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Development of subtype-selective leads is essential in drug discovery campaigns targeting G protein-coupled
receptors (GPCRs). Herein, a structure-based virtual screening approach to rationally design subtype-selective
ligands was applied to the A; and Aa adenosine receptors (AjR and AjaR). Crystal structures of these closely
related subtypes revealed a non-conserved subpocket in the binding sites that could be exploited to identify A;R
selective ligands. A library of 4.6 million compounds was screened computationally against both receptors using

molecular docking and 20 A;R selective ligands were predicted. Of these, seven antagonized the A;jR with
micromolar activities and several compounds displayed slight selectivity for this subtype. Twenty-seven analogs
of two discovered scaffolds were designed, resulting in antagonists with nanomolar potency and up to 76-fold
AjR-selectivity. Our results show the potential of structure-based virtual screening to guide discovery and
optimization of subtype-selective ligands, which could facilitate the development of safer drugs.

1. Introduction

G protein-coupled receptors (GPCRs) constitute the largest group of
eukaryotic cell surface proteins, which are activated by extracellular
stimuli and trigger intracellular signaling pathways. More than 800
GPCRs are encoded in the human genome and 34% of currently
approved drugs mediate their effect by interacting with members of this
superfamily [1]. Over the last decade, the determination of atomic
resolution structures by X-ray crystallography and electron
cryo-microscopy have revealed the binding sites of numerous GPCRs,
which is anticipated to accelerate the development of novel drugs [2]. In
early drug discovery, a primary goal is to identify high-affinity ligands of
the target GPCR with the desired functional effect. It is also essential that
the compounds bind selectively to avoid side effects due to off-target
interactions, which remain a common cause of adverse effects of

approved drugs and failures in clinical trials [3,4]. However, as many
GPCRs recognize the same or similar ligands, achieving target selectivity
may be challenging. There is generally a strong sequence conservation in
the binding site among receptor subtypes that recognize the same
endogenous ligand. Access to atomic resolution GPCR structures pro-
vides the opportunity to identify differences between closely related
targets and guide rational design of selective ligands [5].

Adenosine receptors are a family of GPCRs that comprise four sub-
types (A1, Aga, Agp, and A3). Activation of the AjR and AsR leads to
signaling through G;,, proteins that decrease adenylate cyclase activity
and as a result intracellular cAMP, whereas the A;sR and AygR activate
G, proteins, which stimulate cAMP production [6]. Moreover, adenosine
receptors can modulate a range of intracellular signaling pathways, in
addition to cAMP, such as ERK1/2 phosphorylation and calcium mobi-
lization [7-11]. Adenosine receptors are widely expressed in human

Abbreviations: AjR, adenosine A; receptor; ApaR, adenosine Aps receptor; AR, adenosine A,p receptor; AsR, adenosine Aj receptor; GPCR, G protein-coupled
receptor; NECA, 5'-N-ethylcarboxamidoadenosine; PAINS, Pan-assay interference compounds.
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tissues and have been identified as therapeutic targets in several con-
ditions [12]. The first crystal structure of an adenosine receptor, the
AopR subtype, was determined in 2008 [13]. Virtual screens of chemical
libraries and lead optimization efforts demonstrated that the ApaR was
an excellent target for a structure-based approach, leading to the design
of a large number of high-affinity ligands [14-17]. Notably, these efforts
resulted in the first example of a clinical candidate developed with the
use of structure-based drug design, the antagonist HTL-1071
(ADZ4635), which is currently being evaluated as an anti-cancer drug
[18]. However, the development of adenosine receptor therapeutics has
also been hampered by adverse effects. The AsR antagonist tozadenant
was terminated in phase III trials due to the deaths of several patients,
which were likely caused by off-target interactions [19].

To date, rational development of selective GPCR ligands has been
limited by a paucity of high resolution receptor structures, in particular
across receptor subtypes. However, recent advances enabling a rapid
pace of GPCR structure determination will make it possible to consider
panels of targets and anti-targets in structure-based ligand design [20].
In the case of adenosine receptors, subtype-selective compounds are
essential in drug development due to the broad distribution and varied
roles of the subtypes [12]. Comparison of the recently determined
structures of the AjR with the AgaR provided the first insights into
structural variation between these closely related receptor subtypes [21,
22]. The A;/Aza receptor pair hence represents a prototypical example
of the challenges involved in designing GPCR drugs and can contribute
to the development of more efficient strategies to identify selective
probes.

In this study, we explored the use of GPCR structures of multiple
subtypes to discover selective ligands by virtual screening of chemical
libraries. The A;/A4 receptor pair was selected with the goal of iden-
tifying antagonists with high A;R affinity and subtype selectivity over
the AsaR. Such ligands would provide starting points for the develop-
ment of drugs to treat renal dysfunction associated with chronic heart
disease [23]. Molecular docking programs have been demonstrated to
perform well for GPCRs with enclosed binding pockets (e.g., the aden-
osine, histamine, and dopamine receptors) [20]. Several successful
structure-based virtual screens have been carried out for such targets,
and detailed protocols for docking screens of large commercially avail-
able libraries were recently described [24]. Here, molecular docking was
used to screen a library of 4.6 million compounds against AjR and AgaR
crystal structures with the goal to identify selective ligands. A set of
compounds that were predicted to bind selectively to the AjR were
evaluated in biological assays. The design of chemical libraries guided
by the receptor structures enabled rapid optimization of two virtual
screening hits to nanomolar antagonists displaying AR selectivity.

2. Results
2.1. Molecular docking screens for AjR selective antagonists

Crystal structures of the AjR and AsR were analyzed to identify
differences in the binding sites that could be exploited to discover
subtype-selective ligands. Whereas only one crystal structure of the A;R
subtype had been determined at the start of this work, a large number of
AopR structures in complex with diverse ligands were available [25].
The structures revealed that the binding sites of these adenosine re-
ceptors are very similar. Of the 13 residues forming the ligand binding
site in the structure of the AjR-DU172 complex, 11 are identical to the
residues in the AgaR. Only Leu253%** and Thr270” 34 (generic residue
numbers in superscript [26]) in the AR, which are located in the
extracellular entrance to the binding site, were replaced by other resi-
dues in the Ay5R pocket (11e2525%* and Met2707 34, respectively). The
two less bulky side chains in the AjR created a unique subpocket that
provided a structural interpretation of the selectivity of DU172, which
positions a bulky cyclohexane group in this region [22]. The same
binding mode in the AjsR structure would lead to a steric clash with
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Met270” %34 (Fig. 1). The ensemble of determined AjaR structures
showed that the orthosteric site could adopt different shapes that varied
in similarity to the A;R. For example, Glu169%2 (Glu172F2 in AR)
and His2645°"® form a salt bridge in the opening of the A4R orthosteric
site in several crystal structures. However, there is also an alternative
rotamer of Glu1695°2, leading to a subpocket that resembles that
observed in the AjR structure to a larger extent. The region that
appeared responsible for the selectivity of DU172 hence displayed a high
degree of plasticity in the AzaR. The high sequence conservation and
binding site flexibility of these adenosine receptors illustrate the
complexity of designing subtype-selective GPCR ligands.

To identify selective A;R antagonists, we used structure-based vir-
tual screening of a chemical library containing 4.6 million commercially
available compounds (Fig. 2). Each compound in the library was first
docked to the orthosteric site of the A;R using the program DOCK3.6 and
a binding energy was predicted using a physics-based scoring function
[27]. As available AgaR structures showed that this receptor could adopt
a spectrum of binding site conformations, an ensemble representing six
shapes were used in the virtual screen. The same chemical library was
docked to the AzpR binding sites and the compounds were ranked by
score to each structure. In total, the structures of >32 million complexes
were predicted in the docking screen and, in each case, thousands of
ligand poses were typically explored.

The top 6000 compounds from the AjR screen, corresponding to
0.1% of the library, were further filtered based on their best score from
the six AgaR screens. As comparison of energy scores for the two re-
ceptor subtypes could be misleading due to limitations of the docking
method (e.g., neglect of receptor conformational energy), we used the
difference in rank of each compound to predict selectivity. The 700
compounds with the largest differences in rank between the A;R and
AoaR screens were selected for further evaluation. The difference in
docking rank for these compounds ranged from 134927 to 2728013.
This set of compounds was hence top-scored for the A;R, but had sub-
stantially lower ranking in all the AR screens. The interactions of these
compounds in the AjR binding site were analyzed in more detail.
Encouragingly, consideration of the set of AgsR screens led to an
enrichment of compounds occupying pockets that were unique for the
A;1R. For example, 74% of the compounds positioned substituents in the
vicinity of Thr270”*3* in the A;R site and would hence clash with
Met2707*3* in the AgsR. For comparison, only 55% occupied this region
among the top-ranked compounds from the A;R screen alone. Finally, 20
diverse compounds (1-20) that formed hydrogen bonds with
Asn254%*5% and interacted with non-conserved regions in the AR
structure were selected for experimental evaluation (Table 1 and
Table S1).

2.2. Pharmacological evaluation of predicted ligands

The pharmacology of the 20 compounds selected from the virtual
screening was assessed at the human A;R and AR based on a canonical
G protein signaling pathway, modulation of cAMP accumulation. AjR
activation of Gj/, proteins decreases forskolin-stimulated cAMP accu-
mulation, whereas AsaR activation of Gg proteins stimulates cAMP
accumulation. The influence of the selected 20 compounds on the po-
tency of an adenosine receptor agonist (NECA) was quantified in
FlpInCHO cells stably expressing the human A;R (A;R-FlpInCHO) or
human AjaR (A2aR-FlpInCHO). In the absence of NECA, compounds (10
pM) did not cause a significant change in baseline cAMP accumulation in
either A;R-FIpInCHO or AsR-FIpInCHO cells, demonstrating that they
are not agonists. Seven compounds significantly decreased the NECA
potency at the AjR (P < 0.05; one-way ANOVA, Dunnett’s post-hoc test),
corresponding to an on-target screening hit rate of 35% (Fig. 3A, Fig. S1,
and Table 1). At the AaR, nine compounds significantly decreased
NECA potency (P < 0.05; one-way ANOVA, Dunnett’s post-hoc test)
(Fig. 3A, Fig. S1, and Table 1). Although the screening hit rates for the
target (A;R) and anti-target (A2aR) were similar, among the most active
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Fig. 1. Comparison of the orthosteric binding sites of the AjR and AsaR. (A) Crystal structure of the A;R in complex with DU172 (PDB code: 5UEN). (B) Crystal
structure of the AxsR in complex with ZM241385 (PDB code: 4EIY). (C) Comparison of the extracellular region of the A;R and A,xR binding sites. Of the 13 binding
sites residues shown in the sequence alignment, all are identical except Thr2707*3* and Leu253°*>* (A;R), which are methionine and isoleucine in the AR,
respectively. Based on alignment of the A;R and A,4R structures, Met270”*>* would clash with DU172. The clash is illustrated by showing the Ce atom of Met2707*3*

as a red-dotted sphere. The receptors are shown as cartoons (A;R and A4R in white and green, respectively). The region corresponding to the Thr/Met

7>34 selectivity

hot spot is colored in red. Ligands and selected side chains are shown as sticks. Receptor-ligand hydrogen bonds are shown as black dashed lines.
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Fig. 2. Workflow of the structure-based virtual screen for A;R ligands.

compounds, there was a trend toward a greater effect, and as such higher
affinity at the AjR. Five compounds caused a ~10-fold decrease in NECA
potency at the AR, whereas only three led to a similar shift at the AyaR.
Compound 8 caused the greatest inhibition at both the A;R and AzaR,

decreasing NECA potency approximately 60- and 15-fold, respectively.
The seven compounds that significantly decreased NECA potency at the
A1R were further characterized in [°’H]DPCPX radioligand binding using
A;R-FIpInCHO cells. The affinity (pKp) of compounds determined from
radioligand binding ranged from 0.2 to 3 pM (Table 1). In accordance
with functional studies, compound 8 had the highest AR affinity.

The discovered ligands represented diverse scaffolds, but were all
predicted to be buried deep within the transmembrane orthosteric site
and have similar interactions with the receptor. All compounds formed
hydrogen bonds with Asn254%*°% and extended into the subpocket
formed by Thr270”*3* with aliphatic or aromatic moieties (Fig. 4).
Compound novelty was evaluated by calculating the 2D similarity to
known AjR and AR antagonists from the ChEMBL [28-30] and
IUPHAR/BPS Guide to Pharmacology [31] databases. The Tanimoto
similarity coefficients (T.) ranged from 0.27 to 0.45 (Table 1 and
Table S2). Several compounds displayed overall low similarity to the
closest known antagonists (T, < = 0.30: compounds 2, 5 and 10)
(Table S2). Compounds 19 and 20 were more similar to known ligands
(T. = 0.43-0.45) and based on previously identified xanthine and 2-ami-
nopyrimidine cores [32]. The 2-aminothiazole-based compound 8 (T, =
0.36) was later identified to be similar to AjR ligands described by
Goblyos et al. (T, = 0.65), which were not present in the ChEMBL or
IUPHAR/BPS Guide to Pharmacology databases (Table 1 and Table S2)
[33].

2.3. Structure-guided ligand optimization

Based on the pharmacology alongside scaffold diversity and syn-
thetic feasibility of analogs, compounds 8 and 19 were taken forward for
detailed functional interactions. NECA concentration-response curves in
the absence or presence of increasing concentrations (0.3-30 pM) of 8 or
19 were performed (Fig. 3B and 3C). Both compounds caused a
concentration-dependent decrease in NECA potency, with global anal-
ysis of functional interactions preferentially fitting to a model of
competitive antagonism, supporting the predicted binding modes.
Compounds 8 (Table 2) and 19 (Table 3) had estimated affinities (Kg) in
the low micromolar range, approximately 0.9 pM and 2.7 pM, respec-
tively. These two scaffolds were further optimized for A;R affinity and
subtype selectivity. In the hit optimization step, tailored chemical li-
braries with analogs of the two hits were generated and docked into both
the AjR and AgaR crystal structures, followed by synthesis and biolog-
ical evaluation of promising candidates.

Analysis of the predicted binding mode of compound 8 suggested
that this ligand was anchored deeply in the orthosteric site and achieved
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Table 1
Experimental evaluation of predicted ligands from the virtual screen (1-20).
D Rank* ARank” 2D structure’ pKI“ PECso” T/
AR AR AR A;R AssR
NECA N/A® N/A - 8.74 + 0.08 8.38 + 0.03 N/A
DPCPX N/A N/A - 9.08 £ 0.11 N/A
1 - - - 8.68 + 0.13 8.34 £ 0.05 -
2 711 208,506 H o 1 N 5.58 £ 0.12 7.98 + 0.07* 8.17 £ 0.05 0.27
O
N—/ ]\
N
3 - - - - 8.55 +0.13 7.98 + 0.03* -
4 - - - - 8.60 + 0.17 7.93 £ 0.05* -
5 5179 622,570 HO N B 5.61 £0.14 7.83 £ 0.28* 7.67 £+ 0.05* 0.30
I
~ N/LN/ o™
\ o H
6 - - - - 8.72 +£ 0.20 8.36 £ 0.04 -
7 - - - - 8.79 £ 0.17 8.35 + 0.05 -
8 2944 162,244 N-8 H N 6.67 £ 0.07 6.93 + 0.13* 7.20 £+ 0.09* 0.36/0.65"
O
o S O
- - - - 8.59 + 0.28 7.69 £ 0.05* -
10 1477 564,866 \ 6.29 £+ 0.09 7.42 £ 0.25* 7.32 £ 0.10* 0.29
o . .
o
N
11 - - - - 8.59 + 0.15 8.27 £ 0.07 -
12 - - - - 8.44 + 0.16 8.22 + 0.08 -
13 - - - - 8.49 + 0.10 7.73 £ 0.07* -
14 3796 250,964 o =N 6.00 £ 0.10 7.67 £ 0.11* 7.23 £ 0.13* 0.38
/o©)Lﬂ/ENN‘©
15 - - - - 8.48 + 0.19 8.34 £ 0.09 -
16 - - - - 8.60 + 0.26 8.34 £ 0.06 -
17 - - - - 8.60 + 0.11 8.34 + 0.05 -
18 - - - - 8.63 £ 0.12 8.34 £ 0.08 -
19 3829 289,227 5.81 £ 0.07 7.60 + 0.10% 7.91 + 0.08* 0.43
20 2898 969,415 HO " 5.55 £ 0.05 7.77 £ 0.11* 8.16 £+ 0.06 0.45
N N
N |
A
HO |

*p < 0.05, one-way analysis of variance with Dunnett’s post-test significant relative to NECA alone.

# Docking rank of selected compounds from the AR screen of 4.6 million compounds.

b The smallest difference in rank between the A;R and the six AR docking screens.

¢ Structures and data from the virtual screen for compounds that were inactive at the A;R are shown in Table S1.

4 Compound affinity (pK;) determined from radioligand binding assays. Values represent the mean + SEM from n = 3 individual replicates performed in duplicate.

¢ NECA potency (pECso) determined from cAMP accumulation assays in the absence or presence of 10 pM compound in A;R-FlpInCHO or A»sR-FIpInCHO cells.
Values represent the mean + SEM from n = 3-4 independent experiments performed in duplicate.

f Tanimoto coefficient for the most similar orthosteric A;R or A»aR ligand reported in the ChEMBL and IUPHAR/BPS Guide to Pharmacology databases. Structures of

the most similar ligands are shown in Table S2.
8 N/A denotes not applicable.

h Compound 8 (T, = 0.36) was later identified to be more similar to a series of A;R ligands that were not present in the ChEMBL or IUPHAR/BPS Guide to Phar-

macology databases (T, = 0.65).

selectivity by extending into the non-conserved pocket in the extracel-
lular entrance of the binding site. However, the 1,2,3-thiadiazole moiety
was small and polar, which did not complement the hydrophobic nature
of the pocket optimally. In order to identify alternative substituents that
could extend into the same pocket, searches for analogs in libraries of
commercially available compounds were performed, and a virtual li-
brary containing synthetically accessible analogs was designed. The
virtual library was created by identifying commercially available
building blocks compatible with amide coupling (Fig. 5A), followed by
in silico generation of analogs in which the thiadiazole moiety of com-
pound 8 was replaced by diverse chemical groups. A set of 2735 com-
pounds was docked to the orthosteric site of the AjR and inspected
visually. Of these, 19 top-ranked compounds were selected based on an
overall conserved binding mode and positioning of bulkier substituents
in the non-conserved pocket. Both aliphatic and aromatic substituents
were explored and all of these were predicted to fit better in the A;R

binding site. Nine compounds were custom synthesized by a commercial
vendor (22a-i), and 10 compounds were prepared by amide coupling of
21 with acyl chloride derivatives (22j-m) or with carboxylic acid de-
rivatives using HATU as coupling reagent (22n-s, Fig. 5A). The func-
tional affinity (pKp) of compound 8 derivatives at the AjR and AgaR
were determined from functional inhibition cAMP assays, interacting an
ECgo concentration of agonist against increasing compound concentra-
tions (1 nM-30 pM), with compound affinity values derived using
Equations (3)—(5). A first series of aromatic substituents (compounds
22a-g) did not significantly increase affinity at the AR (Fig. 5B, Table 2,
and Fig. S2). In contrast, aliphatic substituents could improve potency
and selectivity. Of the 12 compounds in this series (22h-s), eight had
significantly greater affinity and, of these, compounds 22h and 221 had
significantly greater selectivity for the A;R compared to the AspR
(Fig. 5B and Fig. S2). In particular, compound 221 had nanomolar af-
finity (estimated Kg of 27 nM) and ~20-fold higher affinity for the AjR
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Fig. 3. Pharmacological assessment of virtual
screening hits at the AjR and AzaR in cAMP assays.
(A) The change in NECA potency (pECsg) in the
presence of 10 pM compound in A;R-FIpInCHO or
AAR-FIpInCHO cells. NECA concentration-response
curves for the inhibition of forskolin-stimulated
cAMP accumulation in the absence and presence of
compound 8 (B) or 19 (C) in A;R-FlpInCHO cells.
Data represent the mean + SEM from n = 3-4 indi-
vidual replicates performed in duplicate. Error bars
not shown lie within the dimensions of the symbol.
*p < 0.05, one-way ANOVA with Dunnett’s post-test
compared to NECA alone.
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compared to the AgpR (Fig. 5B). Gaddum-Schild analysis was performed
for 221 at the AR, assessing the influence of increasing concentrations of
this compound (0.3-30 M) on the NECA concentration-response curve
(Fig. 5C). Global analysis of the functional interactions preferentially fit
to a model of competitive antagonism with an estimated pKg = 7.48 +
0.09 (33 nM), a 28-fold improvement of affinity compared to the
screening hit. In radioligand binding assays, 221 displayed an affinity of
7.14 + 0.02 (72 nM) at the AjR (Fig. S3). The bulky noradamantane
group of 221 was predicted to occupy the same pocket as the cyclo-
hexane moiety of the co-crystallized ligand DU172 (Fig. 5D).

In the case of compound 19, the pyridine-3-yl substituent filled the
non-conserved pocket, which only resulted in weak subtype selectivity.
In order to identify substituents that could improve selectivity, a virtual
library of analogs was generated. The library contained molecules in
which the pyridine-3-yl of compound 19 was replaced by diverse
chemical groups, which could be obtained by amination of a 2-methyl-
sulfoxidepyrimidine derivative (Fig. 6A). A set of 2284 compounds was
docked to both the AjR and AR, and eight compounds were selected
for synthesis based on the predicted binding modes. Briefly, 4-picoline
(compound 23) and thiophene-2-carboxylate ethyl ester reacted under
promotion by LiIHMDS to provide compound 24. Heating compound 24
in N,N-dimethylformamide dimethyl acetal afforded the dimethylamino
derivative, compound 25. Condensation of compound 25 with thiourea
gave a 2-methylthiopyrimidine derivative compound 26, which was
oxidized by mCPBA to give compound 27. Amination of compound 27
using the eight selected primary amines afforded the target compounds
(28a-h). The functional affinities (pKp) of the compound 19 derivatives
at the AR and A;aR were determined from functional inhibition cAMP

9 8 7 -6
[NECA] Log M

assays, interacting an ECg concentration of agonist against increasing
compound concentrations (1 nM-10 pM), with compound affinity values
derived using Equations (3)-(5). Six compounds had a significantly
greater affinity compared to compound 19, with four compounds (28b-
c, 28f, and 28h) also having significantly greater affinity for the AjR
compared to the AzpR (Fig. 6B, Table 3, and Fig. S4). Notably, com-
pound 28c had a low nanomolar affinity with an estimated Kg of 2 nM
and 76-fold selectivity for the AjR over the AspR. Gaddum-Schild
analysis was performed for 28c at the A;R, assessing the influence of
0.3-30 pM of this compound on the NECA concentration-response curve
(Fig. 6C). Global analysis of the functional interactions preferentially fit
to a model of competitive antagonism with an estimated pKp = 7.84 +
0.09 (14 nM), a 190-fold improvement of affinity compared to the
docking hit. Similarly, an affinity of 7.65 + 0.03 (22 nM) at the A;R was
determined using radioligand binding assays (Fig. S3). Compound 28¢
was predicted to position a 3-methyl-tetrahydrofuran moiety in the non-
conserved pocket (Fig. 6D).

3. Discussion

Three main results emerged from our structure-based virtual screens
for adenosine receptor ligands. First, AjR antagonists were discovered
with a high hit rate and the most potent compounds had submicromolar
affinities. Second, docking to structures of the AaR subtype were car-
ried out to avoid compounds interacting with this closely related re-
ceptor. Although several of the screening hits showed the predicted AjR
selectivity, there were only small differences in ligand activity between
the two subtypes and several compounds were also potent at the anti-
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Fig. 4. Predicted binding modes of discovered ligands from the virtual screen. (A) Co-crystallized ligand DU172 (PDB code: SUEN) (B) 2, (C) 5, (D) 8, (E) 10, (F) 14,
(G) 19, and (H) 20. The AR is shown as a white cartoon with ligands and selected side chains in sticks. Receptor-ligand hydrogen bonds are shown as black

dashed lines.

target. Third, docking of tailored chemical libraries guided hit optimi-
zations, which resulted in antagonists with low nanomolar potency and
up to 76-fold subtype selectivity.

The adenosine receptor family has served as a prototypical model for
understanding ligand recognition by GPCRs. Together with previous
virtual screening studies, our results illustrate the impact of receptor
structures on rational ligand discovery. Prior to the determination of the
first structure of an adenosine receptor, homology models were used to
predict ligand binding modes. Mutagenesis studies had identified the
residues involved in ligand recognition, but it remained challenging to
predict complexes with high accuracy due to the lack of suitable tem-
plates for homology modeling [34]. At this time, a structure-based vir-
tual screen using a homology model of the AR identified ligands with a
hit rate of ~4-9% [35]. Access to a first crystal structure of the AgaR
clearly improved virtual screening performance with hit rates as high as
45% [14,15,36]. Moreover, the AR crystal structure could also be used
as template to generate more accurate models of other subtypes and
virtual screens using these also resulted in improved hit rates. The vir-
tual screening hit rate we achieved with the A;R crystal structure (35%)
was similar to that obtained using a homology model [37]. If homology
models perform equally well in virtual screening, what is the value of
determining structures of other adenosine receptor subtypes? An
inherent limitation of homology modeling is the prediction of
non-conserved regions of closely related receptors, which will be
essential in structure-based design of subtype-selective ligands [38]. In
the case of the AR subtype, the extracellular region that contributes to
forming the pocket that we targeted to optimize selectivity was chal-
lenging to model based on the AaR structure [37]. The major contri-
bution of access to AjR crystal structures was hence to reveal the
location and shape of non-conserved regions.

Models of the receptor-ligand complexes showed how to modify the
initial hits in order to further improve potency and selectivity, which
allowed us to focus our efforts on a single hot spot of the binding site.
Optimization was focused on two virtual screening hits, which repre-
sented 2-aminothiazole- (compound 8) and 2-aminopyrimidine-based
(compound 19) scaffolds that have previously been described as

adenosine receptor antagonists [32,39]. By identifying commercial
building blocks that could be used to synthesize compounds with diverse
substituents, a large virtual chemical library of relevant analogs was
generated. Encouragingly, compounds with substantially improved po-
tency and selectivity were identified. Docking was unable to predict the
compounds with the best potency, but guided the selection of sub-
stituents with an optimal size and polarity among thousands of alter-
natives. After evaluating 27 analogs, we identified 221 and 28c, which
have nanomolar AR affinities and physicochemical properties that
satisfy Lipinski’s rule of five (Table S3) [40]. Selectivity for the AjR
subtype was achieved by replacing the aromatic substituents of com-
pounds 8 and 19 with bulkier aliphatic groups in the subpocket formed
by non-conserved residue Thr270”-°, The most potent ligand (com-
pound 28c) displayed 76-fold selectivity for the AjR over the AgaR
subtype. The fact that many analogs with substituents targeting the right
pocket could be synthesized rapidly with standard reactions was a
fortuitous result. The efficiency of the approach could hence be opti-
mized by considering synthetic feasibility of analogs already at the
compound selection step. Together with the recent release of
make-on-demand libraries containing billions of compounds [41],
which are often less expensive than the building blocks needed to syn-
thesize analogs, the lead generation step can be further accelerated.

It should be noted that although the predicted ligands were expected
to be selective based on the docking screen, the hit rates for the target
and anti-target were similar (35 and 45%, respectively). None of the hits
from the virtual screen showed strong AjR selectivity and several
compounds were even more potent at the AR subtype. In agreement
with our results, previous virtual screening studies found that prediction
of selective ligands is challenging even if high resolution crystal struc-
tures are available [42,43], which reflects weaknesses of molecular
docking methods. One of the major disadvantages of standard docking
algorithms is that conformational flexibility and induced fit effects are
either neglected or only partially taken into account [44]. In this work,
we attempted to improve the description of receptor flexibility by
docking to multiple experimental structures of the anti-target. However,
despite the fact that each discovered ligand was predicted to fit
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Table 2
Affinity and subtype selectivity for compound 8 and analogs at the A;R and
AZAR-
H
NN
e
i)
D R pKg" Subtype selectivity”
AR AgaR PKg(A1R) - pKp(A2aR)
8 6.03 £ 0.07 N/A® N/A
22a )T\?E <5.5¢ N/A N/A
/
22b Qﬁé 5.93 £+ 0.06 N/A N/A
/
22¢ (:'{(3 <5.5 N/A N/A
22d Qg 6.67 £ 0.11 <5.5 N/D¢
22e Qg 6.20 £+ 0.08 <5.5 N/D
—0
22f {4 <5.5 <5.5 N/A
NN
22g Nr”/ ; <5.5 N/A N/A
o8
cl
22h @Lg 7.57 £ 0.03%** 6.42 £ 0.22 1.14 £ 0.19
22i j>2 6.86 + 0.07 6.20 £ 0.21 0.66 + 0.26
A
22j %E 7.71 £ 0.06%*** 7.28 £ 0.22 0.43 £0.23
22k L>L§ 7.86 £ 0.20%*** 7.40 £ 0.16 0.46 + 0.26
221 H% 7.57 £ 0.08%** 6.30 £ 0.45 1.27 £ 0.46
;
22m Qg 7.24 +£ 0.1*%* 7.00 £ 0.12 0.24 £ 0.16
22n 4 6.70 £ 0.07 7.25 £ 0.13 —0.55 + 0.15
~ }
o
220 :\/}5 7.70 £ 0.23%*** 7.03 £ 0.05 0.67 £ 0.24
22p O; <5.5 <5.5 N/D
7/
22q OLE 6.19 £+ 0.79 6.60 £ 0.02 —0.41 £ 0.79
22r o:(:>4§ 7.85 £ 0.01%*** 7.25 £ 0.08 0.60 £ 0.13
7.29 + 0.29%* 6.87 £ 0.17 0.42 £ 0.34

22s O§

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 one-way ANOVA with
Dunnett’s post-test significant relative to 8.

# Negative logarithm of the equilibrium dissociation constant (pKg) for com-
pounds determined from pharmacological assessment in FIpInCHO cells stably
expressing the corresponding human receptor. Data represent mean =+ standard
error (n = 3-4).

b Subtype selectivity calculated as pK(A1R) — pKp(AaR).

¢ N/A denotes not assessed.

4 Compound affinity determined as pKg < 5.5 upon incomplete inhibition at
the highest concentration assessed.

¢ N/D denotes not determined.

substantially better in the A;R binding site than in multiple AzaR con-
formations, the compounds still showed activity at the anti-target. In
order to further improve the virtual screening results, it will likely be
necessary to use higher level methods to obtain more accurate pre-
dictions of binding affinities. For example, molecular dynamics simu-
lations combined with enhanced sampling or free energy methods have
the potential to predict binding affinities and this technique was recently
applied successfully to the adenosine receptors [45-51]. The computa-
tional cost of such methods does not yet allow for the screening of large
chemical libraries, but would be feasible to apply in the lead optimiza-
tion step.
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Table 3
Affinity and subtype selectivity for compound 19 and analogs at the A;R and
AZAR-

D R pKg* Subtype Selectivity”
Kg(A1R) — pKg(A2aR
AR AsrR PKg(A1R) — pKp(A24R)
19 5.56 + 0.08 N/AS N/A
28a °<>L\w <5.5 <5.5 N/A
28b 07(5 7.15 £ 0.06****  6.09 +0.12  1.06 + 0.13
28¢ 8.64 + 0.11%**** 676 + 0.05  1.88 + 0.12
A
28d - 6.38 + 0.12* <5.5¢ N/D¢
LO>L\MM
28e () 5.96 + 0.09 <5.5 N/D
Y
28f 9 7.82 4 0.18**** 657 +0.08  1.25+ 0.20
O
28 0 7.07 £ 0.32**** 653+ 0.13  0.54 + 0.35
O
8.1 + 0.09%*** 6.79 £ 0.07  1.31 +0.11

28h QE

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 one-way ANOVA with
Dunnett’s post-test significant relative to 19.

@ Negative logarithm of the equilibrium dissociation constant (pKg) for com-
pounds determined from pharmacological assessment in FlpInCHO cells stably
expressing the corresponding human receptor. Data represent mean + standard
error (n = 3-4).

b Subtype selectivity represents the difference in compound affinity at the two
subtypes, ApKg = pKg(A1R) — pKg(A2aR).

¢ N/A denotes not assessed.

4 Compound affinity determined as pKg < 5.5 upon incomplete inhibition at
the highest concentration assessed.

¢ N/D denotes not determined.

To summarize, our results highlight the potential of structure-based
methods to identify and guide optimization of GPCR ligands. The rapidly
increasing structural coverage of the GPCR family [2] enables the
consideration of multiple targets to take advantage of poly-
pharmacology to enhance therapeutic effects and also avoid interactions
with receptors associated with side effects. The approach taken in this
work, which combines virtual screening of millions of diverse com-
pounds to identify hits with the generation of focused virtual libraries in
the optimization step, can facilitate the development of potent and se-
lective leads.

4. Experimental section
4.1. Molecular docking

Docking screens were carried out with the program DOCK3.6 [27,
52] using an AjR crystal structure (PDB code: 5UEN) [21] and an
ensemble of six diverse AzaR crystal structures (PDB codes: 4EIY [53],
3VGA [54], 3PWH [55], 2YDV [56], 4UG2 [57] and 5G53 [58]). Each
structure was prepared by reverting engineered mutations to the WT
sequence, adding missing side chains, and removing non-protein atoms.
Ionizable residues were set to their most probable protonation state at
pH 7. Histidine residues in the binding site were assigned based on visual
inspection of hydrogen bonding networks. In the A;R binding site,
His2645C® and His278”**? were protonated at the N§ position whereas
His251%%%2 was protonated at the Ne position. For the A5R, the corre-
sponding residues were assigned the same protonation states except in
the case of His264C'3, Depending on the conformation of ECL3 and
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Fig. 5. Structure-guided optimization of compound 8. (A) Tailored chemical libraries were generated based on commercially available building blocks. Synthesis of
selected analogs used (a) RCOCI, pyridine, 0 °C - rt, 30 min, 44-56% (hplc) for 22j-m. (a’) RCOOH, HATU, NMP, 90 °C, overnight, 35-51% (hplc) for compounds
22n-s. (B) Pharmacological assessment of derivates of compound 8 at the A;R and A3sR in cAMP assays. Data show the change in A;R affinity (ApKp) relative to
compound 8 (top panel) and the compound subtype selectivity for the A;R relative to the As5R, calculated as pK(A;R) - pKp(A2aR) (bottom panel). Data represent
the mean + SEM from n = 3-4 individual replicates performed in duplicate. N/D denotes not determined; N/A denotes not assessed; *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001 one-way ANOVA with Dunnett’s post-test relative to the pKp for compound 8; "p < 0.05, multiple t-test comparing corresponding pKp values
for the A;R and AR with the Holm-Sidak method used to correct for multiple comparisons. (C) A;R antagonism mediated by compound 221, the most selective
analog of compound 8. NECA concentration-response curves for the inhibition of forskolin-stimulated cAMP accumulation in the absence and presence of compound
221 in A;R-FIpInCHO cells. Data represent the mean + SEM from n = 4 individual replicates performed in duplicate. Error bars not shown lie within the dimensions
of the symbol. (D) Predicted binding mode of compound 221. The A;R is represented as grey cartoons with selected side chains and the ligand shown with sticks.
Receptor-ligand hydrogen bonds are shown as black dashed lines.

11

Kg (AR)

interactions with Glu169%“2, this residue was either protonated at both
N8 and Ne (PDB codes: 4EIY [53], 2YDV [56], 4UG2 [57], and 5G53
[58]) or only at the N position (3VGA [54] and 3PWH [55]).

The flexible ligand sampling algorithm of DOCK3.6 superimposes
rigid parts of the docked compounds onto binding site matching spheres
that define putative positions of ligand atoms [52]. A set of 45 matching
spheres were used for each receptor structure. Atoms of the
co-crystallized ligands in the vicinity of Asn®> were used as starting

point for generation of the matching spheres in the AjR and AR struc-
tures. Ligand sampling in DOCK3.6 is determined by the bin size, overlap,
and distance tolerance threshold, which were set to 0.4, 0.3, and 1.5 Ain
the A;R screens. The same parameters were set to 0.4,0.1,and 1.5 Ainthe
AR screens. Each docked ligand conformation that did not result in
clashes with the receptor was scored using a physics-based scoring
function. The binding energy was calculated as the sum of the
receptor-ligand electrostatic and van der Waals interactions, corrected
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Fig. 6. Structure-guided optimization of compound 19. (A) Tailored chemical libraries were generated based on commercially available building blocks. Synthesis of
the selected analogs used (a) LIHMDS, thiophene-2-carboxylate ethyl ester, THF, 1 h, 89%. (b) Me;NCH(OMe), 100 °C, 2 h. (c) thiourea, tBuOK, EtOH, 100 °C, 1 h.
(d) Mel, DCM, rt, 30 min, 38% (3 steps). (¢) mCPBA, DCM, 0 °C - rt, 2 h, 60%. (f) RNH,, THF, 50 °C, overnight, 21-91% (hplc). (B) Pharmacological assessment of
derivatives of compound 19 at the AjR and AjsR in cAMP assays. Data show the change in AR affinity (ApKp) relative to compound 19 (top panel) and the
compound subtype selectivity for the AR relative to the As5R, calculated as pKg (A1R) - pKp (A2aR) (bottom panel). Data represent the mean + SEM from n = 4
individual replicates performed in duplicate. N/A denotes not assessed; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 one-way ANOVA with Dunnett’s post-
test significant relative to the pKg for compound 19; "p < 0.05, *°p < 0.01, “**p < 0.001, ***"p < 0.0001 multiple t-test comparing corresponding pKg values for the A;R
and AgaR with the Holm-$iddk method used to correct for multiple comparisons. (C) A;R antagonism mediated by compound 28c, the highest affinity and most
selective analog of compound 19. NECA concentration-response curves for the inhibition of forskolin-stimulated cAMP accumulation in the absence and presence of
compound 28c in A;R-FIpInCHO cells. Data represent the mean + SEM from n = 4 individual replicates performed in duplicate. Error bars not shown lie within the
dimensions of the symbol. (D) Predicted binding mode of compound 28c. The A4R is represented as grey cartoons with selected side chains and the ligand shown as
sticks. Receptor-ligand hydrogen bonds are shown as black dashed lines.

for ligand desolvation [27]. These energy terms were calculated from
pre-calculated grids. The electrostatic and van der Waals grids were based
on the AMBER force field. The electrostatic potential in the binding site
was calculated using the program Delphi with dielectric constants of 2
and 78 representing protein and water environments, respectively.
Hydrogen bonding between Asn®°® and the docked compounds was
favored by increasing the dipole moment of the side chain, as described
previously [15]. The van der Waals grid was generated using the program
CHEMGRID. For the top scoring conformation of each docked compound,
100 steps of rigid-body minimization were carried out.

4.2. Compound databases

A library of 4.6 million lead-like compounds (250 Da < MW < 350
Da, calculated LogP <3.5, and <7 rotatable bonds) was downloaded
from ZINC (accessed 25/09/2014), which is a free database of
commercially available compounds for virtual screening [59,60]. In hit
optimization, commercially available libraries and virtual chemical li-
braries with analogs of compounds 8 and 19 were considered. The vir-
tual libraries were generated by identifying commercially available
building blocks compatible with relevant reactions (amide coupling and
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amination, Figs. 5 and 6). Compared to the lead-like ZINC library, larger
and more hydrophobic compounds were included in these libraries and
additional filters were added to obtain drug-like ligands (MW < 400 Da,
calculated LogP <4, <3 aromatic rings, <5 hydrogen bond acceptors,
<4 hydrogen bond donors, <6 rotatable bonds, <2 chiral centers, and
only neutral compounds). The virtual chemical libraries were prepared
using Openeye toolkits (OpenEye Toolkits 2020.2.0 OpenEye Scientific
Software, Santa Fe, NM. http://www.eyesopen.com) and the ZINC
database protocol. After docking of the analogs, compounds were
selected among the top-ranked compounds (typically ~500 molecules).
None of the experimentally tested compounds contained any motifs
present in pan-assay interference compounds, which was evaluated
using the ZINC20 database tools (http://zinc20.docking.org/patterns/h
ome/).

4.3. 2D similarity and physicochemical properties

2D similarity to known Aj;R and AR ligands from the ChEMBL
[28-30] and IUPHAR/BPS Guide to Pharmacology databases [31] (af-
finity <10 pM) was calculated using the Tanimoto similarity coefficient
(T.) and Morgan2 fingerprints (1024 bits). Similarity and physicochem-
ical properties were calculated using RDKit (http://www.rdkit.org).

4.4. Compound synthesis

All reagents were purchased from Fluorochem, Sigma-Aldrich,
Enamine and Chemtronica. For solvents, DCM, methanol, DMF, and
acetonitrile (99.9%) were purchased from VWR International AB,
whereas THF was purchased from Sigma-Aldrich. Reagents and solvents
were used as such without further purification. All reactions involving
air or moisture-sensitive reagents or intermediates were performed
under a nitrogen atmosphere. LC-MS was used for monitoring reactions
and assessing purity using an Agilent 1100 series HPLC having a C18
Atlantis T3 column (3.0 x 50 mm, 5 pm). Acetonitrile-water (flow rate
0.75 mL/min over 6 min) was used as mobile phase and a Waters
micromass Zg (model code: MM1) mass spectrometer with electrospray
ionization mode was used for detection of molecular ions. TLC silica gel
60 Fos4 plates from Merck were also used in some cases to monitor re-
actions and particularly during purification of compounds. Visualization
of the developed TLC plates was done using UV light (254 nm) and
staining with ninhydrin stain or anisaldehyde stain. After workup,
organic phases were dried over Na;SO4/MgSO4 and filtered before being
concentrated under reduced pressure. Silica gel (Matrex, 60 A, 35-70
pm, Grace Amicon) was used for purification of intermediate com-
pounds with flash column chromatography. *H and '3C NMR spectra for
synthesized compounds were recorded at 298 K on an Agilent Tech-
nologies 400 NMR spectrometer at 400 MHz or 100 MHz, or on Bruker
Avance Neo spectrometers at 500 MHz or 125 MHz. Chemical shifts are
reported in parts per million (ppm, 5) referenced to the residual 'H
resonance of the solvent ((CD3)2CO, § 2.05; CDCls, § 7.26; CD30D 6 3.31;
DMSO-dg § 2.50). Splitting patterns are designated as follows: s (singlet),
d (doublet), t (triplet) and m (multiplet), br (broad). Coupling constants
(J values) are listed in hertz (Hz). Preparative reversed-phase HPLC was
performed on a Kromasil C8 column (250 x 21.2 mm, 5 pm) on a Gilson
HPLC equipped with a Gilson 322 pump, a UV/Visible-156 detector and
a 202 collector using acetonitrile-water gradients as eluents with a flow
rate of 15 mL/min and detection at 210 or 254 nm. Unless otherwise
stated, all the tested compounds were purified by HPLC. The purity of
the synthesized compounds was >95% as determined by high resolution
'H NMR spectroscopy (500 MHz) and LC-MS.

4.5. Materials
Chinese hamster ovary (CHO) Flp-IN™ (FlpInCHO) cells, Dulbecco’s

modified Eagle’s medium (DMEM) and hygromycin B (Hygrogold™)
were purchased from Invitrogen (Carlsbad, CA). DMEM high glucose
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medium was purchased from Sigma-Aldrich. Fetal bovine serum (FBS)
was purchased from ThermoTrace (Melbourne, VIC, Australia). Adeno-
sine deaminase (ADA) was purchased from Roche (Basel, Switzerland).
AlphaScreen™ reagents, OptiPhase Supermix™ scintillation cocktail
and [®H]DPCPX (8-cyclopentyl-1,3-dipropylxanthine, [dipropyl-2,3-3H
(N)1; specific activity, 120 Ci/mmol) were purchased from Perki-
nElmer (Boston, MA). SLV320 ((trans-4-[(2-Phenyl-7H-pyrrolo [2,3-d]
pyrimidin-4-yl)amino]cyclohexanol)) was purchased from Tocris
Bioscience (Bristol, UK). Compounds 1-20 and 22a-i were purchased
from commercial vendors. All other reagents were purchased from
Sigma-Aldrich and Tocris and were of analytical grade.

4.6. Cell culture

FlpInCHO cells stably transfected with human A;R (A;R-FlpInCHO)
or human AzpR (A2pR-FIpInCHO) were generated as previously
described [9,61]. Cells were maintained in DMEM supplemented with
10% FBS and 500 pg/mL hygromycin-B, and were grown at 37 °C in a
humidified incubator containing 5% COs.

4.7. cAMP accumulation assay

A;1R-FIpInCHO or AaR-FlpInCHO were seeded into transparent 96-
well plates at 20,000 cells/well and incubated for 16-20 h in a humid-
ified incubator at 37 °C in 5% CO;. On the day of assay, media was
removed from wells and replaced with cAMP stimulation buffer (140
mM NaCl, 5 mM KCl, 0.8 pM MgSO4, 0.2 mM NayHPO4, 0.44 mM
KH3PO4, 1.3 mM CaCl,, 5.6 mM bp-glucose, 5 mM HEPES, 0.1% bovine
serum albumin (BSA), 1 U/mL ADA and 10 pM rolipram, pH 7.45).
Compounds, either at single concentration (10 pM) or concentration
range for full interaction/selectivity studies (0.1 nM-30 pM) were added
and plates were incubated for 30-60 min at 37 °C in a humidified
chamber. Cells were then exposed to NECA, at increasing concentrations
(0.01 nM-1 pM) or an ECgp concentration (AjR: 4 nM; AzaR: 10 nM) in
the presence (A;R-FlpInCHO) or absence (A2pR-FlpInCHO) of 3 pM
forskolin. After 30 min incubation at 37 °C, the reaction was terminated
by rapid removal of buffer and the addition of 50 pL/well cold ethanol.
Following ethanol evaporation, the precipitate was re-suspended in 50
pL/well lysis buffer (0.1% BSA, 0.3% Tween-20, 5 mM HEPES, in MQ
water; pH 7.45) and detection of cAMP was performed using LANCE®
cAMP Assay kits (PerkinElmer; Boston, MA) and fluorescence measured
using an EnVision® plate reader (PerkinElmer; Boston, MA) with stan-
dard AlphaScreen™ settings. Agonist concentration-response curves
were normalized to the response mediated by 3 uM forskolin or buffer
alone.

4.8. Radioligand displacement assays

The A;R binding affinity of compounds was assessed in whole cell
equilibrium binding as previously described [62]. Briefly, A;R-FlpIn-
CHO cells were seeded into a transparent 96-well plate at 40,000
cells/well in DMEM containing 10% FBS. Following 8 h incubation in a
humidified environment at 37 °C in 5% CO,, cells were washed and
maintained in serum free DMEM for approximately 18 h at 37 °C in 5%
CO,. [HIDPCPX competition binding on intact A;R-FIpInCHO cells
were performed at 4 °C for 12 h in a final volume of 100 pL HEPES buffer
(145 mM NaCl, 10 mM b-Glucose, 5 mM KCl, 1 mM MgSO4, 10 mM
HEPES, 1.3 mM CaCl,, 15 mM NaHCOsg, pH 7.45) containing approxi-
mately 1 nM [PH]DPCPX in the presence of increasing concentrations of
the compound (0.3 nM-10 pM). Non-specific binding was defined in the
presence of a saturating concentration (1 pM) of the high-affinity AjR
antagonist, SLV320. Assays were terminated by washing twice with 100
uL/well cold phosphate buffered saline (PBS), followed by the addition
of 100 pL OptiPhase Supermix™ scintillation cocktail and bound
radioactivity measured using a MicroBeta’?™ plate counter
(PerkinElmer).
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4.9. Data analysis

Data were analyzed using GraphPad Prism 8.4.3 (GraphPad Soft-
ware, San Diego, CA). Statistical analysis was performed using a one-
way ANOVA with significance defined as P < 0.05. NECA
concentration-response curves from cAMP accumulation assays in the
absence or presence of compounds were fitted to the following three-
parameter Hill equation to derive potency estimates:

(Epax — Basal) x [A]

ECso + [A] W

Response = Basal +

where ECs is the concentration of NECA (A) in the absence or presence
of compounds that gives the midpoint response between basal and
maximal effect (Epax), which are the lower and upper asymptotes of the
response, respectively.

Global fits for functional interaction studies between NECA and
multiple concentrations of compounds were fitted to the following
competitive model:

(Emax — bottom)

1077ECs0 | 14 B s HillSlope
14— L o2/ ]
4]

(2)

Response = Bottom +

where pECsg is the negative logarithm of the ECsy of NECA (A) in the
absence of antagonist (B). HillSlope is the slope of the agonist curve, S is
the Schild slope, and pA; is the negative logarithm of the molar con-
centration of antagonist necessary to shift the agonist ECs( by a factor of
two. When the Schild slope is not significantly different from 1, the pA,
is equal to the pKp of the antagonist.

Functional inhibition assays interacting a single concentration of
agonist against increasing compound concentrations determined the
functional affinity (pKp) of the compounds at the AjR and AjsR ac-
cording to the following set of equations (Prism 8).

Emax X [ICSO]

[1Cx] + B ®

Response =

where ICs reflects the molar concentration of compound [B] required to
decrease by 50% the response mediated by the fixed molar concentra-
tion of NECA used for the functional inhibition in the absence of com-
pound (Epay). To obtain the molar concentration of NECA that, in the
absence of antagonist, mediates the same response level as the ICs from
the functional inhibition curve (ECg), NECA concentration-response
curves performed simultaneously to the functional inhibition were
analyzed according to the following equation:

F
ECr=EC (m)

where the ECs is calculated using Eq. (1) and F represents the per-
centage response from the normalized concentration-response curve
that is 50% of that mediated by the fixed molar concentration of NECA
used within the functional inhibition assay. Equilibrium dissociation
constants (Kg) for the compounds were subsequently estimated by
substituting the ICs¢ and ECg values obtained from Egs. 3 and 4 into a
modified form of the Gaddum equation as described by Lazareno and
Birdsall [63].
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