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Platelet plays essential roles in hemostasis and its dysregu-
lation can lead to arterial thrombosis. P2Y12 is an impor-
tant platelet membrane adenosine diphosphate receptor,
and its antagonists have been widely developed as anti-
coagulation agents. The current P2Y12 inhibitors available
in clinical practice have not fully achieved satisfactory anti-
thrombotic effects, leaving room for further improvement.
To identify new chemical compounds as potential anti-
coagulation inhibitors, we constructed a three-dimensional
structure model of human P2Y12 by homology modeling
based on the recently reported G-protein coupled receptor
Meleagris gallopavo b1 adrenergic receptor. Virtual screen-
ing of the modeled P2Y12 against three subsets of small
molecules from the ZINC database, namely lead-like, frag-
ment-like, and drug-like, identified a number of com-
pounds that might have high binding affinity to P2Y12.
Detailed analyses of the top three compounds from each
subset with the highest scores indicated that all of these
compounds beard a hydrophobic bulk supplemented with
a few polar atoms which bound at the ligand binding site
via largely hydrophobic interactions with the receptor. This
study not only provides a structure model of P2Y12 for
rational design of anti-platelet inhibitors, but also identifies
some potential chemicals for further development.
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Introduction

Platelet plays essential roles in hemostasis and arterial
thrombosis [1]. After thrombogenic stimuli such as vessels
injury or lesions rupture in a coronary artery, platelets are
activated by adhesion to the damaged sites, which further
initiates a cascade of downstream signaling and ultimately
leads to the occurrence of adverse cardiovascular events

[2,3]. During this complicated process, a number of
mediators released from the platelets and the receptors on
platelet membrane are involved, among which adenosine
diphosphate (ADP) and its corresponding platelet receptors
are of great importance [4].

ADP, mainly secreted by erythrocytes, endothelial cells,
and dense granules of stimulated platelets, serves as a
powerful agonist in the platelet aggregation [5]. Effects of
ADP are manifested through two distinct platelet receptors,
namely P2Y1 and P2Y12 [6], both of which are purinore-
ceptors belonging to the G-protein coupled receptor
(GPCR) family. P2Y1 is coupled to Gq [7], while P2Y12
is coupled to Gi2 [8]. Although both P2Y1 and P2Y12 are
required for the ADP-induced aggregation, they play differ-
ent roles in facilitating thrombosis [9,10]. Stimulation of
P2Y1 leads to intracellular calcium mobilization, platelet
shape change, and transient reversible platelet aggregation
[11,12]. The P2Y12-mediated ADP signaling effects
include calcium mobilization, granule release, thromboxane
A2 generation, and activation of glycoprotein IIb/IIIa
receptor, which finally results in amplification of stable
platelet aggregation and secretion [13–15]. Due to the
unique role in platelet activation and aggregation, the
blockage of interaction between ADP and its receptors is
of great value for selective attenuation of ADP-induced
platelet activation. Compared with the ubiquitously
expressed P2Y1, P2Y12 is mainly found on the surface of
human platelets, making it a more attractive target for the
development of novel anti-platelet agents [16].

During the past years, a series of P2Y12 antagonists
have been developed as drugs for the treatment of a variety
of thrombotic diseases, such as stroke and myocardial
infarction. Based on the chemical properties and the inhibi-
tory mechanisms of these antagonists, they are mainly
divided into two types: thienopyridines and nonthienopyri-
dines. Thienopyridines including ticlopidine, clopidogrel,
and prasugrel, have been commonly used in clinical prac-
tice nowadays [17]. In general, the thienopyridine drugs
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share similar inhibitory mechanism. They all are prodrugs
that have to be converted first to the active forms via
hepatic cytochrome P450. The active metabolites can
specifically and irreversibly bind to cysteine residues of the
P2Y12 receptor and consequently inhibit the
ADP-mediated platelet activation and aggregation [18].
Despite their high anti-platelet activity, certain drawbacks
exist, including relatively slow-onset and considerable
inter-individual variability [19]. Unlike thienopyridines,
nonthienopyridines are still undergoing clinical trials.
These inhibitors can directly and reversibly bind to P2Y12
independent of cytochrome P450 biotransformation, which
endows them with much faster onset and more pronounced
platelet inhibition [20]. Nevertheless, there are also some
side effects associated with these nonthienopyridine drugs
such as greater occurrence of dyspnea and ventricular
pause [21]. Thus, there is need to search for new inhibitors
targeting at the P2Y12 receptor.

To improve present P2Y12 antagonists and to search for
new inhibitors of P2Y12, the structural information of
P2Y12 is of great importance and help. However, being a
transmembrane (TM) protein that is extremely difficult to
crystallize, the crystal structure of P2Y12 is still unavail-
able. As a result, the structural basis of the interactions
between the antagonists and the receptor has not been fully
elucidated. With the rapid development of computational
biology, homology modeling has become a powerful tool
to build the structure model of a target protein [22], which
can be utilized to investigate potential protein–ligand inter-
actions and identify possible inhibitors [23]. Previously,
Zhan et al. [24] reported a structure model of P2Y12 based
on bovine rhodopsin which has barely 29% sequence simi-
larity to human P2Y12. However, rhodopsin is not con-
sidered to be an appropriate template for P2Y12, because it
is a light-sensitive receptor [25] without a typical ligand
binding pocket that is important for P2Y12. Recently, the
crystal structure of Meleagris gallopavo b1 adrenergic
receptor (b1AR) was solved [26], which shares a higher
sequence similarity with human P2Y12 and contains a
ligand binding site. Therefore, b1AR can be used as a
better template to construct a structure model of human
P2Y12 for virtual screening and rational design of potential
P2Y12 inhibitors.

In this study, we first constructed a 3D structure model
of human P2Y12 using the turkey b1AR as the template.
Virtual screening of this structure model of P2Y12 against
a large library of small molecules was performed using a
docking program. We identified a number of compounds
that could bind to the ligand binding pocket of P2Y12.
Analyses of top three compounds with the highest binding
energy from three subsets of compounds, namely lead-like,
fragment-like, and drug-like, revealed the properties of
these compounds and their interactions with the receptor.

These results can be exploited in the design and develop-
ment of new inhibitors against human P2Y12.

Materials and Methods

Homology modeling of P2Y12
The amino acid sequence of human P2Y12 (NCBI acces-
sion number NP_073625.1) was used as the query
sequence to search for the homolog models with known
structures from the Protein Data Bank (PDB) using
NCBI-BLAST [27]. Meleagris gallopavo b1AR has the
highest sequence similarity with human P2Y12 and con-
tains a conserved ligand binding pocket. In addition, the
crystal structure of the turkey b1AR (PDB code 2VT4)
was determined at 2.7 Å resolution, which provided more
detailed structure information in the ligand binding pocket.
Thus, the structure of the turkey b1AR assumes to be more
suitable than that of rhodopsin as a template for homology
modeling of human P2Y12. The 3D model of human
P2Y12 was generated using program MODELLER
(version 9V8) [28] that was energy minimized using the
molecular dynamics simulation procedure in this program.
The sequence alignment was generated using the
ESPript2.2 server [29]. The quality and stereochemistry of
the model were evaluated using program PROCHECK
[30]. All the structure figures were generated using program
Pymol [31].

Docking of known ligands and virtual screening of
potential inhibitors
Chembl database is an online database containing infor-
mation of the properties and activities of a large number of
drugs and drug-like small molecules [32]. To validate the
P2Y12 model, we docked three representative known
ligands of P2Y12 from Chembl database into the putative
ligand binding pocket with the program DOCK 6.0 [33].
Firstly, the modeled P2Y12 was modified by Dock Prep
module implemented in program Chimera [34] to add
hydrogen and charges. In this step, no clash between
hydrogen atoms was observed in our model. Secondly, the
small molecules were energy minimized using the Prodrg
server [35], and then modified in Chimera to add hydrogen
and charges. Thirdly, the molecular surface of P2Y12 was
generated with program DMS [36], and the grid for the
selected ligand binding pocket was calculated using DOCK
6.0. The dimension of the chosen grid was 123 � 145 �
103 points which was large enough to include all residues
of the putative ligand binding pocket of P2Y12. Docking
was performed with flexible ligand docking parameters,
while the other parameters were set to the default values.

The ZINC database was used for virtual screening,
which contained a large number of commercially available
compounds [37]. According to their molecular properties,
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three subsets of compounds from the ZINC database were
chosen for virtual screening, namely lead-like, fragment-
like, and drug-like. To efficiently screen the compounds
within reasonable time frames, we also chose DOCK 6.0
as the primary molecular docking program using the pre-
viously calculated grid and rigid ligand docking par-
ameters. All of the compounds that were docked into the
ligand binding pocket of P2Y12 were subjected to energy
minimization, and then ranked automatically according to
criteria of the interaction energy combined with geometri-
cal matching quality. Finally, the top three compounds
each from the three subsets with the highest binding ener-
gies were selected for further interaction analysis.

Results

Structure model of P2Y12
Human P2Y12 is a critical target for anti-platelet drugs.
However, its crystal structure is still unavailable. To carry
out virtual screening of potential inhibitors of P2Y12, we
constructed a homology model of human P2Y12 based on
M. gallopavo b1AR, which shares the highest similarity
with P2Y12 among the GPCRs with known structures
(sequence identity of 24% and similarity of 39% calculated
using NCBI-BLAST). The structure model of P2Y12 is of
high stereochemical quality with the main-chain confor-
mations of 95.5% of the residues located in either the most
favored or additionally allowed regions of the Ramachandran
plot.

The structure model of P2Y12 is shown in Fig. 1(A).
Similar to other GPCRs, the structure model of P2Y12 was
characterized by an extracellular (EL) N-terminal region,
followed by seven transmembrane (TM) a-helices linked
by three EL and three intracellular loops, and finally an
intracellular C-terminal region. Sequence alignment and
structural comparison between P2Y12 and b1AR indicated
that the TM a-helices were highly conserved in both
sequence and structure; however, the N-terminal region and
the loop regions were less conserved [Fig. 1(B,C)].

Putative ligand binding pocket of P2Y12 model
Of particular interest is the ligand binding pocket of
P2Y12. Site-directed mutagenesis studies have shown that
the antagonists bind primarily to a similar area on the EL
side of the TM segments for all GPCRs [38–40]. In
addition, the EL loop EL2 of GPCRs also plays an impor-
tant role in ligand binding [41]. Therefore, our docking
experiments focused primarily on the TM segments and
EL2 to identify the putative ligand binding pocket and the
potential inhibitors.

Our docking results showed that the putative ligand
binding pocket was located in the upper region of the TM
segments partly covered by EL2, and was composed of

residues Arg256 and Tyr259 of TM6, Phe277 and Tyr278
of TM7, and Phe182 and Leu184 of EL2. The residues
forming the putative active site were highly conserved
between P2Y12 and b1AR, and these residues were
located either in the most favored or additionally allowed
regions of the Ramachandran plot. Thus, the conformations
of these residues at the active site are reliable. Also, as
shown in Fig. 1(C), the structural elements TM6, TM7,
and EL2 that were involved in the formation of the ligand
binding pocket were highly conserved between P2Y12 and
b1AR, suggesting that the conformation of the ligand
binding pocket of our P2Y12 model was more reliable.
Moreover, our model agrees well with the available clinical
and biochemical data. Specifically, our modeling studies
revealed that residue Arg256 played an important role in
the interaction of P2Y12 with the selected compounds (see
discussion later), which was consistent with the previous
studies showing that this residue was involved in the antag-
onist recognition. It was reported that a patient with a
mutation of R256Q in P2Y12 exhibited abnormal
P2Y12-dependent platelet activation [42]. Mutagenesis data
also showed that Arg256 in EL2 played an important role
in antagonist recognition [43].

Molecular docking and compound selection
Prior to virtual screening, the natural substrate of P2Y12
(ADP) and two known P2Y12 ligands (CHEMBL 291376
and CHEMBL 1160361) were docked into the active site
to validate the putative ligand binding pocket. As shown in
Fig. 2, the binding site of our P2Y12 model could accom-
modate all three ligands properly, indicating that the
binding site of the P2Y12 model was suitable for further
virtual screening.

Subsequently, the virtual screening of potential inhibi-
tors against P2Y12 was carried out using program DOCK
6.0 [33] from the ZINC database [37]. Prior to docking to
the putative ligand binding pocket of P2Y12, each subset
of compounds was filtered by certain criteria as follows:
For a total of 3 million lead-like compounds, the criteria
were PlogP ,3.5, molecular weight ,350 Da, and number
of rotatable bonds no .7. For a total of 406,730 fragment-
like compounds, the criteria were PlogP ,2.5, molecular
weight ,250 Da, and number of rotatable bonds up to
5. For a total of 13 million drug-like compounds, the cri-
teria were PlogP ,5, molecular weight from 150 to
500 Da, number of rotatable bonds up to 8, polar surface
area ,150 Å2, and number of hydrogen bond acceptors up
to 10.

In the docking process, P2Y12 was kept rigid, whereas
the compound was sampled in, on average, 100 orien-
tations and further energy minimized. The binding energy
of the compound with the receptor was calculated as the
sum of the van der Waals and electrostatic interaction
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energies. According to the energy minimization score, the
top three compounds from each subset were chosen for
further analysis and discussion. These nine compounds are
summarized in Table 1. All of these compounds bear a
hydrophobic bulk supplemented with a few polar atoms
that bind at the putative ligand binding pocket via largely
hydrophobic interactions with the receptor.

Binding of the lead-like compounds
The top three lead-like compounds identified from our
virtual screening are all hydrophobic in nature, and interact
with the receptor via primarily hydrophobic interactions
supplemented with a few hydrophilic interactions.

For compound 1a [1-allophanoylethyl 1-(4-ethylphenyl)-
5-oxo-pyrrolidine-3-carboxylate], the bulk aromatic rings
formed extensive hydrophobic interactions with the aromatic
side-chains of Tyr259, Phe277, and Tyr278 and the aliphatic
side-chain of Leu184 [Fig. 3(A)]. In addition, the hydrophilic
tail could form two hydrogen bonds with the side-chain of
Arg256 and the main-chain carbonyl of Trp186. To increase
the binding affinity of this compound with P2Y12, it might
be beneficial to substitute the O1 on the middle aromatic ring
with a methyl group to enhance the hydrophobic interactions.
In addition, modification of the C1 with a hydrophilic group
might form an extra hydrogen bond with Ser83 that may
further stabilize the binding of this compound.

Figure 1 Representation of the structure model of human P2Y12 (A) Side and top view of the P2Y12 receptor. Seven transmembrane (TM1-7)

regions are labeled in different colors. N and C represent the N- and C-terminus, respectively. (B) Sequence alignment between P2Y12 and b1AR.

(C) Superposition of the structure model of P2Y12 with that of b1AR. P2Y12 is shown in magenta, while b1AR in gray.
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Compound 1b [N-(7-cyclopropylcarbonylamino-9H-
fluoren-2-yl) cyclopropanecarboxamide] had mainly hydro-
phobic interactions with P2Y12 via its phenanthrene
moiety and the aromatic side-chains of Tyr259, Phe277,
and Tyr278 and the aliphatic side-chain of Leu184 of the
receptor [Fig. 3(B)]. Since residues Asn274 and Asp266
pointed their hydrophilic side-chains toward the phenan-
threne moiety, modifications of the C2 and C14 on the
phenanthrene ring to introduce favorable hydrophilic inter-
actions with the receptor might stabilize the binding of
compound 2b. Moreover, moderately increasing the hydro-
philic property of the tail of compound 2b might also be
helpful.

Compound 1c [N-benzyl-5-methyl-N-[2-(propylcarba-
moyl) ethyl] pyrazine-2-carboxamide] had both hydro-
phobic and hydrophilic interactions with the receptor. The
benzene ring interacted with the aromatic side-chains of
Phe277 and Tyr278, and the aliphatic side-chain of Leu184
[Fig. 3(C)]. The O1 and O2 atoms formed two hydrogen
bonds with the side-chain amino group of Arg256 and
Asn274, respectively. Considering that this compound

bound on the surface region of P2Y12, further enhance-
ment of the hydrophilic interaction with the receptor might
improve the binding affinity. Two hydrophilic residues
Asp169 and Asn171 pointed their side-chains toward the
pyrazine moiety with good geometry. Thus, substitution of
the methyl group on the pyrazine moiety with some hydro-
philic group could introduce hydrogen bonds with the
receptor and thus might further stabilize the binding of
compound 1c. Moreover, addition of a polar group on the
C1 might also be advantageous, because it may form a
hydrophilic interaction with Gln188.

Binding of the fragment-like compounds
Once again, all three fragment-like compounds comprise a
hydrophobic bulk and a few polar groups. The fragment-
like compounds are smaller in molecular weight and their
hydrophobic interactions with P2Y12 seem not as strong as
the lead-like compounds. But they have relatively more
hydrophilic interactions. Also, the fragmental property of
these molecules makes the modifications of them more
effective and efficient.

Figure 2 Docking of known ligands into the putative ligand binding pocket of P2Y12 Electrostatic surfaces of the putative ligand binding site of

P2Y12 bound with (A) ADP, (B) CHEMBL291376, and (C) CHEMBL1160361. The bound ligands ADP (in limon), CHEMBL291276 (in light orange),

and CHEMBL1160361 (in pale yellow) are shown in ball-and-stick models.

Table 1 Binding energy between compounds and P2Y12

Subset Compound ZINC code Binding energy (kcal) Calculated Kd (M) in 258C

Van der Waals Electrostatic Total

Lead-like 1a ZINC06081871 247.38 22.62 250.00 1.72�1029

1b ZINC04782658 246.36 20.88 247.24 5.24�1029

1c ZINC04588161 247.46 0.23 247.23 5.26�1029

Fragment-like 2a ZINC03246803 237.58 23.65 241.23 5.93�1028

2b ZINC02378695 230.20 29.37 239.57 1.16�1027

2c ZINC04820231 235.80 23.63 239.43 1.23�1027

Drug-like 3a ZINC04993127 251.35 23.41 254.76 2.52�10210

3b ZINC04849611 250.33 22.67 253.00 5.12�10210

3c ZINC03841020 252.06 0.80 251.26 1.03�1029
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Compound 2a [N0-(2-bicycloundeca-2, 8, 10, 12-tetrae-
nyl) cyclopropanecarbohydrazide] had both hydrophobic
and hydrophilic interactions with the receptor [Fig. 4(A)].
Particularly, the head of the compound made extensive
hydrophobic contacts with Phe277, Tyr278, and Leu184.
The O1 atom formed a hydrogen bond with the side-chain
of Arg256, and the N1 atom formed a hydrogen bond with
the main-chain carbonyl of Leu184. As the cyclopropane
moiety of compound 2a was oriented toward a hydrophilic
region, addition of some polar atoms to this group might
enhance favorable ligand–receptor interactions.

Compound 2b [5-(4-methylsulfanylphenyl)-5-oxo-penta-
noic acid] is relatively smaller. Its aromatic ring made hydro-
phobic interactions with the aromatic side-chain of Phe277
and the aliphatic side-chain of Leu184, and its carboxyl
group formed two salt bridges with the side-chain amides of
Arg256 and Arg265 [Fig. 4(B)]. Since the O1 group pointed
toward a hydrophobic pocket, alteration of the O1 to certain
hydrophobic groups might improve the binding affinity of
this compound. Moreover, appropriate modification of the

S1 group might also be advantageous in enhancing the inter-
action between the ligand and the receptor by forming a
hydrogen bond with the side-chain hydroxyl of Ser83.

For compound 2c [1-(p-tolyl)-3-(2-pyridylamino)prop-2-
en-1-one], its benzene ring was sandwiched between the
aromatic side-chains of Trp186, Phe277, and Tyr278, and
its pyridine moiety had hydrophobic interactions with the
aromatic side-chains of Trp186 and Tyr259 as well
[Fig. 4(C)]. In addition, the N1 atom formed a hydrogen
bond with the main-chain carbonyl of Leu184. Considering
the empty space between the pyridine moiety of the com-
pound and the flexible side-chain of Glu188, addition of
certain hydrophilic substituent at the C14 position of the
compound might introduce a salt bridge or hydrogen bond
and thus increased the binding affinity and specificity.

Binding of the drug-like compounds
The drug-like compounds comprise several functional moi-
eties with relatively larger molecular weights, and thus
their interactions with the receptor are stronger.

Figure 4 Structures of the binding site of the fragment-like compounds (A) Interactions of compound 2a [N0-(2-bicyclo [5.4.0] undeca-2, 8, 10, 12-

tetraenyl)-cyclopropanecarbohydrazide] (in orange) with P2Y12 (in gray). (B) Interactions of compound 2b [5-(4-methylsulfanylphenyl)-5-oxo-pentanoic acid]

(in cyan) with P2Y12 (in gray). (C) Interactions of compound 2c [1-(p-tolyl)-3-(2-pyridylamino) prop-2-en-1-one] (in pink) with P2Y12 (in gray). Hydrogen

bonds and salt bridges between the compounds and P2Y12 are denoted with dashed lines.

Figure 3 Structures of the binding site of the lead-like compounds (A) Interactions of compound 1a [1-allophanoylethyl 1-(4-ethylphenyl)-5-oxo-

pyrrolidine-3-carboxylate] (in yellow) with P2Y12 (in gray). (B) Interactions of compound 1b [N-(7-cyclopropylcarbonylamino-9H-fluoren-2-yl)

cyclopropanecarboxamide] (in magenta) with P2Y12 (in gray). (C) Interactions of compound 1c [N-benzyl-5-methyl-N-[2-(propylcarbamoyl)

ethyl]-pyrazine-2-carboxamide] (in green) with P2Y12 (in gray). Hydrogen bonds between the compounds and P2Y12 are denoted with dashed lines.
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For compound 3a [4-[5-[(6-methyl-2-oxo-1H-quinolin-3-yl)
methyl]-3-phenyl-4, 5-dihydropyrazol-1-yl]-4-oxo-butanoic
acid], the naphthol moiety made extensive hydrophobic
interactions with the aromatic side-chains of Phe277 and
Tyr278 and the aliphatic side-chain of Leu184, and the
cyclopentane moiety made hydrophobic interactions with
the aromatic side-chain of Tyr259 [Fig. 5(A)]. The O2
atom formed two hydrogen bonds with the side-chain of
Arg256, and the carbonyl group formed a salt bridge with
the side-chain of Arg265. Since the benzene ring of com-
pound 3a pointed toward the hydrophilic region on the
outer surface of P2Y12, substitution of this hydrophobic
group with certain hydrophilic group might further stabilize
the binding of the ligand with the receptor.

For compound 3b [N-(isopropylcarbamoylmethyl)-N0-(4-
methyl-2-pyridyl)-N-(m-tolyl)butanediamide], the pyridine
moiety was sandwiched between the aromatic side-chains
of Phe104, Phe182, and Tyr278 and the aliphatic side-
chain of Leu184 [Fig. 5(B)]. The O2 atom made hydrophi-
lic interaction with the side-chain amino group of Arg256.
Considering that the pyricline ring pointed toward a hydro-
philic region, modification of this ring with some polar
groups might introduce a hydrogen-bonding interaction
with the side-chain of Ser83, and consequently enhanced
its interaction with the receptor. In addition, replacement of
the methylene group by some hydrophilic ones might also
introduce some salt bridges or hydrogen bonds between the
ligand and the side-chain of Asp191 and/or Glu188.

Compound 3c [2-[benzylamino-hydroxy-(hydroxymethyl)-
dimethyl-BLAHyl]-N-cyclopropyl-acetamide] had relatively
weaker interactions with P2Y12. Its hydrophobic moieties
made some hydrophobic contacts with the aromatic side-
chains of Tyr259 and Phe277 and the aliphatic side-chain of
Leu184, and its O2 atom formed a hydrogen bond with the

main-chain carbonyl of Phe182 [Fig. 5(C)]. To increase its
binding affinity, some modifications can be considered. For
example, improving the hydrophobic character of the O3 pos-
ition can strengthen its interactions with the receptor. Also,
modification of the cyclopropane moiety with some hydro-
philic groups may add hydrophilic interactions with Asn191.
Since the benzene ring points toward the outer hydrophilic
region of P2Y12, substitution of this moiety with some
hydrophilic groups may be helpful in stabilizing the inter-
actions between compound 3c and P2Y12.

In summary, based on our modeled structure of P2Y12,
our virtual screening against a large library of small mol-
ecules identified several compounds that may have high
binding affinity with the receptor. Structural analysis of the
top three compounds with the highest binding energy in
the three subsets of compounds, namely lead-like, frag-
ment-like, and drug-like, revealed that all these compounds
were composed of a bulk hydrophobic core with several
hydrophilic groups and could interact with P2Y12 mainly
via hydrophobic interactions supplemented with certain
hydrophilic interactions. This work provides the structural
basis for further rational design of novel anti-platelet
inhibitors.

Discussion

GPCRs are a large family of TM proteins that are of great
biological importance, and thus are targets for therapeutic
drug design [44]. However, due to the difficulty in obtain-
ing 3D structures, computational methods, such as hom-
ology modeling, can provide an alternative way in the
structural and functional studies of GPCRs and their inter-
actions with ligands, because these membrane proteins are
structurally more conserved than sequences. P2Y12 is an

Figure 5 Structures of the binding site of the drug-like compounds (A) Interactions of compound 3a [4-[5-[(6-methyl-2-oxo-1H-quinolin-3-yl)

methyl]-3-phenyl-4,5-dihydropyrazol-1-yl]-4-oxo-butanoic acid] (in blue) with P2Y12 (in gray). (B) Interactions of compound 3b

[N-(isopropylcarbamoylmethyl)-N0-(4-methyl-2-pyridyl)-N-(m-tolyl)butanediamide] (in violet) with P2Y12 (in gray). (C) Interactions of compound 3c

[2-[benzylamino-hydroxy-(hydroxymethyl)-dimethyl-BLAHyl]-N-cyclopropyl-acetamide] (in magenta) with P2Y12 (in gray). Hydrogen bonds and salt

bridges between the compounds and P2Y12 are denoted with dashed lines.
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essential target of anti-platelet agents; however, its 3D
structure is unavailable and the structure basis for its antag-
onist binding is unclear. In this study we carried out the
modeling study of P2Y12 and the docking-based virtual
screening of potential antagonists against P2Y12.

Homology modeling is based on the reasonable assump-
tion that two homologous proteins will share very similar
structures [45]. Because the sequence identity between
P2Y12 and those GPCRs with known 3D structures is rela-
tively low, modeling of P2Y12 is highly challenging [46].
Here, the homology model of human P2Y12 was con-
structed using M. gallopavo b1AR as the template, which
shared the highest similarity with P2Y12 among the
GPCRs with available structures (sequence identity of
24%), and thus was assumed to be better than the pre-
viously reported model of P2Y12 [24]. Considering that
the homology model cannot be as accurate as the crystal
structure, before virtual screening, we firstly validated
whether our model of P2Y12 especially the ligand binding
pocket was reliable. Three known ligands were docked into
the putative ligand binding pocket of P2Y12, and the
results showed that the binding pocket could accommodate
all three ligands properly, indicating that our P2Y12 model
was accurate and suitable for further virtual screening.

Virtual screening, which uses computational algorithms
and models for the identification of novel bioactive mol-
ecules, is emerging as an important tool in modern drug
discovery [47]. Comparing with traditional high-throughput
biochemical compound screening, virtual screening bears
some merits. First, virtual screening saves money and time.
The experimental costs for the synthesis and biological
screening of millions or billions of compounds are still
considerably high. While virtual screening is much cheaper
and is able to process much more compounds in less time,
by restricting itself to libraries of specific, accessible com-
pounds [48]. Second, virtual screening can provide visual
analysis of the receptor–ligand interactions, which allows
for an intuitive interpretation of the binding process at the
binding site of the receptor. Based on the screening infor-
mation, modifications of compounds can also be easily per-
formed to strengthen their binding affinities [49]. Recently,
virtual screening has been widely used in the GPCR field
with several successful applications of GPCR models in
virtual screening [50–52], indicating the general relevance
of GPCR models and their usefulness for structure-based
drug design [53]. In this study, we identified a number of
compounds that might have high binding affinity to
P2Y12. The detailed analyses of the P2Y12–compound
interactions showed that all compounds were composed of
a bulk hydrophobic core with several hydrophilic groups,
and interacted with P2Y12 via mainly hydrophobic inter-
actions supplemented with certain hydrophilic interactions.
Furthermore, several key residues, which were identified

by previous clinical and biochemical studies, were
observed to play important roles in the P2Y12–compound
interactions, further affirming the reliability of our virtual
screening. Based on the detailed interaction information,
modifications that might enhance the P2Y12–compound
interaction for each selected compound were proposed,
which can provide useful structural clues for further
rational drug design. It is noteworthy to point out that
since the binding affinity of P2Y12 with each selected
compound is not measured experimentally, considering that
virtual screening may yield false-positive results, further
experiments are needed in the future to evaluate these
P2Y12–compound interactions.
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