiently transfected with hGPR17.

Cpd R R1 X Y Response 
%a

EC50 (nM)b IC50 (nM)c

Triphosphate and triphosphate-modified derivatives
1 -C≡C- 

Ph
H O O 100 ± 0.04 35 ± 3 pM 

[32]
–

9 -C≡C- 
Ph

H CH2 O 100 ± 0.02 0.57 ±
0.03

–

10 -C≡C- 
Ph

H O CCl2 100 ± 0.03 62 ± 4 pM –

8 -C≡C- 
Ph

CH3 O O 100 ± 0.03 1.6 ± 0.1 –

3 H CH3 O O – – 144 ± 18 
[32]

16 H CH3 O CCl2 – – 13 ± 1

2′-deoxy-3′,5′-bisphosphate derivatives
2 Cl – – – – – 69 ± 10
13 -C≡C- 

Ph
– – – 100 ± 0.01 0.15 ±

0.02
–

a Response is expressed as percentage of the maximal relative luminescence 
units and is referenced against UDP (used as a reference compound at the con
centration of 100 nM), set at 100%.

b Compound concentration needed to produce 50% of the maximum effect, 
expressed as EC50 nM unless noted.

c Compound concentration needed to produce 50% inhibition of agonist ef
fect. Each concentration was tested five times in triplicate, and values are given 
as the mean ± SE.

Table 2 
Biological activity (EC50, nM unless noted) of the selected compounds 1, 9, and 
10 at HEK293 L9–2 cells transiently transfected with hP2Y12, hP2Y13, and 
hP2Y14, using the GloSensor cAMP assay. The activity at the hGPR17 is shown 
for comparison.

Compound GPR17 P2Y12 P2Y13 P2Y14

UDP- 
glucose

12,565 ±
2,760

> 30,000 > 30,000 660 ± 112

ADP 82 (55%) ± 14 223 ± 34 13 ± 1.74 > 30,000
1 35 ± 3 pM 1,348 ± 194 3,388 ± 498 178 ± 27
9 0.57 ± 0.03 19,952 ±

2,854
7,413 ±
1,036

776 ± 127

10 62 ± 4 pM 7,585 ± 984 4,455 ± 640 141 ± 24
MRS 2690 553 ± 98 17,378 ±

2,416
> 30,000 70 ± 11

MDL29,951 108 ± 18 > 30,000 > 30,000 > 30,000
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to disrupt this interaction, and this could explain the lower activity of 
the compounds bearing an N6 aminomethyl group compared to the 
corresponding analogues bearing an N6 unsubstituted amine (compare i. 
e. 1: EC50 = 35 pM with 8: EC50 = 1.6 nM). The presence of this sub
stituent was reported also to switch the partial agonist activity of ATP to 
antagonist [32]).

In the case of the bisphosphate analogues (Fig. 5), docking results 
suggest a conformation providing a similar orientation and interaction 
of the adenine moiety compared to the triphosphate and triphosphate- 
modified analogues. Analogously, the 2-substituent points toward TM6 
and TM7 residues. The bisphosphate chain makes similar interaction 
with the protein compared to the triphosphate and triphosphate- 
modified analogues as well. In detail, the 5-phosphate group makes 
polar interaction with residues Tyr66 (TM1), Arg115 (TM2), and His119 
(TM2), while the 3-phosphate group interacts with Arg115 (TM2), 
Gln211 (EL2), Arg283 (TM6), Asn307 (TM7), Arg308 (TM7), and 
Ser311 (TM7).

Taken together these observations, docking results suggest a strong 
polar interaction between the phosphate groups and charged or polar 
non-charged protein residues in particular of TM2, TM6, and TM7. The 
2-substituent appears critical to provide an additional interaction be
tween the compounds and TM6-TM7 residues that could explain the 
agonist activity of the derivatives bearing a 2-phenylethynyl group. 
Furthermore, also the presence of the methyl group at the N6-position 
seems to be important in defining the activity of the compounds by 
lowering the very high potency of agonist (compare with 1 with 8) or 
shifting the partial agonist activity to antagonist (compare the partial 
agonist ATP with 3). In any case, the limited number of compounds does 
not allow a well defined structure-activity relationship analysis, which 
could be more reliable with the development of further compounds in 
this series. An exploration of various substituents in the 2- and N6-po
sition, and their combinations, could be of help to better interpret their 

roles in the biological activity of the compounds.
This work aligns with other previously published works that pro

posed the position of the binding site of this receptor, providing inter
pretation of compounds activity based on ligand-target interaction 
suggested by docking experiments. On the other hand, to date, the po
sition and properties of the GPR17 binding site are still to be definitively 
identified and the binding mode described in this work for the developed 
compounds is to be considered as hypothetical.

2.4. Pharmacokinetic parameters prediction

Given the key role of GPR17 in the central nervous system, the 
prediction of pharmacokinetic parameters of compounds targeting this 
receptor could be of help to evaluate the ability of these molecules to 
penetrate the brain. In this sense, for the newly synthesized compounds 
8–10, 13, and 16 and the already reported 1–3 derivatives we per
formed an in silico prediction by using Molecular Operating Environ
ment (MOE) suite software and tools downloaded from the SVL 
Exchange web portal (https://svl.chemcomp.com/) and then used 
through MOE suite interface. In detail, we predicted parameters like 
logP, TPSA, H-bond donors and acceptors, and specific score parameters 
for brain penetration like the CNS BBB Score [43] and the CNS MPO [44]
descriptor. These two parameters combine various descriptors to obtain 
scores indicating if a compound has high or low probability to penetrate 
the blood–brain barrier. These parameters were calculated at the Deep- 
PK web page (https://biosig.lab.uq.edu.au/deeppk/) and inserted in 
Table 3.

An in silico prediction of the triphosphate and triphosphate-modified 
chains stability was not performed. Furthermore, as expected, all the 
compounds are predicted to have low-to-null brain penetration. As 
consequence, a potential administration of these compounds for in vivo 

Fig. 4. Docking results for the triphosphate and triphosphate-modified de
rivatives. Docking conformation of agonist 10 (A) and antagonist 16 (B) are 
shown. Key residues for interaction with ligands are indicated. Fig. 5. Docking results for the bisphosphate derivatives. Docking conformation 

of agonist 13 (A) and antagonist 2 (B) are shown. Key residues for interaction 
with ligands are indicated.
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studies targeting GPR17 expressed in brain should take into account 
these parameters and hypothesize special delivery systems like nano
carriers or nanoparticles. The modification of the compounds by 
inserting phosphate-masking groups (hence obtaining prodrugs) could 
be an alternative approach.

It must be underlined that the ADMET prediction tools are not 
optimized for the analysis of polyphosphate (and in generale poly
anionic) compounds, hence the predicted values and pharmacokinetic 
profile of the newly synthesized nucleotide compounds could present 
inaccuracies and should require experimental methods for a more reli
able analysis.

3. Conclusions

GPR17 plays a key role in neurodegenerative disorders and could be 
a potential therapeutic target for multiple sclerosis, cerebral ischemia, 
traumatic brain injury, and spinal cord injury. We report in this study 
the design and synthesis of new adenine nucleotides, which behave as 
potent agonists and antagonists of GPR17 in a cAMP assay. 10 Is an 
agonist having a picomolar activity at the GPR17 receptor (62 pM), 
whereas 16 shows a low nanomolar antagonist profile (13 nM). 
Comparative evaluation of a set of these newly synthesized compounds 
(1, 9, and 10) at the Gαi/o protein-coupled hP2Y12, hP2Y13, and hP2Y14 
showed that their interaction with these protein occurs at concentrations 
much higher than the ones needed to obtain a decrease of cAMP through 
GPR17 stimulation, demonstrating the selective effect of these three 
compounds at the GPR17 at low nanomolar (or picomolar) concentra
tions. Molecular modeling studies were performed to provide an hypo
thetical binding mode of the compounds at an homology model of the 
hGPR17. Given the high hydrophilicity of the presented compounds, a 
very low blood-brain barrier crossing and a very low brain penetration 
are expected. Hence, an in vivo application of these molecules for brain 
disorders could be possible only with the setup of systems like nano
particles/nanocarriers allowing a brain-targeted delivery, or by modi
fying the compounds by masking the phosphate groups to obtain 
prodrugs. Such systems could be set up also to prevent metabolism 
occurring to triphosphate and triphosphate-modified derivatives. Still, 
the triphosphate and triphosphate-modified analogues presented in this 
work may represent potent instruments to be added to the currently 
available pharmacological tools, for further characterization of the 
elusive GPR17 receptor in vitro and in various physio-pathological 
events.

4. Experimental section

4.1. Chemistry

Melting points were determined with a Büchi apparatus B-540. 1H 
and 31P NMR spectra (202.45 MHz) were obtained with Varian Mercury 

400 MHz spectrometer; δ in ppm, J in Hz. All exchangeable protons were 
confirmed by the addition of D2O. 13C NMR spectra (for final nucleo
tides; in the case of 13 the low amount of available compound furnished 
a not defined 13C NMR spectra, hence, a 13C NMR spectra of the pre
cursor nucleoside 12 is reported) were obtained with Bruker Mercury 
500 MHz spectrometer (125.77 MHz). Thin-layer chromatography 
(TLC) was carried out on pre-coated TLC plates with silica gel 60 F-254 
(Merck). For column chromatography, silica gel 60 (Merck) was used. 
For ion exchange chromatography, a Sephadex® DEAE A-25 resin HCO3

−

form was used. Mass spectra were recorded on an HP 1100-MSD series 
instrument. All measurements were performed using electrospray ioni
zation (ESI-MS) on a single quadrupole analyzer. Elemental analyses 
were determined on a Fisons model EA 1108 CHNS–O model analyzer 
and are within ±0.4% of theoretical values. Purity of the compounds 
was ≥95% according to elemental analysis data.

4.1.1. 6-Chloro-2-phenylethynyl-9-(2′,3′,5′-tri-O-acetyl-β-D-ribofuranosyl) 
purine (5)

(Ph3P)2PdCl2 (42 mg, 0.0033 mmol), CuI (2.6 mg, 13.65 mmol), 
triethylamine (10.4 mL, 74.11), and phenylethyne (0.253 mL, 2.23 
mmol) were added in a solution of compound 4 (1.0 g, 1.86 mmol) in dry 
DMF (40 mL) under N2 atmosphere. Then reaction was left at room 
temperature for 3 h. Volatiles were removed under vacuo and the crude 
was chromatographed by silica flash column eluting with CHCl3-cHex 
(80:20, v/v). Impure fractions were purified by silica gel normal column 
eluting with EtOAc-nHex (1:1, v/v) to obtain 5 as a vitreous solid (0.80 
g, 1.56 mmol). Yield 84%; mp 71–73 ◦C. 1H NMR (DMSO‑d6): δ 2.00 (s, 
3H, CH3), 2.04 (s, 3H, CH3), 2.12 (s, 3H, CH3), 4.31 (m, 1H, H-CH-5′), 
4.39 (m, 1H, H-4′), 4.43 (m, 1H, H-CH-5′), 5.69 (m, 1H, H-3′), 5.94 (m, 
1H, H-2′), 6.36 (d, J = 5.2 Hz, 1H, H-1′), 7.52 (m, 3H, H-Ph), 7.70 (m, 
2H, H-Ph), 8.97 ppm (s, 1H, H-8).

4.1.2. 2-Phenylethynyladenosine (6)
Liquid ammonia was condensed at − 78 ◦C into a steel vessel, then 5 

(200 mg, 0.38 mmol) was added, and the reaction mixture was main
tained at room temperature for 16 h. After removing volatiles, the 
mixture was chromatographed eluting with DCM-MeOH (90:10, v/v) to 
obtain pure product 6 as a white solid (110 mg, 0.30 mmol). Yield 78%; 
mp 215–216 ◦C. 1H NMR (DMSO‑d6): δ 3.57 (m, 1H, H-CH-5′), 3.66 (m, 
1H, H-CH-5′), 3.95 (q, J = 3.2 Hz, 1H, H-4′), 4.12 (q, J = 3.6 Hz, 1H, H- 
3′), 4.54 (q, J = 5.6 Hz, 1H, H-2′), 5.22 (m, 2H, 2 x OH), 5.47 (m, 1H, 
OH), 5.89 (d, J = 6.4 Hz, 1H, H-1′), 7.45 (m, 3H, H-Ph), 7.58 (m, 4H, H- 
Ph and NH2), 8.44 ppm (s, 1H, H-8).

4.1.3. N6-Methyl-2-phenylethynyladenosine (7)
Compound 5 (240 mg, 0.47 mmol) was taken into a steel vial at 

− 20 ◦C then CH3NH2 (1.5 mL) was added. The mixture was left at room 
temperature for 30 min. Volatiles were removed under vacuo and the 
final compound 7 was obtained pure after crystallization from CH3CN as 
a white solid (118 mg, 0.31 mmol). Yield 66%; mp 152–155 ◦C. 1H NMR 
(DMSO‑d6): δ 2.96 (m, 3H, CH3), 3.57 (m, 1H, H-CH-5′), 3.65 (m, 1H, H- 
CH-5′), 3.95 (m, 1H, H-4′), 4.13 (m, 1H, H-3′), 4.54 (q, J = 5.6 Hz, 1H, H- 
2′), 5.21 (d, J = 4.4 Hz, 1H, OH), 5.25 (t, J = 6.4 Hz, 1H, OH), 5.48 (d, J 
= 6.4 Hz, 1H, OH), 5.89 (d, J = 6.4 Hz, 1H, H-1′), 7.45 (m, 3H, Ph), 7.61 
(m, 2H, Ph), 7.99 (m, 1H, NH), 8.43 ppm (s, 1H, H-8).

4.1.4. N6-Methyl-2-phenylethynyladenosine-5’-O-triphosphate 
tetraammonium salt (8)

The lyophilized nucleoside 7 (200 mg, 0.52 mmol) and proton 
sponge (0.78 mmol) were suspended in trimethyl phosphate (5.2 mL) at 
0 ◦C and phosphorous oxychloride (0.99 mmol) was added. The mixture 
was left under stirring in N2 atmosphere at room temperature for 3 h 
after which the suspension was completely clear. In the meantime, 
tributylammonium pyrophosphate (3.3 mmol) was solubilized with 
DMF (5.2 mL) and tributylamine (2.0 mmol) was added. When the 
mixture became clear, this was added to the previous reaction mixture 

Table 3 
Prediction of pharmacokinetic parameters.

Compound logP TPSA 
Å2

H-bond 
acc

H-bond 
don

CNS_BBBa CNS- 
MPOb

1 − 2.38 269.65 16 4 1.52 3.00
9 − 2.81 260.42 15 4 1.53 2.90
10 − 0.93 257.26 15 3 1.94 3.00
8 − 2.06 255.66 16 4 1.47 3.00
3 − 4.80 255.66 16 4 2.14 3.00
16 − 3.35 243.27 15 3 1.57 2.17
2 − 2.22 206.05 12 3 2.36 3.14
13 − 0.44 206.05 12 3 1.76 2.74

a CNS_BBB score ranges from 0 to 6, where a score < 3 indicates low/null 
brain penetration.

b CNS_MPO score ranges from 0 to 6, where a score < 3 indicates low/null 
brain penetration.

D. Dal Ben et al.                                                                                                                                                                                                                                Bioorganic Chemistry 171 (2026) 109567 

8 



and left under stirring at room temperature under N2 atmosphere for 90 
min. To the formed suspension, 12.5 mL of a cooled solution of 0.5 M 
TEAB (4 ◦C) was added to quench the reaction and the mixture was left 
under stirring for 4 min. Then mixture was lyophilized and crude was 
purified by ionic exchange chromatography on a Sephadex® DEAE A-25 
(Fluka) column (HCO3

− form) equilibrated with H2O and eluted with a 
linear gradient of 0 to 0.5 M NH4HCO3 aqueous solution. Fractions were 
collected, and appropriate fractions were selected and concentrated 
under vacuum and lyophilized several times to remove NH4HCO3 
yielding the pure nucleotide 8 as a white foam (39 mg, 0.057 mmol). 
Yield 11%. 1H NMR (D2O): δ 2.94 (br s, 3H, CH3), 4.10 (m, 2H, CH2–5′), 
4.25 (m, 1H, H-4′), 4.43 (m, 1H, H-3′), 4.57 (m, 1H, H-2′), 5.91 (d, J =
4.8 Hz, 1H, H-1′), 7.17 (m, 3H, H-Ph), 7.36 (m, 2H, H-Ph), 8.28 ppm (s, 
1H, H-8); 13C NMR (D2O): δ 27.45 (NCH3), 65.23 (C5’), 70.28 (C3’), 
74.58 (C2’), 83.98 (C4’), 86.86 (C1’), 87.34 (C≡), 118.55 (≡C), 120.26 
(C5), 128.58 (2xC-Ph), 129.98 (C-Ph), 132.08 (2xC-Ph), 139.68 (C8), 
146.58 (C4), 148.19 (C2), 155.41 (C6) ppm; 31P NMR (D2O): δ 8.58, 
10.34, 21.77 ppm. M/z: [calculated M.W. = 621.3] Negative mode: 
642.0 [M-2H+Na]− .

4.1.5. 2-Phenylethynyladenosine-5’-O-(α,β-methylenetriphosphate) 
tetratriethylammonium salt (9)

A cooled solution of methylenediphosphonic dichloride (0.135 g, 
0.54 mmol) in trimethylphosphate (4 mL) was added to a suspension of 
6 (100 mg, 0.27 mmol) in trimethylphosphate (4 mL) at 0 ◦C under N2 
atmosphere. The reaction mixture was left for 4.5 h. Then tributylamine 
(1.5 mL) and phosphorylating reagent (nBu3N)H3PO4 (385 mg, 1.36 
mmol) were added, and the mixture was left stirring for 30 min. It was 
then quenched with 10 mL of cooled solution of 0.5 M TEAB (4 ◦C) and 
stirred for 15 min. The reaction mixture was allowed to warm to room 
temperature and left for 1 h. Trimethylphosphate was extracted in tert- 
butyl methyl ether (3 × 20 mL) and the mixture was lyophilized. The 
residue was purified by ionic exchange chromatography on a Sepha
dex® DEAE A-25 (Fluka) column (HCO3

− form) equilibrated with H2O 
and eluted with a linear gradient of 0.5 M TEAB to 1 M TEAB. Nucleotide 
9 was obtained after lyophilization as a white solid (87 mg, 0.086 
mmol). Yield 16%. 1H NMR (D2O): δ 1.14 (m, 27H, NCH2CH3), 2.26 (t, J 
= 20.0 Hz, 2H, CH2), 2.94 (m, 18H, NCH2CH3), 4.08 (m, 2H, CH2–5′), 
4.24 (m, 1H, H-4′), 4.40 (m, 1H, H-3′), 4.58 (m, 1H, H-2′), 5.87 (s, 1H, H- 
1′), 7.11 (m, 3H, H-Ph), 7.31 (m, 2H, H-Ph), 8.43 ppm (s, 1H, H-8); 13C 
NMR (D2O): δ 8.40 (CH3), 46.79 (CH2), 63.77 (C5’), 70.27 (C3’), 74.72 
(C2’), 84.12 (C4’), 86.01 (C≡), 87.41 (C1’), 88.32 (PCH2P), 117.90 
(≡C), 119.87 (C5), 128.69 (2xC-Ph), 130.26 (C-Ph), 132.31 (2xC-Ph), 
140.97 (C8), 144.84 (C4), 149.04 (C2), 154.48 (C6) ppm; 31P NMR 
(D2O): δ − 9.78, 7.60, 18.52 ppm.

4.1.6. General procedure for the synthesis of PαPβ-dichloromethylene 
nucleotides 10 and 16

The dry nucleoside, 6 or 15, (1 mmol) was dissolved in 5 mL of tri
methylphosphate and the mixture was stirred at room temperature 
under N2 flow and then cooled to 4 ◦C. Dry proton sponge (1.5 mmol) 
was added followed by POCl3 (3 mmol) 5 min later. After stirring for 3 h 
at 0 ◦C, tributylamine (0.72 mmol) was added to the solution followed 
by 10 mL (5 mmol) of 0.5 M bis-(tributylammonium) dichloromethylene 
bisphosphonate solution in DMF. After 5 min, the mixture was poured 
into a cold 0.5 M aqueous TEAB solution and stirred at 0 ◦C for several 
minutes. The stirred solution was left to warm to RT and left standing for 
1 h. Trimethylphosphate was extracted with tert-butylmethyl ether, and 
the aqueous was evaporated and freeze-dried to yield glassy oils. These 
crudes were purified by ion exchange chromatography using Sephadex® 
DEAE A-25 gel HCO3

− form. After equilibration of the column with 
deionized H2O (2 L), the crude product was dissolved in 2 mL deionized 
H2O and poured into the column. The column was washed with deion
ized water (500 mL), followed by a solvent gradient of 0 to 0.5 M 
NH4HCO3 buffer (800 mL) for 10 or TEAB buffer (800 mL) for 16. 
Fractions were collected, and appropriate fractions were selected and 

concentrated under vacuum and lyophilized several times to remove 
NH4HCO3. The residue was further purified over the Sephadex® column 
using the same previously described procedure. Fractions were 
collected, and appropriate fractions were concentrated under vacuum 
and freeze-dried several times to remove NH4HCO3, yielding the pure 
nucleotides.

4.1.6.1. 2-Phenylethynyladenosine-5’-O- 
(β,γ-dichloromethylenetriphosphate) tetraammonium salt (10). Nucleo
side 6 (200 mg, 0.54 mmol) was used for the synthesis yielding 10 (28.0 
mg, 0.038 mmol) in 7% yield. 1H NMR (D2O): δ 4.12 (m, 2H, CH2–5′), 
4.25 (m, 1H, H-4′), 4.43 (m, 1H, H-3′), 4.59 (m, 1H, H-2′), 5.96 (m, 1H, 
H-1′), 7.28 (m, 3H, H-Ph), 7.49 (m, 2H, H-Ph), 8.40 ppm (s, 1H, H-8); 13C 
NMR (D2O): δ 65.32 (C5’), 70.17 (C3’), 74.82 (C2’), 83.69 (C4’), 86.89 
(C1’), 87.08 (C≡), 87.41 (CCl2), 118.47 (≡C), 120.06 (C5), 128.36 (2C- 
Ph), 129.93 (C-Ph), 132.15 (2C-Ph), 140.15 (C8), 146.16 (C4), 155.38 
(C2), 157.73 (C6) ppm; 31P NMR (D2O): δ − 9.70, 1.35, 8.30 ppm.

4.1.6.2. N6-methyladenosine-5’-O-(β,γ-dichloromethylenetriphosphate) 
triethylammonium salt (16). Nucleoside 15 (200 mg, 0.72 mmol) was 
used for the synthesis yielding 16 (38.0 mg, 0.058 mmol) in 8% yield. 1H 
NMR (D2O): δ 1.18 (m, 27H, NCH2CH3), 2.93 (s, 3H, CH3), 3.21 (m, 18H, 
NCH2CH3), 4.08 (m, 1H, H-CH-5′), 4.15 (m, 1H, H-CH-5′), 4.23 (m, 1H, 
H-4′), 4.46 (m, 1H, H-3′), 4.61 (m, 1H, H-2′), 5.96 (d, J = 6.0 Hz, 1H, H- 
1′), 8.10 (s, 1H, H-2), 8.32 ppm (s, 1H, H-8); 13C NMR (D2O): δ 8.24 
(CH3), 27.65 (NCH3), 46.83 (CH2), 65.55 (C5’), 70.48 (C3’), 74.52 
(C2’), 84.06 (CCl2), 84.11 (C4’), 86.95 (C1’), 119.02 (C5), 139.38 (C8), 
147.54 (C4), 153.17 (C2), 155.41 (C6) ppm; 31P NMR (D2O): δ − 9.82, 
1.93, 8.71 ppm.

4.1.7. 2-Phenylethynyl-2′-deoxyadenosine (12)
(Ph3P)2PdCl2 (6.4 mg, 0.009), CuI (40 mg), triethylamine (1.7 mL), 

and phenylethyne (0.526 mL, 4.8 mmol) were added in a solution of 11 
(150 mg, 0.40 mmol) in dry DMF (40 mL) and under N2 atmosphere. The 
reaction was left at room temperature for 7 h. Volatiles were removed 
under vacuo and the crude was chromatographed by silica flash column 
eluting with CHCl3-CH3OH (90:10, v/v). Impure fractions were purified 
by silica gel normal column eluting with CHCl3-cHex-CH3OH (63:25:12 
v/v/v) to obtain 12 as a white solid (109.7 mg, 0.39 mmol). Yield 97%. 
1H NMR (DMSO‑d6): δ 2.30 (m, 1H, H-CH-2′), 2.64 (m, 1H, H-CH-2′), 
3.58 (m, 2H, CH2–5′), 3.88 (m, 1H, H-4′), 4.39 (m, 1H, H-3′), 5.09 (t, J =
5.06 Hz, 1H, OH-5′), 5.11 (d, J = 5.09 Hz, 1H, OH-3′), 6.35 (t, J = 6.38 
Hz, 1H, H-1′), 7.40 (m, 7H, phenyl and NH2), 8.44 ppm (1H, s, H-8). 13C 
NMR (D2O): δ 62.24 (C5’), 71.27 (C3’), 83.60 (C2’), 84.02 (C4’), 88.48 
(C1’), 89.92 (C≡), 119.21 (≡C), 121.73 (C5), 129.35 (2xC-Ph), 129.97 
(C-Ph), 132.32 (2xC-Ph), 140.65 (C8), 145.82 (C4), 149.58 (C2), 156.38 
(C6) ppm.

4.1.8. 2-Phenylethynyl-2′-deoxyadenosine-3′,5′-bisphosphate 
bisammonium salt (13)

Dry proton sponge (64 mg, 0.30 mmol) was added at room temper
ature to a stirred suspension of 12 (53 mg, 0.15 mmol) and trimethyl 
phosphate (75 μL) under nitrogen atmosphere. The reaction mixture was 
cooled at 0 ◦C, then POCl3 (56 μL, 0.60 mmol) was added and the re
action was left at room temperature for 1 h. The mixture was cooled at 
0 ◦C, 1.5 mL of water was added and then it was neutralized with trie
thylamine. When the suspension became clear, it was lyophilized and 
the crude was purified by means of ionic exchange chromatography on a 
Sephadex® DEAE A-25 (Fluka) column (HCO3

− form) equilibrated with 
H2O and eluted with a linear gradient of 0.5 M to 1 M NH4HCO3. After 
lyophilization of the appropriate fractions, pure product 13 was ob
tained as a white powder (15 mg, 0.027 mmol). Yield 18%. 1H NMR 
(D2O): δ 2.61 (m, 2H, H-2′), 3.77 (m, 2H, CH2–5′), 4.27 (s, 1H, H-3′), 6.34 
(m, 1H, H-1′), 7.29 (m, 3H, H-Ph), 7.51 (d, J = 7.2 Hz, 2H, H-Ph), 8.49 
ppm (s, 1H, H-8). 31P NMR (D2O): δ 4.92; 4.36 ppm; Mass: 254.6 [M- 
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2H]2− /2.

4.1.9. 6-Iodo-9-(β-D-ribofuranosyl)purine (14)
Isoamyl nitrite (10.6 mL, 78.90 mmol) was added to a stirred solu

tion of adenosine (1.0 g, 3.74 mmol) and diiodomethane (7.5 mL, 93.5 
mmol) in DMF (12 mL), and the mixture was heated at 60 ◦C for 30 min. 
After removal of volatiles, the residue was made into a slurry and pu
rified by flash chromatography, eluting with CHCl3/MeOH (95:5, v/v), 
to afford 14 as a white solid after recrystallization from EtOAc (302 mg, 
0.60 mmol). Yield 16%; mp 156–158 ◦C. 1H NMR (DMSO‑d6): δ 3.62 (m, 
2H, CH2–5′), 3.97 (m, 1H, H-4′), 4.17 (m, 1H, H-3′), 4.57 (m, 1H, H-2′), 
5.10 (m, 1H, OH), 5.25 (m, 1H, OH), 5.57 (m, 1H, OH), 5.99 (d, J = 5.2 
Hz, 1H, H-1′), 8.65 (s, 1H, H-2), 8.90 ppm (s, 1H, H-8).

4.1.10. N6-methyladenosine (15)
Methylamine (2 mL) was added to compound 14 (200 mg, 0.40 

mmol) in a steel vessel at − 80 ◦C. The steel vessel was sealed and left at 
room temperature for 3 h, after which the excess methylamine was left 
to escape under the hood. The residue was collected and purified over a 
flash column eluting with CHCl3/MeOH (90:10, v/v) to obtain the 
desired product 15 (78 mg, 0.28 mmol). Yield 69%; mp 130–132 ◦C. 1H 
NMR (DMSO‑d6): δ 2.95 (br s, 3H, CH3), 3.60 (m, 2H, CH2–5′), 3.95 (m, 
1H, H-4′), 4.13 (m, 1H, H-3′), 4.60 (m, 1H, H-2′), 5.17 (m, 1H, OH), 5.41 
(m, 2H, 2 x OH), 5.87 (d, J = 6.2 Hz, 1H, H-1′), 7.80 (s, 1H, NH), 8.21 (s, 
1H, H-2), 8.33 ppm (s, 1H, H-8).

4.2. Biological evaluation

The pharmacological assay was performed following a previously 
reported procedure [32].

4.2.1. Cell culture
HEK293 L9–2 cells, kindly provided by Promega Corporation 

(Madison, WI, USA), were maintained under adherent culture condi
tions in high-glucose Dulbecco's Modified Eagle Medium (DMEM). The 
medium was supplemented with 10% foetal bovine serum (FBS), 20 mM 
L-glutamine, 1% sodium pyruvate, 1% penicillin–streptomycin, 1% 
amphotericin B, and 0.2 mg/mL hygromycin. Cells were cultured at 
37 ◦C in a humidified incubator with 5% CO₂ and 95% O₂.

4.2.2. Transient transfection
Cells were plated in six-well culture plates and transfected upon 

reaching approximately 80% confluence using the Arrest-In transfection 
reagent. Briefly, 3 μg of hgpr17 (or hp2y12, or hp2y13, or hp2y14) 
plasmid DNA and 15 μL of Arrest-In reagent were each separately 
diluted in serum-free medium. The diluted DNA was then combined 
with the diluted Arrest-In reagent, gently mixed, and allowed to complex 
for 20 min at room temperature in accordance with the manufacturer's 
instructions. The resulting DNA–Arrest-In complexes were added to the 
cells, which were subsequently incubated for 6 h at 37 ◦C in a CO₂- 
controlled incubator. Following this incubation period, the transfection 
mixture was removed and replaced with fresh complete medium sup
plemented with 10% FBS. Cells were maintained for an additional 48 h 
before being used for the GloSensor cAMP assay.

4.2.3. GloSensor cAMP assay
Cells were harvested in CO₂-independent medium and counted using 

a Neubauer chamber. The appropriate number of cells was resuspended 
in an equilibration medium consisting of CO₂-independent medium 
supplemented with 10% FBS, 3% (v/v) GloSensor cAMP reagent stock 
solution and 87% CO2 independent medium. Following a 2 h equili
bration period, cells were dispensed into 384-well plates. Once a stable 
basal luminescent signal was achieved, agonists were added at 
increasing concentrations.

The antagonist activity of the tested compounds was determined by 
measuring their ability to inhibit the agonist-induced reduction of 

intracellular cAMP levels. Cells were preincubated with varying con
centrations of antagonists in reaction medium for 10 min at room tem
perature, after which agonists were added. Forskolin (FSK, 10 μM) was 
subsequently added 10 min after agonist stimulation, and luminescence 
signals were measured at various time intervals.

None of the compounds tested produced measurable changes in basal 
luminescence or in the cAMP response elicited by forskolin.

4.2.4. Statistical analysis
Responses were expressed as a percentage of the maximal relative 

luminescence units (RLU), with the response elicited by UDP defined as 
100%. Concentration–response curves were generated by nonlinear 
regression analysis using Prism 5.0 software (GraphPad Software, San 
Diego, CA, USA). Agonist potency was quantified by calculating half- 
maximal effective concentration (EC₅₀) values. Antagonist activity was 
assessed by determining half-maximal inhibitory concentration (IC₅₀) 
values, defined as the antagonist concentration required to inhibit 50% 
of the agonist-induced response. Each concentration was evaluated in 
triplicate across five independent experiments, and data are presented as 
mean ± standard error (SE).

4.2.5. Molecular modeling studies
An homology model of the hGPR17 was developed by using the X- 

Ray structure of the hP2Y12 receptor complexed with the agonist 2- 
methylthio-ADP (pdb code: 4PXZ [40]) as a template. The homology 
modeling study, together with receptor model refinement with energy 
minimization tools, was performed within Molecular Operating Envi
ronment (MOE2022.02) Suite [41].

All compound were docked into the hGPR17 binding site using the 
Induced Fit docking protocol of MOE [41] and the genetic algorithm 
docking tool of CCDC Gold [42]. The Induced Fit docking protocol of 
MOE consists in a conformational analysis of compounds followed by 
rigid docking of the generated conformations into the binding site of the 
target. All the poses are then scored by the MOE Alpha HB scoring 
function. Top 50 poses were energetically minimized within the binding 
site, together with the side chains of aminoacids of the cavity. All the 
generated complexes are then subjected to re-scoring with the Alpha HB 
scoring function. Gold docking analysis was set up with default effi
ciency settings, by selecting Chemscore, ASP, and PLP as scoring func
tions. All docking conformations were energetically minimized within 
MOE interface, by leaving unconstrained the whole receptor structure. 
Once energetically minimized, the top scored conformations for each 
compound were selected for visualization and analysis, with focus on the 
most populated families of top score conformations.
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