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a b s t r a c t

Purinergic receptors are membrane proteins that regulate numerous cellular functions by catalyzing re
actions involving purine nucleotides or nucleosides. Among the three receptor families, i.e., P1, P2X, and 
P2Y, the P1 and P2Y receptors share common structural features of class A GPCR. Comprehensive sequence 
and structural analysis revealed that the P1 and P2Y receptors belong to two distinct groups. They exhibit 
different ligand-binding site features that can distinguish between specific activators. These specific amino 
acid residues in the binding cavity may be involved in the selectivity and unique pharmacological behavior 
of each subtype. In this study, we conducted a structure-based analysis of purinergic P1 and P2Y receptors 
to identify their evolutionary signature and obtain structural insights into ligand recognition and selectivity. 
The structural features of the P1 and P2Y receptor classes were compared based on sequence conservation 
and ligand interaction patterns. Orthologous protein sequences were collected for the P1 and P2Y receptors, 
and sequence conservation was calculated based on Shannon entropy to identify highly conserved residues. 
To analyze the ligand interaction patterns, we performed docking studies on the P1 and P2Y receptors using 
known ligand information extracted from the ChEMBL database. We analyzed how the conserved residues 
are related to ligand-binding sites and how the key interacting residues differ between P1 and P2Y re
ceptors, or between agonists and antagonists. We extracted new similarities and differences between the 
receptor subtypes, and the results can be used for designing new ligands by predicting hotspot residues that 
are important for functional selectivity.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and 
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Purinergic receptors, also referred to as purinoceptors, are 
membrane proteins that regulate numerous cellular functions by 
catalyzing reactions involving purine nucleotides or nucleosides [1]. 
They mediate relaxation of smooth muscles in response to the re
lease of adenosine (P1 receptors) or ATP (P2 receptors). As one of the 
most widespread signaling systems in the body, the purinergic 
system exerts a great deal of influence on a wide range of tissues and 
cells, mediating numerous physiological reactions and contributing 
to various pathological responses [2,3]. For example, P1 receptor 
agonists are effective for treating supraventricular tachycardia, and 
A2A receptor antagonists are promising for the treatment of Par
kinson's disease [4]. The P2Y12 antagonist Clopidogrel is used to treat 

thrombosis and stroke because it inhibits the activation of P2Y12 

receptors that are involved in platelet aggregation [5]. Several other 
studies on the use of purinergic agents to treat osteoporosis, myo
cardial infarction, epilepsy, atherosclerosis, depression, autism, dia
betes, cancer, and other diseases are currently underway [3].

Purinergic receptors can be classified into three families, P1 
(adenosine), P2X, and P2Y, based on endogenous ligands, molecular 
structures, and tissue distributions [1]. P1 receptors (A1, A2A, A2B, 
and A3) are stimulated by adenosine, whereas P2 receptors (P2Y1, 
P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14) respond to various 
purines and pyrimidine mono/dinucleotides (ATP, ADP, UTP, and 
UDP). Purinergic signaling can also be modulated by interactions 
between P1 and P2 receptors and by the formation of heterodimeric 
receptors A2A and P2Y. All these receptors bind to purine-based 
substances; however, they have a long evolutionary distance, espe
cially ATP-gated ionotropic P2X receptors, which are ligand-gated 
ion channels, whereas P1 and P2Y receptors belong to the G protein- 
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coupled receptor (GPCR) family. As one of the most important and 
common receptors in mammals, P1 and P2Y receptors are widely 
distributed in the brain, heart, kidneys, and adipose tissues. Because 
they are involved in various physiological functions, several ligands 
for these receptors are actively under consideration for various 
pharmaceutical treatments [2,3]. Although the P1 and P2Y receptors 
share common structural features of class A GPCRs, a comprehensive 
sequence and structural analysis showed that the P1 and P2Y re
ceptors belong to two distinct groups, α and δ, respectively [6]. They 
have different ligand-binding site features that can distinguish be
tween specific activators. These specific amino acid residues in the 
binding cavity may be involved in the selectivity and unique phar
macological behavior of each subtype.

For rational drug design of GPCR ligands, it is essential to have an 
in-depth understanding of the binding properties of ligands, the 
structural complexities of the receptor, the interaction between li
gands and receptors, and the interaction between receptors and 
downstream signaling complexes [7]. In this study, we conducted a 
structure-based analysis of purinergic P1 and P2Y receptors to 
identify their evolutionary signature and obtain structural insights 
into ligand recognition and selectivity (Fig. 1). Although P1 and P2Y 
receptors belong to different subgroups in class A GPCRs, they also 
belong to the same classification as "purinergic", especially in terms 
of recognizing ligands with similar scaffolds. We conducted this 
study to reveal where the shared features and functional selectivity 
come from. In the case of P2X receptors, since they belong to an ion 
channel class, it was challenging to analyze the sequence and 
structures consistently in terms of receptor selectivity. Therefore, we 
focused on the GPCR family purinergic receptors in this study.

The structural features of the P1 and P2Y receptor classes were 
compared based on sequence conservation and ligand interaction 

patterns. Orthologous protein sequences were collected for P1 and 
P2Y receptors and aligned to produce multiple sequence alignment 
(MSA) tables for different levels of classes: (i) family level: P1 and 
P2Y, and (ii) subtype level: A1, A2A, A2B, A3, P2Y1, P2Y12, and others. 
Sequence conservation scores were calculated based on Shannon 
entropy to identify the highly conserved residues at each level. To 
analyze the ligand interaction patterns, we performed docking stu
dies on the P1 and P2Y receptors using known ligand information 
extracted from the Chemogenomic European Molecular Biology 
Laboratory (ChEMBL) database [8]. We analyzed how the conserved 
residues are related to ligand-binding sites and how they differ be
tween P1 and P2Y receptors. Based on this work, we extracted new 
similarities and differences between receptor subtypes, and the re
sults can be used for designing new ligands by predicting key in
teraction residues that are important for functional selectivity.

2. Experimental procedures

2.1. Sequence collection and conservation analysis

The purinergic receptor protein sequences were retrieved from 
the UniProt Knowledgebase (UniProtKB) [9]. We searched the se
quences with the terms 'adenosine receptor,' 'P2Y,' 'purinoceptor,' or 
'purinergic receptor' annotated in the 'protein name' field. The 
fragment sequences were excluded, and data processing was per
formed to reduce errors in MSAs. All reviewed sequences were in
cluded, whereas among the unreviewed sequences, the ones that 
contain 'X' or 'B' or that are too short or too long (upper and lower 5 
% in length) were omitted. The sequences annotated as 'low quality' 
or 'putative' were also removed. When there were too many se
quences (for the P1 or P2Y whole-class level), MMseq2 [10] was used 
to perform sequence clustering with a similarity value of 0.9. The 
number of final collected sequences is summarized in Tables S1-S3.

Based on the collected sequences, MSA was performed using the 
MUSCLE5 program [11,12] with default settings. For the alignment of 
the large class level (P1 or P2Y), the super5 option was added to 
reduce the computation time. The sequence conservation score was 
calculated based on Shannon entropy [13] and normalized for each 
subtype. Plots of the sequence conservation for each subtype are 
shown in Fig. S1-S2. Hierarchical clustering was performed using a 
heat map of sequence conservation based on residue numbers. The 
residue numbers in this study followed the Ballesteros-Weinstein (B 
&W) numbering system, a method for numbering residues in the 
seven transmembrane (TM) helices of GPCRs [14].

B&W numbering is based on the most highly conserved residues 
within each of the seven TM helices [15]. It consists of two numbers: 
i) the first number represents the seven helices and ii) the second 
number indicates the position of the residue relative to the most 
conserved residue in the specific helix. The number of the most 
conserved residues, that is, the reference residue, is defined as 
number 50 (in the case of class A GPCR conservation: N1.50: 98 %, 
D2.50: 90 %, R3.50: 95 %, W4.50: 97 %, P5.50: 78 %, P6.50: 99 %, and 
P7.50: 88 % [16]). For example, 4.55 indicates the residue located in 
TM4, and is the 5th residue after W4.50, the most conserved residue 
in TM4. Thus, the B&W numbering system enables intuitive com
parison of the relative positions within GPCR architectures [15].

After hierarchical clustering, a heatmap was generated using the 
pheatmap library (v.1.0.12) [17]. As the distance matrix computation 
method option, 'correlation' was used for a row, 'canberra' was used 
for a column, and 'ward.D2' was used as the clustering method.

2.2. Clustering of receptor structures and core module prediction

3D structural clustering was performed using Bio3D (R package) 
[18] based on the pairwise root-mean-square deviation (RMSD) va
lues with the clustering method 'complete'. All available X-ray 

Fig. 1. Workflow of sequence- and structure-based clustering and interaction pattern 
analysis of purinergic receptors. (A) Sequence alignment and conservation score 
calculation. (B) Core superposition and clustering of 3D structures. (C) Ligand inter
action pattern analysis using X-ray crystal structures and known ligands in ChEMBL.
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crystal or cryo-EM structures for adenosine receptors (A2A and A1) 
and P2Y receptors (P2Y1 and P2Y12) were retrieved from the Protein 
Data Bank (PDB) [19,20]. The experimental structures used in this 
study are summarized in Table 1. For A3AR, previously constructed 
model structures [21] were used. For other subtypes whose experi
mental structures were not available, alpha-fold models [22,23]
were also used. After removing unnecessary molecules (that is, en
gineered parts and buffer molecules), all structures were aligned 
based on their sequence homology.

During the clustering process, an ellipsoid was created based on 
the location of the alpha carbons of a specific residue in all aligned 
proteins. If the volume of the ellipsoid was <  1 Å3, the residues were 
selected as the core region of the protein in that cluster (that is, the 
most overlapped region in the cluster). In the cluster dendrogram, 
the number of cluster groups was divided into 15 trees, with a cut- 
off RMSD value of 1.5 Å.

2.3. Data extraction of known ligands reported with their biological 
activities

Known ligands of purinergic P1 and P2 receptors were searched 
in the ChEMBL database [8]. Using a Python client library officially 
supported by ChEMBL [24], the search was conducted based on the 
target's UniProt ID to retrieve the reported ligand data with 

biological activities on the target. For a given target, the criteria for 
ligand selection were as follows: i) assay type label was B-binding 
and F-function, ii) assay standard type was IC50 for the antagonist 
and EC50 for the agonist, iii) standard values of activity were < 10 μM, 
and iv) the molecular weight was < 600.

For the resulting ligand sets (summarized in Table 2), ligand si
milarity analysis was performed based on MACCSKeys fingerprints and 
Tanimoto similarity index. The scikit-learn library [25] and RDKit [26]
were used for analysis. After creating a distance matrix, it was easily 
expressed in two dimensions by graphing it using the t-distributed 
Stochastic Neighbor Embedding (t-SNE) method with a random_state 
value of 0, an angle value of 0.5, and a perplexity value of 50.

2.4. Ligand binding mode prediction

The available X-ray crystal structures of P1 (A1 and A2A) and P2Y 
receptors (P2Y1 and P2Y12) were used for docking studies of known 
ligands retrieved from the ChEMBL database. For A3AR, our pre
viously constructed model structures were used [21]. Each receptor 
structure was prepared using "Protein Preparation Workflow" [27] in 
Schrödinger Maestro v.13.3 [28]. The structures and activity data of 
the known ligands of each receptor subtype were collected from the 
ChEMBL database. The ligand structures were prepared using the 
“LigPrep” module [29] in Schrödinger with ionization states at pH 
7.4. The Optimum Potential for Liquid Simulation (OPLS) 4 force field 
[30] was used for the energy minimization.

Ensemble docking studies for each receptor subtype were per
formed by using a "virtual screening process" procedure incorporating 
Glide docking [31,32]. As protein parts for docking simulation, multiple 
structures (PDB ids: 2YDO, 2YDV, 3EML, 3QAK, 4UG2, 4UHR, 5G53, 
5IU7, 5IU8, 5MZJ, 5N2R, 5OLH, 5OLO, 5OLV, 5OLZ, 5UIG, 6GT3, 6WQA, 
and 6ZDR for A2AAR; 5N2S, 5UEN, 6D9H, 7LD3, and 7LD4 for A1AR; 
model structures for A3AR; 4XNW for P2Y1R; 4NTJ, 4PXZ, and 4PY0 for 
P2Y12R) were used to incorporate the protein flexibility. Post-docking 
minimization using the OPLS3 [33] force field was followed, and the 
top-ranked ligand conformation in the multiple receptor structures 
was finally selected as the binding mode. The interaction energy (Eint) 
with the bound ligand was calculated for the binding site residues 

Table 1 
The experimental or predicted 3D structures used in this study. 

Receptor subtype PDB ids ref. Receptor subtype PDB ids ref.

A2AAR 2YDO, 2YDV [37] A2AAR 7RM5 [38]
3EML [36] AF-P29274-F1 Alpha Fold DB
3PWH, 3REY, 3RFM [39] 6GT3 [40]
3QAK [41] 6JZH [42]
3UZA, 3UZC [43] 6LPJ, 6LPK [44]
3VG9, 3VGA [45] 6MH8 [46]
4EIY [47] 6PS7 [48]
4UG2, 4UHR [49] 6S0L, 6S0Q [50]
5G53 [51] A1AR 5N2S [52]
5IU4, 5IU7, 5IU8, 5IUA, 5IUB [53] 5UEN [54]
5JTB [55] 6D9H [56]
5K2A, 5K2B, 5K2C, 5K2D [57] 7LD3, 7LD4 [58]
5MZJ, 5MZP, 5N2R [52] AF-P30542-F1 Alpha Fold DB
5NLX, 5NM2, 5NM4 [59] A2BAR AF-P29275-F1 Alpha Fold DB
5OLG, 5OLH, 5OLO, 5OLV, 5OLZ, 5OM1, 5OM4 [60] A3AR Model structures [21]
5UIG [61] AF-P0DMS8-F1 Alpha Fold DB
5UVI [62] P2Y1R 4XNV, 4XNW [63]
5VRA [64] AF-P47900-F1 Alpha Fold DB
5WF5, 5WF6 [65] P2Y2R AF-P41231-F1 Alpha Fold DB
6AQF [66] P2Y4R AF-P51582-F1 Alpha Fold DB
6GDG [67] P2Y6R AF-Q15077-F1 Alpha Fold DB
6WQA [68] P2Y11R AF-Q96G91-F1 Alpha Fold DB
6ZDR, 6ZDV [69] P2Y12R 4NTJ [70]
7ARO [71] 4PXZ, 4PY0 [72]
7EZC [73] AF-Q9H244-F1 Alpha Fold DB
7PX4, 7PYR [74] P2Y13R AF-Q9BPV8-F1 Alpha Fold DB

P2Y14R AF-Q15391-F1 Alpha Fold DB

Table 2 
The number of searched ligands for the given target from the ChEMBL database. 

Receptor 
subtype

UniProt ID Ligand type Standard type Number of 
compounds

A1 P30542 Agonist EC50 245
A1 P30542 Antagonist IC50 215
A2A P29274 Agonist EC50 170
A2A P29274 Antagonist IC50 298
A3 P0DMS8 Agonist EC50 138
A3 P0DMS8 Antagonist IC50 369
P2Y1 P47900 Antagonist IC50 180
P2Y12 Q9H244 Agonist EC50 70
P2Y12 Q9H244 Antagonist IC50 533
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within 12 Å of the grid center. All molecular graphic figures were 
generated using PyMOL v.2.5.4 software [34].

2.5. Hierarchical clustering of the interaction maps

Interaction maps were expressed through heatmaps using the re
ceptor-ligand interaction energy (Eint) of the binding pocket residues 
(note that the residue numbers follow the B&W numbering system). 
Hierarchical cluster analysis of the interaction maps was performed 
with the pheatmap R package v.1.0.12 software [17] using 'ward.D2' 
(Ward's minimum variance method) as the clustering method.

3. Results and discussion

3.1. Identification of evolutionary features through protein sequence 
conservation analysis

The purinergic signaling system is thought to have appeared 
early in the evolution of life [35]. The first specific receptors are 

observed in single-cell eukaryotic protozoa, and ATP-degrading en
zymes and release mechanisms are present in bacteria [35]. 
Throughout further evolution of the purinergic signaling system, a 
wide range of purinoceptor classes have been developed, as well as 
pathways capable of releasing nucleotides and adenosine [35]. As 
class A GPCRs, P1 and P2Y receptors have common structural fea
tures of the 7-transmembrane (TM) system. They also share struc
tural similarities in the recognition of purine scaffolds [1]. To 
compare the evolutionary features of purinergic receptor families, 
we conducted conservation analysis using the collected homologous 
sequences of purinergic P1 and P2Y receptors.

In terms of phylogenetic relationships (Fig. 2A; calculated using the 
receptor similarity module in GPCRdb [36]), the P1 and P2Y families 
can be divided distinctively. Among P1 receptors, A2A/2B adenosine 
receptors (AR) are seemingly more similar to A1AR than A3AR. In the 
case of P2Y families, two distinct subgroups with a relatively high level 
of divergence were observed: the first (P2Y1-like) subgroup contained 
P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11 receptors, and the second (P2Y12- 
like) subgroup contained P2Y12, P2Y13, and P2Y14 receptors.

Fig. 2. Sequence conservation of the purinergic receptors. (A) Phylogenetic tree of P1 and P2Y receptors generated using the Receptor Similarity module in GPCRdb. (B) Sequence 
clustering based on the conservation patterns of the homologous protein family. Sequence conservation scores were calculated in different receptor family levels: (C) P1, (D) P1 and P2Y, 
and (E) P2Y receptor families. Highly conserved residues were mapped to the representative 3D structures of human A2AAR and P2Y12 receptors (PDB id: 2YDO and 4PXZ, respectively).
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We also analyzed sequence conservation in each receptor sub
type family by aligning ortholog sequences collected from UniProt 
(Fig. 2B; note that P2Y8 and P2Y10, which are classified as orphan 
receptors, were not included). Sequence conservation scores were 
calculated using the Shannon entropy-based method [13], and re
sidue numbers were represented using the GPCR B&W numbering 
system [15]. Interestingly, the hierarchically clustered sequence 
conservation matrix (Fig. 2B) showed evolutionary differences 
among receptor families and relative positions in the 7TM topology 
of GPCRs. The loops and C-terminal regions showed greater varia
bility than did the TM regions. As expected, the functional key re
sidues, also known as micro-switches (for example, N24, D52, D101, 
R102, Y103, W129, P189, Y197, E228, C245, W246, P248, N280, S281, 
N284, P285, Y288, and F295 in the human A2AAR), showed sig
nificantly high conservation scores in all receptor classes (Fig. 2C–E, 
Fig. S2).

In class A GPCRs, universally conserved positions, such as mi
croswitches, allow receptors to bind G proteins in a similar or
ientation, thus modulating receptor activation. The subtype-specific 
residues surrounding the conserved core may serve as a selectivity 
filter to ensure that different receptors bind differently, that is, the 
P2 family responds to ATP, ADP, UTP, and UDP, whereas the P1 re
ceptor family recognizes its natural agonist adenosine. Interestingly, 
the extracellular half of the TM region of the P2 receptor exhibited 
less sequence similarity than that of P1, reflecting the greater di
versity of their natural ligands.

3.2. Clustering of 3D structures and common core regions of each class

For over few decades, active research and innovation have ac
cumulated in the field of GPCR structures, rendering A2AAR one of 
the best structurally characterized GPCRs at the atomic level [41]. In 
particular, the experimental structures were determined in various 
pharmacological states, that is, antagonist-bound inactive, agonist- 
bound active, and fully active states, together with G-proteins. The 
structures of other subtypes such as A1AR, P2Y1, and P2Y12 are also 
available. These structures have highlighted key structural features 
in the activation mechanism of the receptor and provided structural 
insight into the molecular determinants of ligand binding specificity 
in different receptor classes. Moreover, the Alpha Fold (AF), a suc
cessful artificial intelligence (AI) system that predicts the 3D struc
ture of a protein from a given amino acid sequence, provides 

Fig. 3. Clustering of the available 3D structures of the P1 and P2Y receptors. Hierarchical clustering was performed using the aligned 3D structures of the pure receptors (the 
engineered portions were omitted). At the bottom, the labels for experimental or model structures, stabilization techniques for crystallization, and receptor or ligand subtypes are 
annotated.

Fig. 4. Most overlapped core regions in purinergic receptor families. (A) P2Y re
ceptors, (B) P1 receptors, and (C) both P1 and P2Y receptors. The core regions are 
represented by spheres and networks.
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individual structures for the human proteome with high coverage 
[22,23]. These structural sources provide valuable information about 
receptor function, activation mechanisms, and ligand interactions 
that can be used in rational drug design processes.

We systematically analyzed the structural data reported for the 
purinergic P1 and P2Y receptors, that is, the X-ray crystal structures 
of P2Y1R, P2Y12R, A1AR, and A2AAR, our previously constructed 
homology models of A3AR [21], and AF models of other subtypes 
(Table 1). After deleting the regions artificially engineered for crys
tallography, such as the nanobody or T4 lysozyme, we prepared the 
sole purinergic receptor structure with ligands bound at the or
thosteric sites. All the structures were aligned based on their se
quence homology. These structural ensembles were clustered based 
on their structural similarities as calculated using Cα-RMSDs. The 3D 
structural clustering itself also distinguished the receptor sub
types (Fig. 3).

Interestingly, in both the P1 and P2Y cases, the agonist-bound 
structures were clearly distinguishable from the antagonist-bound 
structures, reflecting the structural differences between the two 
groups. In the absence of G-protein binding, the agonist- and an
tagonist-bound A2AAR structures show only microscopic changes in 
their helical arrangements; however, this fine-tuning of structures 
shows some systematic trends that can be rationally applied in drug 
discovery. Additionally, small clusters in the same receptor subtypes 
can be distinguished by differences in the bound ligand and also by 
the stabilization techniques during the crystallization. We can 
speculate that the most significantly affecting reason for the receptor 
conformational change is the ligands’ pharmacological profile (ago
nist or antagonist), followed by the ligand scaffold, and then the 
crystallization techniques.

During the 3D structural clustering process, the most overlapped 
core region was calculated for the aligned structures in the same 
cluster (note that this core region is the most structurally similar and 
well-aligned section of the same cluster). The core regions are 

displayed as spheres and networks in Fig. 4. Interestingly, the core 
regions in the P1, P2Y, and purinergic families were different. The 
core region in the P2Y family structures tended to be in the in
tracellular half of TM2, 3, and 4 (Fig. 4A), whereas the core region in 
the P1 family was observed in the middle of TM1, 2, 5, 6, and 7 
(Fig. 4B). Regarding the entire purinergic family (P1 and P2Y com
bined), the core regions were located in TM1, 2, and 7 (Fig. 4C).

3.3. Systematic analysis of the receptor-ligand interaction patterns 
observed in the crystal structures

Although sequence conservation and the topology of receptor 
structures provide valuable information for protein function, it is not 
sufficient to extract more detailed evidence on which interactions 
are crucial for ligand binding or receptor modulation. Since receptor- 
ligand binding is determined by the physicochemical interactions 
between the ligands with various chemical scaffolds and the sur
rounding amino acids, it is necessary to analyze the interactions of 
individual structures. Based on currently available experimental 
structures, we systematically investigated the interactions between 
purinergic receptors and various types of ligands.

By examining a dataset of 25 representative crystal structures (for 
A1, A2A, P2Y1, and P2Y12 receptors) and two model structures (for 
A3AR), we calculated the interaction energy map between the receptor 
and bound ligands. First, the crystal structures were refined using the 
Schrödinger Glide program with the 'Refine only' option (note that the 
bound conformations of the bound ligands were nearly the same as 
the crystallized ones, only refined to calculate reasonable energy va
lues). The interaction energy (Eint) values were extracted for the 
binding site residues (within 12 Å from the grid center), and the re
sidue numbers were replaced with the corresponding B&W numbers. 
We then performed hierarchical clustering analysis to extract common 
or specific interaction patterns in the receptor families.

As illustrated in Fig. 5, the calculated interaction map shows 
some shared binding features among the receptor families. First, 
nucleoside- or nucleotide-like agonist scaffolds appear to be re
cognized by similar residues when they bind to the orthosteric sites 
of P1 and P2Y receptors. In both P1 and P2Y receptors, common 
interaction patterns with the residues 5.38, 6.55, 7.35, and 7.39 ap
pear important for purinergic ligand recognition (note that all the 
numbers in this section follow B&W numbering). Interestingly, these 
residues may function as recognition points for purinergic ligands 
but play different roles in ligand binding in the P1 and P2Y classes. In 
P1, residues 5.38 and 6.55 form the interaction with the adenine 
moiety of the natural substrate adenosine. In contrast, in P2Y, these 
residues capture the interaction with the phosphate group of the 
natural substrate, such as ATP or AMP (see the green highlighted 
residues in Fig. 5).

The map also shows some interaction patterns common to P1 
receptors, but not observed in P2Y receptors (see the yellow-high
lighted residues in Fig. 5). The adenine or aromatic rings in the li
gands almost always form π-π stacking with the hydrophobic 
residue 45.52 in ECL2 (upper part of the binding site). Many crystal 
structures of A2AAR also confirmed that most of the ligands occupy 
the same binding pocket, maintaining H-bonds with the conserved 
residue 6.55 in all AR subtypes. In the middle of the binding site, 
hydrophobic interactions with residues 6.51 and 6.52 may be crucial 
for P1. The residue 6.48, one of the most highly conserved micro- 

Fig. 5. Ligand interaction pattern analysis using the crystal structures of P1 (adenosine A1, A2A, and A3) and P2Y (P2Y1 and P2Y12) receptors. (A) Hierarchically clustered interaction 
map with the distance matrix computation methods 'correlation' for a row and 'canberra' for a column. The color in the heatmap means the interaction energy (Eint) calculated by 
using the crystal structures. The residue numbers and B&W numbers are marked in the middle column. At the right side, the positions with the published mutation data 
(examined for ligand binding and activation) [76–78] are marked with colored circles. (B) Experimentally validated protein-ligand interactions of the representative receptors. The 
bound agonists or antagonists are displayed as ball-and-stick models, and the interacting residues are represented by gray sticks. The H-bond interactions are depicted in black 
dashed lines. The residue numbers significant for both P1/P2Y-binding are highlighted in green. The residues observed specifically in P1- and P2Y- bindings are marked in yellow 
and orange, respectively. The key interacting residues for P1 agonists are highlighted in pink.

Fig. 6. Chemical space analysis of the known purinergic receptor ligands collected 
from the ChEMBL database. Chemical structures were clustered using t-SNE based on 
the MACCSKeys fingerprint. This analysis was performed only when the total number 
of ligands of the receptor subtype was > 200.
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switch residues, contributes to a typical hydrophobic interaction at 
the bottom of the binding site, exhibiting a common pattern of P1 
ligand binding.

Interestingly, key interaction patterns for agonist binding were 
also detected in P1 receptors (see the pink-highlighted residues in 
Fig. 5). Interactions with 3.30, 3.32, 7.42, and 7.43 were commonly 
observed in the agonist-bound structures. Significantly, the H-bonds 
of the polar groups in the agonist ligands with residues 7.42 and 7.43 
can be critical for agonist binding. These residues form H-bonds with 
the antagonist in some instances, but several studies have shown 
that these interactions with the antagonist can be transient and less 
persistent during molecular dynamics simulations [75]. As shown in 
the right side in Fig. 5A, some of these residues were also confirmed 
by site-directed mutational studies [76–78] for their roles in ligand 
binding or receptor function.

In the case of P2Y receptors, several interacting residues, such as 
45.51, 6.58, and 7.32, may be necessary for P2Y ligand recognition 

(orange-highlighted residues in Fig. 5). Taken together with the 
published mutagenesis data [76,78], it appears that the essential 
amino acid residues for P2Y receptor activation are located at the 
extracellular side of TM5 and TM7 through their interaction with 
TM3. The residues in TM6 and ECL3 are observed as more crucial for 
receptor binding than receptor activation. Since the available X-ray 
crystal structures of P2Y receptors are limited, more reliable analysis 
of P2Y ligand binding is planned postponed for future study.

Among the key interaction residues (with good Eint values; note 
that lower Eint values indicate better binding), some are consistent 
with the sequence conservation profiles, whereas others show un
ique features regardless of sequence conservation (Fig. S3). Con
sidering that protein structures are more conserved than protein 
sequences, it is possible to make evolutionary inferences through 
comparative structure analyses, also without considering the se
quence information. Particularly with respect to ligand binding or 

Fig. 7. Interaction pattern map of the P1 & P2Y receptor ligands collected from the ChEMBL database. (A) Hierarchically clustered interaction map with the distance matrix 
computation methods 'binary' for a row and 'canberra' for a column. The color in the heatmap means the average interaction energy (Eint) calculated by the docked conformations 
of the known ligands from the ChEMBL database. (B) Structural image of interaction pattern map of the exemplary P1 & P2Y receptor ligands.
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selectivity, structural conservation is seemingly more important 
than the sequence level.

3.4. Receptor-ligand interaction patterns calculated using the known 
ligands in ChEMBL

The observed binding patterns in the crystal structures will help 
us gain more insights into how these molecules bind with other 
molecules and how their specificity differs. Although these struc
tures provide valuable information on receptor-ligand interactions, 
the types of bound ligand scaffolds are limited. To determine whe
ther the resulting interaction patterns are consistent with various 
types of ligands, we collected validated ligand sets for each subtype 
in the ChEMBL database (Table 2) and predicted their binding poses 
and interaction energies.

As shown in Fig. 6, the chemical spaces of the known ligands 
overlap among the different receptor subtypes. It may differentiate 
between P1 and P2Y receptor ligands, but there are also some shared 
chemical spaces with other receptors. For P1 receptors, the known 
ligand scaffolds are in a widely shared chemical space, reflecting 
their chemical similarity. Therefore, selectivity among receptor 
subtypes can be achieved through detailed individual interactions 
with the surrounding receptor environment.

To predict the binding modes of these known ligands, docking 
studies were performed using Schrödinger Glide (SP mode). To con
sider receptor flexibility, the representative protein structures shown 
in Fig. 5 were used to perform ensemble docking. Interaction energy 
(Eint) values were extracted for the binding site residues (within 12 Å 
from the grid center) and averaged for each receptor subtype. There
fore, the good Eint value of a specific residue indicates the importance 
of the receptor-ligand interactions commonly observed in various 
types of ligands. As shown in Fig. 7, we confirmed similar interaction 
patterns in our previous analysis of the X-ray crystal structures. For 
subtypes with unknown X-ray structures, ligand docking and inter
action pattern analysis were also attempted using the reported alpha- 
fold (AF) models; however, we failed to obtain reliable poses to cal
culate Eint. This may be because many AF models were predicted based 
on apo receptor structures; the coordinates of the binding site cavity 
might not be suitable for detailed analysis of ligand-binding interac
tions and require further optimization.

4. Conclusion

In summary, sequence conservation and ligand interaction pattern 
analyses of purinergic receptors allowed the identification of several 
common or distinct features in the P1 and P2Y receptor families. Using 
the information of well-characterized purinergic ligands, we proposed 
their binding modes and potential key residues for selectivity against 
receptor subtypes or pharmacological profiles. The conservation score 
of a residue is a useful measure of its importance in protein structure 
and function; however, there may be less association with individual 
ligand interactions. Receptor-ligand information should be system
atically analyzed for various cases to extract the knowledge necessary 
for molecular design. The P1 and P2Y receptors present different 
binding pockets that share only a small portion of the site. Systematic 
analysis showed that some of these patterns can help classify receptor- 
ligand interactions. Our study can be used to improve GPCR drug de
sign by systematically analyzing valuable information to our under
standing of GPCR receptor-ligand interactions and their ligand 
selectivity and functionality.
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