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Abstract

In this paper we report the synthesis of new Ai/A3; adenosine receptor antagonists designed as
simplification products of the A; antagonists with pyrazolo[1',5":1,6]pyrimido[4,5-d]pyridazin-
4(3H)-one scaffold previously published by us. Preliminary screening with NanoBRET competition
binding assay revealed a number of products with pKi > 5 for AR and A3R, and on some
representative compounds the antagonist profile as well as their selectivity versus A2aR and AzgR
have been validated by antagonizing NECA in cAMP accumulation. The most interesting compounds
resulted the A1/A3 mixed antagonist 3b (pKi = 6.41 and 6.29 for AR and A3R respectively) and the
selective A3R antagonist S¢ (pKi = 6.40). Furthermore, in silico simulations were carried out to study
the molecular mechanism of the high affinity of 3b for A1/A3R as well as the selectivity of 5S¢ for

AsR over AjR.
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1. Introduction
Adenosine receptors (ARs) are membrane receptors widely distributed in various tissues and organs
throughout the body. They are a sub-family of Class A G protein-coupled receptors (GPCRs),
classically consisting of seven transmembrane a helices connected to each other by three intracellular
and three extracellular loops [1]. There are four AR subtypes, namely AR, A2aR, A2sR and AsR.
AR and A3R interact with the Gaji, family of G proteins, inhibiting adenylyl cyclase, thus reducing
the production of cAMP, while AxaR and AR stimulate the production of cAMP by interacting with

Gas proteins [2,3].

Since their discovery and validation as pharmacological targets in the 1980s’, ARs have been the
focus of intensive drug discovery programs, in the context of a plethora of different conditions, for
instance cancer, asthma, infant apnea [4], renal injury [5], immune system disorders [6] and
cardiovascular disease (e.g. cardiac arrhythmias and coronary dysfunction) [7,8]. Recently, ARs have
also been investigated for their potential involvement in the resolution of Covid-19 disease-associated
pneumonia and lung inflammation. The use of inhaled adenosine demonstrated improvements in
oxygenation levels in Covid-19 patients, leading to the protection of lungs from inflammatory
damage, and a rapid improvement of the overall clinical condition [9,10]. Nonetheless, AR
modulation in the treatment of Alzheimer's and Parkinson's disease, as well as other central nervous
system (CNS) disorders [11,12], remains one of the most active fields to identify new clinical
approaches for neurodegenerative conditions. Regarding the latter, AjRs have been found widely
distributed throughout the CNS, with particularly high expression in brain tissue, notably the
hippocampus, cerebral cortex, and cerebellum [13]. Several AR antagonists have demonstrated
positive therapeutic effects on various neurological contexts and pathologies, such as the ability to
inhibit B amyloid toxicity in cerebellar granule neurons in mouse models of Alzheimer's disease (AD)
[14,15]. Elevation of both AR and A2aR levels and sensitivity has been also observed in the frontal
cortex and hippocampus of AD patients [12,16]. Moreover, it has been widely demonstrated that

increased AP and phosphorylated Tau protein levels are factors that can lead to neurotoxicity.



Noteworthy, AjR knockout mice have been found to reverse this effect, thereby ameliorating
cognitive impairment [17,18]. In this regard, selective AiR antagonists are promising therapeutic
targets in AD and for the treatment of cognitive deficits. On the other hand, although A3;R show a low
sequence identity among species, in particular rodents versus primates [19], they have proven to be
an interesting target for some years for agonists and antagonists [20]. In particular, selective A3R
antagonists have been recently developed reaching clinical trials for the treatment of glaucoma,
ulcerative colitis, psoriasis, and Nonalcoholic Steatohepatitis (NASH) [2,21]. Moreover, AszR
antagonists have been shown to be useful in animal models of brain ischemia [20] and across different

cancer types [22].

Overall, given their high structural and sequence homology and their wide, sometimes overlapping,
tissue and organ distribution, the development of selective ligands (e.g. containing a modified
nucleoside scaffold of adenosine, as well as small molecules which could act as both active site and/or
allosteric modulators) remains both challenging and imperative [23]. Activation of multiple signaling
pathways, potential off target side effects, and low subtype selectivity are typical limitations in the
development of AR ligands, with the latter two serious challenges for the development of antagonists
[24]. Thus, focusing on structural modification of established AR binders is a valid approach to
identify drug candidates with enhanced efficacy and selectivity, and to facilitate a possible translation

into clinical settings [25].

Here, we describe the development of a new series of high affinity A1R/A3;R mixed antagonists as
further elaboration of already identified heterocyclic hits. More in detail, based on Jacobson’s
structural requirements for molecules leading to effective AR binding (i.e. planar, aromatic or «
electron rich and nitrogen-containing heterocycles) [13], we have previously developed a series of
tricyclic compounds, with a pyrazolo[1',5":1,6]pyrimido[4,5-d]pyridazin-4(3H)-one scaffold [26-28],
possessing all the necessary features to bind ARs effectively. Within this series, we recorded

interesting biological results towards AR in terms of both affinity and selectivity. This led to the



identification of a potent and selective AjR antagonist (compound A, Figure 1), which was also
further assessed in vivo through the mouse passive avoidance model, exhibiting relevant anti-amnesic
effects [26]. By adopting compound A as the lead compound, we report here the molecular
simplification design of a new series of AR antagonists, expected to possess suitable potency and
isoform selectivity, along with improved overall physical-chemical properties (e.g. high solubility in
biological fluids, increased capability to cross membranes), to facilitate biological and
pharmacological applications. Specifically, we have simplified the tricyclic structure of the original
ligand (e.g. compound A) through the development of 6/6- and 6/5-bicyclic compounds (i.e. based
on pyrimido[4,5-d]pyridazine-4,8-dione and pyrazolo[1,5-a]pyrimidine-7-one scaffolds, B and C,
respectively, in Figure 1). Moreover, we have also explored additional bicyclic templates (i.e.
pyrrolo[1,2-a]pyrimidine, 1,8-naphtyridine and pyrido[1,2-a]pyrimidine) as possible core scaffolds
to further develop antagonists towards ARs. In the new bicyclic series developed herein, we have
maintained the essential structural requirements (of both scaffold and side-chain residues) for AR
binding (see Figure 1), following the structural analysis of selected hit compounds previously

developed by us and/or present in the literature.
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Figure 1. The antagonist lead compound A and the structural simplification approach explored in this
work (scaffold B and C).



2. Results and discussion

2.1. Chemistry
The products reported in this study are bicycles with pyrazolo[1,5-a]pyrimidine and pyrimido[4,5-
d]pyridazine scaffold as simplification of the pyrazolo[1',5":1,6]pyrimido[4,5-d]pyridazin-4(3H)-one
structure of the lead compound A, but also pyrrolo[1,2-a]pyrimidines, 1,8-naphtyridines and
pyrido[1,2-a]pyrimidines and the synthesis of the new products is depicted in Schemes 1-9. All the
final compounds of type 1-5 (1b [29], 1m, 1n [30], 2b [31], 3b [32], 4a and 4¢ [33]) have been tested
as adenosine receptors ligands (see Tables 1 and 2 of chemical structures).
The synthesis of pyrazolo[1,5-a]pyrimidine derivatives 1a-n and 2a-c is reported in Schemes 1-5.
Scheme 1 depicts the cyclization of commercially available 3-phenyl-5-amino-1H-pyrazole 6 with
the appropriate ester derivatives, in ethanol/acetic acid to afford the final 6-ethyl-2-
phenylpyrazolo[1,5-a]pyrimidin-7(4H)-one 1a and intermediate 7, differently substituted at position
5 and 6.
The 2-phenylpyrazolo[1,5-a]pyrimidin-7(4H)-ones 1b [29], 7, 8 [29] and 9 [34] were reacted in
classical conditions with methyl iodide affording 1¢ (from 1b), with H,SO4/HNOs3 affording 1d,e
(from 1b and 8 respectively) and with NBS/CH,Cl, yielding compounds 1f and 1g (from 1b and 7).
Instead, the treatment of compound 9 with bromine gave the 3,6-dibromo derivative 3,6-dibromo-5-
methyl-2-phenylpyrazolo[1,5-a]pyrimidin-7(4H)-one 1h. Next, on the two ester derivatives 1d and
1f an alkaline hydrolysis in 10% NaOH was performed obtaining the corresponding 6-carboxylic
acid, 1i and 1j (after acidification) (Scheme 2).
The final amino derivative 1k was obtained starting from the 5-methyl-3-nitroso-2-
phenylpyrazolo[1,5-a]pyrimidin-7(4H)-one 10 [35], easily reduced in the Parr equipment (H>-Pd/C,
30 PSI) to the 3-amino derivative 11, which gave the desired 3-benzylideneamino derivative 1k by

treatment with benzaldehyde (Scheme 3).



The synthesis of the 6-cyano-3-phenylpyrazolo[1,5-a]pyrimidin-7(4H)-one 11 (Scheme 4) was
carried out with the commercially available 4-phenyl-5-aminopyrazole 12 and ethyl 2-cyano-3-
oxopropanoate 13 into a mixture of acetic acid/ethanol.

Scheme 5 reports the chemical procedure to obtain 6-acetyl-7-methyl-3-phenylpyrazolo[1,5-
a]pyrimidin-2(1H)-one 2a starting from the commercial product 14, by rapid cyclization with
ethoxymethylenacetylacetone in ethanol/HCI. Differently, compound 2b [31] undergoes the N-
alkylation in standard conditions (DMF/K>COs/Mel), to give 2¢ in good yield.

In Scheme 6 is reported the synthesis of the new pyrrolo[1,2-a]pyrimidine derivative 3a obtained by
treatment of ethyl 8-cyano-4-oxo-7-phenyl-1,4-dihydropyrrolo[1,2-a]pyrimidine-3-carboxylate 15
[36] with Lawesson’s reagent in usual conditions.

The synthesis of the final compounds 4a-¢ with pyrimido[4,5-d]pyridazine scaffold is reported in
Scheme 7. Starting from the 4-amino-5-amido derivatives 16a,b [33], the standard alkylation with
suitable alkyl(aryl) halides afforded the intermediates 17a-¢ (17a,¢ [33]) which were treated with
triethylorthoformate in H2SO4 at high temperature to afford compounds 4a-c (4a,c [33]).

In the Scheme 8 is depicted the procedure to obtain the naphthyridone derivatives as type 5. Starting
from intermediate 18 [33], the final Sa and the intermediate 19a [33] were obtained through standard
alkylation reaction with the suitable alkyl halide, while the coupling reaction with phenyl boronic
acid and copper acetate in dry dichloromethane generated the product 19b [33]. The alkaline
hydrolysis of the ester group in compounds 19a,b afforded the carboxylic acids 20a,b [33] which
were firstly converted into the corresponding acid chlorides using SOCl> at room temperature and
then treated with the appropriate (hetero)arylamine in dry tetrahydrofuran to give the final compounds
Sb,c. Lastly, the pyrido[1,2-a]pyrimidine derivative 5Sd was obtained using the same procedure
reported in Scheme 8, but starting from intermediate 21 [33] and using N-methylaniline as reagent

(Scheme 9).
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Scheme 1. Reagents and conditions: i) EtOH/acetic acid, ethyl formylbutanoate (for 1a) or ethyl 2-methyl-
3-oxobutanoate (for 7), reflux, 10 min.
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Scheme 2. Reagents and conditions: i) DMF anhydrous/K,COs/Mel, 40 °C, 2 h; ii) glacial acetic acid, HNO3
fuming/H>SO4 conc, 20 °C, 30 min; iii) 1b (for 1f) or 7 (for 1g), NBS, CHxCl,, 1t, 1 h; 9 (for 1h) Bry/acetic
acid, reflux, 1 h; iv) 10% NaOH, rt, 1-2 h.
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Scheme 3. Reagent and conditions: i) Parr equipment, EtOH, H,-Pd/C, 2 h; ii) EtOH, benzaldehyde, p-TSA,
10 min, rt.
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Scheme 4. Reagent and conditions: i) EtOH/acetic acid, reflux, 30 min.
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Scheme 5. Reagents and conditions: i) ethoxymethylenacetylacetone, 2N HCI, ethanol, 60 °C, 0.5 h; ii)
anhydrous DMF, K>CO3, Mel, 50 °C, 2 h.
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Scheme 6. Reagent and conditions: i) Lawesson’s reagent, toluene, reflux, 6 h.
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Scheme 7. Reagents and conditions: i) suitable alkyl(aryl) halide, K,COs;, DMF, 80 °C, 1-3 h; ii)
triethylorthoformate, H>,SO4 conc, 130 °C, 1-5 h.
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Scheme 8. Reagents and conditions: i) for Sa and 19a, suitable R-benzyl bromide, K-.CO3, DMF, 80 °C, 1-
3 h; for 19b, phenylboronic acid, dry CH>Cl,, Cu(Ac),, EtsN, tt, 24 h; ii) 6N NaOH, EtOH, rt, 0.5-1 h; iii) for
5b, step 1: SOCl,, 20a, EtN, rt, 2-3 h; step 2: aniline, anhydrous THF, rt, 2-3 h; for 5S¢, step 1: SOCI; (excess),
20b, Et;N (catalytic), rt, 2-3 h; step 2: 3,5-dichloro-4-pyridilamine, NaH, anhydrous THF, rt, 30 min.
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Scheme 9. Reagents and conditions: i) step 1: SOCl,, Et;N, rt, 2-3 h; step 2: N-methylaniline, anhydrous
THEF, rt, 2-3 h.

2.2. Pharmacological Activity

2.2.1. Affinity Measurement using a NanoBRET Binding Assay
Following synthesis and purification we first studied all the final compounds (Table 1 and 2) to assess
their binding affinity for AiR and AsR using a previously described NanoBRET competition binding
assay where the fluorescent antagonist CA200645, having high affinity for both receptors, was used

as a tracer [37,38].

Table 1. Chemical structure of compounds with pyrazolo[1,5-a]pyrimidine scaffold (1a-n and 2a-

c).

0 R, CH; O
R \
N<nN 6 NN CH,
R,— | 0
NN R, = N\
R3 |£ ' 3
1a-n 2a-c
Compounds Re Rs R4 R3 R:| Ri

1a CH>CH3 H H H Ph| -

1b [29] COOEt H H H Ph| -
1c COOEt H CH3 H Ph| -

1d COOEt H H NO; Ph| -

le H H CH3 NO; Ph -

1f COOQEt H H Br Ph| -

1g CH; CH; H Br Ph| -

1h Br CH3 H Br Ph| -

1i COOH H H NO, Ph| -




1j COOH H H Br Ph| -
1k H CH3 H | -N=C-Ph | Ph| -
11 CN H H Ph H -
1m [30] CH; H H H Ph| -
1n [30] H COOH | CH3 H Ph| -
2a - - - Ph - H
2b [31] - - - Br - H
2¢ - - - Br - | CH;

Table 2. Chemical structure of compounds with pyrrolo[1,2-a]pyrimidine (3a,b), pyrimido[4,5-
d]pyridazine (4a-c), 1,8-naphtyridine (5a-c¢) and pyrido[1,2-a]pyrimidine (5d) scaffold.

Ro
X N—N
\ COOEt 0 N R,
R 4 | —
N : N
3a,b 4a-c
0] 0]
zZ | | R, Z SN
éH
Hee” SN N :
J
5a-c
Comp. | X | R Ri R2 R3 Re
3a S| H - - - -
3b[32] /0| CI - - - -
4a[33] | - | - - CH>CH;3 - Ph
4b - | - - CH>cCsHo - 3-Cl-Ph
4¢[33] ] - | - - cCeHi - 3-CI-Ph
5a - | - | CHy-3-F-Ph - OEt -
5b - | - | CH2-4-Cl-Ph - NH-Ph -
Sc - | - Ph - NH-(3,5-dichloropyridin)-4-yl -
5d - | - - - - -

The compounds with a pyrazolo[ 1,5-a]pyrimidine scaffold, displayed low affinities for both receptors

with the highest being 1e and 11 (Figure 2A, Table 3). Whereas 1e showed selectivity towards the



AsR (pKi 0f 4.26 + 0.40 for AiR and 5.51 + 0.13 for A3R), 11 was non-selective (pKi of 5.11 £ 0.25
and 5.35 £ 0.05 for AjR and A3R respectively). Similarly, compounds with a pyrazolo[1,5-
a]pyrimidin-2(1H) scaffold also showed low affinity, with 2b displaying the highest affinity, with a
pKi of 5.29 £ 0.23 for AiR (Figure 2B, Table 3). Both 1e and 2b, whilst having appreciable
calculated pKi values at A3R, showed incomplete displacement of CA200645, and were subsequently
deemed of low affinity (see Figure SF1, in Supporting Information).

Compounds with a pyrrolo[1,2-a]pyrimidine scaffold showed the highest affinities among different
scaffolds (Figure 2C, Table 3), with both 3a and 3b displaying a pKi above 5 for both receptors; 3a
had affinities of 5.51 £ 0.14 and 5.03 + 0.28, and 3b 6.41 + 0.12 and 6.29 + 0.13 for AR and Az:R
respectively. Neither showed selectivity, but 3b did display the highest affinity for AR of all the
compounds tested, similar to that of the non-selective agonist 5’-N-Ethylcarboxamidoadenosine
(NECA).

Among those with a pyrimido[4,5-d]pyridazine scaffold, both 4b and 4¢ displayed moderate affinity
for A1R (5.34 £ 0.13 and 5.53 £ 0.10 respectively), and slightly higher affinity for AsR (pKi of 5.70
+ (0.06 and 6.00 + 0.12 respectively). 4a, however, was unable to bind to either receptor (Figure 2D,
Table 3).

Within the final set of compounds, 5d showed no measurable affinity for AsR, and only low affinity
for AR (pKi of 4.60 = 0.13) (Figure 2E, Table 3). However, the remaining three compounds
displayed some selectivity towards the AsR. 5a had a pKi of 5.13 £ 0.13 for A3R, and no determinable
affinity for A|R. Both Sb and 5¢ had moderate affinities for AjR (pKi of 5.56 + 0.18 and 4.72 + 0.49
respectively), but displayed micromolar affinities for the AsR (pKi of 6.28 + 0.12 and 6.40 + 0.04

respectively). 5S¢ had the highest affinity for the A3R of all compounds tested.



6
] .
¥ £ ] @ . o
a 5__ ° ¢
n
™
4
1@ S o Sl llo o e
3 ] | ] ] ] ] | ] | |

N I S NN N NI N NI SN
Pyrazolo[1,5-a]pyrimidine

=
i
6 6 6 6
[
3 g 4 ¥ :] &
0 = = 9 S 5 5D
4 4 4 ﬂ 4
|
o o o 9 &
ko BT 3 e S e
2 qA° qC PPN N SN P P o P
Pyrazolo[1,5-a] Pyrrolo[1,2-a] Pyrimido[4,5-d] 1,8-naphtyridine
pyrimidin-2(1H)-one pyrimidine pyridazine & pyrido[1,2-a]pyrimidine

Figure 2. pKi values for compounds tested with NanoBRET competition binding assay, in HEK293
cells expressing Nluc-AiR (circles) or Nluc-AsR (squares). Values are plotted from individual
replicates with error bars to indicate mean+=SEM. N.D. indicates where no pK; could be determined.



Table 3. pKi values of all the final compounds at A;R and A3R (determined through NanoBRET

ligand binding).

3pKi values are reported = SEM and represent the mean of 3-6 experiments; °N.D. = Not Determined.

AR | AsR
Pyrazolo[1,5-a]pyrimidine
Compound pKi? pKi?
la N.D.b N.D.b
1b 4.69 +0.29 4.26 +0.08
lc N.D.b 4.84+0.15
1d 4.86 +0.25 N.D.b
le 4.26 +0.40 5.51+0.13
1f 4.03+0.14 N.D.b
1g N.D.® 4.38+0.16
1h 493 +0.15 N.D.b
i N.D.b N.D.b
1j 4.72 +0.32 N.D.b
1k 4.61 £0.28 4.66 +0.16
11 5.11+£0.25 5.35+0.05
1m 4.55+0.25 4.58+0.17
In 4.60 +0.22 4.24 +0.34
Pyrazolo[1,5-a]pyrimidin-2(1H)one
2a N.D.b 4.12+0.28
2b 5.29+0.23 N.D.b
2c 4.21 +0.06 4.56+0.12
Pyrrolo[1,2-a]pyrimidine
3a 5.51+0.014 5.13+0.28
3b 6.41+0.12 6.29+0.13
Pyrimido[4,5-d]pyridazine
4a N.D.b 4.06 +0.09
4b 5.34+0.13 5.70 £0.06
4c 5.53+£0.10 6.01 £0.12
1,8-naphtyridine and pyrido[1,2-a]pyrimidine
Sa N.D.b 5.13+£0.13
5b 5.56+0.18 6.28 £0.12
Sc 4.72 +0.49 6.40 +0.04
5d 4.60+0.13 N.D.b




2.2.2. Validating the novel scaffolds as Adenosine Receptor Antagonists

To validate these novel compounds as adenosine receptor antagonists, cells expressing either AiR or
A3R were treated with a fixed concentration of compound (10uM) and increasing concentrations of
the agonist NECA and the inhibition of forskolin-evoked cAMP was measured. Only those which
displayed moderate affinity at either receptor were carried forward: 11, 3a, 3b, 4b, 4¢, Sb and 5c.

All compounds were shown to reduce the potency of NECA-mediated inhibition of forskolin-
stimulated cAMP at least one receptor subtype, confirming their activity as antagonists (Figure 3A,
Table 4). Using the Schild equation [39], affinities could also be calculated from the cAMP
accumulation assays, giving pKb values [38]. For 11, 4b, 4¢, and Sc, there was good agreement
between the pKi and pKb values (Figure 3B). No pKb value could be calculated for 3a at A3R, likely
due to its lower affinity at this receptor. Despite showing high affinity for AiR in the binding assay,
a pKb could not be calculated for 5b suggesting a lack of functional affinity at A;R. For both A|R

and A3R, the pKb calculated for 3b were lower than the pki.
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Figure 3. All high affinity compounds were demonstrated to be antagonists of the inhibitory ARs.
Inhibition of cAMP accumulation at AR (upper) and A3R (lower), in response to NECA, in the
absence or presence of test compounds. (A) Dose response curves, showing antagonism of the
response by compounds. Values are plotted as mean, of n repeats, with error bars to indicate the SEM,
where n is between 3 and 7. (B) comparison of pKi (solid bars and symbols) and pKb values (open
bars and symbols) calculated from binding and cAMP respectively. Values from individual replicates
are plotted, with error bars in indicate mean+SEM. N.D. Indicates where no pKb could be calculated.

Table 4. pECso and pKy values for the inhibition of forskolin-evoked cAMP accumulation by NECA
in CHO-K1 cells expressing AiR or A3R, in the presence of DMSO or test antagonists.

AR AsR
Compound pECso* pKy® pECso* pKy?
DMSO |[876+0.07| N.A> [853+027 N.A.P

11 8.44+020]5.44+025|875+0.14 | 5.45 + 0.00
3a 7.91+0.08 | 5.81+0.02 ] 8.26 + 0.28 N.D.c

3¢ 8.49+0.03 | 4.73+0.28 | 8.84 +£0.23 | 4.92 + 0.44

4b 7.89+0.10 | 5.75+0.11 | 7.80 + 0.26 | 6.00 + 0.29

4c 7.63+0.09 | 6.04+0.24|7.52+0.26 | 6.31+0.30

5b 8.73+0.08 | 4.63+0.15| 8.14+0.25 | 5.60 + 0.27

5¢ 8.72+0.13 | 4.44+0.11 | 6.87 +£0.27 | 5.98 +0.25

aValues are reported as mean + SEM and represent the mean of 3-7 experiments; pECso of individual replicates
were used to calculate pKy, values, using the Schild equation; °N.A. = Not applicable. °N.D. = Not determined.
2.2.3. Confirming selectivity across the Adenosine Receptor Family
The adenosine receptor family shows high conservation, with each family member at least 30%
identical to any other. Whilst many of the compounds tested showed some selectivity between AR
and A3R, some did not, and most bound to both receptors. The next step was to confirm selectivity of
the lead compounds against A2aR and A»gR, which are often co-expressed with AR or A3R and have
opposing signaling cascades. To determine binding at these receptors, the ability of the compounds
to antagonize NECA in cAMP accumulation was again used (Figure 4A-B, Table 5) although since
the AxaR and AsgR are both coupled to the stimulatory G protein addition of forskolin was not
required. Many of the antagonists reduced the potency of NECA at A2aR and AxgR (Figure 4C),
enabling pKy values to be calculated (Figure 4D). 4b did not bind either A>aR or AzgR, showing

selectivity for the inhibitory adenosine receptors (Figure 4C). Whilst Sc¢ also maintained selectivity,



selectively antagonizing the A3R, Sb showed reduced selectivity, with similar pKy’s values for the

A3R and AzBR.
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Figure 4. Varied selectivity of the compound series for the inhibitory adenosine receptors.
Antagonism of NECA-evoked cAMP accumulation in CHO-K1 cells expressing the A2aR (A) or
AR (B). pECso values when the compounds were present (C) were used to calculated pKy values
(D) for all ARs (AiR® or AszR*) or accumulation (A2aR* and A»gRY). Values are plotted as
meantSEM.

Table 5. pECso and pKy values for cAMP accumulation mediated by NECA in CHO-K1 cells
expressing the AxaR or AzpR, in the presence of DMSO or test antagonists.

AZAR AZBR
Compound pECso* pKy® pECso’ pKy®
DMSO 7.41+0.18 N.AP 6.83 +0.27 N.A
11 7.04 +0.05 4.08 + 0.81 6.02 = 0.50 5.45+0.33
3a 7.49 +0.13 526 +£0.16 7.23+0.24 N.D.¢
3c 7.25+0.13 N.D.c 6.11 £0.69 5.27+042
4b 7.36 +£0.33 N.D.¢ 6.55+0.36 N.D.©
4c 7.18 +£0.25 N.D. 6.45+0.48 5.12+0.20
Sb 7.09+0.11 4.49 +0.18 6.28 =£0.20 5.45+0.27




‘ 5c¢

| 7.64+0.25

4.16 = 0.48 | 691+028 | 4.78+0.18 |

aValues are reported as mean + SEM and represent the mean of 3-6 experiments; pECso of individual replicates
were used to calculate pKy, values, using the Schild equation; °N.A. = Not applicable. °N.D. = Not determined.

2.3. In Silico Characterization of Antagonist Binding to the AR and A3R

To better understand the reduced affinity of the new derivatives compared to the lead compound A,

molecular docking studies of Compound A and its chemical analogs, 11, 3a, 3b, 4b, 4¢, 5b, and 5¢

were performed against the active and inactive AR and AsR. Docking with the active structure was

performed to take into consideration the high constitutive activity shown by the AR and A3R [37,40].

Binding Free Energy (BFE) scores (Table S2, see Supporting Information) were calculated for each

compound, which correlated with the experimentally determined binding affinities.
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A, 3b, Sb, Sc (shown in orange). Interacting residues are highlighted in lilac, with hydrogen bonds



indicated by a black dashed line. Quantification of hydrogen bonds and van der Waals interactions
(VDW) generated by each ligand’s docking pose in the binding pocket (C).
To better understand the high affinity of 3b and the other derivatives for both receptors, we looked at

the predicted residues with which they interact, and summarized the predicted hydrogen bonds and
Van der Waals interactions (Figure SA-B, remaining compounds binding maps at the inactive ARs
are found in Figure SF2 in Supporting Information). When bound to the inactive AjR, Compound A
tricyclic scaffold formed a n-n interactions with F171433% and a stabilizing hydrogen bond with
N254633 (residue numbering as per [41,42]); both residues have been previously shown crucial for
AR binding [38]. At the inactive A3;R, Compound A does not form m-m interactions with the
equivalent F1684-2, but instead makes an additional hydrogen bond with Y26573¢ (Figure 5A).
When bound to the inactive AiR, 3b formed an extensive hydrogen bond network; the phenyl chloride
formed hydrogen bonds with T257638 and K265 located in extracellular loop (ECL) 3, while its
carbonyl group formed hydrogen bonds with H278743. At the inactive A3R, 3b formed =n-n
interactions with F168452, Hydrogen bonds were also formed between 3b’s heterocyclic nitrogen
and V722%* and Y2657-3¢, with 3b's carbonyl group forming a hydrogen bond with S732% (Figure
5B). Whilst Compound A formed the most interactions with the A|R, 3b and Sc¢ formed the most
contacts with the AzR.

The BFE scores for 5b and 5¢ showed the greatest difference when comparing the inactive and active
ARs, with the experimentally observed A3R selectivity (Figure 2E, Figure 4D) only apparent at the
active structures (Table S2, see Supporting Information). However, when looking at the contact maps,
both compounds displayed increased interactions with the A;R compared to the AR (Figure S5C).
When bound to the inactive AiR, 5b formed n-m interactions with F171452 through its bicyclic
scaffold. Its carbonyl groups formed hydrogen bonds with E172ECL2] and phenyl group formed a -
stacking interaction with F1714532, 5¢ when docked at the inactive AR, formed similar core n-n
interactions with F171432 through its bicyclic scaffold, with additional hydrogen bonds between its
di-chloropyridine group and Y12!35 as well as its carbonyl group and F171452, At the inactive A3R,

5b does not form -7 interactions with F16843-2; it is instead stabilized via nonpolar interactions with



V16943 and G75%%7 and hydrogen bond formation with Q261732 5¢ formed the same bicyclic
scaffold 7-m interactions with F168452 at the inactive A3R as in the AjR. The di-chloropyridine
nitrogen base linker formed hydrogen bonds with E258FCL3 while its carbonyl groups formed
hydrogen bonds with and Q261732 and additional polar interactions with Q1674531 (Figure 5A and
5B).

For further insight into the As3R binding selectivity exhibited by Sb and Se¢, Adaptive Poisson
Boltzmann Solver (APBS) maps were generated alongside the docking poses at the inactive and
active AR and A3R. APBS is used to generate electrostatic potential maps that provide insight into
the distribution of charged regions on the surface of biomolecules. These electrostatic mappings can
be used to visualize and predict protein-ligand interaction sites and binding pose orientation
[43]. Both inactive and active AR structures were determined to have the same charge gradients.
However, whilst Sb was able to identify the orthosteric pocket as its most energetically favorable
binding pose for both structures, Sc¢ was only able to bind in the pocket at the inactive AR and not
the active AR (Figure 6A). At the active and inactive A3R, APBS mapping determined that the
orthosteric pockets contained opposite charge gradients. However, when docked at either A3;R
structure, both Sb and 5¢ were able to identify the orthosteric pocket for their energetically most
favorable poses (Figure 6B).

Using the contact maps, it was predicted that a triad of polar residues (Q1674-1, Q261732, and
E258ECL3) contributed to these electrostatic interactions that stabilized 5b and 5¢ binding at the AsR.
Upon comparison, these were found not to be present in the AR, or the rat A3R (rA3R) (Figure 6C).
We therefore used this naturally occurring variation to determine if these residues contribute to the
difference in affinity. Neither 5b nor 5¢ was able to find the orthosteric pocket when docked against
the human A3R, mutated such that its binding pocket emulates the rAs;R. Both compounds showed a
reduction in pKy at the rA3;R when tested for their ability to antagonize NECA in a cAMP assay,

confirming their reduced affinity at the rAsR (Figure 6D).
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Figure 6. APBS integrated docking poses of Sb and Sc at the AiR, A3R, and ratAsR with
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A1R (A). Docking pose analysis of 5b and Sc at the active and inactive A3R (B). hAiR vs. hA3R vs.



ratAsR sequence map with docking at inactive ratAszR (C). Pharmacology of 5b and Sc at the ratAsR
compared to the hA3R (D). Significant difference between hA3;R and rA3R determined using a Two-
Way ANOVA with Sidak’s test for multiple comparisons * p < 0.05.

3. Conclusions

In this paper we have reported the development of a new series of Ai/A; adenosine receptor
antagonists as simplification of pyrazolo[1',5":1,6]pyrimido[4,5-d]|pyridazin-4(3H)-ones previously
published by us. In particular, starting from the lead compound A, we synthesized 6/6- and 6/5-
bicyclic compounds (pyrimido[4,5-d]pyridazine-4,8-diones, pyrazolo[1,5-a]pyrimidine-7-one,
pyrrolo[1,2-a]pyrimidine, 1,8-naphtyridine and pyrido[1,2-a]pyrimidine) which were subjected to
pharmacological studies to assess their binding affinity for the AR and AsR using a NanoBRET
competition binding assay. Computational experiments were conducted to gain further insight into
the biophysical bases of the different selectivity features recorded through biological tests.

Pharmacological results highlighted that simplification to bicyclic scaffolds generally reduced both
affinity and selectivity with respect to compound A, being the highest affinity values in the
micromolar range. However, selectivity towards the A3R was observed, suggesting a smaller scaffold
1s more suited to this subtype. Preliminary screening revealed a number of products with pKi > 5 for
A1 or Az and as regard the scaffold, we can speculate that the 5/6-term cores (pyrazolo[1,5-
a]pyrimidine and pyrazolo[1,5-a]pyrimidin-2-(1H)-one) are probably less suitable since out of
nineteen compounds tested only three reached the pKi threshold, while the 6/6-term cores (both
pyrimido[4,5-d]pyridazine and 1,8-naphthyridine, a total of 7 tested) provided four compounds active
in the micromolar range. Overall, it is interesting to note that our working hypothesis (Figure 1) is
largely confirmed by the biological results, since we find 11 among the most interesting compounds.
This ligand reflects in full the simplification of the lead A by formal elimination of the pyridazinone
ring (structure C). In similar fashion, products 4b and 4c¢ show scaffold B in the structure, as
elimination of the pyrazole nucleus from lead A. Therefore, selected compounds showing a pKi > 5
(11, 3a, 3b, 4b, 4¢, Sb and 5c¢) have been selected to define their binding profile and selectivity on

Aza and Asg. From this study, compound 3b emerged as the most potent Ai/Az mixed antagonist of



the series, with pKi=6.41 and 6.29 for AiR and A3R respectively, while Sc resulted the most selective
term, with sub-micromolar affinity for the AsR (pKi = 6.40) and 10-fold lower affinity for the other
AR subtypes. These findings were supported by computational studies, with 3b generating the most
contacts amongst the analogue panel at the AR and A3;R (Figure SC). The selectivity of Sc¢ was
reaffirmed by only being able to identify an orthosteric pocket binding pose at the active A3R and not

the active AR (Figure 6A).

4. Experimental Section

4.1. General remarks

All melting points were determined on a Biichi instrument (New Castle, DE) and are uncorrected.
Extracts were dried over Na;SOs, and the solvents were removed under reduced pressure. Merck F-
254 commercial plates (Merck, Durham, NC) were used for analytical TLC to follow the course of
the reactions. Silica gel 60 (Merck 70-230 mesh, Merck, Durham, NC) was used for column
chromatography. Nomenclatures follow the ITUPAC naming system. 'H and '*C NMR spectra were
recorded using an internal deuterium lock at ambient probe temperatures on a Bruker DRX-400 (400
MHz) instrument and using a sample prepared by dissolving 5 mg of the complex in ca. 500 pL of
DMSO-ds. Chemical shifts (8) are quoted in ppm, to the nearest 0.01 ppm (for 'H NMRs), or 0.01
ppm (for '3C NMRs), and are referenced to the residual non-deuterated solvent peak. Coupling
constants (J) are reported in hertz (Hz) to the nearest 0.1 Hz. Data are reported as follows: chemical
shift, multiplicity (br = broad; s = singlet; d = doublet; t = triplet; m = multiplet, or as a combination
of these, i.e., dd, dt, etc.), integration, coupling constant(s) and assignment . Assignments were
determined either based on unambiguous chemical shift or coupling pattern, supported by DEPT) or
by analogy to fully interpreted spectra for related compounds. For analytical HPLC, a XTerra RP18
(5 um, 4.6 mm x 100 mm) column was used and the mobile phase was composed of solvent A (99.9%
water, 0.1% trifluoroacetic acid) and solvent B (99.9% acetonitrile, 0.1% trifluoroacetic acid) used in

a linear gradient (4% B for 6min, increasing from 4% B to 90% B for 20 min, decreasing from 90%



B to 4% B for 7 min, 4% B for 5min, total run time = 38 min). The sample solutions were prepared
at a concentration of 0.05-0.1 mg per 1 mL. The injection volume was 50 pL, the flow rate was 0.3
mL min~!. The column temperature was room temperature. The UV detector wavelength was fixed
at 250nm. The values of retention time (tr) are given in minutes. High resolution mass spectrometry
(HR-MS) analyses, for accurate mass determination, were performed on Waters Xevo G2-XS
(operating in ES™ or ES™ mode) through direct infusion of samples at 5 pL/min. Unless otherwise
mentioned, electron spray ionisation (ESI) conditions were as follows: 3 kV (ES) capillary voltage;

70 V (ES) sample cone voltage; 250 °C desolvation temperature; 120 °C source temperature.

4.2. Chemistry

6-Ethyl-2-phenylpyrazolo[1,5-a]pyrimidin-7(4H)-one (1a). A solution of commercially available
6 (1.0 mmol) and ethyl formylbutanoate (1.0 mmol) in ethanol, containing a catalytic amount of acetic
acid, was refluxed for 10-30 minutes. After cooling, the precipitate was filtered off and washed with
ethanol/water and recrystallized from acetic acid. Yield 68%, mp > 300; "H NMR (400 MHz, DMSO-
de) 0 12.07 (brs, 1H, NH), 8.21 (s, 1H, Ar), 7.69 (s, 1H, Ar), 7.59 (d, 2H, J = 6.7 Hz, Ar), 7.46 (t, 2H,
J=17.7Hz, Ar), 7.29 (t, 1H, J = 7.4 Hz, Ar), 2.47 (q, 2H, J = 7.4 Hz, CH>), 1.15 (t, 3H, J = 7.4 Hz,
CHz3). 13C NMR (100 MHz, DMSO-ds) 6 156.97 (C), 141.80 (CH), 137.50 (C), 136.08 (CH), 130.81
(C), 128.91 (2xCH), 126.48 (2xCH), 126.25 (CH), 110.25 (C), 103.66 (C), 20.10 (CHz), 13.88 (CH3).
HR-MS(ESI): calcd for C14H13N30 239.1059 (m/z), found m/z 240.1156 [M + H]*, m/z 262.0988 [M
+ Na]*, m/z 278.0706 [M + K]J*. tr= 26.449 min.

Ethyl 7-oxo-2-phenyl-4,7-dihydropyrazolo[1,5-a] pyrimidine-6-carboxylate (1b)[29]. 'H NMR
(400 MHz, DMSO-ds) 8.57 (s, 1H, Ar), 7.99 (d, 2H, J = 8.0 Hz, Ar), 7.51-7.43 (m, 3H, Ar), 6.79 (s,
1H, Ar), 4.25 (q, 2H, J = 7.1 Hz, CH»), 1.30 (t, 3H, J = 7.1 Hz, CH3). 3C NMR (100 MHz, DMSO-
ds) 0 163.50 (C), 153.59 (C), 145.16 (CH), 141.65 (C), 139.56 (C), 132.00 (C), 129.27 (CH), 128.81
(2xCH), 126.23 (2xCH), 98.97 (C), 88.37 (CH), 59.98 (CH>), 14.28 (CHs). HR-MS(ESI): calcd for

Ci15H13N303 283.0957 (m/z), found m/z 306.0866 [M + Na]*. tr= 25.564 min.



Ethyl 4-methyl-7-0x0-2-phenyl-4,7-dihydropyrazolo[1,5-a]pyrimidine-6-carboxylate  (1c¢).
Methyl iodide (2.0 mmol) was added to a mixture of compound 1b [29] (1.0 mmol) and K>COs (1.0
mmol) in anhydrous DMF (5 mL). The reaction was maintained at 40 °C for two hours, monitoring
by TLC (dichloromethane/methanol 10/1, v/v). After complete consumption of the starting material,
dilution with water/ice gave a white precipitate which was filtered off and recrystallized from ethanol.
Yield 52 %, mp 254-256 °C; '"H NMR (400 MHz, DMSO-ds) 6 8.66 (s, 1H, Ar), 7.98 (d, 2H, J = 8.0
Hz, Ar), 7.53-7.42 (m, 3H, Ar), 7.05 (s, 1H, Ar), 4.25 (q, 2H, J = 7.1 Hz, CH>), 3.85 (s, 3H, NCH3),
1.29 (t, 3H,J = 7.1 Hz, CH3). 3C NMR (100 MHz, DMSO-ds) 6 163.43 (C), 154.47 (CH), 153.51
(C), 149.04 (CH), 143.61 (C), 131.86 (C), 129.34 (CH), 128.96 (2xCH), 126.17 (2xCH), 99.09 (C),
89.19 (CH), 60.13 (CH2), 40.46 (CH3), 14.33 (CHs). HR-MS(ESI): calcd for Ci1sHisN3O3 297.1113

(m/z), found m/z 298.3531 [M + HJ*, 320.1006 [M + Na]*, m/z 336.0735 [M + K]". t= 26.356 min.

General procedure for the synthesis of compounds 1d and 1e. A solution of compound 1b or 8
[29] (2.0 mmol) suspended in glacial acetic acid (15 mL) was heated to facilitate the solubilization.
Subsequently, a sulphonitric mixture (HNO3/H2SOs, 3:0.5 mL) was slowly added under stirring. The
orange precipitate was cooled and poured into water/ice, obtaining a light-yellow residue which was
filtered off, washed twice with water and then purified by recrystallization from the suitable solvent.
Ethyl 3-nitro-7-oxo-2-phenyl-4,7-dihydropyrazolo[1,5-a]pyrimidine-6-carboxylate (1d)

From 1b [29]; recrystallized from ethanol. Yield 70 %, mp 296-297 °C; 'H NMR (400 MHz, DMSO-
de) 0 8.42 (s, 1H, Ar), 7.73 (d, 2H, J = 8.0 Hz, Ar), 7.54 (d, 3H, J = 8.0 Hz, Ar), 4.29 (q, 2H, CHa, J
= 7.1 Hz), 1.31 (t, 3H, CH3, J = 7.1 Hz). 3C NMR (100 MHz, DMSO) 6 162.37 (C), 151.49 (C),
149.27 (C), 146.09 (CH), 140.72 (C), 130.03 (C), 129.60 (CH), 129.53 (2xCH), 128.17 (2xCH),
117.57 (C), 104.64 (C), 60.82 (CHz), 14.17 (CHs). HR-MS(ESI): calcd for CisH12N4Os 328.0808
(m/z), found m/z 329.0859 [M + Na]*, 351.0686 [M + Na]*, m/z 367.0430 [M + K]*. tr=27.105 min.

4-Methyl-3-nitro-2-phenylpyrazolo[1,5-a]pyrimidin-7(4H)-one (1e)



From 8 (2.5 mmol) [29]; recrystallized fom ethanol. Yield 65 %, mp > 300 °C; 'H NMR (400 MHz,
DMEF-d; + CH2Cl») 8 9.60 (s, 1H, Ar), 8.45-8.37 (m, 5H, Ar), 7.56 (s, 1H, Ar), 4.18 (s, 3H, CHz3). 13C
NMR (100 MHz, DMF-d;+ CHxCl,) 6 152.89 (C), 148.72 (C), 147.37 (C), 147.09 (CH), 143.90 (C),
138.23 (C), 127.48 (2xCH), 124.36 (2xCH), 91.86 (CH), 41.12 (CHs). HR-MS(ESI): calcd for
Ci13H10N403 270.0753 (m/z), found m/z 293.2022 [M + Na]*. tR= 26.706 min.

General procedure for the synthesis of 1f and 1g. NBS (1.5 mmol) was added to a solution of
compound 1b [29] or 7 (for the synthesis of 7 see below) (1.0 mmol) in dichloromethane (10 mL).
The brown solution was maintained at room temperature for 1 hour and then evaporated to dryness.
The residue was washed with alkaline water, before being recovered by filtration and recrystallized
from the suitable solvent.

Ethyl 3-bromo-7-o0xo0-2-phenyl-4,7-dihydropyrazolo[1,5-a]pyrimidine-6-carboxylate (1f)

From 1b [29]; recrystallized from acetonitrile. Yield 68 %, mp 266-267 °C; '"H NMR (400 MHz,
DMSO-ds) 6 8.42 (s, 1H, Ar), 7.93 (d, 2H, J = 8.0 Hz, Ar), 7.57-7.47 (m, 3H, Ar), 4.25 (q, 2H, J =
7.1 Hz, CH»), 1.30 (t, 3H, J = 7.1 Hz, CH3). 3C NMR (100 MHz, DMSO-ds) 6 163.23 (C), 152.37
(C), 150.63 (C), 145.54 (CH), 140.18 (C), 130.93 (C), 129.43 (CH), 128.69 (2xCH), 127.84 (2xCH),
99.89 (C), 75.50 (C), 60.22 (CH>), 14.25 (CH3). HR-MS(ESI): calcd for CisH12BrN3;Os3 361.0062
(m/z), found m/z 383.9940, 385.9921 [M + Na]*, m/z 399.9680, 401.9659 [M + K]*. tr= 26.356 min.
3-Bromo-5,6-dimethyl-2-phenylpyrazolo[1,5-a]pyrimidin-7(4H)-one (1g)

From 7; recrystallized from acetonitrile. Yield 68 %, mp 233-235 °C; 'H NMR (400 MHz, DMSO-
ds) 8 12.07 (exch br s, 1H, NH), 7.92 (d, 2H, J = 8.0 Hz, Ar), 7.54-7.46 (m, 3H, Ar), 2.38 (s, 3H,
CH3), 1.99 (s, 3H, CH3). *C NMR (100 MHz, DMSO-ds) 6 156.12 (C), 149.83 (C), 146.97 (C),
140.09 (C), 131.44 (C), 129.08 (CH), 128.52 (2xCH), 127.83 (2xCH), 126.11 (C), 102.17 (CH),
71.19 (C), 17.10 (CH3), 10.42 (CH3). HR-MS(ESI): calcd for C14H12BrN3O 317.0164 (m/z), found
m/z 318.0239, 320.0222 [M + HJ*, m/z 340.0064, 342.0042 [M + Na]*, m/z 355.9800, 357.9779 [M
+ K]*. tr=27.882 min.

3,6-Dibromo-5-methyl-2-phenylpyrazolo[1,5-a]pyrimidin-7(4H)-one (1h)



Compound 9 (2.5 mmol) [34] was suspended in hot acetic acid (10 mL) and an excess of bromine
was added until the solution remained red. The dilution of the solution with ice/water yielded a
precipitate which was filtered and purified by recrystallization from DMF/water. Yield 52%, mp 251-
253 °C; '"H NMR (400 MHz, DMSO-ds) 6 12.83 (exch br s, 1H, NH), 7.931 (d, 2H, J = 8.0 Hz, Ar),
7.56-7.48 (m, 3H, Ar), 2.55 (s, 3H, CH3). *C NMR (100 MHz, DM SO-dps) 6 152.34 (C), 150.62 (C),
150.09 (C), 139.89 (C), 131.05 (C), 129.35 (CH), 128.63 (2xCH), 127.91 (2xCH), 92.96 (C), 72.85
(C), 20.52 (CHsz). HR-MS(ESI): calcd for Ci3HoBraN3O 380.9112 (m/z), found m/z 381.9183,
383.9162, 385.9143 [M + HJ*, 403.9004, 405.8985, 407.8964 [M + Nal*, m/z 419.8742 421.8722,
423.8702 [M + K]*. tr= 29.089 min.

General procedure for obtaining compounds 1i and 1j. Starting esters 1d and 1f were suspended
in a NaOH 20% solution and heated until complete solubilization. After cooling, the addition of HCI
conc. gave the precipitate of the corresponding carboxylic acids 1i and 1j, which were recovered by
vacuum filtration.

3-Nitro-7-oxo0-2-phenyl-4,7-dihydropyrazolo[1,5-a]pyrimidine-6-carboxylic acid (1i)

From 1d; yield 80 %, mp 253-254 °C; 'H NMR (400 MHz, DMSO-d) 6 8.46 (s, 1H, Ar), 7.73 (d,
2H, J = 8.0 Hz, Ar), 7.55-750 (m, 3H, Ar). 3C NMR (100 MHz, DMSO-ds) 6 163.86 (C), 152.87
(C), 149.50 (CH), 146.92 (C), 141.37 (C), 129.98 (C), 129.75 (CH), 129.53 (2xCH), 128.15 (2xCH),
117.68 (C), 104.55 (C). HR-MS(ESI): caled for C13HsN4Os 300.0495 (m/z), found m/z 323.0370 [M
+ Na]*. tg= 25.341 min.
3-Bromo-7-o0xo0-2-phenyl-4,7-dihydropyrazolo[1,5-a]pyrimidine-6-carboxylic acid (1j)

From 1f; yield 83 %, mp 253-254 °C; '"H NMR (400 MHz, DMSO-ds) 6 8.49 (s, 1H, Ar), 7.94 (d,
2H, J = 8.0 Hz, Ar), 7.57-7.51 (m, 3H, Ar). 3C NMR (100 MHz, DMSO-ds) 6 164.64 (C), 155.41
(C), 151.16 (C), 146.39 (CH), 141.23 (C), 130.92 (C), 129.47 (CH), 128.68 (2xCH), 127.87 (2xCH),
99.22 (C), 76.30 (C). HR-MS(ESI): caled for C13HsBrN3O3 332.9749, (m/z), found m/z 355.9622,
357.9600 [M + Na]*. tr=26.582 min.

3-Benzylideneamino-5-methyl-2-phenylpyrazolo[1,5-a]pyrimidin-7(4H)-one (1k)



A suspension of 11 (2.0 mmol) (for the synthesis of 11 see below) and benzaldehyde (2.2 mmol) was
refluxed in ethanol (20 mL) for 10 min. The yellow precipitate was filtered and recrystallized from
acetic acid. Yield 75%, mp 299-301 °C; 'H NMR (400 MHz, DMSO-ds) 6 12.09 (exch br s, IH, NH),
8.71 (s, 1H, Ar), 8.03 (d, 2H, J = 8.0 Hz, Ar), 7.92 (d, 2H, J = 8.0 Hz, Ar), 7.55-7.38 (m, 6H, Ar),
5.67 (s, 1H, Ar), 2.35 (s, 3H, CHz3). 13C NMR (100 MHz, DMSO-ds) 6 161.74 (CH), 155.74 (C),
150.98 (C), 146.53 (C), 136.48 (C), 132.59 (C), 132.48 (C), 131.13 (CH), 128.78 (2xCH), 128.56
(CH), 128.46 (2xCH), 128.21 (2xCH), 127.80 (2xCH), 115.22 (C), 95.91 (CH), 18.84 (CH3). HR-
MS(ESI): calcd for C20H16N4O 328.1324 (m/z), found m/z 329.1394 [M + H]*, m/z 351.1250 [M +
Na]*. tg=23.763 min.

6-Cyano-3-phenylpyrazolo[1,5-a]pyrimidin-7(4H)-one (11)

A solution of commercially available 4-phenyl-5(3)-aminopyrazole 12 (1.0 mmol), ethyl alpha-
formylcyanoacetate 13 (1.0 mmol) and glacial acetic acid (catalytic amount) in ethanol (5 mL) was
refluxed for 30 minutes. After cooling, the precipitate was recovered by filtration, washed with
ethanol/water and recrystallized from a suitable solvent. Yield 70%, mp > 300 °C, 'H NMR (400
MHz, DMSO-dg) 6 8.65 (s, 1H, Ar), 8.35 (s, 1H, Ar), 7.61 (d, 2H, J = 8.0 Hz, Ar), 7.47 (t,2H, J =
8.0 Hz, Ar), 7.35 (t, 1H, J = 8.0 Hz, Ar). BC NMR (100 MHz, DMSO-ds) 6 154.60 (C), 147.85 (CH),
143.01 (CH), 137.07 (C), 129.61 (C), 128.88 (2xCH), 127.36 (2xCH), 127.17 (CH), 115.56 (C),
107.81 (C), 82.88 (C). HR-MS(ESI): caled for C13HsN4O 236.0698 (m/z), found m/z 237.0784 [M +
H]*, 259.0623 [M + Na]®. tr=25.199 min.

6-Methyl-2-phenylpyrazolo[1,5-a] pyrimidin-7(4H)-one (1m) [30]. '"H NMR (400 MHz, DMSO-
de) 6 12.23 (exch br s, 1H, NH), 7.97 (d, 2H, J = 8.0 Hz, Ar), 7.81 (d, 1H,J = 4.6 Hz, Ar), 7.48-7.38
(m, 3H, Ar), 6.57 (s, 1H, Ar), 2.01 (s, 3H, CH3). *C NMR (100 MHz, DMSO-ds) 6 157.45 (C),
153.08 (C), 143.01 (C), 136.19 (CH), 132.55 (C), 128.83 (CH), 128.71 (2xCH), 126.17 (2xCH),
103.64 (C), 85.13 (CH), 12.64 (CHs). HR-MS(ESI): calcd for C13H11N30 225.0902 (m/z), found m/z
226.0984 [M + HJ*, m/z 248.0805 [M + Na]*, m/z 264.0542 [M + K]*. tg= 25.193 min.

4-Methyl-7-0x0-2-phenyl-4,7-dihydropyrazolo[1,5-a] pyrimidine-5-carboxylic acid (1n) [30].



'H NMR (400 MHz, DMSO-ds) 6 8.00 (d, 2H, J = 8.0 Hz, Ar), 7.52-7.42 (m, 3H, Ar), 7.07 (s, 1H,
Ar), 6.21 (s, 1H, Ar), 3.85 (s, 3H, NCH3). *C NMR (100 MHz, DMSO-ds) 6 162.83 (C), 155.23 (C),
153.82 (C), 145.29 (C), 143.56 (C), 131.94 (C), 129.30 (CH), 128.88 (2xCH), 126.17 (2xCH), 98.77
(CH), 88.45 (CH), 38.04 (CHs). HR-MS(ESI): calcd for Ci4H11N303 269.0800 (m/z), found m/z
270.0886 [M + HJ*, 284.1050 [M(+CH3) + H]" m/z 292.0702 [M + Na]*. tr= 22.747 min.
6-Acetyl-7-methyl-3-phenylpyrazolo[1,5-a]pyrimidin-2(1H)-one (2a)

A solution of commercially available 5-amino-4-phenylpyrazolo-3-one 14 (50 mmol) in 2N
HCl/ethanol (25 mL/15 mL) was heated at 60 °C. The addition of 8§ mL (52.2 mmol) of
ethoxymethylenacetylacetone produced the simultaneous formation of an orange precipitate and the
suspension was heated at the same temperature for additional 30 minutes. After cooling, the
suspension was neutralized with 2N NaOH (25 mL). The precipitate was recovered by filtration and
recrystallized from ethanol, affording light yellow crystals. Yield 60 %, mp 203-204 °C, TLC eluent:
chloroform/methanol 10/1 v/v. 'H NMR (400 MHz, DMSO-d) 6 8.92 (s, 1H, Ar), 8.23 (d, 2H, J =
8.0 Hz, Ar), 7.40 (t, 2H, J = 8.0 Hz, Ar), 7.20 (t, 1H, J = 8.0 Hz, Ar), 2.94 (s, 3H, CH3), 2.64 (s, 3H,
CH3). 3C NMR (100 MHz, DMSO-ds) 6 196.58 (C), 166.36 (C), 149.78 (CH), 144.90 (C), 138.64
(C), 131.93 (C), 128.12 (2xCH), 126.23 (2xCH), 125.22 (CH), 116.28 (C), 93.69 (C), 29.58 (CH3),
15.00 (CHs). HR-MS(ESI): calcd for C1sH13N302 267.1008 (m/z), found m/z 268.1091 [M + HJ*. tr=
28.934 min.

6-Acetyl-3-bromo-7-methylpyrazolo[1,5-a]pyrimidin-2(1H)-one (2b) [31]. '"H NMR (400 MHz,
DMSO-ds) 6 12.31 (exch br s, 1H, NH), 8.91 (s, 1H, Ar), 2.91 (s, 3H, CH3), 2.64 (s, 3H, CH3). °C
NMR (100 MHz, DMSO-ds) 6 196.69 (C), 164.28 (C), 150.81 (CH), 149.20 (C), 145.18 (C), 117.13
(C), 69.56 (C), 29.72 (CH3), 14.49 (CHs). HR-MS(ESI): calcd for CoHsBrN3zO; 268.9800 (m/z),
found m/z 269.9882, 271.9866 [M + H]|". tr= 24.375 min.
6-Acetyl-3-bromo-1,7-dimethylpyrazolo[1,5-a]pyrimidin-2(1H)-one (2¢)

K>CO3 (1.0 mmol) and methyl iodide (2.0 mmol) were added to a solution of compound 2b [31] (1.0

mmol) in 5 mL of anhydrous DMF. The reaction was maintained at 50 °C for 2 hours, monitoring by



TLC (dichloromethane/methanol 10/1, v/v). After full consumption of the starting material, the
mixture was diluted with water/ice, to give a light-yellow precipitate which was recovered by
filtration and recrystallized from ethanol. Yield 67 %, mp 171-172 °C; 'H NMR (400 MHz, DMSO-
ds) 6 8.97 (s, 1H, Ar), 4.09 (s, 3H, NCHz), 2.96 (s, 3H, CHz3), 2.65 (s, 3H, CH3). 3C NMR (100 MHz,
DMSO-ds) 6 196.63 (C), 164.46 (C), 151.60 (CH), 150.07 (C), 145.42 (C), 117.35 (C), 69.23 (C),
56.61 (CHs), 29.77 (CH3), 14.50 (CH3). HR-MS(ESI): calcd for Ci14H13N30 282.9956 (m/z), found
m/z 284.0050, 286.0024 [M + H]". tr= 29.006 min.

Ethyl 7-(4-chlorophenyl)-8-cyano-4-thioxo-1,4-dihydropyrrolo[1,2-a]pyrimidine-3-carboxylate
(32)

0.72 mmol of Lawesson’s reagent were added to a suspension of compound 15 (0.36 mmol) and ethyl
7-(4-chlorophenyl)-8-cyano-4-oxo-1,4-dihydropyrrolo[ 1,2-a]pyrimidine-3-carboxylate [32] in 5 mL
of anhydrous toluene. The mixture was stirred at reflux for 6 h and then cooled, concentrated in vacuo,
diluted with ice-cold water (10 mL) and extracted with ethyl acetate (3 x 15 mL). The organic phase
was dried over sodium sulphate and evaporated under vacuum to obtain the final compound 3a which
was purified by flash column chromatography using cyclohexane/ethyl acetate 3:1 as eluent. Yield
70%, mp > 300 °C, 'H NMR (400 MHz, DMSO-ds) 6 8.31 (s, 1H, Ar), 8.28 (s, 1H, Ar), 7.78 (d, 2H,
J =8.0 Hz, Ar), 7.53-7.40 (m, 3H, Ar), 4.26 (q, 2H, J = 7.1 Hz, CH»), 1.31 (t, 3H, J = 7.1 Hz, CH3).
BCNMR (100 MHz, DMSO) & 173.23 (C), 164.65 (C), 138.55 (CH), 136.93 (C), 131.58 (C), 129.12
(2xCH), 128.40 (CH), 126.84 (2xCH), 115.06 (C), 114.47 (C), 111.16 (CH), 75.57 (C), 60.57 (CH>),
14.11 (CHs). HR-MS(ESI): calcd for C17H13N30,S 323.0728 (m/z), found m/z 324.0869 [M + H]",
m/z 346.0679 [M + Na]*. tg= 31.024 min.

Ethyl 8-cyano-4-oxo-7-phenyl-1,4-dihydropyrrolo[1,2-a] pyrimidine-3-carboxylate (3b) [32].
'"H NMR (400 MHz, DMSO-ds) & 8.40 (s, 1H, Ar), 7.78 (d, 2H, J = 8.0 Hz, Ar), 7.71 (s, 1H, Ar),
7.57-7.52 (m, 2H, Ar), 4.21 (q, 2H, J = 7.1 Hz, CH»), 1.28 (t, 3H, J = 7.1 Hz, CH3). 13C NMR (100
MHz, DMSO-ds) 6 164.41 (C), 154.03 (C), 148.93 (C), 139.85 (C), 132.41 (C), 131.22 (CH), 128.97

(2xCH), 128.28 (2xCH), 125.63 (C), 115.95 (C), 107.01 (CH), 96.91 (C), 75.38 (C), 59.49 (CHa),



14.38 (CH3). HR-MS(ESI): calcd for C17H12CIN3O3 341.0567 (m/z), found m/z 364.0529, 366.0498
[M + Na]*. tr= 30.468 min

7-Ethyl-5-phenyl-3,7-dihydropyrimido[4,5-d] pyridazine-4,8-dione (4a) [33]. 'H NMR (400
MHz, DMSO-ds) 6 13.07 (exch br s, 1H, NH), 8.43 (s, 1H, Ar), 7.42-7.34 (m, 5SH, Ar), 4.17 (q, 2H,
J =17.1 Hz, CHy), 1.30 (t, 3H, J = 7.1 Hz, CH3). 3C NMR (100 MHz, DMSO-d¢) & 151.99 (CH),
144.19 (C), 136.66 (2 x C), 128.91 (2 x CH), 128.05 (CH), 127.14 (2 x CH), 46.65 (CH»), 13.21
(CH3). HR-MS(ESI): calcd for C14H12N402 268.0960 (m/z), found m/z 269.1036 [M + H]*, 291.0856
[M + NaJ*. tr=23.365 min.
5-(3-Chlorophenyl)-7-(cyclopentylmethyl)-3,7-dihydropyrimido[4,5-d]pyridazine-4,8-dione
(4b). A mixture of 17b (for the synthesis of 17b see below) (0.58 mmol), triethylorthoformate (8.9
mmol, 1.5 mL) and a catalytic amount of concentrated sulfuric acid (0.05 mmol) was heated at 130
°C for 1 h in a sealed tube. After cooling, the precipitate was recovered by filtration under vacuum.
The crude precipitate was purified by flash column chromatography using CH>Clo/MeOH 9:1 as
eluent. Yield 44%, mp = 266-268 °C (EtOH). 'H NMR (400 MHz, DMSO-ds) 6 8.45 (s, 1H, Ar),
7.47-7.36 (m, 4H, Ar), 4.09 (d, 2H, J = 7.5 Hz, N-CH>), 2.46-2.38 (quin, 1H, J = 7.5 Hz, CH cCsHy),
1.63-1.49 (m, 6H, 3 x CH; ¢cCsHy), 134-128 (m, 2H, CH> c¢CsHo.) 3C NMR (100 MHz, DMSO-ds) &
158.17 (C), 156.84 (C), 152.05 (C), 149.88 (C), 148.52 (C), 142.31 (C), 138.69 (C), 131.77 (CH),
129.10 (CH), 128.79 (CH), 127.99 (CH), 127.63 (CH), 55.52 (CH>), 38.54 (CH), 29.56 (CH>), 24.47
(CH2). HR-MS(ESI): calcd for CisH17CIN4O2 356.1040 (m/z), found m/z m/z 379.0936, 381.0911
[M + Na]". tr=29.870 min.
5-(3-Chlorophenyl)-7-cyclohexyl-3,7-dihydropyrimido[4,5-d]pyridazine-4,8-dione (4¢) [33]. 'H
NMR (400 MHz, DMSO-ds) 6 8.44 (s, 1H, Ar), 7.48-7.38 (m, 4H, Ar), 4.84 (t, 1H, J = 7.0 Hz, CH
cCeHi1), 1.83-1.63 (m, 7H, cCsH11), 1.46-1.36 (m, 2H, cCsHi1), 1.21-1.12 (m, 1H, cC¢H11). 3C NMR
(100 MHz, DMSO-ds) 6 158.09 (C), 156.30 (C), 151.90 (CH), 148.28 (C), 142.12 (C), 138.87 (C),

131.78 (C), 129.11 (CH), 128.83 (CH), 127.97 (CH), 127.66 (CH), 118.45 (C), 56.71 (CH), 30.56



(2xCHa), 24.97 (2xCH>), 24.84 (CH2). HR-MS(ESI): calcd for C1gH17CIN4O2 356.1040 (m/z), found
m/z 357.1117,359.1110 [M + HJ*, 379.0944, 381.0919 [M + Na]". tr= 29.599 min.

Ethyl 1-(3-fluorobenzyl)-7-methyl-4-0xo0-1,4-dihydro-1,8-naphthyridine-3-carboxylate (5a).
Compound 5a was obtained following the same procedure for the synthesis of 17b, but starting from
intermediate 18 [33] and using m-F-benzyl bromide as reagent. The crude compound was purified by
flash column chromatpgraphy using toluene/ethyl acetate 1:1 as eleunt. Yield 80%, mp = 139-141 °C
(cyclohexane). "H NMR (400 MHz, DMSO-dc) 6 8.98 (s, 1H, Ar), 8.44 (d, 1H, J = 8.1 Hz, Ar), 7.47-
7.40 (m, 3H, Ar), 7.16 (t, 2H, J = 8.0 Hz, Ar), 5.66 (s, 2H, N-CH»), 4.24 (q, 2H, J = 7.1 Hz, O-CH>),
2.61 (s, 3H, CH3), 1.28 (t, 3H, J = 7.1 Hz, CH,CH3) . 3C NMR (100 MHz, DMSO-d5) 6 173.18 (C),
164.28 (C), 162.44 (C), 160.40 (C), 149.26 (CH), 148.36 (C), 136.08 (CH), 133.04 (C), 130.11 (C),
130.03 (CH), 121.35 (CH), 120.56 (C), 115.51 (CH), 115.29 (CH), 111.75 (C), 59.96 (CH>), 51.79
(CH2), 24.56 (CH3), 14.26 (CH3). HR-MS(ESI): calcd for C19H17FN203 340.1223 (m/z), found m/z
341.1312 [M + HJ*, 363.1184 [M + Na]*, m/z 379.0880 [M + K]*. tg= 29.533 min.

General procedure for the synthesis of the final compounds Sb and Sd. The appropriate
carboxylic acid 20a or 21 [33] (0.24 mmol) was converted into the acyl chloride with SOCl, (6.5
mmol) and triethylamine (0.06 mL) at room temperature for 40—60 min. After removing the excess
SOCl,, the residue was washed 3 times with cyclohexane and used in the following step without
further purification. Under stirring at 0 °C, a solution of the obtained acyl chloride in anhydrous THF
(5-7 mL) was added dropwise to a solution of the appropriate amine (2.6 mmol) in anhydrous THF
(3-7 mL). The mixture was stirred at room temperature for 2-3 h. After removal of the solvent, the
residue was treated with cold water and extracted with CH2CL (3 x 15 mL). The crude amides Sb,d
were purified by flash column chromatography using toluene/ethyl acetate 10:1 (for Sb) or
CH>Cl1/MeOH 20:1 (for 5d) as eluents.
1-(4-Chlorobenzyl)-7-methyl-4-oxo-N-phenyl-1,4-dihydro-1,8-naphthyridine-3-carboxamide
(5b). From 20a [33] and using aniline as reagent. Yield 36%, mp = 227-230 °C (EtOH). 'H NMR

(400 MHz, DMSO-ds) & 12.16 (exch br s, 1H, NH), 9.29 (s, 1H, Ar), 8.62 (d, 1H, J = 8.1 Hz, Ar),



7.72 (d, 2H, J = 8.0 Hz, Ar), 7.53 (d, 1H, J = 8.1 Hz, Ar), 7.46-7.35 (m, 6H, Ar), 7.13-7.09 (m, 1H,
Ar), 5.83 (s, 2H, CH>), 2.65 (s, 3H, CH3). 3C NMR (100 MHz, DMSO-ds) 3 176.23 (C), 163.54 (C),
161.89 (C), 148.81 (CH), 148.24 (C), 138.53 (C), 136.05 (CH), 135.67 (C), 132.49 (C), 129.87
(2xCH), 129.05 (2xCH), 128.62 (2xCH), 123.64 (CH), 122.00 (CH), 119.65 (2xCH), 119.52 (C),
112.18 (C), 52.33 (CH>), 24.74 (CH3). HR-MS(ESI): calcd for C22H1sCIN3O; 403.1088 (m/z), found
m/z 404.1170, 406.1150 [M + HJ*, m/z 426.0990, 428.0969 [M + Na]*. tg= 36.073 min.
N-6-Dimethyl-4-oxo-N-phenyl-4H-pyrido[1,2-a]pyrimidine-3-carboxamide (5d). From 21 [33]
and using N-methylaniline as reagent. Yield 45%, mp = 193-195 °C (EtOH). 'H NMR (400 MHz,
DMSO-ds) 6 8.27 (s, 1H, Ar), 7.72-7.68 (m, 1H, Ar), 7.39 (d, 1H, J = 8.0 Hz, Ar), 7.25-7.14 (m, 5H,
Ph), 6.94 (d, 1H,J = 4.0 Hz, Ar), 3.35 (s, 3H, CH3), 2.44 (s, 3H, CH3). 3C NMR (100 MHz, DMSO-
ds) 6 165.32 (C), 157.02 (C), 153.58 (C), 153.28 (CH), 143.74 (C), 143.24 (C), 137.28 (CH), 128.39
(2xCH), 126.64 (2xCH), 126.54 (CH), 124.50 (CH), 119.49 (CH), 115.50 (C), 36.89 (CHa), 22.77
(CHz). HR-MS(ESI): calcd for Ci7H15N302 293.1164 (m/z), found m/z 294.1253 [M + HJ*, m/z
316.1092 [M + Na]". tr=22.837 min.
N-(3,5-Dichloropyridin-4-yl)-7-methyl-4-oxo-1-phenyl-1,4-dihydro-1,8-naphthyridine-3-
carboxamide (5c¢). NaH (0.43 mmol) was added to a cooled (0 °C) solution of 3,5-dichloro-4-
pyridilamine (0.43 mmol) in anhydrous THF (3 mL), and the mixture was stirred for 3 h. The acyl
chloride (0.43 mmol), obtained using SOCI; and triethylamine following the same procedure reported
for Sb and 5d, in anhydrous THF (3 mL) was then added to the mixture at 0 °C. After 30 min, the
solvent was removed, and the residue was sequentially washed with 6 M NaOH (2 x 10 mL), 2N HCI
(2 x 10 mL) and H>0O. The solid residue was purified by flash column chromatography using
cyclohexane/ethyl acetate 2:1 as eluent. From 20b [33], yield 60%, mp = 229-230 °C (EtOH). 'H
NMR (400 MHz, DMSO-ds) 6 12.12 (exch br s, 1H, NH), 8.79 (s, 1H, Ar), 8.72-8.68 (m, 3H, Ar),
7.66-7.55 (m, 6H, Ar), 2.51 (s, 3H, CH3). 3C NMR (100 MHz, DMSO-ds) 3 176.61 (C), 163.74 (C),
161.17 (C), 149.53 (C), 149.14 (CH), 148.08 (2xCH), 140.54 (C), 140.43 (C), 135.81 (CH), 129.26

(2xCH), 129.20 (CH), 129.17 (2xC), 127.65 (2xCH), 122.34 (CH), 119.22 (C), 110.73 (C), 24.78



(CH3). HR-MS(ESI): calcd for C21H14C12N4O2 424.0494 (m/z), found m/z 425.0571, 427.0545 [M +
Na], 447.0394, 449.0368 [M + Na]*. tg= 31.830 min.
5,6-Dimethyl-2-phenylpyrazolo[1,5-a]pyrimidin-7(4H)-one (7). A solution of commercially
available 6 (1.0 mmol) and ethyl-2-methyl-3-oxobutanoate (1.0 mmol) in ethanol, containing a
catalytic amount of acetic acid, was refluxed for 10-30 minutes. After cooling, the precipitate was
filtered off and washed with ethanol/water and recrystallized from ethanol. Yield 72 %, mp > 300 °C;
"HNMR (400 MHz, DMSO-dc) 6 8.01 (d, 1H, J=7.9 Hz, Ar), 7.47 (t, IH, J= 7.3 Hz, Ar), 7.53-7.34
(m, 3H, Ar), 6.17 (s, 1H, Ar), 1.88 (s, 3H, CH3), 2.35 (s, 3H, CH3).
3-Amino-5-methyl-2-phenylpyrazolo[1,5-a]pyrimidin-7(4H)-one (11)
A catalytic amount of Pd/C was added to compound 10 [35] (4.0 mmol) suspended in ethanol (150
mL). The reduction (hydrogen in a Parr equipment) was complete in 2 hours. The suspension was
then filtered off to remove the catalyst and the solution obtained was evaporated under vacuum. The
yellow crude product was of suitable purity to be directly used in the next reaction. Yield 57%, mp >
300 °C; '"H-NMR (400 MHz, DMSO-ds) 6 7.57 (dd, 1H, J= 7.8, 1.5 Hz, Ar), 7.45 (exch br s, 1H,
NH), 7.64-7.38 (m, 5H, J = 7.8 Hz Ar), 5.40 (exch br s, 2H, NH>), 2.39 (s, 3H, CH3).
5-Amino-3-(3-chlorophenyl)-1-(cyclopentylmethyl)-6-0xo0-1,6-dihydropyridazine-4-
carboxamide (17b). A mixture of the 5-amino-1,6-dihydropyridazine-4-carboxylic acid amide 16b
[33] (0.49 mmol), K2CO;3 (0.98 mmol) and 1.23 mmol of (bromomethyl)cyclopentane was stirred in
anhydrous DMF (1 mL) at 80 °C for 2 h. After cooling, ice-cold water was added and the precipitate
was recovered by filtration under vacuum to give the pure intermediate 17b. Yield 59%, mp = 184-
187 °C (EtOH). 'H NMR (400 MHz, CDCl3) 6 7.55 (s, 1H, Ar), 7.50-7.37 (m, 3H, Ar), 5.39 (exch br
s, IH, CONH>), 4.95 (exch br s, 1H, CONH>), 4.16 (s, 2H, -CH>-cCsHo), 2.54 (m, 1H, CH cCsHo),
1.80-1.60 (m, 5H, cCsHo), 1.42-1.23 (m, 3H, cCsHo).

4.3. Pharmacology

4.3.1. Cell Culture



NanoLuc (Nluc) AiR or A3R expressing human embryonic kidney (HEK293) cells were cultured in
Dulbucco’s Modified Eagle Medium (DMEM)/Nutrient mixture F12 supplemented with 10% heat-
inactivated foetal bovine serum (FBS) and 1% antibiotic-antimycotic (AA) solution, in the presence
of 800pg/mL G418. Chinese Hamster Ovary (CHO) K1 cells stably expressing AiR, AR, AR, or
AsR were cultured in Nutrient mixture F12 supplemented with 10% FBS and 1% AA, in the presence
of 600pg/mL G418. Flp-In™-CHO cells expressing the rat A3R were cultured in Nutrient mixture

F12 supplemented with 10% FBS and 1% AA, in the presence of 600pug/mL Hygromycin-B. Cells

were cultured at 37°C in a humidified incubator with 5% COa.

4.3.2. NanoBRET Ligand Binding Assay

Ligand binding assays were performed as previously described [37,38]. Cells were treated with
CA200645 at 15nM for Nluc-A3R and 40nM for AiR, and unlabelled test compounds in the
concentration range 100uM to 1nM. 10nM MRS1220 or 100nM DPCPX was used to determine non-

specific binding.

4.3.3. cAMP Accumulation Assays

Measurement of cAMP accumulation was performed as previously described [37,38], using the
LANCEultra cAMP detection kit. CHO-K1 cells stably expressing AiR, A3R, AR, or A2sR, or Flp-
In™-CHO cells expressing the rat AzR were seeded at 1000 cells per well of a 384-well OptiPlate.
Cells were stimulated with NECA in the concentration range 100 uM to 0.1 nM (1 uM to 1 pM for
AiR and 10 uM to 10 pM for rat A3R) in the absence or presence of test compounds (with the addition
of forskolin at 1 or 10 uM for A3R and AR respectively) for 30-minutes. Data were normalised to
the response to 100 uM forskolin or in the case of the rat A3R, the range of NECA in the absence of

test compounds.

4.3.4. Data Analysis



Data was analysed using GraphPad Prism 10. pKi values were determined using the “One site — fit
Ki” model, and pEC50 values determined using the “log(agonist) vs. response (three parameters)”
equation. pKb values were calculated using the Schild Equation:

Xy

Ky=pr=1

Where X is the antagonist concentration, and DR the dose ratio, defined by:

EC , ,
DR = 50(with antagonist)

ECSO(agonist alone)

4.4. Molecular Docking

The structures of the active and inactive state A|R were obtained from the RCSB Protein Data Bank.
The inactive form used was the crystal structure of AR receptor bound to antagonist, PSB36 (PDB:
S5N2S), where the antagonist was removed before performing the docking [44]. The active form was
the cryo-EM structure of the AR bound to adenosine in complex with Gai2 (PDB: 6D9H) [45]. Both
adenosine and Gai2 protein were removed before performing the docking. The inactive form of the
A3R was obtained from Stampelou et a/ [46]. The active structure used was the cryo-EM structure of
AsR bound to CF101 (PDB: 8X16), with the selective agonist removed before performing the docking
[47].

Heteroatoms were removed from the protein before the protein preparation and processing.
Hydrogens were added and the protonation state was set at the physiological pH of 7.4. Kollman
charges were assigned to the protein during PDBQT conversion. For ligand preparation, the Avogadro
molecular editor was used to generate the 3D structure file [48]. Hydrogens were added and Gasteiger
charges were calculated for each ligand. An affinity grid of 30x30x30 A with 0.375 A spacing
centered on the respective binding sites were generated using Autogrid. This allowed for a
comprehensive grid box to be generated to incorporate all potential docking poses within the

orthosteric pocket observed in the structures. Ligand docking was performed using AutoDock Vina



[49,50]. The electrostatic surface potentials for the protein was generated through the APBS-
PDB2PQR software suite [42]. These resources are available from the APBS/PDB2PQR server,

https://server.poissonboltzmann.org/ (accessed 12 July 2024). PQR files were generated at a pH of

7.4 using the AMBER forcefield and were visualized through the APBS-Pymol 3.0 plugin. Ligand

interaction diagrams were generated through Ligplot+ v2.2 [51].
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